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Abstract 

 

 
Natural fibre reinforced polymer composites have been intensely studied and developed to 

create alternatives for synthetic fibre reinforced counterparts due to their unique 

advantages, such as CO2 neutrality, relatively high specific strength, and stiffness. One 

such natural fibre is wool, which is protein based and made up of the biodegradable 

keratin. The fibre’s complex physical structure and chemical compositions are responsible 

for its high thermal stability and mechanical performance. Also, wool is a naturally fire 

resistant fibre because of its high nitrogen and sulphur contents as well as char forming 

ability. In spite of the advantages of wool, studies regarding wool based polymeric 

composites have not been thoroughly performed. Therefore, this thesis has commenced a 

systematic investigation relating to the effects of wool on composites mechanical and fire 

retardant performance and development of a fire dynamics model based on computational 

fluid dynamics (CFD). 

 

Short wool fibre and polypropylene (PP) based composite sheets have been fabricated by a 

continuous extrusion process. Taguchi design of experiment method has been applied to 

comprehend the effects of wool in conjunction with other constituent’s conditions, such as 

maleic anhydride grafted polypropylene (MAPP) and polymer viscosity, on the mechanical 

properties of the extruded composites. The contribution of the selected factors towards the 

composites mechanical performance has been identified by the parametric study. Wool 

characteristics of the extruded composites, namely fibre length, orientation, and fracture 

behaviour, have also been investigated by an image analysis to determine their influences 

on the improvement of mechanical properties. The mechanical properties of the composites 

have been enhanced through the identification of suitable constituents’ conditions (using 

the Taguchi analysis) coupled with the improved orientation of wool fibres through the 

extrusion process. 

 

The effect of fire resistance of wool on composites flammability has been comprehensively 

explored in the second phase of this doctoral research. The enhancement of fire retardancy 

of the wool-PP composites through the addition of wool and ammonium polyphosphate 
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(APP) has been confirmed by flammability tests. In particular, cone calorimeter and 

vertical burn tests have exhibited a significant decrease in peak heat release rate (PHRR) 

and a direct flame self-extinguishment of composites, respectively. Furthermore, the cone 

calorimeter experiments and char morphology have revealed that different polymer 

viscosities in the composites can influence the APP particle dispersion, leading to different 

PHRR results. The charring tendency of wool has contributed to an increase in the amount 

of residues with formation of compact micro-structures in a rigid char layer of the wool-

PP-APP composites. 

 

Further investigation on the wool-PP composites flammability has been carried out to 

evaluate the effects of additives, such as APP types, MAPP, and talc, on fire retardant and 

mechanical properties. It has been revealed that the nitrogen content in APP is an 

important factor to create compact char structure and reduce the PHRR. Also, the positive 

effect of talc on char formation has been manifested in structure and chemical elements 

analyses of char. The influences of wool and the additives on mechanical properties have 

also been determined where the tensile moduli of the wool-PP-APP composites improved 

when compared to the neat PP. 

 

Finally, the CFD model has been developed using fire dynamics simulator (FDS) to 

simulate burning behaviour of wool-PP composite in the cone calorimeter test. The FDS 

model has been applied to predict the heat release rate of the composite and possible 

validation with the experimental result. A reasonable agreement of HRR between the 

simulation and the experiment has been observed. 
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1 
1. Introduction 

 

 

1.1 Background 
 

Polypropylene (PP) is widely used in the plastic industry due to its good flexibility, easy 

processing, and low cost. However, the polymer does not show acceptable mechanical and 

fire retardant performance to satisfy the strict requirements of various applications, namely 

transportation and construction industries [1]. To alleviate the drawbacks, additional 

materials, such as glass fibres or halogenated flame retardant (FR), are usually introduced 

to PP to improve its properties. In spite of the significant enhancement in the PP properties, 

these synthetic additives have generated environmental problems when land-filled or 

incinerated and also have increased the density of the composite. Furthermore, the 

halogenate FR releases fatal toxic gases during burning or processing [2]. Natural fibres 

are increasingly being considered as an alternative reinforcement material of composites to 

overcome the problems due to their certain inherent advantages over the synthetic fibres. 

These advantages include but are not limited to biodegradability, low density, high 

toughness, low energy recovery, and CO2 neutrality when burned. 

 

Natural fibres can generally be categorised under three groups: plant, animal, and mineral 

fibres. Plant fibres are also known as lignocellulosic fibres due to their compositions of 

cellulose fibrils and lignin matrix. Lignocellulosic fibres have been intensively utilised in 

research work to investigate their mechanical performance for composites applications. 

Various fibres, for example, flax, sisal, hemp, bamboo, kenaf, and wood fibres, have 

played significant roles in enhancing the specific strengths and stiffness of composites 
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when compared to those of glass fibre based composites [3]. Nonetheless, lower 

mechanical properties and fire resistance of lignocelluloses compared to glass or carbon 

fibres have still limited the usage of these composites in many sectors, such as aerospace 

and building industries. It is well known that mineral based fibres are mostly comprised of 

asbestos. The fibres’ fully crystalline structure places them apart from the plant and animal 

fibre [4]. Although this type of fibre exhibits strong mechanical and fire retardant 

behaviour, their applications have been banned due to the extreme risk to human health. 

Animal fibres based on protein, on the other hand, have the advantages over lignocellulosic 

and mineral fibres due to their good heat resistance and innocuousness to human health [5]. 

Animal fibres can be divided into two groups of highly extensible fibres: α-keratin fibres 

(hair, wool, feather, and other mammalian appendages, such as quills and horns) and 

fibroin fibres (silk and spider web). Molecular structures of protein fibres are arranged in a 

fibrillar manner in the matrix compounds. Moreover, their intertwining and the frictional 

force of fibre surface allow the discontinuous fibres to produce a long thread [4]. Despite 

the numerous advantages of protein based fibres (e.g. durability, chemical inertness, and 

pliable properties) [6], their use in the composite field has been limited. This necessitates 

in-depth investigation into the potential of protein based fibres (e.g. wool) in the 

fabrication of polymer based composites. 

 

1.2 Wool 
 

Wool can be classified as a typical class of the animal fibres and is morphologically 

different from plant fibres, Figure 1.1. Wool’s physical structure and chemical composition 

contribute to the distinguishable natural properties, which include its natural fire resistance. 

Wool comprises of three main morphological components: external cuticle, cortex, and 

medulla. The overlapping cuticle cells form a protective sheath around the cortex. This 

cortex builds up the main bulk and determines the mechanical properties of the fibres. In 

particular, a class of biological intermediate filaments known as microfibrils embedded in 

a matrix are depicted in Figure 1.1(a). The microfibril-matrix structure plays an important 

role in determining the physical and mechanical properties of wool fibres [7]. In the 

chemical structure, wool is made up of eighteen α-amino acids, which mainly include 

cystine, lysine, glutamic acid, and aspartic acids among others [8]. The disulphide bond 

occurring via the reaction of a pair of cysteine residues imparts the fibres with high 

stability towards environmental degradation by heat, cold, light, water, biological attack, 
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and mechanical distortion [9]. Moreover, the inherent low flammability is a desirable 

property of wool compared to other natural fibres. While wool burns in the air under a 

powerful heat source, the fibres do not support fire with rapid self-extinguishment due to 

the formation of insulating ash or char. Relatively high contents of nitrogen and sulphur (3-

4 wt%), high ignition temperature (570-600 °C), low heat of combustion (4.9 kcal/g), and 

high limiting oxygen index (25.2%) also contribute to the natural fire resistance of wool [9, 

10]. Cross-linking and dehydration reactions of sulphur-containing amino acids in wool 

can facilitate char formation during combustion, making wool fibres melt and drip resistant 

[9]. The aforementioned intrinsic structure and properties of wool could render it as a 

potential reinforcement or fire resistant additive for polymer composites. 

 

 

 

Figure 1.1 Schematic representations of morphological architectures: (a) wool [11] and (b) plant 
fibres [12] 

 

1.3 Mechanical and Fire Performance of Natural Fibre based Polymer 

Composites 
 

A large number of investigations have been conducted to investigate the performance of 

natural fibre based composites under various experimental settings and material conditions. 

Although natural fibres possess the potential to enhance the properties of the composites, 

past literature has identified several disadvantages. These drawbacks include the fibre’s 

incompatibility with hydrophobic polymers, fibres aggregations during processing, poor 

(a) (b) 
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moisture resistance, inferior fire resistance, and limited processing temperature [13]. 

Therefore, the application of natural fibres in composites is still limited to those where 

mechanical properties comparable to the glass fibre-filled composites are required. Many 

studies have been extensively carried out to overcome the obstacles. In particular, chemical 

and physical fibre treatments can modify the polarity of natural fibres and enhance the 

interfacial adhesion with the nonpolar polymers, thereby improving the mechanical 

properties and the moisture resistance. As a matter of fact, further enhancement of 

properties can be achieved through a combination of suitable selections of constituents and 

manufacturing process parameters. Until recently, most of the scientific trials conducting 

chemical treatments and parametric studies have dealt with lignocellulosic fibres to 

improve the mechanical properties of natural fibre composites. In light of the problem as 

mentioned earlier, it becomes necessary to investigate other protein based natural fibres, 

e.g. wool, on the resulting composite’s mechanical performance along with optimum 

process parameters. 

 

Another critical limitation of natural fibre reinforced polymer for the engineering 

applications is a low degree of fire resistance of the material. Specifically, the existence of 

cellulose in plant fibres and hydrocarbon based polymers lead to high flammability of the 

composites. Generally, polymers decompose at 300-500 °C in gas and condensed phases, 

producing combustible gases, liquids, char, and smoke with dripping that could be 

hazardous, leading to the other ignition sources and the loss of physical integrity [14]. 

Hence, flame retardant treatments are critical to prohibit the burning process, which 

comprise of heating, decomposition, ignition, combustion, and propagation. Some studies 

have claimed that the incorporation of FR or flame retarded fibres can effectively reduce 

the composites’ flammability, but they are also detrimental to the mechanical performance 

[15, 16]. Therefore, the challenge of this research is to identify a balance between the 

mechanical and fire retardant properties of the composites manufactured from naturally 

fire resistant wool fibres. 

 

1.4 Research Objectives 
 

In spite of the advantages of wool mentioned earlier, there are limited studies and 

information regarding wool based polymeric composites. The complex structure and varied 

chemical compositions of wool compared to those of lignocellulose fibres can be beneficial 
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for composites properties. In particular, the fire resistant ability of the protein fibre could 

suppress the high flammability characteristics of the composites. The general objectives of 

this research are to develop short-wool based thermoplastic composites and to investigate 

the effect of wool on the composites performance, especially fire retardant and mechanical 

properties. A series of sub-objectives to achieve this general aim are laid down as follows: 

 

Firstly, the objective is to understand materials’ characteristics to abridge the knowledge 

gap present in material information. The experimental characterisation of raw materials, 

such as wool and PP, is conducted to investigate and understand their effects on the 

composites properties. Specifically, as the information about coarse wool fibres obtained 

for this research is limited, various characterisation techniques are utilised to measure 

physical, thermal, and mechanical properties. 

 

The second objective is to identify the effects of wool in conjunction with other 

constituents on the composites mechanical properties. A parametric analysis of the wool-

PP composites manufacturing and mechanical properties is carried out by a set of 

comprehensive experiments. Taguchi design of experiment (DoE) is selected to investigate 

the reinforcement effect of wool and to establish desirable composite constituents’ 

conditions on the enhancement of tensile and flexural mechanical properties of composites. 

 

Although fire resistant effects of wool on textiles have been previously investigated, 

studies related to the flammability of wool based thermoplastic composites practically non-

existent. Thus, the final part of the research consists of flammability characterisation of the 

composites based on wool and PP. An extensive analysis using a wide range of 

experiments, such as thermogravimetric analysis (TGA), Underwriters Laboratory (UL)-

94, and cone calorimeter tests, is conducted to explore the influence of fire resistant wool 

and other constituents’ effects on the fire performance of the composites. Furthermore, a 

fire dynamics simulator (FDS) model is created to simulate the combustion of materials in 

a standard test method and indicate a potential of the model to measure heat release rate 

(HRR). 

 

1.5 Brief Overview of the Thesis 
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Chapter 1 of the thesis contains the background of natural fibres reinforced composites and 

the introduction of wool with research objectives. Subsequent chapters have been 

organised in the following manner. 

 

Chapter 2 presents previous studies on animal fibres based composite and flammability of 

natural fibre composites. The first part of the chapter mainly provides an overview of the 

mechanical properties of composites based on different animal fibres and polymer 

matrices. The second part reviews researches regarding fire performance of natural fibre 

based composites. Different flame retardant treatments, char formation, and numerical fire 

modelling work are also reviewed. 

 

Chapter 3 elaborates the experimental details for this thesis. The chapter discusses 

materials, composites fabrication, and characterisation techniques for wool based polymer 

composites. 

 

Chapter 4 demonstrates experimental characterisation results of raw materials, such as 

wool and PP. Physical properties, fibre surface compositions, thermal properties, and 

mechanical properties are investigated to detect the effects of each constituent on the 

composites performance. 

 

Chapter 5 introduces Taguchi DoE to identify the important factors on extruded wool-PP 

composites mechanical properties by employing response graphs and analysis of variance 

(ANOVA) tables. The chapter continues with discussion and elaboration of the effects on 

composites mechanical properties due to wool fibre orientation and dimension determined 

after the extrusion process. 

 

Chapter 6 presents a comprehensive study of wool-PP composites flammability, exploring 

the influence of wool, ammonium polyphosphate (APP) FR, and PP melt flow rate on fire 

performance. Thermal stability and flammability of the composites are investigated along 

with a char forming analysis using environmental scanning electron microscope (ESEM). 

 

As a continuous work with Chapter 6, Chapter 7 focuses on the effects of additives, such as 

APP types, compatibiliser, and mineral filler, on the fire retardant and mechanical 

properties of wool-PP composites. Comparative studies of the composites flammability 
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using different additives are initially carried out, followed by detailed analysis of char 

structure and compositions. Also, tensile and flexural properties of the composites are 

evaluated and discussed with ESEM images of fractured specimens. 

 

For the purpose of simulating the combustion process in the cone calorimeter test, the FDS 

is adopted in Chapter 8. The combustion and pyrolysis models of solid material for the 

FDS software simulation are introduced. Simulation setup and material properties as input 

parameters are applied to the model and the simulation result is then compared to the cone 

calorimeter test data. 

 

Chapter 9 summarises overall results and derives accomplishments of this research. 

Finally, recommendations for future work are also presented. 
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2 
2. Literature Review 

 

 

This chapter presents a review of relevant studies on mechanical and fire performance of 

natural fibre based composites. The first part of the chapter provides an overview of the 

mechanical properties of composites based on different animal fibres and polymer 

matrices. The second part reviews researches regarding fire performance of natural fibre 

based composites. Different flame retardant treatments, char formation, and numerical fire 

modelling work have also been discussed in the review. 

 

2.1 Animal Fibre based Polymer Composites 
 

The inherent advantages of natural fibres coupled with environmental concerns related to 

synthetic fibres have led to research and development of bio-based fibre reinforced 

composites. Specifically, the complex structures of protein fibres, such as microfibril-

matrix composites structure of wool, can play an important role in determining composites 

strengths and stiffness [7]. Numerous studies have investigated the effects of various 

animal fibres on the composites performance [17-21]. It has been noted that several 

factors, such as fibre chemical compositions, fibre loading, resin type, fibre aspect ratio, 

interfacial adhesion between constituents, and manufacturing processes, significantly 

affected the composites mechanical and thermal properties. In particular, the chemical pre-

treatments of the fibre surface have improved the interfacial adhesion between fibre and 

polymer matrix, thus the load can be effectively transferred to fibre or matrix, leading to 

the increase in mechanical properties [22, 23]. Given the potential of animal fibres in 

enhancing the performance of polymer based composites, it is imperative to gain deeper 
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insight on their research and development. Therefore, in this section, researches of natural 

fibre polymer composites containing animal fibres, such as wool, feather, and silk, have 

been reviewed and highlighted with manufacturing processes, fibre treatments, and 

properties. 

 

2.1.1 Wool Fibre based Composites 

 

A number of studies regarding wool fibre based composites have been recently carried out 

to explore the effects of wool on the composites performance. The following section 

provides the detailed review of different polymer matrices and fibre treatment for wool-

polymer composites. 

 

2.1.1.1 Thermoplastic Polymers 

 

Thermoplastic polymers, such as PP, polyethylene (PE), and polystyrene (PS), have been 

widely utilised as matrix for natural fibre based composites due to its high deformability, 

mechanical properties, and easy processibility [24-28]. Different polymers have various 

physical, thermal, and mechanical properties based on their chemical structures and 

compositions. However, a hydrophobic feature of the thermoplastic polymers has led to 

poor interfacial adhesion with the hydrophilic natural fibres, thus inducing inferior 

mechanical properties in composites. Wool possessing a hygroscopic characteristic also 

causes the incompatibility and requires treatments like other lignocellulose fibre 

composites. Xu et al. highlighted the poor interfacial bonding between wool and PP within 

the composites. They prepared composites based on superfine wool fibre (average size: 1.7 

µm) and PP without any compatibiliser [29]. Fourier transform infrared spectroscopy 

(FTIR) revealed a lack of chemical interaction between wool and PP. Hence, an increase in 

wool content led to the poor mechanical properties of the composite films compared to 

those of a neat polymer. However, physical or chemical surface treatment has improved 

the interfacial adhesion and distribution of natural fibres within the nonpolar polymer 

composites [12, 28, 30]. Among different treatments, a coupling agent is an effective 

method to create chemical bridges at the interface between the reinforcement and matrix in 

compounding process, leading to an enhancement of the interfacial adhesion [31]. 
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2.1.1.1.1 Maleic Anhydride Treatment 

 

An incorporation of maleic anhydride grafted polymers has been reported to be an 

effective method to enhance the interfacial bonding between natural fibres and polymers 

by increasing the polarity of thermoplastic polymers [32-35]. The anhydride carbonyl 

groups of the maleated polymers (e.g. maleic anhydride grafted PP/MAPP, maleic 

anhydride grafted PE/MAPE, etc.), react with the surface hydroxyl groups of natural fibres 

forming ester bonds. On the other hand, the polymeric backbone of the maleated polymers 

creates a mechanical interlocking with the matrix due to their similar polarity [36, 37]. The 

mechanism can also apply to wool-thermoplastic polymer composites owing to wool’s 

hydrophilic property. Also, Bullions et al. have suggested that maleic anhydride can react 

with certain amino acid groups, such as serine and threonine, containing hydroxyl groups 

within the keratin fibres [36]. 

 

Conzatti et al. manufactured composites based on short wool fibres, polypropylene, and 

maleic anhydride coupling agent [21]. An internal batch mixer and a hot press were used to 

blend raw materials and to produce composites films (0.32 mm thickness), respectively. 

The authors achieved the homogenous distribution of wool fibres by adding MAPP. 

Thermal characterisation indicated that wool-PP composites created char at 600 °C and 

improved thermal stability compared to neat PP due to the wool’s fire resistance. In spite 

of the uniform dispersion of wool, shorter fibre length (critical length = 0.72 mm) and an 

inadequate amount of MAPP led to the lower tensile strength of the composite (~25 MPa) 

than the corresponding polymer (~34 MPa). 

 

Bertini et al. also exploited the effect of MAPP compatibiliser on keratin-PP composites 

[38]. The authors extracted the micron-sized keratin particles from wool fibres using a 

microwave-assisted green hydrolysis with superheated water. The keratin hydrolysates 

including free amino acids and peptide were utilised as a biofiller to prepare the 

composites. Three constituents, namely keratin, PP, and MAPP, were mixed at 190 °C and 

pressed to produce composites films (100-120 µm thickness). The authors observed in 

optical micrograph analysis that the use of MAPP led to the uniform distribution of keratin 

within the composites. Moreover, an increase in keratin content to 20 wt% improved the 

tensile modulus (2.77 GPa), while reducing the tensile strength (32 MPa) of the composite 

than that of neat PP. 
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The researches mentioned above have shown the positive influence of MAPP on the fibre 

dispersion and the improvement of tensile moduli. However, the manufacturing process 

has been limited to the compression moulding, where the random orientation of wool as a 

result of hot pressing has led to the inferior mechanical properties. Furthermore, only 

tensile properties of composites have been evaluated in the studies. 

 

2.1.1.1.2 Silane Coupling Agent 

 

A silane treatment has also modified fibre surfaces to improve the adhesion with the 

thermoplastic polymer matrix [39, 40]. A siloxane bridge formed by the composition of 

silane can become a chemical link between the fibre surface and the polymer. The silane 

can treat the fibre and matrix by several processes of hydrolysis, condensation, and bond 

formation [12]. The silanols occurred during hydrolysis creates a bridge by reacting with 

the –OH group of the fibre and functional group of PP. The bond formation can improve 

adhesion between fibre and matrix, thus enhancing mechanical properties of composites. 

 

Conzatti et al. used a silane coupling agent to enhance compatibility of wool with PP [23]. 

In their study, short wool fibres were treated by a silane coupling agent. The agent 

primarily reacted with the cell membrane complex under the cuticle that is the outermost 

layer of wool. After the silane treatment, short wool and PP were blended by a mixer 

chamber at 170 °C and then pressed at 180 °C to form composites sheets having ~0.32 mm 

thickness. The authors reported that the silane coupling agent enhanced thermo-oxidative 

stability and tensile moduli of wool-PP composites when compared to those of the neat PP 

and wool-PP composites without the silane. However, the agent was unable to improve the 

tensile strength of composite than that of neat PP. 

 

2.1.1.2 Thermoset Polymers 

 

Thermoset polymers have a three-dimensional cross-linked molecular structure that 

undergoes irreversible change under a heating condition [14, 41]. The thermoset polymer 

products have the higher thermal stability than the thermoplastic plastics due to large 

molecular weight generated by the cross-linking process. Additionally, advantages, such as 
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good compatibility with fibres and high chemical resistance, have intensively increased the 

use of the resin for the polymeric composites [12, 42]. 

 

Blicblau et al. developed a composite sheet having unidirectional wool bundles and 

thermoset polyester resin [43]. The composites were prepared by a hydraulic press and 

curing process at an ambient temperature. The authors reported that tensile and flexural 

moduli were improved by adding 55 wt% wool. Also, the impact toughness of the 

composite including over 50 wt% fibre content was 60 kJ/m2, which was six times more 

than that of the pure polyester resin. 

 

2.1.1.3 Hybrid Composites 

 

Hybridisation of two or more fibres has recently received attention in the composites field 

due to the prospect of the betterment of the composites properties. The hybrid composites 

based on wool and other fibres have also been reported for overcoming the disadvantages 

of a single type of fibre based composites [44-46].  

 

Santulli et al. used wool and jute felts with epoxy resin to produce the hybrid sandwich 

composites [44]. The jute fibres on the skin and wool fibres in the core section of the 

hybrid composites played a positive role in improving tensile and flexural moduli 

compared to single fibre reinforced composites. However, the authors found that matrix 

microcracks and subsequent fibre debonding during the tests resulted in poor strengths, 

Figure 2.1(a). The work of Peng et al. dealt with hemp, wool fibres, and resin to produce 

hybrid composites [45]. A pultrusion process was employed to produce rod composites, 

Figure 2.1(b), including 5 wt% wool and 30 wt% hemp fibres. Polyurethane was selected 

as the suitable resin to improve the composites mechanical properties. However, a weak 

interfacial bonding between the resin and fibres was detected by the authors in the cross-

sections of the composites. In another research, two animal fibres, such as silk and wool, 

and a thermoplastic PP were also utilised to prepare hybrid composites [46]. The two fibres 

were blended and then carded to form the web, followed by compression moulding to 

obtain the hybrid PP composites. An increase in fibre content from 15 to 35 wt% led to a 

decrease in the hybrid composite tensile (from 30 to 20 MPa), compressive (from 19.9 to 

6.12 MPa), and impact (from 0.71 to 0.29 J) strengths. 
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Figure 2.1 (a) SEM image of tensile fractured cross-section of jute/wool hybrid composite [44] and 
(b) hemp/wool fibres reinforced composite rods made by pultrusion process [45] 

 

2.1.2 Feather Fibre based Composites 

 

Chicken feather fibre, Figure 2.2, has gradually attracted the interest of many researchers 

in the composites field due to its numerous advantages, such as low cost, low density, 

acceptable specific strength, bio-degradability, etc. In particular, recyclable and renewable 

characteristics of the feathers have increased the worth of fibre as a new class of composite 

reinforcement. The feather fibres are approximately 91% protein, 1% lipids, and 8% water 

[47]. The protein has about 60% hydrophobic amino acids in the amino acid sequence, 

with the balance being 40% hydrophilic amino acids [48]. The sequence consists of 

cysteine, glycine, proline, and serine, and contains almost no histidine, lysine, and 

methionine [36]. The feather also contains disulphide bond in polypeptide like wool that 

can contribute to the mechanical performance of the fibres. However, the hydrophilic 

nature of feathers requires fibre treatments to enhance its compatibility with resin in the 

composites [49-51]. 

 

In research performed by Cheng et al, biodegradable poly(lactic acid) (PLA) was used as a 

matrix to produce feather based composites [52]. Extrusion and injection moulding were 

operated to produce the composites containing different fibre contents. The authors 

detected that tensile strengths of the composites were inferior compared to the neat PLA 

due to incompatibility of feather with PLA, whereas the good dispersion of fibres within 

(a) (b) 
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the composites led to an increase in tensile moduli. However, Barone et al. made an 

attempt to produce composites based on feather fibres, PP and MAPP using compression 

moulding [50]. The processing temperature for a melt-blending and hot press was 183 and 

180 °C, respectively. A systematic analysis by the authors revealed that MAPP 

concentrations more than 4 wt% increased chemical interactions between fibres and resin 

along with the amount of transcrystallinity in the composites, thus improving tensile 

properties. In another work, Uzun et al. further investigated the chicken feather fibre 

composites, which are based on epoxy resin [53]. A hand lay-up technique was used to 

manufacture the composite and different fibre weight contents were applied to observe the 

effects of fibres. The composite with 10 wt% of the feather fibres showed a 25% 

improvement in impact property. 

 

  

Figure 2.2 SEM images of chicken feather fibre [47] 

 

2.1.3 Silk Fibre based Composites 

 

Silk fibroin fibres are protein filaments mainly spun from silkworm and spider. In 

particular, the silkworm cocoon silk has been used in textiles for a long time due to its 

lustre, tactile properties, durability, and strong mechanical and thermal properties [54]. Silk 

proteins contain assembled β-pleated-sheet crystalline structures [55, 56]. In contrast to 

wool’s coil configuration, polypeptide chains of the silk fibres are ordered in lateral sheet-

arrays, which stack to build up a fibril structure, bestowing high strength and 

crystallinity[57]. Figure 2.3 shows raw cocoon silks and morphological side view of silk 

fibre. Each raw silk thread has a lengthwise striation, consisting of two fibroin (75-83 

(a) (b) 
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wt%) filaments of 10-14 µm in length, each embedded in sericin (17-25 wt%) [58]. The 

sericin can act as an adhesive binder to maintain fibroin core and overall structural 

properties of the fibres [47]. The silk has 16 α-amino acids of which glycine, alanine, and 

serine are major groups, but disulphide bond is absent. The absence of the disulphide bond 

causes early onset of decomposition compared to wool. Specifically, the glycine-alanine 

repeats are important groups to determine fibre’s rigid structure and mechanical properties. 

 

 
Figure 2.3 (a) Raw cocoon silk and (b) side view of silk fibres [47] 

 

Lee et al. developed short silk fibre (Bombix mori) reinforced poly(butylene succinate) 

(PBS) biocomposites using a compression moulding process [58]. The authors measured 

tensile and flexural properties of the composites having different fibre contents. The 

biocomposites containing 50 wt% silk achieved the maximum values of both properties 

compared to the neat PBS. Furthermore, the authors also found the reinforcing effect of 

silk on enhanced thermo-mechanical or dimensional stability of the composites. The work 

of Zhao et al. involved PLA and silkworm silk in fabricating biocomposites [59]. The 

authors used different characterisation methods to investigate the effect of silk fibre on the 

structural, thermal, and dynamic mechanical properties, and enzymatic degradation 

behaviour of the PLA matrix. They observed that the presence of silk within the 

composites improved stiffness and enzymatic degradation ability of the PLA matrix. 

 

From the above citations and discussions, it can be inferred that protein fibres require fibre 

treatment to improve the interfacial adhesion with polymers due to their polar nature. The 



Literature Review 

16 

incorporation of compatibiliser has improved the protein based fibre distribution, and 

therefore, the stiffness of the resulting composite. However, apart from silk based 

composites, the tensile strengths were interior compared to those of the corresponding neat 

polymers. Additionally, the poor tensile strengths can be also attributed to additional 

factors, such as composite fabrication methods, fibre length, fibre degradation, etc. Most of 

the researches, Table 2.1 relating to composite based on wool and thermoplastic polymers 

have been limited to only compression moulding and have not demonstrated any 

systematic analysis of composite manufacturing or material factors. 
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Table 2.1 Summary of past reported researches on wool based composites 
 

Authors Fibre type Matrix 
polymer 

Moulding 
method 

Properties 
Review Mechanical Thermal 

Xu et al. Fine powder PP Compression • Tensile • TGA • Uniform dispersion of fine wool powder (average particle size: 
1.7 µm) within the composites 

• Poor mechanical properties due to voids and weak interfacial 
bonding between fibre and polymer 

Conzatti 
et al. 

Short fibre PP Compression • Tensile • TGA • Homogeneous fibre distribution but random fibre orientation in 
composite 

• Increase in thermal stability and tensile moduli of composites due 
to improved interaction between wool and PP by adding MAPP 

Bertini  
et al. 

Wool keratin 
hydrolysates 

PP Compression • Tensile • TGA 
• Pyrolysis 

combustion 
flow 
calorimeter 

• Reasonable distribution of keratin within PP by adding MAPP 
• Interference of thermo-oxidative degradation of PP and increase 

in char amount by keratin 
• Improvement of composites tensile moduli  

Conzatti 
et al. 

Short fibre PP Compression • Tensile • TGA 
• DSC 

• Oxidised and silanised wool fibres were used  
• Simple melt blending procedure was used to prepare composites 
• Enhancement of composites thermo-oxidative stability and 

stiffness was achieved by adding silane agents 
• Fibre length lower than critical length failed to improve tensile 

strengths 
Blicblau 

et al. 
Unidirectional 

long fibre 
Polyester Compression • Tensile 

• Flexural 
• Impact 

 • Unidirectional wool fibres and polyester thermoset resin (1% 
hardener) 

• Increase in wool content led to the enhancement of tensile, 
flexural moduli, and impact toughness. 
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Cont’ Table 2.1 Summary of past reported researches on wool based composites 
 

Authors Fibre type Matrix 
polymer 

Moulding 
method 

Properties 
Review Mechanical Thermal 

Santulli  
et al. 

Wool and jute 
felts 

Epoxy resin Compression • Tensile 
• Flexural 
• Impact 

 • Hybrid jute/wool sandwich composites (core: wool felts / skin: 
jute plain weaves)  

• Improvement of tensile, flexural, and impact properties of hybrid 
composites compared to those of composites based on only wool 
and resin 

Conzatti 
et al. 

Short fibre Polyester Compression • Tensile • TGA • Poly(vinyl alcohol) used for fibre treatment 
• Reasonable dispersion of treated wool fibres within composites 
• Shorter fibre length (<critical value) led to poor tensile strength. 

Fabio  
et al. 

Keratin from 
wool 

PP Compression • Tensile • TGA 
• Microscale 

combustion 
calorimeter 

• Microsized keratin particles were extracted from wool using a 
microwave oven and then blended with PP to make composites. 

• Molecular analysis identified amino acid groups of keratin. 
• Low amount of keratin (5 wt%) showed higher tensile strength 

(36.2 MPa) than those of other keratin contents (10 and 20 wt%). 
• Addition of keratin reduced heat release rates of composites. 
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2.2 Design of Experiments 
 

Composites fabrication and performance are influenced by many factors, such as 

manufacturing techniques, processing temperature, raw material weight fractions, matrix 

types, a level of additives, etc. [60-62]. The suitable manufacturing conditions of the 

factors to improve mechanical and other functional properties can be selected using 

experimental design methods. Design of experiment (DoE) as a statistical technique has 

been applied to determine simultaneously individual and interactive effects of 

manufacturing parameters on the composites performance [63, 64]. The conventional DoE, 

a full factorial method, can study all the possible cases of various factors but requires a 

large number of experiments and high cost. The Taguchi method is a powerful DoE 

technique to overcome this problem as it can decrease the number of experiments 

significantly by a specially designed orthogonal array (OA), which can accommodate the 

selected manufacturing parameters for the analysis. Furthermore, signal to noise ratio (S/N) 

reflecting both the amount of variation present and the mean response of several repetitions 

can be used in Taguchi method to measure the amount of variability in the response data 

[65]. The S/N can minimise the effects of noise (uncontrollable) factors and identify 

control factors settings, thus reducing the sensitivity of the system performance to a source 

of variation [66, 67]. The Taguchi method has been actively used by numerous researchers 

to investigate the contributing effects of manufacturing parameters on the improvement of 

composites performance. 

 

Rao et al. applied the Taguchi technique to determine preferable manufacturing parameters 

for extruded sisal-PP composites [68]. A 35 mm diameter counter rotating conical twin 

screw extruder was operated to produce the composite sheets having a 300 mm by 2.5 mm 

rectangular cross-section. Among many factors influencing mechanical properties of 

composites, the authors chose three control factors (fibre mass fraction, polymer’s melt 

flow rate, and coupling agent level) and two levels for each factor to set L8 Taguchi OA. 

Eight sisal-PP composite sheets were manufactured according to the L8 OA. The authors 

found that 30 wt% sisal fibres, polymer melt flow index (MFI) of 1.3 g/10 min, and 1 wt% 

MAPP were the preferable combination of manufacturing parameters to achieve ~12%, 

~100%, and ~20% improvement in tensile strength, modulus, and impact strength, 

respectively. 
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Ali et al. also employed the Taguchi analysis to investigate the effects of resin type, resin 

content, and moisture content on properties of kenaf based composite panels [69]. The 

three factor-three level experimental design was systematically carried out according to L9 

OA. Moreover, the authors used S/N values of response data instead of mean values. Two 

categories of S/N, such as larger the better and smaller the better, were selected for 

mechanical and water absorption properties, respectively. The analysis of nine kenaf 

composite panels indicated that mechanical properties, namely the modulus of elasticity 

and modulus of rupture, were highly influenced by resin type and moisture content of the 

panels. The composites including 12 wt% resin content and 12 wt% mat moisture content 

achieved superior mechanical properties than the other combinations. On the other hand, 

the authors identified that moisture content and resin content contributed less in the 

determination of the dimensional properties (thickness swelling and water absorption) 

compared to the resin type. 

 

The work of Dong and Bhattacharyya also dealt with the Taguchi method with Pareto 

ANOVA to detect the materials’ effects on the mechanical properties of injected PP-

organoclay nanocomposites [70]. Four factors, namely clay type, clay content, MAPP 

content, and PP type, and three levels for each factor were employed by the authors to 

perform L9 DoE. The analysis determined the contribution percentage of the selected 

factors using Pareto ANOVA. Also, the authors used a “larger-the-better” S/N 

characteristic and the Pareto ANOVA to determine the desired combination of the factors 

to improve tensile, flexural, and impact properties. The Taguchi analysis concluded that 

the PP type based on different viscosity played the most significant role in determining 

overall mechanical properties, and the clay content was the second significant factor to 

enhance the tensile and flexural properties. However, the clay type and MAPP content 

were found to have lower contributing effects (less than 20%) on the composites 

mechanical properties. 

 

The parametric studies mentioned above have pointed out that the composites performance 

are influenced by a range of parameters related to the material and process aspects. The 

combination of Taguchi method and other techniques, such as ANOVA and S/N, can be a 

powerful tool for statistical analysis to detect suitable conditions of parameters for the 

desired properties of composites. 
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2.3 Extrusion 
 

A wide range of composites manufacturing techniques has been actively researched and 

developed in the plastics industry. Selection of the technique depends on various factors, 

namely fibre and material types, product design, production types, applications, and so on. 

Furthermore, the final quality and performance of composites, as well as cost are also 

influenced by the fabrication methods [71]. In particular, the thermoplastic composites can 

be mainly manufactured by two production types: batch production including hot pressing 

and injection moulding, and continuous production including extrusion and pultrusion [72]. 

Among the techniques, extrusion, compression, and injection mouldings as the most 

common techniques and have been intensively investigated by implementing different 

production procedures [73]. 

 

The extrusion process is one of the major techniques to produce polymeric materials, such 

as granules and semi-products. There are two types of the extruder, based on screw type: 

single and twin screw extruder, which can be co- or counter-rotating. Figure 2.4(a) shows a 

schematic diagram of a single screw extruder, which consists of the feed zone, conveying 

zone, melting/mixing zone, and die. The extruder can melt and convey materials along a 

screw and force them through a die, thereby obtaining high mixing effect of composite’s 

constituents before a moulding operation [74]. Furthermore, the composites performance 

can be highly influenced by the extrusion processing parameters, which include extruder 

barrel temperature profile, die temperature, screw speed, etc. The suitable processing 

conditions for both compounding and moulding operation have achieved a homogeneous 

distribution of fibres into a polymer matrix, thus improving composites mechanical 

properties [75-77]. Siaotong et al. investigated the effect of an extrusion process for 

compounding on flax-PE composites properties [75]. Different extrusion parameters, such 

as barrel temperature and screw speed, and fibre contents, were employed for statistical 

analysis. The authors found that the twin screw extrusion to compound the composite’s 

constituents was an effective process in uniformly dispersing the fibres within the PE 

matrix. Moreover, ANOVA and graphical analysis demonstrated that the screw speed and 

flax fibre content highly influenced both composites tensile strengths and water absorption. 

The desirable conditions for the compounding were selected by the authors to enhance the 

fibre distribution and composites properties. 
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The effects of extrusion parameters for compounding on mechanical and thermal 

properties of natural fibre and PLA based biocomposites were also explored by Gamon et 

al. [76]. Miscanthus fibres were compounded with a PLA using a twin screw extruder at 

different feeding rates (13, 20, 30, and 40 kg/h) and different screw speeds (100, 150, 225, 

and 300 rpm) to control shear in the machine. An increase in the screw speed and feeding 

rate retained fibre length due to lower residence time in the machine and a reduction of 

blend viscosity. The fibre dispersion improved by the compounding increased PLA 

crystallinity and limited polymer chain mobility, thus enhancing thermo-mechanical 

properties and reducing the material heat deformation. 

 

  

Figure 2.4 (a) Cross-sectional view of a common, single-screw extruder [78] and (b) digital 
photograph of extruded sisal fibre-PP composite [72] 

 

The extrusion process can also be applied for the final production step of polymer-based 

products, namely pipes, films, sheets, tubes, rods, etc., depending on the shape of the die 

being used [74]. Various manufacturing factors including the die setup have also been 

explored for natural fibre reinforced plastic composites. Sallih et al. produced kenaf-PP 

composite sheets using the extrusion process [28]. As a continuous moulding process, 

initially short kenaf fibres, PP, and additives were compounded in a twin screw extruder 

that was followed by sheet moulding through a flat die attached to the extruder. Finally, 

calendering rolls were employed to obtain the final thickness of 1-2 mm. A factorial study 

by the authors identified the effects of die/barrel temperature as a manufacturing parameter 

(a) (b) 
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on mechanical properties. The authors reported the desirable temperatures of die and barrel 

to achieve homogeneous fibre distribution and better average mechanical properties, such 

as tensile, flexural, and shear properties, were 185 and 200 °C, respectively. Elsewhere, 

Rao et al. detected the fibre orientation of the extruded sisal-PP composites [72]. Image 

analysis by them identified that the maximum number of fibres (65%) lied between 0º and 

±15º with respect to the extrusion direction, Figure 2.4(b). Thus, the authors concluded that 

the alignment and close packing of fibres led to adequate stress transfer between fibres, 

thereby improving the composites strengths along the extrusion direction. 

 

2.4 Flammability of Natural Fibre Composites 
 

The composites flammability is mainly determined by thermal decomposition and burning 

behaviour of their constituents. Flammability characteristics of the materials are 

predominantly influenced by their chemical compositions and structures. Therefore, it is 

necessary to understand thermal decomposition and combustion behaviour of constituents, 

specifically fibre and polymer, within the composite. Furthermore, fire retardant treatments 

on materials are major steps to meet strict regulations and ensure public safety depending 

upon applications, such as automotive and building industry. Thus, a wide range of studies 

has investigated different flame retardant additives and treatments to reduce the composites 

flammability. This section reviews thermal decomposition and flammability characteristics 

of the constituents, namely polymer, natural fibres, and their composites along with fire 

retarding methods. 

 

2.4.1 Thermal Decomposition and Flammability of Composites Constituents 

 

2.4.1.1 Mechanism of Polymer’s Thermal Decomposition and Combustion 

 

The polymer combustion cycle mainly contains four steps: ignition, pyrolysis, combustion, 

and feedback [79]. The polymeric materials thermally decompose to generate gaseous fuel 

vapours, carbonaceous residues, and airborne soot particles under sufficient radiant heat 

flux from fire. The gaseous fuel is mainly composed of flammable products, such as 

carbon monoxide, methane, and low molecular weight organics. Non-flammable products, 

such as carbon dioxide and moisture, are also evolved. The continuous heating leads to the 

reaction of flammable volatiles with oxygen in air and ignites the material. The flame 
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yields toxic gaseous products, smoke, fumes as well as heat [10]. Some of heat can be 

conducted or radiated back to the underlying polymer to induce further decomposition. 

Thus, self-sustaining combustion cycle is established if the radiant heat is sufficient to 

maintain the decomposition rate of material with enough concentration of the combustible 

volatiles [14]. 

 

2.4.1.2 Polymer Matrix 

 

The most common polymeric matrices for the composites are thermoplastic and thermoset 

polymers. Fundamentally different structures of the two polymer types influence the 

thermal decomposition and combustion [10]. The thermoplastic polymers having a linear 

structure do not undergo irreversible crosslinking reactions but rather melt and flow under 

heat and re-solidify on cooling [41]. The polymers, therefore, can be formed by the 

physical processes under controllable temperature. On the other hand, thermoset polymers 

contain a three-dimensional cross-linked molecular structure, thus formation under heating 

is prohibited [14]. The polymer burning consists of different steps, such as heating, 

decomposition, ignition, and combustion [15]. Both polymer types embark on the 

modification of molecular structures at the initial step of heating. Further heat decomposes 

the polymers to break the molecular bonds and yield volatile species in the pyrolysis stage. 

In particular, the chemical bond is broken by different processes, such as end-chain, 

random chain, and cross-linking scission, depending on polymers’ structures. Free radical 

formed by the bond scission and high temperature with flammable products ignites the 

polymer under oxygen environment. Sufficient energy and combustible volatiles can 

establish the combustion cycle [10, 14]. Thermal decomposition and combustion of 

common polymers selected in a wide range of polymers are described below. 

 

2.4.1.2.1 Thermoplastic Polymers 

 

The most widely used synthetic polymers are PE (- (CH2-CH2)-) and PP (-(CH(CH3)-CH2-

)). An aliphatic hydrocarbon structure of PP leads to a rapid burning with a relatively 

smoke-free flame and without leaving a char residues. Initially, PP undergoes pyrolysis 

through random chain scission, usually at the carbon-carbon bond adjacent to the labile 

tertiary hydrogen atom in the repeat group [10, 80]. At the temperatures ranging from 320 

to 400 °C, PP starts decomposition and then generates combustible products, such as 
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hydrocarbon gaseous fuels and lubricants. When the temperature reaches around 425 °C, 

PP releases the maximum amount of volatile products comprising of dienes, alkanes and 

alkenes, followed by ignition at around 570 °C [10]. The fuel-forming tendency of PP 

under heating predominantly contributes to the high flammability of the polymer. Hirschler 

[81] and Zhang [82] reported the thermal properties and flammability of PP. It was 

particularly noted by the authors that PP decomposed at the temperature range between 

328 to 410 °C, ignited at around 550 °C, and had about 17.4% limiting oxygen index 

(LOI), Table 2.2. The LOI indicates the minimum concentration of oxygen required to 

sustain combustion once a material is ignited [83] Figure 2.5 shows a schematic 

representation of carbon-hydrogen bond breakage, which can be accompanied with main 

chain scission [84]. 

 

Table 2.2 Thermal properties of isotactic PP [82] 

Property Value 

Moisture regain (%) < 0.1 

Melting point (°C) 160-175 

Softening point (°C) 140-160 

Specific heat capacity (J/g °C) 1.6 

Heat of combustion (kJ/g) 44 

Heat of fusion (J/g) 21 

Limiting oxygen index (%) 17.4 

Decomposition temperature range (°C) 328-410 

 

 

 

Figure 2.5 Random chain scission of PP degradation [84] 
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2.4.1.2.2 Thermoset Polymers 

 

The irreversible cross-linking reaction under thermoset resin cure produces a tightly bound 

three-dimensional network of polymer chains. The formation of network influences the 

composites thermal and mechanical properties. Thermoset resins for fibre reinforced 

composites cover a wide range, including phenol formaldehyde polymers, amino-

polymers, epoxies, and thermoset polyesters. Table 2.3 shows limiting oxygen index (LOI) 

values of thermoset resins [10]. It can be explained that the three-dimensional cross-linked 

molecular structure might induce higher LOI than those of thermoplastic polymers. 

Moreover, different resins have different tendencies to react with oxygen at elevated 

temperature before ignition. 

 

Table 2.3 Limiting oxygen indices of thermoset polymers [10] 

Resin Type LOI (%) 

Polyester 20-22 

Vinyl ester 20-23 

Epoxy 23 

Phenolic 25 

Polyaromatic melamine 30 

Bismaleimide 35 

 

Epoxy resins are one of the well-known thermoset polymers, which have been used as a 

matrix with reinforcing fibres or additives to improve composites mechanical properties 

[85]. The epoxy resin has been mostly used in the sectors of transport and construction, but 

its intrinsic combustibility has limited the use of its composites. The degree of the resin 

flammability depends on epoxy monomers (epichlorohydrin) and curing agents [86]. 

During the thermal decomposition of the polymer, the non-chain scission reaction leads to 

the completing dehydration in the early stage as the substituents attached to the main 

polymer chain backbone are partially or totally modified or eliminated. The chain scission 

reaction then breaks the aliphatic segments and generates methane, ethylene, acetone, and 

acetaldehyde [10]. However, a relatively small quantity of the volatile products with its 

cross-linked and char forming character render the epoxy resin less flammable than other 

resins, such as polyester resins [10]. 
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2.4.1.3 Natural Fibres 

 

2.4.1.3.1 Protein Fibres 

 

The effects of chemical compositions and structure of protein fibres on the flammability 

have been briefly introduced in Chapter 1. Amino acid groups as primary composition of 

wool, play an important role in determining thermal decomposition and burning behaviour 

of the fibres. Wool is regarded as a typical class of the animal fibres and its physical and 

chemical compositions contribute to its natural fire resistance. When wool is heated, 

moisture is evaporated at around 100 °C and endothermic reaction starts from 200 °C, 

releasing gaseous products including H2S (hydrogen sulphide). Cleavage of disulphide 

bonds above 230 °C triggers the char formation [9]. Menefee and Yee have confirmed the 

formations of amide cross links of wool at about 160 °C and disulphide bond cleavage at 

230-250 °C [87]. Sulphur compounds, CS2 (carbon disulphide), and COS (carbonyl 

sulphide) as a result of cystine bond cleavage are released at 247 °C, followed by 

formation of SO2 (sulphur dioxide) and CO2 at 315 °C [9]. Wool is ignited at around 600 

°C after reaching the maximum mass loss rate at around 500 °C [88]. It is highlighted that 

the temperature of the maximum loss rate and ignition temperature of wool are higher than 

those of lignocellulosic fibres. 

 

Table 2.4 summarises the thermal properties of protein fibres and other synthetic fibres. In 

particular, wool and silk show higher LOI than other fibres. It means that relatively high 

amount of nitrogen in wool and silk contributes to the interference of oxidation of fibres by 

forming char. Similar to wool, silk also exhibits charring ability under combustion [89]. 

The char formation of silk is largely affected by the dehydrating and cross-linking 

tendency of hydroxyl group within the serine α-substituent. Moreover, a relatively high 

content of nitrogen (about 15-18%) also promotes the fire resistance of silk [10]. In spite of 

better fire resistance of wool fibres compared to lignocellulosic fibres, research on the 

effect of wool on composites flammability is limited due to a lack of attention given to 

protein based fibre reinforcements. 

 

 

 



Literature Review 

28 

 

Table 2.4 Thermal properties of fibres [9, 90] 

Fibre 
Tg (°C) 
Glass  

transition 

Tm (°C) 
Melting 

Tp (°C) 
Pyrolysis 

Tc (°C) 
Combustion 

Heat of  
combustion 

(kcal/g) 
LOI (%) 

Wool - - 245 600 4.9 25.2 

Cotton - - 350 350 3.9 18.4 

Silk - - 250 - - 22-23 

Nylon 6 50 215 431 450 7.9 20-21.5 

Polyester 80-90 255 420-477 480 5.7 20-21.5 

Polypropylene -20 165 469 550 11.1 18.6 

Viscose - - 350 420 - 18.9 

 

2.4.1.3.2 Lignocellulosic Fibres 

 

An increase in the use of lignocellulosic fibres for composites has led to increased focus on 

flammability characteristics of the fibres under composites combustion. Even though plant 

fibres are intensively and widely used as reinforcement in composites, they have poor fire 

resistance compared to animal fibres. Lignocellulose fibres are thermally degraded by a 

number of steps including the desorption of adsorbed water, cross-linking of cellulose 

chains with the evolution of water to form dehydrocellulose, decomposition of the 

dehydrocellulose to yield char and volatiles, formation of levoglucosan, and decomposition 

of the levoglucosan to yield flammable and non-flammable volatiles, gases, tar, and char 

[91, 92]. The fibres can have different thermal decomposition and flammability 

characteristics depending on their respective chemical compositions. The main components 

of plant fibres are cellulose, hemicellulose, and lignin with trace amounts of secondary 

metabolites and inorganic ash [93]. Higher cellulose content leads to higher flammability, 

while higher lignin content enhances char formation. Kozłowski et al. have reported the 

effect of lignin on thermal decomposition of fibres. TGA results of bast fibres (lignin 

content 2-5%), namely flax and hemp, had one degradation step, whereas leaf fibres (lignin 

content 7-13%), such as cabuya and abacca, showed two degradation temperature ranges, 

230-280 and 280-300 °C, representing hemicellulose and lignin degradation, Figure 2.6, 

respectively [94]. The lignin can be degraded at a different temperature depending on its 
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bonding condition. The cleavage of the bond in the aromatic rings requires high 

temperature, but the fibres could have the low oxidation resistance [95, 96]. 

 

 

Figure 2.6 Basic schematic representation of cellulose degradation process [10] 

 

2.4.2 Other Factors affecting Composites Flammability 

 

The flammability of natural fibre composites is also influenced by other factors, such as 

composite’s thickness and interfacial bonding between fibre reinforcement and matrix [97, 

98]. The composite’s thickness can affect the time to ignition, heat release, combustion 

time, etc. Kandola has defined the “thermally thick” specimen as the material allowing less 

penetration of heat wave along the depth than the physical depth [88]. Hence, the thermally 

thick specimens ignite later, show lower PHRR, and burn for a longer time than the thin 

specimens. The effect of thickness on the composites flammability can be investigated by a 

cone calorimeter to control the external heat flux. Thus, multiple composites with varying 

thickness can be studied under the same heat flux. Babrauskas et al. have reported different 

HRR curves of Poly(methyl methacrylate) (PMMA) under an external heat flux 50 kW/m2 

depending on the specimen thickness, Figure 2.7 [99]. 
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Figure 2.7 Heat release rate curves of PMMA depending on thickness [99] 

 

The interfacial bonding between fibre and polymer is also an important factor that affects 

the composites flammability. It has been noted that the increased compatibility can reduce 

the breakage of bonding in the case of fire, thus increasing the thermal stability of 

composites [97]. Albano et al. have found that acetylation of sisal fibre increased 

activation energy compared to the untreated fibre. Moreover, the treatment has led to 

strong PP and fibre interaction, which favours thermal stability of the composites. 

Consequently, TGA results from the authors has detected a higher decomposition 

temperature of the composites than the composite based on untreated fibre [100]. Zhang et 

al. have also investigated the effect of compatibiliser on ethylene vinyl acetate 

copolymer/alumina trihydrate nanocomposites flammability and thermal stability [101]. 

The combination of titanate coupling agent and maleated ethylene vinyl acetate copolymer 

has contributed to self-extinguishment under direct flame application and 39.1% LOI of 

the nanocomposites. In addition, authors have observed an increase in tensile strengths due 

to the improved interfacial interaction. However, an excess amount of compatibiliser, such 

as MAPP, within composites can be detrimental to the thermal stability as the MAPP is 

less thermally stable than PP. MAPP has onset of decomposition temperature which is 

about 100 °C lower than PP [102, 103]. 
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2.4.3 Flammability of Composites based on Natural Fibres and Thermoplastic 

Polymers 

 

A wide range of research has been conducted to identify the influence of thermal behaviour 

of natural fibres on the composites flammability. Most of the studies have investigated 

lignocellulosic fibres due to their wide use in the composites field, whereas only a small 

number of research have been carried out to investigate flammability of protein fibre based 

composites. This section focuses on flammability characteristics of natural fibres 

(lignocellulosic and protein fibres) composites measured by employing lab scale testing 

methods, namely cone calorimeter, vertical burn, and LOI tests. 

 

Helwig and Pauszta investigated the effect of flax fibre on flax-PP composites 

flammability [104]. The cone calorimeter tested flax-PP composites containing different 

weight contents, namely 12.5, 20, 30, and 40 wt%, at 35 kW/m2 heat flux. It was reported 

that an increase in fibre content reduced the peak heat release rate (PHRR), total heat 

release (THR), and the heat of combustion of the composites. In particular, the 40 wt% flax 

based composite showed a significant reduction in PHRR (~400 kW/m2) and THR (~109 

MJ/m2) compared to those of neat PP. Furthermore, Le Bras et al. also reported the cone 

calorimeter results of short flax fibre-PP (60:40 wt%) composites [105]. The authors 

observed that the PHRR of the composite was 640 kW/m2 compared to 1800 kW/m2 of PP 

when tested at 50 kW/m2 external heat flux. 

 

More recently, Borysiak et al. used pine wood particles and PP to study the composites 

flammability. [106]. Wood (50 wt%)-PP composites were prepared by the authors using 

extrusion and compression moulding and the flammability characteristics were tested by 

cone calorimeter at 35 kW/m2. Three PP types based on different MFI were also selected to 

investigate the role of polymer viscosity on the composites flammability. The presence of 

the fibres facilitated char formation and suppressed heat release rate, total heat release, and 

smoke production, while the composites ignited earlier than the neat PPs. Moreover, it was 

noted by the authors that the wettability of the wood fibres can be modified by changing 

the melt viscosity of PP during the manufacturing process, thus leading to a different fire 

performance of wood reinforced PP composites. 
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Jeencham et al. performed different flammability test methods, such as UL-94 burn and 

LOI tests, to measure flammability of sisal-PP composites prepared by injection moulding 

[107]. The burn test measured different burning characteristics, such as the ignition and 

fire-spread, of a specimen held in a horizontal or vertical position. The addition of 30 wt% 

short sisal fibres increased the horizontal burning rate with a complete burnt out and had 

lower LOI (< 19%). El-sabbagh et al. fabricated 30 wt% short flax and PP based 

composites by employing an injection moulding process [1]. The composite showed a 

continuous burning and dripping, during the burn test. It was inferred that the composites 

system without any FR can support flame progression in the air. 

 

Recently, thermal decomposition and flammability of wool keratin and PP based 

composites were investigated by Bertini et al. [38]. Keratin hydrolysates were extracted 

from wool fibres using superheated water in a ceramic autoclave. The keratin hydrolysates 

hindered thermo-oxidative degradation and the crystallisation of PP, leading to 

enhancement of thermal stability. Moreover, a microscale combustion calorimeter as a 

bench scale test found the positive effect of keratin on the reduced combustion properties 

of composites, such as reduction in THR (11.9%) and PHRR (11.1%), in comparison to 

those of the neat PP. Elsewhere, Wrześniewska-Tosik et al. added feather fibres into 

polyurethane elastic foam (EPUR) [108]. They observed that the 10 and 16.5 wt% of 

keratin powder obtained from feather fibres increased LOI of EPUR by 25 and 33.5%, 

respectively. 

 

Most of the aforementioned studies have shown that the incorporation of natural fibres in 

the composites decreased the polymers’ flammability. In particular, less flammable 

polymer matrix, such as EPUR, has achieved a significant enhancement of fire retardancy 

compared to the neat polymer. However, the positive effect of natural fibres on the 

reduction of composites flammability is still insufficient to satisfy stringent regulations for 

composites applications. Therefore, the need to attain satisfactory flammability stimulated 

numerous investigations into the induction of fire retardation in natural fibre based 

polymeric composites. 

 

2.4.4 Fire Retardation 

 



Literature Review 

33 

The fire retardation is a phenomenon wherein materials are less likely to ignite and burn at 

a slower rate. [14]. As natural fibre and polymer based composites ignite early and 

continue to burn without flameout, the fire retardation is imperative to reduce the 

flammability. The fire retardation of material can be achieved by breaking or slowing the 

chain branching reaction in the combustion cycle (see section 2.4.1). Furthermore, the fire 

retardancy of composites can be improved by reducing the flammability of polymer 

matrix, fibre reinforcement or the composite as a whole. The possible ways to reduce the 

flammability are as follows [14, 79]: 

 

• Reduction of the heat evolved to below a level that required to sustain combustion 

• Modification of the pyrolysis process to reduce the amount of flammable volatiles  

emitted 

• Introduction of flame retardant into the plastic compounds that will release  

chlorine or bromine atoms 

• Isolation of flame from oxygen and reduction of the heat flow back to the polymer 

 

2.4.4.1 Flame Retardants 
 

There are two types of flame retardant (FR) which can be introduced in a composite: 

additive and reactive types. The additive type of FR can be incorporated into the 

composites by physical means during the manufacturing. On the other hand, the reactive 

FR type is used to chemically modify the polymer structure. The flame retardant elements 

can be implanted into either the backbone or the functional groups of polymers [109]. The 

additive FRs can be applied to both thermoplastic and thermoset polymers, whereas 

reactive FRs can only be used for thermoset polymers due to a vast choice of resins, curing 

agents, and hardeners [88]. In this doctoral research, the additive types of FR are 

introduced and reviewed through previous studies. 

 

2.4.4.1.1 Halogenated Flame Retardant 

 

Halogen containing FRs release thermally stable species, such as bromine and chlorine in 

the gas or condensed phase, thereby quenching the flame [110]. The action is attributed to 

the ability of the substance in FR to trap the radicals, which allow propagation of thermal 

oxidation in the flame. In particular, bromine-based FRs are widely used in thermoplastic 
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polymers. The FRs can redirect or terminate chemical reactions in the condensed phase 

during the combustion [111]. Stark et al. added 10 wt% bromine-based FRs into wood 

fibre (50 wt%)-PE composites during the melt-blending process [112]. The authors found 

that the addition bromine FR improved fire retardancy of the wood-PE composite but 

obtained a lower LOI and a higher PHRR compared to those of composites based on other 

FRs, such as magnesium hydroxide (Mg(OH)2) and APP. On the other hand, the bromine 

based composite retained flexural modulus and enhanced flexural strength when compared 

to the wood-PE composite without FR. In spite of their effectiveness, halogenated FRs 

could not propagate into the field of composite due to some of their inherent 

disadvantages. The halogen based FRs release highly smoky and toxic fire effluents by 

interfering with hydrocarbon oxidation and the conversion of CO into CO2. Hydrogen 

chloride created from chlorine-based FR is of even greater toxicological significance than 

carbon monoxide [110]. Therefore, nontoxic and environmentally friendly halogen-free 

FRs were developed and used as alternative additives. 

 

2.4.4.1.2 Mineral Flame Retardant 

 

Health safety and environmental issues have increased the focus on mineral based FRs that 

is innocuous in nature. Metal hydroxide, such as Mg(OH)2 and aluminium hydroxide 

(Al(OH)3), provide effective flame retarding performance by releasing a significant 

amount of water, thereby diluting the amount of fuel available to sustain combustion [16]. 

Also, endothermic decomposition at 300-320 °C of the FRs absorbs heat and, therefore, 

cools down the surrounding polymer [1, 113]. For example, Al(OH)3 decomposes to form 

alumina (Al2O3) and releases water, which builds up to form a protective layer and dilutes 

the radical in the flame, respectively [110]. 

 

El-sabbagh et al. reported the effects of Mg(OH)2 on flax reinforced PP composites 

flammability and mechanical properties [1]. The addition of 20-30 wt% Mg(OH)2 into the 

composite increased the onset of decomposition temperature and LOI values. In particular, 

the composite containing 50 wt% flax and 30wt% flame retardant resulted in 27.1% LOI 

values and V-2 rating from the UL-94 test with long burning time and no drippings. 

Furthermore, the authors detected an increase in tensile stiffness by adding fibres and 

Mg(OH)2. However, the incorporation of Mg(OH)2 led to a reduction of tensile strengths 

(maximum decrease of 31.1%) due to weak interfacial adhesion between PP and FR. Tai et 
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al. found that PP containing 60 wt% Mg(OH)2 can have similar LOI value (29.5%) as PP 

based on 30 wt% brominated FR [114]. The authors observed that the increase in Mg(OH)2 

content in PP also decreased the tensile strengths of the composites. SEM analysis by them 

suggested that the initial debonding of FR particles under tensile loading facilitates stress 

concentration, leading to premature failure. 

 

2.4.4.1.3 Phosphorus based Flame Retardant 

 

FRs based on phosphorus have been proposed as a halogen-free flame retardant. 

Phosphates, phosphonates, phosphinates, phosphine oxides, and red phosphorus have been 

used as the phosphorus-containing FR for polymeric materials [82]. The phosphorus 

compounds can decompose and release phosphoric acids in the condensed or gas phase 

[115]. The acids can catalyse the formation of the protective surface layer of carbonaceous 

char to inhibit heat transmission and oxygen diffusion from the combustion zone. In 

particular, phosphoric acids can phosphorylate hydroxyl groups of natural fibres to form a 

phosphorus ester. These esters can catalyse the dehydration of cellulose, promoting the 

formation of char and water at the expense of levoglucosan [92, 116]. Furthermore, 

decomposition species, such as P2, PO, PO2, and HPO2, released from triphenyl phosphate 

and triphenylphosphine oxide reduce hydrogen atom concentration in the flame, thereby 

quenching the flame [117]. However, the phosphorus FRs have been commonly used in the 

presence of nitrogen based compounds to generate intumescent char-forming 

characteristics [82, 112, 118]. 

 

2.4.4.1.4 Intumescent Flame Retardant System 

 

Researches regarding FRs have been extensively carried out to develop more effective FR 

systems for polymers than other FRs, such as halogen and mineral based additives. An 

Intumescent flame retardant (IFR) system has been introduced as a halogen-free, 

environmentally friendly, and effective char forming FR [119]. IFRs create a swollen 

multicellular char, which is capable of protecting the polymeric material under a radiant 

heat flux or flame [120]. Thus, the intumescent char can interrupt the self-sustained 

combustion of the polymer by reducing diffusion of volatile products and heat between the 

flame and underlying material. [93, 121]. Furthermore, low toxicity with the absence of 

dioxin and halogen acids under combustion is also one of the advantages [122]. The IFRs 
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mainly consist of three main components, namely acid source, carbonisation agent, and 

blowing agent. The acid source releases acid and dehydrates the carbonising agent during 

the thermal decomposition (e.g. phosphoric, ammonium salts, and organophosphorus 

compounds). The carbonising agent leads to carbonaceous char formation (e.g. 

pentaerythritol). Moreover, the blowing agent evolves non-flammable gases to expand the 

carbonaceous char layer to form a multi-cellular char (e.g. melamine and ammonia) [123, 

124]. 

 

APP as the IFR can derive phosphorus-nitrogen synergism under combustion, producing 

nitrogen and ammonia, which dilute fuel gases. In addition, the APP can form intumescent 

char which acts as a barrier blocking heat, fuel, and gas transfer between underlying 

material and flame, Figure 2.8 [112, 125]. The APP has been increasingly utilised to 

reduce the flammability of natural fibre based polymer composites [16, 105, 107, 126]. 

APP particles have been incorporated with other constituents during manufacturing 

processes. Phosphoric acids released from APP decomposition can esterify the hydroxyl 

groups of the cellulosic structure of natural fibres [91]. The esterification could catalyse the 

char formation and contribute to the reduction of the composites flammability. 

 

  

Figure 2.8 (a) Schematic illustration of intumescent char formed from APP and polymer [127] and 
(b) char formed from PP-APP after cone calorimeter test 

 

Subasinghe et al. used different intumescent APPs to compare fire performance of kenaf-

PP composites [126]. The morphological analysis identified that twin screw extruder used 

for blending the constituents improved dispersion of kenaf fibres and APP particles. The 

  

  

  

  

  

Plastic (PP, PE)  
+ Intumescent FR System (APP) 

Isolating 
Carbon Layer 

Reduced gas, 
smoke emission 

Oxygen Heat (a) (b) 

(cm) 



Literature Review 

37 

authors found that adding 30 wt% kenaf and 20 wt% APP into the composites led to a 

significant reduction of PHRR and THR when compared to those of a neat PP. 

Specifically, the intumescent APP having the smallest particle size among the APPs 

resulted in 321.3 kW/m2 PHRR and low decomposition rate of the composite. However, 

the kenaf-PP composites based on the APPs showed continuous burning with dripping 

during the vertical burn test (NR: no rating) and a reduction in tensile and flexural 

strengths in the research. 

 

Arao et al. compared the effects of APP on wood-PP composites flammability with those 

of melamine polyphosphate and aluminium hydroxide [16]. Addition of 10 wt% APP and 

50 wt% wood fibres showed the best performance in vertical burning, with a flammability 

class V-0 (i.e. complete flame extinction without dripping), but the other two FRs could 

not be rated. Moreover, the wood-PP composite including APP had the lowest PHRR (312 

kW/m2) and THR (78.9 MJ/m2). However, the authors observed that the addition of 10 

wt% FRs decreased the tensile strength of the wood-PP composite by about 7-14%. A 

study by Jeencham et al. also identified better flame retarding effect of APP on sisal-PP 

composite than Mg(OH)2 and zinc borate [107]. The addition of 40 wt% APP into the 

composite by the authors showed 31% LOI, which is higher than those of composite based 

on Mg(OH)2 (24%) and zinc borate (22%). Furthermore, the intumescent FR led to the V-0 

rating under vertical burn test due to its effective char formation. On the other hand, they 

reported that adding APP was detrimental to the tensile strengths of the composites. 

 

From the aforementioned studies, it can be inferred that although incorporation of FRs 

elevated the fire performance, they adversely affected the composites mechanical 

properties. Hydrophilicity and incompatibility of the APP with the matrix/natural fibre 

could be the reason for its negative impact on the physical and mechanical properties of the 

composites [128]. Additionally, Ayrilmis et al. reported the presence of contamination area 

on the fibre surface by the crystalline deposits of the FRs, thus reducing the interfacial 

adhesion [129]. 

 

2.4.4.2 Fibre Treatments 

 

The composites flammability can be reduced by fibre surface modification instead of the 

incorporation of FRs in the composite. Mostly, the treatments have been carried out by 



Literature Review 

38 

impregnating FRs into natural fibres before the composites manufacturing process. The 

FRs for the impregnation are ammonium phosphates such as mono- or diammonium 

phosphates (DAP), ammonium bromide, borax and boric acid, ammonium sulfamate, and 

sulfates [88]. FR chemical formulation is usually prepared in aqueous form for the 

treatment. Suardana et al. immersed short jute and coconut fibres into DAP solution for 

flame retardant treatment on fibres surface [116]. SEM and FTIR analysis by the authors 

identified the coating of fibres and N-H group peak on treated fibre’s spectrum, 

respectively. The horizontal burning test showed that increase in DAP amount decreased 

the burning rate. Moreover, TGA resulted in an increase in the amount of residues and 

decrease in decomposition rate. A phosphorus ester formed by reaction between 

phosphoric acids of DAP and hydroxyl group of fibres catalyses the dehydration of 

cellulose, thereby promoting the formation of char and water at the expense of 

levoglucosan, Figure 2.9. However, the FR surface treatment deteriorated tensile and 

flexural properties due to poor compatibility between fibre and polymer matrix. Elsewhere, 

Das and Sarmah used ammonium phosphate to pre-treat waste wood from Douglas fir and 

hybrid poplar wood. From the TGA, the authors observed that the activation energies of 

both the biomass were significantly increased, whereas the rate of thermal decomposition 

was decelerated. However, the effect of ammonium phosphate was more pronounced in 

Douglas fir wood [92]. 

 

 

Figure 2.9 Interaction of hydroxyl groups in natural fibre with phosphoric acids from DAP 
decomposition [116] 

 

The fibre treatment was also applied to protein fibres to enhance their fire resistant 

properties. Horrock et al. investigated the effect of surface treatment of wool on char 

formation [130]. Intumescent FRs based on melamine and phosphates were used to coat 
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wool woven fabric. TGA curves showed an increase in char of FR coated wool fabric 

compared to untreated wool fabric. According to the authors, the maximum amount of char 

(36.4%) was achieved by using melamine pyrophosphate FR. It can be noted by the 

authors that ammonium phosphate species and Lewis acidic released from the FR can react 

with amino acids of wool to form carbonaceous char. Moreover, nitrogen evolved from 

both FR and wool can expand the char as a blowing agent. 

 

Guan and Chen coated silk fabric using organophosphorus FR and melamine agent 

solution [89]. The study reported that the treated silk had a 31.1% LOI, which was higher 

than that of the untreated fabric (23.2%). FTIR and amino acid analysis by the authors 

confirmed that phosphoric acids and melamine reacted together onto the silk fabric in the 

amorphous region of the fibre. Therefore, the study concluded that the amino acids of 

protein fibres can react with intumescent FRs, specifically with phosphorus and nitrogen, 

to form carbonaceous char under combustion. 

 

As reviewed in the fire retardation section, the incorporation of flame retardant additives 

has been widely investigated as the effective method to reduce the flammability of natural 

fibre and thermoplastic polymer based composites. In particular, the intumescent FR has 

been highlighted due to their reactions with natural fibres and char forming ability. 

However, as presented in Table 2.5, the effect of wool fibres on the composite 

flammability has not been investigated in spite of their relatively high fire resistance 

compared with that of lignocellulosic fibres. Furthermore, a study of the reaction between 

wool and FR is also limited. Therefore, it is imperative to explore the potential of wool to 

improve fire retardancy of composites. 
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Table 2.5 Summary of past reported researches on flammability of natural fibre based composites 

Authors Fibre type Polymer 
matrix  

Flame 
retardant 

Moulding 
method 

Thermal and 
flammability 

tests 
Review 

Helwig et al. 
Long flax 
fibre (150-
300mm) 

PP  Compression • Cone 
calorimeter 

• An increase in flax fibre content decreased composites 
flammability (low PHRR and THR) but time to ignition 
increased. 

Borysiak et al. Short wood 
fibre (1mm) PP  Compression 

• Cone 
calorimeter 
(35 kW/m2 

heat flux) 

• Adding 50 wt% wood fibres decreased PHRR (590 kW/m2) 
and smoke production. 

• Different PP types based on MFI value had different fire 
performance. 

Jeencham  
et al. 

Short sisal 
(2mm) PP 

APP 
Mg(OH)2 

Zinc borate 
Injection • UL-94 

• LOI 

• 30 wt% sisal+PP: NR and <19% LOI 
• 30 wt% sisal+PP+40 wt% APP: V-0 and 31% LOI 
• 30 wt% sisal+PP+40 wt% Mg(OH)2: NR and 24% LOI 
• 30 wt% sisal+PP+40 wt% zinc borate: NR and 22% LOI 
• Adding Mg(OH)2 or zinc borate did not decrease tensile 

strength of sisal-PP composite. 

Le Bras et al. Short flax 
fibre PP 

APP 
Pentaerythritol 

Melamine 
Compression 

• UL-94 
• Cone 

calorimeter 
(50 kW/m2 

heat flux 
• TGA 

• 40 wt% flax+PP: NR and PHRR 640 kW/ m2 
• 31 wt% flax+PP+23 wt% (APP + PER + melamine) : V-0 

and PHRR 270 kW/m2 
• 31 wt% flax+PP+23 wt%  APP: NR and PHRR 300 kW/m2 

Schartel et al. Short flax 
fibre PP 

APP 
Expandable 

graphite 
Injection 

• UL-94 
• Cone 

calorimeter 
(50 kW/m2 

heat flux) 
• TGA 

• Use of 25 wt% intumescent APP and expandable graphite 
(EG) as FR 

• 30-70 kW/m2 heat flux in cone calorimeter test 
• EG was more effective than APP on the composite flame 

retardancy (V-1 and 30% LOI). 
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Cont’ Table 2.5 Summary of past reported researches on flammability of natural fibre based composites 

Authors Fibre type Polymer 
matrix  

Flame 
retardant 

Moulding 
method 

Thermal and 
flammability 

tests 
Review 

El-sabbagh  
et al. 

Short flax 
fibre (40mm) PP Mg(OH)2 

 Injection 

• TGA 
• UL-94 
• LOI 
 

• 50 wt% flax +PP: < 20% LOI 
• 50 wt% flax+PP+30 wt% Mg(OH)2: V-2 and 27.1% LOI 
• Decrease in tensile strengths by adding Mg(OH)2 (max. 

31.1%) 

Wrześniewska-
Tosik et al. Feather EPUR  Foam 

• LOI 
• TGA 
• UL-94 

• 10 and 16 wt% feather keratin fibres were used. 
• Composite containing 16.5 wt% feather obtained 26.7% LOI 

and slower horizontal burning rate than neat PUR. 

Stark et al. Wood fibre PE 

Bromine 
APP 

Mg(OH)2 
Zinc borate 

Injection • UL-94 
• LOI 

• Bromine-based FR performed the worst on cone calorimeter 
tests. 

• APP increased LOI of wood-PE composite (29%) but 
decreased tensile properties. 

Subasinghe  
et al. 

Short kenaf 
fibre PP Intumescent 

APPs Injection 

• TGA 
• UL-94 
• Cone 

calorimeter 
(50 kW/m2 

heat flux) 

• Cone calorimeter and TGA identified that the intumescent 
APP having finer particle size led to better fire retardancy 
(lower PHRR). 

• 30 wt%+PP+APP 20 wt%: NR and PHRR of 351 kW/m2 
• Decrease in tensile and flexural properties of composites by 

adding APP 
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Cont’ Table 2.5 Summary of past reported researches on flammability of natural fibre based composites 

Authors Fibre type Polymer 
matrix  

Flame 
retardant 

Moulding 
method 

Thermal and 
flammability 

tests 
Review 

Arao et al. Wood fibre PP 

APP 
Melamine 
phosphate 

(MPP) 
Al(OH)3 

Injection 

• TGA 
• UL-94 
• Cone 

calorimeter 

• 50 wt% wood+PP+10 wt% APP: V-0 and PHRR of 312 kW/m2 
• 50 wt% wood+PP+10 wt% MPP: NR and PHRR of 352 kW/m2 
• 50 wt% wood+PP+10 wt% Al(OH)3: NR and PHRR of 467 kW/m2 
• FRs showed negative effects on wood-PP composites tensile 

moduli and strengths. 

Suardana et 
al. 

Jute and 
coconut 
fibres 

PP and 
PLA Impregnation Compression • TGA 

• UL-94 

• Diammonium phosphate (DAP) solution used as FR 
• Increase in DAP content from 1 to 2.5 wt% formed effective char 

and decreased a horizontal burning rates of composites. 
• Flame retardant treatment of fibre reduced thermal reaction rate 

and increased temperature at the maximum reaction rate. 
• Tensile and flexural strengths decreased by DAP treatment on 

fibres. 

Shumao et 
al. Ramie fibre PLA Impregnation Compression • TGA 

• LOI 

• APP and ethanol solution used as FR 
• Ramie-PLA composites treated by the FR showed 25% LOI and 

V-0 for burn test. Moreover, storage modulus was higher than that 
of composite without FR treatments. 

• Tensile strength of composite containing FR treated fibres showed 
higher tensile strength than that of composite without FR 
treatments. 



Literature Review 

43 

 

2.4.5 Char Formation 

 

Studies of composites flammability have found that charring ability of material plays an 

important role in improving the fire retardancy. Furthermore, the effectiveness of char 

depends on physical and chemical structures formed during the combustion and thermal 

conductivity of char [14]. The complex processes of char-forming include chemical 

fragmentation, cross-linking, bubble formation, and mass transport. The char forming 

polymers create carbonaceous structure, which consists of disordered polycyclic aromatic 

hydrocarbons [131]. In particular, the char structure can determine transfer of heat and 

volatile products between the flame and underlying material. 

 

Price et al. defined the ideal char as an intact structure of closed cells [14]. Thus, the flow 

of volatile liquids or gas into flame can be hindered by the structure providing thermal 

insulation effect to keep the remaining material. On the other hand, non-ideal and poor 

char structure contains channels or fissures, which the decomposition products can easily 

pass through. Furthermore, Kashiwagi et al. proposed the char forming mechanism 

depending on an amount or dispersion of carbon nanotube particles within PMMA 

nanocomposites [132]. The poor nanotube distribution or the low amount of nanotubes (0.2 

wt%) formed small, discrete, and isolated islands of residues after burning, Figure 2.10(a). 

Regions between the islands provided vigorous bubbling and bursting, thereby producing 

higher mass loss rate and heat release rate compared to those of the nanocomposites 

containing a higher content of nanotubes. On the other hand, well dispersed and high 

amount of nanotube (0.5-1 wt%) within the nanocomposite filled the gaps between islands 

and formed closed and condense structure of char, Figure 2.10(b). The nanotube network 

can reduce the formation of bubbles, thus enhancing the flame resistance. 

 



Literature Review 

44 

 

Figure 2.10 Schematic illustrations of char formation of (a) islands and (b) a network structured 
layer [132] 

 

In addition, the IFR containing acid, carbonaceous, and blowing agent can play a dominant 

role in forming an effective char. Different reactions, such as gas release and rheological 

behaviour, between polymeric materials and the agents can determine the char expansion 

and their rigidity [133]. Ding et al. demonstrated the effect of char structure on burning 

behaviour of ethylene-vinyl acetate and IFR based composites, Figure 2.11 [134]. The non-

flammable gases and moisture released from the melamine blowing agent contributed to 

the char expansion. As shown in Figure 2.11(a), the compact and closed char layer can 

inhibit the transmission of gas and combustible products, thus resulting in improved flame 

retardancy. On the other hand, fragile char in the presence of holes or cracks, Figure 

2.11(c), can increase the transfer of decomposition products between flame and polymer. 

Therefore, the structure of the resulting carbonaceous layers predominantly affects the 

flame retardant properties. 
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Figure 2.11 Schematic illustration of intumescent char forming process [134] 

 

2.5 Fire Models 
 

Computer fire programs have been used in many areas of fire protection design, including 

suppression system design, smoke control system design, and egress analysis. Computer 

fire models established for the programs can provide a fast and accurate estimate of the 

impact of fire and can evaluate fire scenario developed by users [135]. The computer 

models can be categorised into two major types: zone and field models. Each model 

employs its principle to compile mathematical equations and predict the condition resulting 

from a fire in an enclosure [135, 136]. This section introduces and reviews the two fire 

models along with their software. 

 

2.5.1 Zone Model 

 

The zone fire models separate the compartment into two zones: upper and lower zones or 

layers. The upper and lower zones indicating hot and cold volume, respectively, are based 

on physics and dynamics of fire inside of the enclosure. The upper zone mainly consists of 

the fire plume and resulting collection of hot gases and combustion products. The other 

zone is referred as ambient air and entrained air outline. Moreover, conservation equations 

for energy, mass, and momentum transports are applied to each zone. The upper zone as a 

control volume receives both mass and energy from the fire and loses energy by 

convection and radiation in the area [136, 137]. The properties, such as temperature, 

species mass, and pressure, of upper and lower zones are assumed to be spatially uniform 

but can vary with time [138]. 
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The first pre-flashover zone fire model was introduced by Quintiere’s fundamental 

equations in the mid-1970s [139]. Pape et al. followed the equation and developed PFIRE 

fire zone model [140]. The rapid growth of computer technology led to the invention of 

public fire model, ASET-B, using IBM-compatible personal computer in the 1980s [141].  

 

The continuous research and development based on the fire zone model have generated 

different computer programs, such as FAST, FIRST, ASET, CCFM, CFAST, and 

HARZARD [142]. CFAST (Consolidated Model of Fire and Smoke Transport) is a recent 

zone model that is used to predict the environment in a multi-compartment structure 

subjected to fire. The model can calculate the evolving distribution of smoke, fire gases, 

and temperature throughout a building during a fire [143]. Conservation equations of mass 

and energy in the model are solved by employing the ideal gas law and relations for 

density and internal energy. The predicted values calculated from the equations are 

functions of time quantities, namely pressure, layer heights, and temperature [138]. 

 

2.5.2 Field Model 

 

Field fire models, also known as computational fluid dynamics (CFD), divide a room or 

enclosure into a three-dimensional grid of cells [138, 144]. The enclosure might contain 

hundreds or thousands of cells depending on a cell size varying from millimetre to meters. 

The field models are based on physical principles of mass, energy, and momentum 

conservation, and can calculate the physical conditions, such as heat and mass transfer, in 

each cell as a function of time [144]. Thus, the calculated parameters, such as temperature, 

velocity, and gas species concentration, can be obtained at any cell at a given time and 

balanced with all adjacent cells in the enclosure. CFD involves numerical computational 

techniques to solve the Navier-Stokes equations. The Navier-Stokes equations consist of a 

set of three dimensional, time-dependent, non-linear partial differential conservation 

equations. Governing equations for mass, energy, and momentum are solved for small 

volume elements or cells in a compartment to obtain various parameters related to the fire 

analysis [138]. 

 

In addition, turbulence as the state of fluid motion occurs in the room fire and creates 

eddies of many sizes. As the turbulent phenomenon taking place in eddies in the order of 

millimetre in size, the computational modelling using an immense number of nodes is 
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impractical. Thus, turbulence models have been developed to estimate the effect of small-

scale fire flow phenomenon on flow motion in large scale. The k-ԑ model is widely used in 

conjunction with CFD model to simulate turbulence flow in the room fire. The model 

introduced by Launder and Spalding [145] includes two additional transport equations to 

calculate the turbulent properties of the flow. The variables for the first and second 

equation are turbulent kinetic energy, k, and turbulent dissipation rate, ԑ, respectively. The 

two variables are solved simultaneously to determine the scale of the turbulence and the 

energy in the turbulent flow. Furthermore, Large Eddy Simulation (LES) and Direct 

Numerical Simulation (DNS) are alternative techniques to simulate turbulent flows. The 

LES applies large eddies of flow depending on the geometry; thus small scale fire 

modelling is not irrelevant [146, 147]. To overcome the limitation, DNS has been 

introduced to simulate whole range of spatial and temporal scales of turbulence in the 

computational mesh. However, the technique requires larger computer resources and more 

detailed combustion information than other models [138]. 

 

In the past, many researchers gained benefits from CFD field model to simulate burning 

process of materials [138, 148-151]. Jiang used a fire dynamics simulator known as a CFD 

field model to perform a numerical simulation of the cone calorimeter tests [138]. The 

author applied effective kinetic parameters, such as activation energy, of timber materials 

obtained from TGA into the fire model. The simulated temperature and mass fluxes were 

analogous to the experimental results from the cone calorimeter test. Hjohlman et al. also 

employed a CFD with LES turbulence technique to simulate the cone calorimeter and 

single burning item tests [148]. In the study, the fire model developed by the authors 

numerically specified heat release rates and mass loss rates of the particle boards having a 

multi-layered structure. The simulated results were accurate enough to give a correct rating 

for wall linings according to the European building product standard EN13501. The study 

indicated that the field models (CFD) can simulate the combustion process of complex 

geometry with fire scenarios. In particular, CFD models combined with other sub models, 

such as turbulence and combustion models, can generate accurate fire modelling results. 

 

2.6 Unresolved Issues and Research Requirements 
 

Based on the literature review, unresolved issues and research requirements were identified 

which are explained as follows. Most of research regarding wool based composites utilised 
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only compression moulding process to manufacture the composites. The limited 

fabrication method led to the lack of information about the effect of manufacturing process 

on the composite’s mechanical performance. Moreover, the compression moulding process 

might induce the inferior tensile strength due to fibres’ random orientation even though the 

compatibiliser was used to improve the interfacial bonding between fibre and polymer. 

Furthermore, only the interfacial bonding effect was mainly focused as a main factor to 

determine tensile properties of composites.  

 

Although the flammability of natural fibre based polymeric composites has been 

extensively investigated, most of the studies involved lignocellulosic fibres. Wool fibres 

have not been thoroughly explored in thermal decomposition and fire resistant 

performance of composites in spite of their inherent low flammability. Furthermore, a 

study regarding reaction between wool and FR is also restricted. 

 

According to the aforementioned unresolved issues, the current research will focus on 

development of short-wool based thermoplastic composites and investigation of the effect 

of wool on the composites performance, especially fire retardant and mechanical 

properties. Main requirements for the research are on the following list. 

 

• Better understanding of mechanical and thermal behaviour of wool and polymer 

• Performing parametric analysis to investigate reinforcement effect of wool and to 

establish desirable materials’ condition to improve mechanical properties of 

composites 

• Comprehensive experiments to understand influence of fire resistant wool and other 

components’ effects on composites flammability 

• Understanding effects of char’s structure and compositions on the improvement of fire 

retardancy of composites 
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3 
3. Materials and Experimental Details 

 

 

This chapter provides the details of starting materials, manufacturing processes, and 

characterisation techniques used in this research. The first section introduces raw materials 

(i.e. wool and PP), followed by fabrication methods, such as an extruder and hot press, 

with a series of process steps. Additionally, different types of instruments have been 

selected to measure physical, thermal, and mechanical properties of the constituents, such 

as wool, PP, and additives, and the composites. The measurement procedure of each 

characterisation method is described along with the equipment information. Finally, testing 

methods to evaluate the composites mechanical properties and flammability are presented 

with American Society of the International Association for Testing and Materials (ASTM) 

standards. 

 

3.1 Materials 
 

One of the most common raw materials for the textile industry is wool fibres. In particular, 

only fine fibres are deemed to be of good quality and are used to weave garments due to 

their soft handle. On the other hand, coarse wool fibres are either used to produce carpet or 

simply disposed. Thus, coarse wool was selected in this thesis to investigate reinforcing 

and fire resistant effects on composites. Wool fibres were supplied by Bloch & Behrens 

Ltd (New Zealand) after removal of impurities on wool fibre surface by a scouring process 

in aqueous solutions containing neutral or slightly alkaline of non-ionic detergent [152]. 

 



Materials and Experimental Details 

50 

Three grades of commercially available PP, denoted as PP-BI452, PP-HP400L, and PP-

H5300, were chosen based on their melt flow indices and the details of each PP grade are 

listed in Table 3.1. MAPP Licocene 6452 was provided by Clariant Ltd (New Zealand) to 

be used as a compatibiliser, which can improve the interfacial bonding between nonpolar 

polymer (PP) and polar natural fibres (wool). 

 

Table 3.1 Specifications of commercial polypropylenes 

PP grade Manufacturer 
Density 
(g/cm3) 

Melt flow index (MFI) 
(g/10 min) Application 

BI452 copolymer Samsung 0.9 8.0 Injection 

HP400L 
homopolymer 

Lyondell Basell 0.9 5.5 Injection 

H5300 
homopolymer Honam 0.9 3.5 Extrusion 

 

Furthermore, two types of commercially available APP were used as a flame retardant 

(FR). APP as a phosphorus based FR is a preferred additive instead of halogen based FR 

due to its environment friendly and non-toxic properties [153]. Specifically, APP in 

combination with char forming and blowing agents (nitrogen-containing compound) is an 

effective FR to form char in an intumescent manner. Table 3.2 shows compositions of APP 

with average particle size. In order to detect the fire retardant effect of other additives with 

APP on the composite flammability, talc (Plustalc N625, Mondo Minerals, Netherlands) 

and anti-oxidant (Irganox 1010, BASF, Germany), Table 3.3, were added to APP. Talc is 

characterised as a hydrated magnesium sheet silicate and is commonly used in PP products, 

such as automotive parts and households, as it can enhance stiffness and dimensional 

stability with low flammability [154]. Moreover, the antioxidant can interfere with the 

radical reaction, leading to polymer oxidation and degradation [155]. 

 

 

 



Materials and Experimental Details 

51 

Table 3.2 Specifications of ammonium polyphosphates 

Ammonium 
polyphosphate Manufacturer 

Phosphorus (P) 
(wt%) 

Nitrogen (N) 
(wt%) 

Average particle 
size (µm) 

Budit® 3167 
(APP1) Budenheim 22 21 14 

®Exolit AP 760 
(APP2) 

Clariant Ltd. 20 14 10 

 

Table 3.3 Specifications of talc and antioxidant 

Additive Manufacturer 
Specific 

surface area 
(BET) (m2/g) 

Melting 
temperature 

(°C) 

Density 
(g/cm3) 

Particle size 
(Median, d50%) 

(µm) 

PlusTalc 
N625 

Mondo 
Minerals 

8 1500 0.6 5.6 

Irganox® 
1010 BASF - 110-125 1.15 - 

 

3.2 Composites Manufacturing Procedure 
 

Fabrication of short wool fibres and PP based composites mainly consists of melt-blending 

and moulding processes. In this study, short wool fibres and PP were mixed by a direct 

compounding process via a twin screw extruder and then moulded by a sheet extruder or 

hot press. The series of manufacturing procedure is presented in following sub-sections. 

 

3.2.1 Mixing and Compounding Processes 

 

Wool fibres shown in Figure 3.1(a) were cut by a granulator (GRV variant series, Italy) 

having 5 mm grid mesh plate to make their form short. Short wool fibres, PP powder, and 

other additives were dried in an oven (Contherm Thermotec, New Zealand) at 75 °C for 

around 60 h to reduce moisture content to less than 5 M%. After drying, the constituents 

were blended at 11 Hz for 5 min via a Plasomec® high-intensity mixer at room 

temperature, Figure 3.1(b). 
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(a) 

 
(b) 

Figure 3.1 (a) Wool fibres before cutting and (b) Plasomec® high-intensity mixer 

 

A twin screw extruder (LTE 26-40, Lab Tech Engineering Company Ltd, Thailand), 

Figure 3.2(a), was operated for melt blending of the constituents’ dry-mixture. The 

compounding process was carried out at screws (length L/ diameter D = 32) co-rotating at 

a 170 rpm with a temperature profile of 172/175/175/175/175/175/175/175/178/179 °C 

from a hopper to a die across 10 heating zones. A WOYWOD Plasticolor 2200 pellet 

screw feeder, Figure 3.2(b), was set up to feed the dry-mixed materials at a constant rate 

(22%) during the melt-blending. The compounds extruded from the die were cut via the 

granulator to obtain the granule form for next moulding processes. 

 

3.2.2 Extrusion and Compression Moulding 

 

As a final moulding process, a single screw extruder (JWS 45/30 Single screw extruder, 

China) with a slit die (100 x 0.8 mm), Figure 3.3(a), was used to fabricate the wool and PP 

based composite sheets. The single screw continuous extruders are widely used due to their 

low purchase and maintenance costs, the simplicity of operation, and the reliability [74]. 
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(a) 

 
(b) 

Figure 3.2 (a) Lab Tech twin screw extruder and (b) Plasticolor 2200 pellet screw feeder 

 

Furthermore, the extrusion process can enhance the mixing of constituents and wool fibres 

distribution. The continuous production of composite sheets, having around 100 mm width 

and 0.7 mm thickness, was achieved by a consistent feeding and suitable processing 

parameters. The screw (L/D=32) speed and average processing temperature were 8 rpm 

and 180 °C, respectively. The extruded composite sheet was subsequently passed directly 

through a pair of calendering rolls to achieve the uniform thickness and a good surface 

finish, Figure 3.3(b). The final composite sheets are shown in Figure 3.4(a) The 

calendering is the process of forming a flowable material into film or sheet by passing it 

between two or more pairs of counter-rotating rolls [156]. 

 

 
(a) 

 
(b) 

Figure 3.3 (a) A single screw extruder and (b) wool-PP composite exiting from calendering rolls 
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Another moulding process used in this research was a compression moulding. A hydraulic 

press (Carver 4332, US) can apply the maximum 11 metric tonnes and control the 

temperature of plates. The dried compounds of 65 g were placed on a mould of 130 x 130 

x 3 mm and pressed at 190 °C for 6 min. To avoid bubble formation during the 

compression moulding, the load applied was gradually increased in the order of 3 metric 

tonnes and at an interval of 2 min until the full load was reached. The specimen, Figure 

3.4(b), was taken out from the mould after cooling down to the ambient temperature. 

 

 
(a) 

 
(b) 

Figure 3.4 (a) Extruded and (b) compressed wool-PP composite specimens 

 

3.3 Material Characterisation Methods 
 

The wool-PP composites and their constituents were characterised by an array of 

techniques to obtain physical, thermal, and mechanical properties and explicitly understand 

the effects of constituents on composites performance. The characterisation techniques 

employed in this research are addressed in the following sections. 

 

3.3.1 Optical Microscope 

 

Fibre aspect ratio and orientation are critical parameters to understand the effect of short 

fibre on the composites mechanical properties. An optical microscope (MZ16, Leica, 
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Germany) was used to capture the wool dimensions, Figure 3.5(a). An image analyser 

(Image J, NIST, US) then measured the fibre length, diameter, and orientation. Particularly, 

short wool fibres were gathered at different manufacturing steps, such as grinding and 

extrusion processes, to investigate fibre attrition during the process. Fibres in the 

composites were extracted by the Soxhlet apparatus, Figure 3.5(b). Xylene was utilised as 

a selective solvent to dissolve hydrocarbon polymers [157]. PP within the composite was 

melted at around 140 °C (xylene boiling temperature) and then transferred back down to 

the bottom of the flask through a siphon action, thus only wool fibres remained, Figure 

3.5(c), were observed under the microscope. 

 

 
(a) 

 
(b) 

 
(c) 

Figure 3.5 (a) Optical microscope, (b) Soxhlet apparatus, and (c) wool fibres in composite after 
dissolving polypropylene 

 

3.3.2 Moisture and Density Measurements 

 

An electronic moisture analyser (Model MA35, Sartorius, Germany) measured moisture 

content of wool by detecting fibre weight loss after heating up to target temperature (100 

°C) for 10 min. Wool bundles were randomly selected before and after the oven drying for 

the measurement. The density measurement kit (Sartorius, Germany) determined density of 

wool by applying Archimedes principle, which uses the buoyancy force generated by the 

weight difference of fibres in air and selected solution [158]. Canola oil having a density of 

0.92 g/cm3 was selected as the immersion fluid and dried wool without trapped air was 
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fully immersed into the fluid to obtain the weight difference. Wool density was then 

calculated using the canola density and the weight difference. Additionally, the density of 

powders and porous materials, such as char, was measured by a gas pycnometer. The 

pycnometer as shown in Figure 3.6(a) is an instrument to determine specimen volume by 

pressure. The powders were filled up into one of the chambers, Figure 3.6(b), and 

measured pressure at closed and open valve connected to the pressure regulator with the 

chamber. The detailed testing procedure is explained in Appendix A. 

 

 
(a) 

 
(b) 

Figure 3.6 (a) Pycnometer setup and (b) wool char in the chamber 

 

3.3.3 X-ray Photoelectron Spectroscopy 

 

X-ray photoelectron spectroscopy (XPS) is a surface analysis technique to investigate 

surface chemistry of a material. A wide range of parameters, such as elemental 

compositions, empirical formula, chemical and electric state of the elements within the 

material, can be measured by irradiating the material with X-ray beam in the instrument. 

Electrons excited by monochromatic Al Kalpha X-rays are ejected from the specimen and 

are filtered via a hemispherical electron energy analyser. After that, an electron detector 

records the intensity of defined energy corresponding to the electrons [159]. A series of 

photoelectron intensity peaks can be plotted against the binding energy, which is 

characteristic of each element composed of the specimen surface. 

 

In this research, XPS (Axis Ultra DLD, UK) was used to identify chemical elements 

composed of the outmost layer of wool fibres. Figure 3.7(a) shows raw and scoured wool 
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fibres amounted onto a specimen holder. Data were collected on a Kratos Axis UltraDLD, 

equipped with a hemispherical electron energy analyser and an electron detector. Moreover, 

CasaXPS software was used to generate the XPS survey spectrum, Figure 3.7(b), and 

analyse data. 

 

 
(a) 

 
(b) 

Figure 3.7 (a) Wool bundles on XPS specimen holder and (b) XPS spectrum of raw wool 

 

3.3.4 Fourier Transform Infrared Spectroscopy 

 

Fourier transform infrared spectroscopy (FTIR) is a technique to characterise absorption 

and transmission of infrared lights of materials. Different types, such as solid and liquid, of 

the specimens are exposed to the infrared light and a detector records light transmitted 

from the specimen. Thus, molecular absorption and transmission can be represented by the 

infrared spectrum. The processor translates the Fourier transform of detector measurement 

into absorption information [160]. 

 

In the research, spectroscopy analysis of wool-PP composites and their char formed after 

burning tests was conducted by an IR-Prestige-21 spectrometer (Shimadzu, Japan) with a 

Pike Miracle Attenuated Total Reflectance compression clamp. A contact between the 

specimen and reflection crystal was controlled by the clamp and diamond was selected as 

the crystal due to its durability and chemical inertness. Infrared spectra of the specimen 
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were recorded in the range of 4500-450 cm-1 with an optical resolution of 4 cm-1. Data 

acquisition and analysis were achieved by standard software, Omnic ESP version 7.1. 

 

3.3.5 Environmental Scanning Electron Microscope 

 

A scanning electron microscope (SEM) is an image analysing tool to observe high 

resolution micrographs of materials. The electrons on the surface of a specimen are excited 

by an electron beam from the top of the device. After that, the secondary electron detector 

detects the low energy ‘secondary’ electrons that are emitted as a result of the excitation. 

The signal generated from the interaction between the beam and electrons in the detector is 

converted into high resolution images of the specimen surface. An environmental scanning 

electron microscope (ESEM) is able to produce high resolution electron images of moist or 

non-conductive specimens, such as plastic, biological materials, ceramics, and fibres, in a 

gaseous environment which are difficult to observe the image in the usual vacuum 

environment of the conventional SEM. The presence of ionised gas in the chamber can 

dissipate the electron beam current away from the surface of the specimen. Therefore, high 

quality of images can be obtained. Furthermore, the gas can maintain moist condition so 

that hydrated specimens can be observed in their natural states [161, 162]. 

 

 
(a) 

 
(b) 

Figure 3.8 (a) ESEM specimens on discs and (b) char surface structure of wool-PP composite 

 

Morphology of fractured cross-sections and char residues after mechanical and 

flammability tests, respectively, was investigated using ESEM (FEI Quanta 200F, US). 
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Figure 3.8(a) shows specimens mounted on discs for the observation. To observe wool 

fibre’s interfacial adhesion with polymer matrix under tension and fibre dispersion, the 

specimens were collected and prepared after tensile tests. Moreover, the char structure 

formed during composite combustion was also explored by ESEM images, Figure 3.8(b). 

The inner and outer surfaces of char were carefully extracted and attached on the discs 

using super glue (Araldite® glue). All the specimens were sputter coated with platinum and 

the maximum magnification of 2000 was used for the examination. 

 

Chemical components in the specimen can also be analysed under ESEM. Energy-

dispersive X-ray spectroscopy (EDX) silicon-drift detector enables rapid determination of 

elemental compositions and acquisition of compositional maps in the ESEM specimens. 

EDX is fitted into the vacuum chamber of ESEM and X-ray released from the specimen 

can be processed in the detector to measure the percentage of each chemical element [163]. 

Hence, the chemical compositions of specimens were detected via the EDX during the 

ESEM observation. 
 

3.3.6 Thermal Analytical Techniques 

 

Thermal characteristics of a material play a key role in understanding the intrinsic material 

behaviour under heating or cooling. A wide range of thermal properties, namely melting, 

crystallisation points, thermal decomposition temperature, kinetic properties, and thermal 

conductivity, is highly demanded to analyse and enhance the material performance under 

different environments. In particular, the thermal properties of constituents in composites 

significantly influence the composites thermal characteristics as well as the manufacturing 

process. In this research, three thermal analytical techniques, such as differential scanning 

calorimetry (DSC), thermogravimetry analysis (TGA), and thermal conductivity 

measurement, were selected to measure thermal properties of the constituents and 

composites. 

 

3.3.6.1 Differential Scanning Calorimeter 

 

DSC is one of the most commonly used techniques to analyse heat capacity of materials. 

DSC can measure the heat content required to physical and chemical transitions of a 

specimen in comparison to a reference (empty) as function of temperature or time. The 
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measurements can provide quantitative and qualitative information about the phase 

transitions including endothermic (heat absorption)/exothermic (heat evolution) processes 

or change of heat capacity [164]. 

 

The thermal transitions of wool fibres, PP, and wool-PP composites were measured by a 

DSC Q 1000 TA instrument (TA Instrument, Delaware, US). As a heat flux type, the 

differential scanning calorimeter placed specimen and reference on a thermoelectric disk 

surrounded by a furnace, Figure 3.9(a). The furnace was heated at specified heating rate 

and the heat was transferred to the specimen and reference pan through thermoelectric disk. 

Different levels of heat flow of the specimen to keep the same temperature as the reference 

were recorded and thermal transitions of the specimen were plotted by the distortion of the 

line. The result line was processed using the analysis software to obtain specific 

information, such as melting temperature and specific heat capacity, for this research. 

Table 3.4 shows detailed specification of the model. 

 

Table 3.4 Specification of differential scanning calorimeter 

Item Specification 

Temperature 

Range: -180 (min)-725°C (max) 

Accuracy: 0.1°C 

Precision: 0.05°C 

Calorimetric Precision 1% (metal standard) 

Sensitivity 0.2µW 

Functions 50-positions auto-specimen / Digital mass flow controller 

 

Around 10 mg specimen was prepared and sealed into an aluminium pan. A heating rate of 

10 °C/min was set up in the range of 0-200 °C to measure the melting temperature. 

Moreover, the specific heat capacity of materials was determined by following ASTM 

E1269 standard. Testing specimens, such as PP and wool, and aluminium as a reference 

were heated at specific temperatures (30 and 37 °C). The difference in heat flow into the 

specimen and the aluminium due to energy changes in the materials was recorded by DSC 

and Eq. 3.1 was used to obtain specific heat capacity [165]. 
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where: 

 

Cpx = specific heat capacity of the specimen  

CpAl = specific heat capacity of aluminium (0.897 J/(g °C)) 

lx = vertical displacements between specimen holder and the specimen DSC thermal curves  

lAl = and between specimen holder and aluminium reference DSC thermal curves 

mx and mAl = mass of specimen and aluminium, respectively 

 

 
(a) 

 
(b) 

Figure 3.9 Specimens in (a) DSC furnace and (b) TGA basket 

 

3.3.6.2 Thermogravimetric Analysis 

 

Thermogravimetry is a process of determining the material weight with respect to a 

combination of temperature and time. TGA is a commonly used instrument based on the 

thermogravimetry process to investigate thermal characteristics of a substance under 

heating environments [166, 167]. Generally, two types of the plot are available as results. 

A plot of specimen weight against temperature (TGA curve) provides thermal 
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decomposition temperatures with residues amount as function of temperature. The other 

plot as a derivative of TGA curve (derivative thermogravimetric (DTG)) indicates mass 

loss rate depending on an increase in temperature. These curves can be also used to derive 

other parameters, such as the kinetics of the reaction. 

 

TGA-50 (Shimadzu, Japan) was operated to record the weight loss of a test specimen 

under heating at a constant rate. The instrument can increase the temperature until 1500 °C 

and test a specimen weight up to 1 g. TGA consists of a radiant heating chamber, 

temperature controller, precision balance, gas feeding system, and data analyser. A piece of 

specimen (7-8 mg) or powder was placed in a platinum basket and the temperature was 

continuously recorded by a thermocouple under the basket, Figure 3.9(b). Specimen 

temperature increased to 700 °C at linear heating rate of 10 °C/min and argon gas flow rate 

of 50 ml/min was maintained in the chamber to reduce any secondary reaction by volatile 

products from the specimen. Furthermore, air hardly diffuses into the specimen during the 

decomposition due to its lower pressure than volatiles released from the material, thus the 

decomposition process can effectively occur in the inert atmosphere. The TG curve 

obtained from the test was processed using curve smoothing and first derivative in the data 

analyser to produce the DTG curve. The test results from both TG and DTG curves can be 

used to investigate the thermal decomposition of materials and calculate kinetics for fire 

dynamics simulation [138]. 

 

3.3.7 Mechanical Tests 

 

An Instron 5567 Universal Testing Machine (UTM) was the main instrument to measure 

mechanical properties of wool-PP composites. The Instron 5567 is a screw-driven UTM 

with 30 kN maximum capacity load cell and can conduct both tensile and compressive 

tests. A non-contacting advanced video extensometer is installed to measure and record 

tensile extension of specimen instead of a mechanical extensometer. The whole test 

procedure from data input (e.g. specimen dimensions and crosshead speed) to the final 

result (e.g. stress-strain curves) is controlled and recorded by Bluehill Material Testing 

Software. At the final step, a data processor provides desirable results, such as modulus, 

strength, and elongation at break. 
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Tensile tests for the wool-PP composites were performed on the Instron 5567 (10 kN load 

cell, SN:C69690) UTM. The composite sheets having a thickness less than 1 mm were 

tested according to ASTM D882 standard. Strip specimens (225 x 15 x 0.7 mm), therefore, 

were prepared by razor cutting. The tensile moduli (chord modulus between 0.05 and 0.25% 

strain) and strengths were measured at a crosshead speed of 12.5 mm/min and the 

extension under tension was measured by the video extensometer. Furthermore, ASTM 

D638 standard was selected to evaluate tensile properties of different types of composites 

having around 3 mm thickness. The composites were cut by computer numerical control 

machine to prepare standard dumbbell-shaped test specimens (Type I), Figure 3.10(a). The 

test was carried out by setting 5 mm/min of crosshead speed and 50 mm of the gauge 

length. Moreover, flexural testing was conducted using a 3-point bending rig on the Instron 

5567 UTM based on ASTM D790 standard, Figure 3.10(b). For wool-PP composites, the 

rate of straining of the outer surface was 0.1 mm/mm/min was selected due to their large 

deflection and flexural strength was calculated from 5% strain. The span length and 

crosshead speed were calculated based on specimen thickness. Average value and standard 

error obtained from five tests were reported (Appendix B). 

 

 
(a) 

 
(b) 

Figure 3.10 (a) Tensile test specimens and (b) 3 point bending test rig 

 

The tensile stiffness and strength of a single wool fibre were also examined on the Instron 

5567 UTM with a 10 N load cell (Interface Model SMT 1-10). Paper taps were used to 

align and grip a single wool fibre properly for the test. Based on the ASTM D3822 
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standard, the crosshead speed of 30 mm/min was selected using elongation break (around 

31%) of wool obtained from the initial trials. Random twenty fibres were tested and the 

load-extension graph of each test was recorded to acquire the properties. 

 

 
(a) 

 
(b) 

Figure 3.11 Microbond test: (a) specimens and (b) a load cell and fixture 

 

Interfacial shear strength (IFSS) between a single wool fibre and PP was gained by a 

microbond testing method, which is widely used to measure stress causing fibre/matrix 

interfacial debonding [168, 169]. A PP droplet was created by tying a knot of fine PP 

filament around the single wool fibre. The knotted PP around the fibre was put in an oven 

at a temperature of 185 °C for 10 min and then cooled down to ambient temperature. Each 

of the specimens was monitored under an optical microscope to identify the symmetrical 

shape of the microdroplet and measure the dimensions of the specimen, such as embedded 

length of PP and fibre diameter, prior to the test, Figure 3.11(a). Twenty specimens were 

then tested using the Instron 5567 UTM with a 5 N load cell (Interface Model SMT 1-5) 

and a fixture, Figure 3.11(b). Thus, the wool fibre critical length could be obtained by Eq. 

3.2 following Bowyer and Bader model [170, 171] for aligned and discontinuous fibres. 
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where Ef is the Young’s modulus of fibre, D is the fibre diameter, cε  is composite strain 

and τ is the interfacial shear strength. 

 

3.3.8 Flammability Tests 

 

Different types of flammability testing methods covering from bench scale to full scale 

tests have been extensively developed and utilised to measure and understand fire 

behaviour of materials. In the part of this research, the bench scale tests, namely a UL-94 

vertical burn and cone calorimeter tests, were carried out to investigate wool-PP 

composites flammability. This section describes the testing procedure of each method with 

devices and measurable properties. 

 

3.3.8.1 Vertical Burn Test 

 

Vertical burn test (UL-94) is a laboratory scale test to measure the tendency of flame 

ignition and spread of a solid specimen held in a vertical position. The test can directly 

identify the fire response of material after flame applications. In the test, the specimen is 

exposed to the flame for 10 s twice and the burning time with drippings is recorded. 

 

 

Figure 3.12 Experimental setup for vertical burn test in ASTM D3801 
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The vertical burn tests for the research were performed to observe burning characteristics 

of the wool-PP composites, such as self-extinguishing and sustained flame with dripping 

continued. Based on ASTM D3801 standard (equivalent to UL-94 standard), specimens of 

125 x 13 x 3 mm dimensions were produced and pre-conditioned under 23 °C and 50% 

relative humidity for 48 h. Five tests for each specimen were conducted in the standard 

testing setup, shown in Figure 3.12. Afterflame (burning) time, t1, was recorded after the 

first 10 s flame application and then the afterflame, t2, and afterglow, t3, (glow of burnt part 

after cessation of flame) times were recorded after second 10 s flame application. The test 

results were classified into different grades, V-0, V-1, V-2, or NR, according to the 

standard, Table 3.5. 

 

Table 3.5 Material classifications of vertical burn test, ASTM D3801 

Criteria Condition V-0 V-1 V-2 

Afterflame time for each individual specimen, t1 or t2 ≤ 10 s ≤ 30 s ≤ 30 s 

Total afterflame time for any condition set (t1 plus t2 
for the five specimens) ≤ 50 s ≤ 250 s ≤ 250 s 

Afterflame plus afterglow time for each individual 
specimen after the second flame application (t2 + t3) 

≤ 30 s ≤ 60 s ≤ 60 s 

After flame or afterglow of any specimen up to the 
holding clamp No No No 

Cotton indicator ignited by flaming particles or drops No No Yes 

 

3.3.8.2 Cone Calorimeter 

 

A cone calorimeter is the most commonly used bench-scale device to measure the fire 

reaction of solid materials. The instrument was developed by Babrauskas in National 

Institute of Standard and Technology (NIST) in the USA [172]. The cone calorimeter can 

provide a wealth of information regarding fire behaviour of materials under controlled 

levels of radiant heat from a cone heater. Predominantly, heat release rate as a key 

parameter is obtained by measuring oxygen consumption in the instrument. The operation 

and testing procedure were followed by ASTM E1354 and ISO DIS 5660 standards. 

 



Materials and Experimental Details 

67 

The cone calorimeter mainly consists of testing parts (e.g. a cone heater, igniter, and load 

cell), air flow (e.g. duct fan and exhaust blower) and oxygen analyser, Figure 3.13. A 

testing specimen can be mounted horizontally or vertically under the truncated cone heater 

and specimen mass can be measured by a load cell. The specimen can be ignited with or 

without an electric spark. Furthermore, the cone heater can apply the controlled levels of 

radiant heat between 0 and 100 kW/m2 to stimulate forced-fire conditions and to 

investigate thermal decomposition and vaporisation of the specimen at different heat flux.  

 

 

Figure 3.13 Schematic representation of a cone calorimeter [173] 

 

The cone calorimeter can provide a broad range of quantitative data representing not only 

fire risks, such as HRR, THR, and time to ignition (TTI), but also fire hazards, such as 

smoke and CO production [174]. Particularly, HRR greatly affects fire development as the 

parameter is directly related to mass loss rate and gas yields [175]. Oxygen consumption of 

the specimen during the test is an important data to obtain heat release rate and total heat 

release due to the relationship that approximately 13.1 x 103 kJ of heat is released per 1 kg 

of oxygen consumed [172]. During the test, the gas reaches a gas sampling ring in the duct 

and passes filter and cold trap to remove soot and moisture, respectively. After analysing 

and removing CO and CO2, oxygen is measured by a paramagnetic analyser. The amount 
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of oxygen in the exhaust air is monitored and calculated with oxygen calibration value 

(20.95%) of the apparatus to measure the consumption. A procedure for the oxygen 

measurement is given in Appendix C. 

 

Furthermore, a helium neon laser photometer system using a split beam and silicon 

photodiode detectors can measure the smoke content in the exhaust stream [176]. Two 

types of laser beams are used in the system: a reference beam travelling direct to the 

detector without smoke and a sensing beam passing through the smoke in the exhaust duct 

during the test. Intensity of the both beams are utilised to obtain the smoke obscuration 

(extinction coefficient) and average specific extinction area for the smoke content 

measurement. Moreover, ignition time of specimen as the sum of the solid pyrolysis and 

the gas induction time can be recorded manually [138]. The comprehensive set of data can 

be used for understanding the burning characterisation, such as intumescence, structural 

collapse, char formation and bubbling, with visual observation during the test and for 

simulating real fire scenario or other fire tests. 

 

The cone calorimeter (FTT Limited, East Grinstead, UK) tests for the current research 

were carried out to investigate the fire behaviour according to ASTM E1354 standard. 

Specimens of 100 x 100 x 3 mm, Figure 3.14(a) were tested in a horizontal position with 

an external heat flux of 50 kW/m2, Figure 3.14(b). The specimens were conditioned at 23 

°C and 50 % humidity for 48 h prior to the test and sides and then bottom of the specimen 

were wrapped by a single layer of aluminium foil to avoid dripping. Data collection 

systems containing Servomex 1440 oxygen analyser (Servomex, UK) of the apparatus 

could provide a large range of quantitative data of flammability parameters. Cone 

calorimeter test reports generated from the instrument are presented in Appendix D. In this 

study, TTI, HRR, PHRR, THR, and smoke production were determined using the average 

values of at least three replicated tests. 
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(a) 

 
(b) 

Figure 3.14 (a) A cone calorimeter specimen and (b) material’s combustion under cone heater 

 

3.4 Summary 
 

This chapter has portrayed the experimental details of the wool-PP composite 

manufacturing and material characerisation methods. First of all, the wool-PP composite 

sheets have been successfully manufactured by the melt blending of raw materials and the 

sheet extrusion moulding process. Secondly, different characterisation techniques have 

been introduced with the instruments and testing standard to measure physical, chemical, 

thermal, and mechanical properties of raw materials and the composites. In particular, the 

thorough investigation of the effect of wool on the composite mechanical performance and 

flammability can be achieved by performing a variety of testing methods. 
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4 
4. Material Characterisation 

 

 

4.1 Introduction 
 

Each constituent, such as fibre reinforcement or polymer matrix, in a composite plays a 

critical role in determining physical, chemical, thermal, and mechanical properties of the 

composites. Incorporation of natural fibres into polymer composites has resulted in 

reduced density and increased biodegradability due to their light weight and 

environmentally benign nature compared to the synthetic fibres [177]. Furthermore, 

thermal properties, namely melting and decomposition temperatures, of the constituents 

highly influence pyrolysis and combustion of the composites [93, 94]. In particular, these 

transition temperatures are directly related to the selection of composites manufacturing 

temperature. Additionally, mechanical performance of composites is also highly affected 

by the fibre reinforcement and polymer matrix. The prevalence of the fibre-matrix 

interface is also significant for the application of natural fibres as reinforcement for 

composites [178]. Therefore, characterisation of raw materials is the inevitable step for the 

composites manufacturing process and property evaluation. This chapter demonstrates 

experimental characterisation of the constituents, such as wool and PP, for the composites. 

Physical, thermal, and mechanical properties of the materials that were measured by the 

characterisation techniques as described in Chapter 3 are presented here to investigate their 

effects on the performance of wool-PP composites. 

 

4.2 Physical Properties of Wool 
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Wool fibres tend to remain attached to each other and thus have a bigger bulk volume 

compared to other natural textiles because of their crimp characteristics. Wool fibres were 

randomly selected from the bulk to measure their physical properties, such as density, 

moisture content, and fibre dimensions. Table 4.1 shows the key properties of wool with 

measurement methods. 

Table 4.1 Physical properties of wool fibre 

Physical Property Values Method 

Diameter 45.3 µm 

Optical microscope / 
Image analysis Length 50-150 mm 

(before cutting) 
2.87 mm 

(after cutting) 

Density 1.39 g/cm3 Archimedes method 
(Buoyant force) 

Moisture content 4-5 %M (after oven drying) Electronic moisture 
analyser 

 

  

Figure 4.1 (a) Short wool fibres and (b) fibre length distribution 

 

In this research, the cross section of wool was assumed to be circular and diameters and 

lengths of 300 fibres were measured by the image software (Image J) after cutting. The 

diameter of wool supplied for the project was 45.3 ± 9.1 µm, which is larger than the 

standard thickness (32.5 µm) of coarse wool [179]. Moreover, Figures 4.1(a) and (b) show 
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images of short wool fibres captured by the optical microscope and length distribution after 

the measurement, respectively. The length of short wool prior to composites manufacturing 

is 2.9 ± 1.3 mm. As wool fibres in the bulk hold air and moisture, the fibres before drying 

had around 15-20% moisture, however, drying in the oven reduced the moisture to 4-5%. 

 

4.3 Morphology and Chemical Compositions of Wool Surface 
 

Raw wool fibres, as they come off the sheep, contain variable quantities of wax, acids, dirt, 

vegetable matter, moisture, and other contaminants, Figure 4.2(a). These substances on the 

fibre surface could induce negative effect on the adhesion between fibre and polymer, 

thereby reducing the mechanical properties of wool based polymer composites. The 

washed wool fibres have rough surface as a consequence of the outer layer of cuticle cells. 

The surface is overlapped longitudinally and peripherally with 1 µm thick edges of the 

scales pointing in the direction of the tip of the fibres [179]. Hence, the cuticle cell edge 

can cause relatively high inter-fibre friction. Furthermore, the cuticle cells containing a 

membrane-like proteinaceous band and a unique lipid component play an important role in 

protecting the fibres [8]. Figure 4.2(b) shows the wool surface overlapping cuticle cells 

without impurities after the scouring process. 

 

  

Figure 4.2 SEM images of (a) raw and (b) scoured wool fibres 

 

XPS wide spectrum as shown in Figure 4.3 demonstrates the different photoelectron peaks 

of the chemical elements, such as carbon (C), nitrogen (N), oxygen (O), and sulphur (S), 
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on wool fibres. Table 4.2 also shows the compositions of the key elements. The fatty acid 

monolayer covering the outermost part of the epicuticle membrane (a layer of the cuticle 

cell) results in high concentration of carbon in wool fibres [180]. Oxygen is derived from 

the presence of amide and other hydrophilic chemical groups. Furthermore, nitrogen and 

sulphur proceed from cysteine amino acid in disulphide bonds presented in the protein 

layer of the epicuticle membrane [180, 181]. The nitrogen and sulphur in wool fibres are 

essential elements for fire resistant performance of the fibres. In particular, the existence of 

nitrogen means that a higher level of oxygen in the surrounding atmosphere is required to 

ignite the fibres and accelerate their combustion [179]. The composition of each element 

stated in Table 4.2 is in agreement with those reported earlier by other studies [180, 181]. 

 

 

Figure 4.3 XPS spectrum of scoured wool 

 
 

Table 4.2 Chemical elements on wool surface 

Specimen 
Elemental composition (%) 

Carbon (C) Oxygen (O) Nitrogen (N) Sulphur (S) 

Scoured wool 78.9 10.7 7.9 2.4 
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4.4 Fourier Transform Infrared Spectroscopy of Wool and 

Polypropylene 
 

Chemical functional groups of wool and PP were identified by FTIR. A spectrum of wool 

in Figure 4.4 shows wide absorption areas with notable peaks. Firstly, the peaks at 1652.4, 

1541, and 1230 cm-1 indicate amide (N-H) I, II, and III bands, respectively [182, 183]. The 

amide I band is directly connected with C=O stretching vibration in the range of 1700-

1600 cm-1 and the amide II band at 1541 cm-1 is connected to N-H bending and C-H 

stretching vibrations. The amide III band is derived from a combination of C-N stretching 

and N-H bending with contribution from C-C stretching and C=O bending vibrations 

[184]. These amide groups are used to link the amino acids to form polypeptide (i.e. 

protein). Secondly, the strong broad peak at 3291 cm-1 is correlated to the N-H and O-H 

stretching vibrations. The existence of sulphur in wool is also revealed by FTIR analysis. 

The peak at 1020 cm-1 is assigned to the S-O symmetric stretching vibration of cysteine-S-

sulfonate residues [183, 185]. Furthermore, a band of the stretching vibration of 

asymmetric C-H aliphatic bond is also detected at 2929.7 cm-1 [108]. 

 

 

Figure 4.4 FTIR spectra of wool and PP 
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The spectrum of PP contains more sharp peaks than those of wool. The intensive peaks of 

1462 and 1377 cm-1 are attributed to symmetrical and asymmetrical C-H bending, 

respectively, while the peak at 3000 cm-1 represents the absorption of C-H stretching 

vibration of PP backbone [186-188]. 

 

4.5 Thermal Properties of Raw Materials 
 

The thermal properties of fibre reinforcement and polymer matrix are of considerable 

importance to determine the composite’s processing temperature and performance as the 

constituents exhibit different thermal behaviour depending on their compositions and 

structures. In natural fibres, the thermal degradation proceeds through decomposition of 

the compounds and alteration of chemical species rather than melting [94]. On the other 

hand, the semi-crystalline nature of thermoplastic polymers is changed into viscous molten 

state by heating above the melting temperature. In the composites manufacturing process, a 

suitable temperature above the melting point of the matrix and below the decomposition 

temperature of fibre is critical to retain constituents’ properties, achieve good fibre 

dispersion and high fibre-matrix interfacial properties. This section demonstrates thermal 

transitions, such as melting and decomposition temperatures of wool and PP. 

 

4.5.1 Wool 

 

The DSC curve for wool is shown in Figure 4.5(a). A broad endothermic peak in the 

temperature range of 50 to 150 °C is attributed to moisture evaporation and the other 

endothermic peaks after this are due to main thermal reactions of wool. Milczarek [189] 

and Popescu [190] have reported that wool possesses three states of water, such as free 

water, loosely bonded water, and chemically bound water. At around 100 °C, the 

maximum endothermic peak can be related to the evolution of the free and loosely bonded 

water, followed by the release of the chemically bound water at around 140 °C. In addition, 

a peak starting from ~ 210 to 232 °C and a wide peak in the range of 250 to 270 °C result 

from the breakages of α-helix and β-structure of the microfibrils-matrix in protein, 

respectively [191, 192]. Further heating also cleaves disulphide bonds in amino acid 

cystine evolving carbon disulphide and carbon dioxide [166]. 
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Figure 4.5 (a) DSC and (b) TGA curves of wool fibre 

 

Thermal decomposition of wool was also investigated by TGA. A TG curve in Figure 

4.5(b) shows two major phases of weight loss in wool. An initial loss starting from room 

temperature up to around 100 °C is predominantly due to the water loss. The second 

weight loss occurs from around 230 to 370 °C which is mainly caused by the breakdown of 

microfibril-matrix structure and disulphide bonds of wool. Above 370 °C, loss of various 

side chains by severe breakage of peptide takes place as the second decomposition [193]. 

Furthermore, solid residues of 24.1% remained after final the heating temperature (700 °C) 

are reached. The carbonaceous substance formed from wool after the test is directly 

correlated to the char forming ability and fire resistance of wool. 
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4.5.2 Polypropylene 

 

DSC and TG curves of three PP types selected for this research are demonstrated in Figure 

4.6. PP is thermally decomposed by random chain scission and chain transfer reactions 

with the release of products, such as pentane and heptane [166]. All specimens in DSC 

thermograms, Figure 4.6(a), show a major endothermic peak due to melting transition at 

around 166 °C. 

 

 
 

 

Figure 4.6 (a) DSC and (b) TGA curves of three PPs 

 

In the TG curves, Figure 4.6(b), the PPs have different onset of decomposition 

temperatures between copolymer and homopolymer. Among the PPs, PP copolymer 
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(BI452), having higher MFI (8.0) than other two PPs, commences its decomposition and 

reaches the maximum reaction rate at the higher temperature than those of other two 

homopolymers. It could be noted that the addition of another monomer, such as ethylene, 

to the propylene during the PP polymerisation can delay the onset of decomposition 

temperature. Furthermore, high flammable characteristic of the hydrocarbon polymer burns 

the specimen without any residues. 

 

Table 4.3 Thermal properties of PPs 

Polypropylene 
grade 

Melt flow index 
(g/10 min) 

Melting temperature 
(°C) 

Onset of decomposition 
temperature 

(°C) 

BI452 8.0 166.7 315.2 

HP400L 5.5 165.8 265.8 

H5300 3.5 165.5 269.3 

 

The temperature difference between melting point of PP and thermal decomposition of 

wool provided the composite processing temperature window. The temperature within the 

window can avoid the insufficient dispersion of fibres on the low temperature side and 

premature decomposition at the high temperature [194]. Therefore, the suitable 

temperature for the composites manufacturing processes was selected based on this 

window (160-210 °C) to enhance wool-PP composites quality and properties. 

 

4.6 Mechanical Properties of Raw Materials 
 

Mechanical properties of fibre reinforcement and polymer matrix are critical information 

to determine the resulting composites mechanical performance. The direct relationship of 

mechanical moduli and strengths of the constituents with the composites mechanical 

properties has been identified by experimental results and theoretical analysis, such as rule 

of mixture (RoM), Verbeek, Halpin-Tsai-Nielsen, and so on. Thus, it is necessary to 

comprehend the mechanical behaviour of fibre and the polymer matrix. This section 

demonstrates wool fibre’s mechanical properties under extension load and critical fibre 

length to improve mechanical properties obtained by performing IFSS test. 
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4.6.1 Mechanical Properties of Single Wool Fibre and PP 

 

A measured tensile stress-strain curve for a single wool fibre is shown in Figure 4.7. The 

curve begins with an initial non-Hookean, J-shaped curve [195]. This region can be related 

to the removal of crimps by the extending wool fibre and the decrimping area is 

determined by the fibres’ crimpiness. After the initial region, the linear stress-strain 

behaviour of wool is observed as the ‘Hookean’ region and Young’s modulus of fibre can 

be obtained in the area. Based on Feughelman [196], the ‘Hookean’ deformation is 

occurred by the changes in bond angles and spacing of wool. Further extension reaches the 

yield region, where wool becomes stiff and the stress increases slowly. The region is 

mainly attributed to onset of the transition from α- to the extended chain β-lattice in 

microfibrils of wool [196]. Furthermore, the post yield area is appeared above around 26% 

strain in Figure 4.7. The extension of fibre can reduce the diameter and jam the globules 

between microfibrils, thus increasing stiffness and strength of the fibre [197]. 

 

 

Figure 4.7 Tensile stress-strain curve of a single wool fibre 

 

At room temperature, average tensile modulus and strength are 4.8 ± 0.7 GPa and 160.9 ± 

23 MPa, respectively with 27.7% elongation at break. The tensile modulus and strength of 
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a single wool fibre are in good agreement with the values given in literature [8, 198]. Wool 

does not have strong mechanical properties compared to those of glass or other natural 

fibres, while the elongation at break is significantly higher than the other fibres, such as 

glass (2.6%), jute (1.5%), flax (3.2%), and cotton (8%) [12, 199]. 

 

The three PPs selected for this research were also tested to obtain their tensile and flexural 

properties. The PP specimens were prepared by the composites manufacturing techniques 

and the properties were measured by following the ASTM standards for comparison with 

wool-PP composites. Table 4.4 shows the tensile and flexural properties. 

Table 4.4 Mechanical properties of PPs 

PP Tensile modulus 
(GPa) 

Tensile  
strength (MPa) 

Flexural 
modulus (GPa) 

Flexural  
strength (MPa) 

BI452 1.68 ± 0.13 29.9 ± 0.81 1.76 ± 0.04 50 ± 0.76 

HP400L 1.53 ± 0.18 32.7 ± 0.64 1.62 ± 0.04 51.1 ± 0.94 

H5300 1.6 ± 0.13 33.6 ± 0.95 1.79 ± 0.07 46.3 ± 1.37 

 

4.6.2 Interfacial Shear Strength between Wool and PP 

 

Interfacial adhesion between fibre reinforcement and polymer matrix in the composite is 

crucial for stress to transfer from the matrix to the fibre. Interfacial shear strength (IFSS) 

can be used to describe the interfacial bonding and to calculate fibre critical length for 

improving mechanical properties of composites. The property was measured by several 

techniques such as pull-out methods [200, 201], microbond [202], and fragmentation 

[203]. For this research work, the microbond test, as the suitable and practical technique 

available for wool-PP composites was chosen and the testing procedure was described in 

Chapter 3. To measure IFSS of wool fibre, symmetrical shape of a PP droplet, as shown in 

Figure 4.8(a), is achieved by knotting and thermal treatment. Debonding of the wool fibre 

from the polymer droplet is identified by the load traces in Figure 4.8(b): a successful 

debonding contains an initial crack, total debonding, and frictional sliding after the 

debonding [200]. 
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Figure 4.8 (a) Microbond droplet specimen and (b) load-tensile extension graph of microbond test 

 

Furthermore, the effect of MAPP addition was also investigated on a single wool fibre. An 

improvement of the interfacial bonding between a hydrophilic wool fibre and hydrophobic 

PP with the addition of MAPP is clear from the results, depicted in Figure 4.9. It is evident 

that the adhesion between fibre and PP can be increased by hydrogen and covalent bonding 

between fibre and maleic anhydride of MAPP, and free entanglement of the PP portion of 

the MAPP in the PP matrix [32, 50]. A critical length of 3.6 mm was calculated using the 

interfacial shear strength based on Eq. 3.2 in Chapter 3. 

 

 

Figure 4.9 Interfaical shear strengths of wool-PP composites 
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4.7 Concluding Remarks 
 

This chapter has presented and discussed experimental characterisation of wool and PP as 

raw materials in the composites. Due to a lack of information about coarse wool, different 

characterisation techniques have been utilised to measure its physical, thermal, and 

mechanical properties. Chemical elements on wool surface and molecular compounds in 

wool have been also investigated by XPS and FTIR, respectively. In particular, the 

existence of N and S detected by the measurements can be directly connected to fire 

resistant behaviour of wool. Moreover, thermal characterisation measurements have found 

the decomposition temperature of wool (around 210 °C) and melting temperature of PP 

(around 165 °C). Around 24% carbonaceous residues at 700 °C have also pointed out the 

charring ability of wool. Lastly, wool has shown relatively low tensile modulus and 

strength compared to those of other natural fibres but IFSS test has confirmed that maleic 

anhydride grafted polypropylene can improve the interfacial bonding between wool and 

PP. Therefore, the positive effect of the compatibiliser can be expected on enhancing the 

composites mechanical properties. 
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5 
5. Mechanical Performance of Extruded Wool-PP 

Composites 
 

 

5.1 Introduction 
 

In a field of composites science and technology, parametric studies reveal the desirable 

combination of constituents and manufacturing parameters to enhance mechanical 

properties. Almost all the parametric studies of natural fibre-polymer composites have 

involved lignocellulosic (plant) fibres by varying material and processing parameters [28, 

68, 204]. On the other hand, protein based fibres have not been utilised as much as the 

plant fibres in composites research. The effects of wool on mechanical performance of 

composites have gradually gained an interest due to its unique structure and properties. 

However, details of the reinforcing effects of wool fibres with the various parameters 

affecting composites mechanical properties still remain unexplored. Literature review has 

identified that adding maleic anhydride grafted polypropylene (MAPP) as a compatibiliser 

into wool based thermoplastic polymer composites could enhance the tensile properties of 

the composites [21, 38]. Furthermore, the effects of other surface treatments, such as silane 

agent and poly (vinyl alcohol), on mechanical performance of wool-polymer composites 

have also been investigated [23, 203]. However, these studies have been limited to the 

compatibilising effect of certain wool based polymer composites. To fully comprehend the 

potential of wool in general polymer based composites, other affecting factors, such as 

polymer type and fibre content, should be investigated in conjunction with the effects of 

the compatibiliser. 
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At present, compression moulding has been intensively used to manufacture wool-polymer 

composites as the fabrication process is preferable for laboratory scale experiments as a 

few materials and less process time than other methods are required [21, 23, 29, 38, 203]. 

However, this moulding technique is not a continuous process and fibres are randomly 

oriented leading to anisotropic specimens. As discussed in Chapter 2, the extrusion has 

been widely used in the plastic industry and composite field due to its continuous 

manufacturing of desirable product’s profile. Previous studies have found that plant fibres, 

such as sisal and kenaf, played an important role in determining the mechanical properties 

of composites when properly oriented along with extruding direction [28, 72]. Therefore, 

this chapter presents a comprehensive experimental work to investigate the effects of wool 

orientation and dimension on the mechanical properties of extruded wool-PP composites 

using a single screw extruder for the composites manufacturing. A systematic design of 

experiment (DoE) technique has been utilised to perform a parametric study using selected 

materials’ factors at various levels. The analysis of variance (ANOVA) and response 

graphs have been applied to determine the significance of these materials parameters on 

enhancing the mechanical properties of the wool-PP composites. 

 

5.2 Parametric Study on Mechanical Properties of Extruded Wool-PP 

Composites 
 

Previous studies related to natural fibre polymer composites have confirmed that the 

composites performance is highly influenced by the manufacturing methods and 

parameters [28, 62, 69]. The suitable or proper manufacturing techniques and parameters’ 

conditions can achieve the desirable properties for specific applications. This section 

demonstrates the parametric analysis performed through the DoE methodology to 

determine the effects of parameters on the extruded wool-PP composites mechanical 

properties. 

 

5.2.1 Taguchi Method 

 

Taguchi DoE method is an effective fractional factorial technique as an alternative to the 

full factorial method. The Taguchi methodology can significantly reduce experimental 

resources and time but produce highly acceptable and reliable results. Main elements of the 

Taguchi method are factors, levels, and response variables. The factors are design or 
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process variables that can be controlled, whereas the levels are values of the variables 

depending on the control factors [65]. The response variables can be experimental results 

which directly related to the factors and their respective levels. In the specific orthogonal 

array (OA) table, factors and levels are systematically arranged in columns and rows in a 

matrix form. The OA can provide information about the experimentations, such as the 

number of experiments that are required for a meaningful statistical analysis. Based on the 

experimental results, the selected parameters can be examined independently to determine 

a desirable set of product or process parameters with which enhanced product and process 

quality can be achieved [66]. 

 

5.2.2 Selection of Material Parameters and Experimental Layout 

 

The selection of suitable manufacturing factors and their levels is one of the major steps 

for the parametric analysis in the Taguchi method. It has been noted in the literature that 

material factors, such as fibre weight fraction, polymer MFI, and a coupling agent, and 

processing factors, such as screw speed and die temperature, can greatly affect the 

mechanical properties of the composites [204-206]. A few studies have been carried out to 

explore the reinforcing effects of wool on mechanical properties of wool-polymer 

composites [21, 23, 203]. However, a thorough experimental investigation identifying the 

governing factors and their interaction effects has not been carried out in the literature. In 

this work, the factors considered are related to the material type and compositions for the 

extruded wool-PP composites so that their influence on mechanical behaviour can be 

evaluated. 

 

The appropriate factors and levels for the constituents were carefully chosen based on 

preliminary experiments and some previous investigations [21, 38]. To determine the 

content ranges of wool fibre and MAPP, tensile properties of wool-PP composites based on 

15 and 30 wt% wool, and 0 and 2 wt% MAPP were evaluated as the preliminary test. 

Figure 5.1 shows the tensile moduli and strengths of the neat PP and the extruded short 

wool-PP composites. It appears that the tensile modulus of the extruded composite 

improved by adding wool and compatibiliser. Furthermore, the affirmative effect of MAPP 

on enhancing the tensile strength of composite was also confirmed in the results despite the 

clearly visible degradation of tensile strength upon adding wool fibres. It is evident that the 

hydrogen bonding between the hydroxyl group of wool and MAPP and covalent bonding 
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between hydroxyl groups on the fibre and the carbonyl on the maleic anhydride 

contributed to the adhesion [203]. Moreover, PP of MAPP is also mechanically interlocked 

with PP matrix in the composite. The interfacial shear strength of single wool fibre within 

PP measured by the microbond test in Chapter 4 also proved the effect of MAPP on 

improving the bonding. As far as the MAPP content is concerned, previous studies used 

different contents in the range of 1-6 wt% to explore its influence on the composites 

mechanical performance [21, 28, 32]. It was observed that the amount of MAPP was 

important to decide the tensile moduli and strengths of feather fibre-PP composites [50]. 

The authors comprehended that the reaction between the coupling agent and constituents 

strongly depends on the amount of hydroxyl and functional groups of fibres and MAPP, 

respectively. Thus, three MAPP contents (2, 4, and 6 wt%) were selected in the current 

research to determine the suitable amount of MAPP that can improve the mechanical 

properties of the wool-PP composite. 

 

 

Figure 5.1 Tensile properties of a neat PP and wool-PP composites 

 

Another important factor in composites is the polymer matrix that plays a critical role in 

determining the final mechanical performance. Not only its properties but also the reaction 

with the fibres highly influences the composites manufacturing and properties. 

Specifically, fibre distribution and attrition during the manufacturing process can be 

affected by the matrix polymer’s rheological behaviour. On one hand, the low MFI of PP 
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increases the shear applied during the compounding and moulding processes of extrusion, 

thereby leading more fibres attrition and poor fibre distribution [76]. On the other hand, the 

high MFI of PP can reduce its melt strength, which is a resistance to extensional 

deformation. The extruded strands or sheets, therefore, can lose their formability under 

extrusion temperature [207]. Moreover, Bhattacharyya et al. [68] and Dong and 

Bhattacharyya [70] found a high contributing effect of PP’s MFI on determining the 

mechanical properties of sisal-PP and clay-PP composites, respectively, using the Taguchi 

method. Hence, the current research employed three types of PP to investigate the effect of 

PP MFI on mechanical properties of the extruded wool-PP composites. 

 

Three levels of each factor have been decided in the Taguchi method for an extensive 

analysis of any potential nonlinear effects of the parameters on key responses [67]. Table 

5.1 shows the three material factors, namely, wool fibre content, MAPP content, and PP 

type, with three levels. 

 

Table 5.1 Experimental parameters and their levels 

Factor 
Levels 

1 2 3 

A: Fibre content (wt%) 15 23 30 

B: MAPP content (wt%) 2 4 6 

C: PP type PP-BI452 
(MFI 8.0) 

PP-HP400L 
(MFI 5.5) 

PP-H5300 
(MFI 3.5) 

 

A 3-factor-3-level full factorial analysis would normally require 27 experimentation trials, 

whereas, only nine experimental runs are required by the Taguchi DoE method. Based on 

the selected factors and levels shown in Table 5.1, the experimental layout is generated and 

arranged by the Taguchi L9 OA, Table 5.2. The composite sheets were manufactured and 

tested in a random order so as to minimise the unknown noise factors, such as wool 

quality, surface treatment, or supplier, which may vary with time and distort the analysis. 
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Table 5.2 L9 parametric combinations for fabrication of wool-PP composites 

No. Random 
No. 

Experimental factor levels 

Fibre weight, A (wt%) 
MAPP weight, B 

(wt%) 
PP type, C 

1 1 15 2 BI452 

2 5 15 4 HP400L 

3 7 15 6 H5300 

4 8 23 2 H5300 

5 2 23 4 BI452 

6 4 23 6 HP400L 

7 6 30 2 HP400L 

8 9 30 4 H5300 

9 3 30 6 BI452 

 

5.2.3 Signal to Noise Ratio and Analysis of Variance 

 

In the Taguchi analysis, the mean and signal to noise ratio (S/N) values of the experimental 

outputs are often used to investigate the effects of experimental parameters. As S/N reflects 

both the amount of variation and the mean responses of the experimental results, this value 

is useful for analysing experimentation variability [65, 208]. Repetitive data is required to 

measure the S/N based on their average and standard deviation. The different type of 

characteristics, such as nominal-is-best, smaller-the-better, and larger-the-better, can be 

applied depending on the response data types [65]. In this research, the larger-the-better 

S/N characteristic using Eq. 5.1 was utilised to represent mechanical properties of the 

extruded wool-PP composites [63, 70]. 

 

The larger the better:            2
1

1 1/ 10log
n

i i

S N
n y=

 
= −  

 
∑                                   Eq. 5.1 

 

where, n is the number of test repetitions and y represents the measured mechanical 

properties, such as tensile and flexural moduli and strengths. 
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Taguchi method generates response tables and graphs based on the S/N calculated from the 

experimental output. The graphical results can provide a direct indication of the 

parameter’s effect that can be determined by difference between the highest and lowest S/N 

values. The higher difference means a greater contribution of the parameter. 

 

ANOVA is a statistical analysis method to investigate the significance of design 

parameters affecting the quality characteristics [209]. The method uses an ANOVA table 

and the F-test to obtain variance of the selected factors and compare the variance with 

critical value at a specific confidence level, respectively. The significance of the main 

factors can be determined by comparison of the F value (ratio of the factor variance to the 

error variance) with the critical Fisher ratio, Fcrit at a selected level of significance (a value 

from F distribution table) [210]. Higher F value of the factor than that of the Fcrit implies 

strong contribution, while lower F value than that of the Fcrit means the weak contribution 

of the corresponding factor on the experimental results [208, 210]. For this research, the 

variation of the calculated S/N of each parameter and the associated error were applied to 

generate the ANOVA table. Furthermore, a Fcrit of 95% confidence level was selected for 

the Fisher test [211]. 

 

The Pareto ANOVA is a simple version of the ANOVA method to analyse experimental 

data. The method using Pareto principle, which means anything “a few” (20 %) are vital 

and “many” (80 %) are trivial, is easy and quick to identify the significant factors and 

interaction without the ANOVA table and Fisher test [212, 213]. In this study, the 

contributing percentages of the selected factors were also derived from the Pareto ANOVA 

method to investigate the effects of the factors on the mechanical properties. 

 

5.2.4 Results and Discussion 

 

5.2.4.1 Mechanical Properties 

 

It is to be noted that the tensile and flexural properties of the extruded wool-PP composites 

were the response variables for Taguchi analysis. The mechanical properties of the 

composites and neat PPs were evaluated by following the testing procedures described in 

Chapter 3. The tensile moduli and strengths of the nine composite sheets with the neat PPs 
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are shown in Figures 5.2(a) and (b), respectively. It is evident that the tensile moduli of the 

composites increase due to the addition of wool fibres and MAPP, especially the composite 

based on the PP-HP400L containing 30 wt% wool and 2 wt% MAPP. It appears that the 

tensile moduli demonstrate the maximum increase up to 57.5%, as shown in Figure 5.2(a). 

The composite specimens (d) and (g) containing 6 wt% MAPP do not follow a general 

trend of increase in the tensile modulus with an increase in the fibre content. This implies 

that an excessive amount of compatibiliser can be detrimental for the tensile moduli of the 

composites. 

 

As for the tensile strength, an enhancement was achieved with the maximum increase up to 

5.2% for a composite of PP-HP400L with 15 wt% wool and 4 wt% MAPP. Most of the 

previous studies have utilised a hot press to fabricate short wool fibre based thermoplastic 

composites and the tensile strengths of the composites did not show any improvement in 

comparison with those of control polymers [21, 23, 29]. Hence, the increase in the present 

study can be attributed to the fibre alignment during the extrusion process and the 

application of MAPP. The fibre orientation on the composites will be explored later in the 

chapter. Meanwhile, the use of PP-H5300 (higher viscosity) led to an overall reduction in 

the tensile strengths. Furthermore, all composites containing 6 wt% MAPP significantly 

decreased the tensile strengths. The exorbitant amount of compatibiliser could leave some 

portion of the unreacted agent in the matrix. Therefore, any remained MAPP became stress 

concentration points or fibre contamination facilitator, leading to the reduction of strengths 

[32, 77]. 

 

For the flexural properties, an overall improvement in the flexural moduli of the nine 

composites can be observed, Figure 5.3(a), with the maximum increase of 46.9% obtained 

for the composite based on the PP-HP400L. Additionally, the positive effect of fibre 

content on the flexural modulus is identified in the composite containing PP-HP400L, 

while PP-BI452 and PP-H5300 based composites do not show the trend due to the 

influence of MAPP content and PP type. With respect to the flexural strengths shown in 

Figure 5.3(b), the PP-BI452 based composites demonstrate reduction by increasing wool 

and MAPP contents, but three composites based on the PP-H5300 demonstrate 

improvements with the maximum increase of up to 23.5% over that of the neat PP-H5300. 
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Figure 5.2 Tensile properties of three PPs and nine composite sheets: (a) tensile modulus and (b) 
strength 
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Figure 5.3 Flexural properties of three PPs and nine composite sheets: (a) flexural modulus and (b) 
strength 
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5.2.4.2 Evaluation of Significant Factors 

 

In the ANOVA, variations of the selected factors, such as wool content (A), MAPP content 

(B), and PP type (C) and the associated errors were calculated based on the total variations 

of the S/N. Results from ANOVA were also used to determine the percentage contributions 

of each factor. It is to be noted that the S/N was calculated from the experimental results. 

The OA table for each response variable was generated with the calculations. It is to be 

noted that Appendix E provides the complete Taguchi supplementary data used herein. The 

F-value of each factor confirmed the relative significance by a comparison with the critical 

F-value of 6.94 (95% confidence level). Tables 5.3 and 5.4 show pooled versions of the 

ANOVA for tensile moduli and strengths, respectively. 

 

ANOVA for the tensile modulus of the wool-PP composite in Table 5.3 reveals that the PP 

MFI shows relatively high contribution compared to those of the other two factors but the 

wool fibre content is classified as a poor factor. The result for wool fibre content 

contradicted the general trend that an increase in the fibre content improves the tensile 

modulus. It can be explained that the compatibiliser content and the PP MFI in the 

composites can considerably influence the property. The section 5.2.4.1 about mechanical 

properties furthermore pointed out that changes in the MAPP content and the PP type 

played important roles in determining the composites stiffness. However, relatively large 

contribution of the error when compared to those of other factors for the tensile moduli can 

indicate a possible existence of other parameters, such as an interaction between factors or 

error associated with the experimentation. 

Table 5.3 ANOVA table of tensile modulus based on S/N 

Factor Sum of square 
Degree of 
freedom 

Mean square F-value 
Contribution  

(%) 

A (pool) - - - - - 

B 0.784 2 0.392 0.62 19.1 

C 1.183 2 0.592 0.936 28.8 

Error 2.139 4 0.632  52.1 

Total 4.106 8   100 
Fcrit at (2,4) = 6.94 from F-table 
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On the other hand, the tensile strengths of the composites are significantly governed by the 

MAPP content factor. The ANOVA Table 5.4 shows that the MAPP content has the 

highest statistical significance (59.1% contribution) on the composites tensile strengths. As 

expected, the MAPP content plays a major role to determine the tensile strengths of the 

extruded wool-PP composites. It can be highlighted that the high MAPP contribution 

towards composites strengths can be attributed to the positive effect of MAPP on the IFSS 

obtained by the microbond test. Furthermore, the low error occurring from the ANOVA of 

tensile strength could explain that the relatively high error shown in tensile modulus 

ANOVA was not related to the experimentation as same composite specimens and testing 

procedure were used for the tensile tests. 

 

Table 5.4: ANOVA table of tensile strength based on S/N 

Factor Sum of square Degree of 
freedom 

Mean square F-value Contribution 
(%) 

A (pool) - - - - - 

B 3.44 2 1.72 7.92 59.1 

C 1.5 2 0.75 3.41 25.8 

Error 0.88 4 0.22  15.1 

Total  8   100 
Fcrit at (2,4) = 6.94 from F-table 

 

The Pareto ANOVA results for the tensile properties are shown in Figure 5.4. A Pareto 

plot for the tensile modulus, Figure 5.4(a), also demonstrates that the PP type has the 

highest effect (42%), while the wool fibre content and the MAPP content factors have 

similar percentage contributions (~28%). On the other hand, a Pareto plot for the tensile 

strength as illustrated in Figure 5.4(b) can identify the distinct difference in contribution. 

The MAPP content shows the strongest effect on the composites tensile strength with 66% 

contribution and the cumulative percentage with the PP type factor is beyond 90%. 
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Figure 5.4 Pareto ANOVA for tensile (a) modulus and (b) strength based on S/N 

 

For flexural moduli and strengths of the composites, the ANOVA tables, Tables 5.5 and 

5.6, suggest that the PP type has the most significant effect among the factors for both 

properties. Additionally, the wool fibre and MAPP contents also contributed to 

determining the flexural modulus and strength of the extruded wool-PP composites, 

respectively. The highly significant contribution of the PP type on the flexural properties is 

also revealed in the Pareto ANOVA plots as shown in Figure 5.5. In particular, flexural 

strength is greatly influenced by the PP MFI and the MAPP content, which has a 97% 

cumulative percentage contribution. However, the effect of wool fibre content is trivial or 

marginal on the composites strengths with 1.7% and 5% for flexural and tensile strengths, 

respectively. 

 

In spite of using different analysis methods, both the ANOVA and the Pareto ANOVA 

suggested same dominant and insignificant factors for the composites mechanical 

properties. The ANOVA critically evaluates the relative importance of selected factors 

through the F-test, so the significance was determined by critical F value extracted from 

the standard Fisher table. The Pareto ANOVA was also capable of examining each factor’s 

contribution to the properties but the analysis was performed by comparing the sum of 

square S/N of the factors. 
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Table 5.5 ANOVA table of flexural modulus based on S/N 

Factor Sum of square 
Degree of 
freedom Mean square F-value 

Contribution 
(%) 

A 0.769 2 0.385 1.16 18.6 

B (pool) - - - - - 

C 2.047 2 1.024 3.1 49.5 

Error 1.322 4 0.331  31.9 

Total 4.139 8   100 

Fcrit at (2,4) = 6.94 from F-table 
 

Table 5.6 ANOVA table of flexural strength based on S/N 

Factor Sum of square 
Degree of 
freedom 

Mean square F-value 
Contribution 

(%) 

A (pool) - - - - - 

B 1.126 2 0.608 9.95 13.4 

C 7.582 2 3.791 62.04 83.9 

Error 0.244 4 0.061  2.7 

Total 9.042 8   100 
Fcrit at (2,4) = 6.94 from F-table 

 

  

Figure 5.5 Pareto ANOVA for flexural (a) modulus and (b) strength based on S/N 
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5.2.4.3 Interaction Effects of Factors on Mechanical Properties 

 

The degree of an interaction effect between two factors can be identified through a 

graphical representation. The interaction effect plots can be depicted by the S/N values of 

two factors corresponding to the experimental results and the factors’ respective levels. 

The parallel lines in the graph imply low interaction effect, whereas the existence of 

interacting points indicates high interaction effect of the response variables [62, 206, 214, 

215]. Figure 5.6 represents interaction effects of the control factors for the tensile modulus. 

High interaction effects between the factors can be identified by the presence of 

intersections of the various lines. In particular, the interaction effects of the wool content 

with other two factors, such as the MAPP content and the PP type, appear to be more 

significant than the one between the MAPP content and the PP type. Hence, the possibility 

of interaction effects of the control factors raised by the ANOVA result is confirmed by the 

graphical observation. On the other hand, the plots for flexural strength, Figure 5.7, have 

less intersection than those for the tensile modulus. In the interaction graphs in Figures 

5.7(b) and (c), there are more or less parallel lines with only one or two intersections. 

Hence, the graphs suggest that there are weak interaction effects of the factors on 

determining the property. 

 

   

Figure 5.6 Interaction effect plots of factors for tensile modulus: (a) wool and MAPP contents 
interaction, (b) wool content and PP type interaction, and (c) MAPP content and PP type 
interaction 

 

(a) (b) (c) 
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Figure 5.7 Interaction effect plots of factors for flexural modulus: (a) wool and MAPP contents 
interaction, (b) wool content and PP type interaction, and (c) MAPP content and PP type 
interaction 

 
5.2.4.4 Desired Parametric Combinations for Mechanical Properties 

 

A desired material formulation of the composites to enhance each of the mechanical 

properties can be determined by sum of S/N. The graphical analysis can also indicate the 

significance of the control factors by observing the difference between the highest and the 

lowest sum of S/N. Figure 5.8 shows the sums of S/N of each factor for the tensile moduli 

and strengths. Desired composites formulation can be determined by peak points of a linear 

or nonlinear trend of each factor. Thus, the preferable combination to get high tensile 

modulus, Figure 5.8(a), is 30 wt% wool fibre (A3), 4 wt% MAPP (B2), and PP-HP400L 

(C2). 

 

For the tensile strength shown in Figure 5.8(b), the MAPP content and the PP type have the 

same nonlinear trend as the tensile modulus, while the increase in the wool fibre content 

reduces the tensile strengths. Therefore, a composite with 15 wt% wool fibre (A1), 4 wt% 

MAPP (B2), and PP-HP400L (C2) can become a desired formulation for the tensile 

strength improvement. The line graphs also show that the MAPP content factor for both 

the tensile properties, especially tensile strength, has insignificant difference between 2 and 

4 wt%, but large difference between 4 and 6 wt%. This can indicate the notable influence 

of MAPP content on the enhancement of tensile strength. However, the change of wool 

content trivially influences tensile strength of composite. 

 

(a) (b) (c) 
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Figure 5.8 Sum of S/N at different factorial level: tensile (a) modulus and (b) strength 

 

Figure 5.9(a) displays a desired composite combination, 23 wt% wool fibre (A2), 2 wt% 

MAPP (B1), and PP-H5300 (C3), to enhance the flexural modulus. In the flexural strength 

curves of Figure 5.9(b), the MAPP content and the PP type have the same trend lines as the 

MAPP content and the PP type for flexural modulus, respectively. Thus, the same amount 

of MAPP and same PP type should be selected as a preferable composite, 15 wt% wool 

fibre, 2 wt% MAPP, and PP-H5300. Moreover, the plots display the large differences 

between the highest and lowest values of the S/N of the PP type for both flexural properties. 

The graphical indication of the significant factors corresponds well with the ANOVA 

16

17

18

19

20

A1 A2 A3 A4 A5 A6 A7 A8 A9

Su
m

 o
f S

/N
-T

en
si

le
 m

od
ul

us
 (d

B)
 

Factorial level 

A: Fibre Content B: MAPP Content C: PP Type(a) 

85

86

87

88

89

90

91

A1 A2 A3 A4 A5 A6 A7 A8 A9

Su
m

 o
f S

/N
-T

en
si

le
 s

tre
ng

th
 (d

B)
 

Factorial level 

A: Fibre Content B: MAPP Content C: PP Type(b) 

B1         B2          B3  C1          C2         C3 

B1          B2          B3  C1          C2         C3 



Mechanical Performance of Extruded Wool-PP Composites 

100 

results. Meanwhile, Table 5.7 summarises the preferred factorial combinations for 

improving the mechanical properties of the extruded wool-PP composites with estimated 

error variance. As this research mainly investigated the maximisation of individual 

mechanical property, different material formulations of the composites were determined. 

Consequently, the global property enhancement of the composites would be out of the 

scope of the present study. A good balance to determine a suitable material formulation has 

to be maintained in increasing the tensile and flexural properties [70]. 

 

 

 

Figure 5.9 Sum of S/N at different factorial level: flexural (a) modulus and (b) strength 

18

19

20

21

22

23

A1 A2 A3 A4 A5 A6 A7 A8 A9

Su
m

 o
f S

/N
-F

le
xu

ra
l m

od
ul

us
 (d

B)
 

Factorial level 

A: Fibre Content B: MAPP Content C: PP Type(a) 

97

98

99

100

101

102

103

104

105

A1 A2 A3 A4 A5 A6 A7 A8 A9

Su
m

 o
f S

/N
-F

le
xu

ra
l s

tre
ng

th
 (d

B)
 

Factorial level 

A: Fibre Content B: MAPP Content C: PP Type(b) 

B1          B2          B3  C1          C2         C3 

 B1         B2         B3  C1         C2         C3 



Mechanical Performance of Extruded Wool-PP Composites 

101 

 

Table 5.7 Summary of desirable combinations of wool-PP composites for mechanical properties 

Experimental output 
Desirable factorial level combination 

(Composition (wt%)) 
Estimated error 

variance 

Tensile modulus A3B2C2 
(Wool 30 / MAPP 4 / PP-HP400L) 0.79 

Tensile strength A1B2C2 
(Wool 15 / MAPP 4 / PP-HP400L) 0.47 

Flexural modulus A2B1C3 
(Wool 23 / MAPP 2 / PP-H5300) 0.57 

Flexural strength A1B1C3 
(Wool 15 / MAPP 2 / PP-H5300) 0.25 

 

5.2.4.5 Composites Morphology 

 

The ANOVA techniques and the graphical analysis suggest that the MAPP and the PP type 

are dominant factors to determine the mechanical properties of the extruded wool-PP 

composites. In order to identify the influence of the two factors, the cross-sectional areas of 

the composites were observed to investigate fibre-matrix wetting and fibre distribution by 

the environmental scanning electron microscope (ESEM) images. 

 

In spite of the wool fibre’s tendency to cluster together due to its crimp feature, good 

dispersion of the wool fibres can be observed in the cryofractured surface depicted in 

Figure 5.10(a). Interfacial adhesion between the fibre and the PP, depending on the MAPP 

content, can be clearly identified at the tensile fractured cross-sections, from Figure 5.10(b) 

to (e). More holes and fibre pull-out appear to exist in the wool-PP composite without 

MAPP, Figure 5.10(b), compared to the composite with MAPP, shown in Figure 5.10(c). 

Moreover, the detrimental effect of excessive MAPP loading on the interacting behaviour 

is clearly depicted in Figures 5.10(d) and (e). The composite with 6 wt% MAPP comprises 

of several holes (yellow circles), Figure 5.10(d), implying a weak interfacial bonding. On 

the other hand, a fractured surface of a composite containing 2 wt% MAPP, Figure 5.10(e), 

demonstrates that most of the fibres are fractured without being pulled out. Any excessive 

MAPP chain that is not coupled with the wool and PP matrix can introduce small 
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deformation at the interphase between fibre and matrix. Thus, this leads to weak interfacial 

adhesion and reduction of the tensile properties [50, 77]. 

 

The influence of PP MFI was also identified by the micrographs. For tensile properties, 

PP-H5300 (MFI 3.5) based composites demonstrate lower tensile strength and modulus 

than those of composites containing other two types of PP. Figure 5.10(f) shows the 

existence of some holes (yellow circles) and wool fibre pull-out compared to those 

appearing in Figure 5.10(e). Packing of the wool fibres is also evident in Figure 5.10(f), 

suggesting the poor dispersion and wetting of the wool fibres within the PP matrix. This 

agglomeration is attributed to the extrusion process with lower PP MFI and hence higher 

viscosity in the molten state. The scanning micrographs are in good accord with the 

parametric analyses discussed earlier. 

 

 
 

 
 

 
 

 

 
 

(a) (b) 

(c) (d) 
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Figure 5.10 ESEM images of wool-PP composites: (a) cryofractured cross-section of wool 30wt% 
and PP-BI452 and tensile fractured cross-sections of (b) wool 30wt% and PP-BI452, (c) wool 
30wt%, MAPP 4wt%, and PP-BI452, (d) wool 30wt%, MAPP 6wt%, and PP-HP400L, (e) wool 
30wt%, MAPP 2wt%, and PP-HP400L, and (f) wool 30wt%, MAPP 2wt%, and PP-H5300 

 

5.3 Fibre Dimension and Theoretical Evaluation 
 

5.3.1 Fibre Length and Direction 

 

Fibre attrition is one of the major problems occurring during an extrusion process, which 

can cause a reduction in the fibre reinforcement efficiency. In order to investigate the wool 

fibre attrition, the fibre length was measured before and after the extrusion moulding 

process by dissolving the PP in boiling xylene solution and separating the fibres. The fibre 

length distributions, Figures 5.11(a) and (b), show the initial fibre length of 2.9 ± 1.3 mm 

after grinding and the fibre length of 1.3 ± 0.6 mm after the blending and sheet extrusion, 

respectively. This result implies that an approximately half of the length shortened during 

the extrusion process and the fibre lengths are obviously less than the fibre critical length, 

Lc = 3.6 mm, attained by the interfacial shear strength microbond experiment. This 

partially explains the reason for obtaining inferior tensile strength values. However, it 

would, at the same time, be difficult to disperse properly and extrude the fibres of larger 

lengths. Therefore, an engineering decision has to be considered carefully as the wool 

fibres can offer other advantages, such as fire resistance and thermal insulation. 

 

(e) (f) 
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Figure 5.11 (a) Fibre length distribution and (b) fibre angle distribution 

 

As the fibre orientation is one of the important elements to determine mechanical 

properties, especially tensile strength and modulus, sections of the extruded composites 

sheets were selected randomly for surface morphological studies using an optical 

microscope. The orientations of 500 wool fibres were measured by means of the Image J 

software. The angle deviations from the extrusion direction are found to be: ± 0-15° 

(44.4%), ± 15-30° (21.4%), ± 30-45° (14.2%), ± 45-60° (10.8%), ±60-75° (5.2%), and ± 

75-90° (4%) in the fibre angle distribution, Figure 5.11(b). It is also evident that the 

majority of fibres were more or less aligned towards the extrusion direction during the 

calendering process. Furthermore, the tensile properties results of composites showed that 

the extruded wool-PP composite achieved higher modulus (2.41 GPa) and strength (33.9 

MPa) than those of the pressed composite (2.16 GPa and 19 MPa, respectively) with the 

same compositions and values from other research work [21, 23]. It can be highlighted that 

the improved fibre orientation by extrusion moulding influenced the mechanical properties 

in the extruded direction positively. 

 

5.3.2 Theoretical Evaluation 

 

Tensile properties of the extruded short wool-PP composites were predicted by a modified 

rule of mixture (RoM), as defined by Piggott [216, 217]. To apply the effects of short fibre 

orientation and length distribution towards the tensile properties of the composites, fibre 

(a) (b) 
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orientation efficiency factor and length correction factor are added to the basic RoM. 

Tensile modulus (Ec) and strength (σc) of a composite can be calculated according to Eqs. 

5.2 and 5.3, respectively: 

 

 
1 2c f f m mE x x E Eυ υ= +  Eq. 5.2 

 
3 4c f f m mx xσ υ σ υ σ= +  Eq. 5.3 

 

where 𝑥1  and 𝑥3  are the fibre orientation factors, and 𝑥2  and 𝑥4  are the fibre length 

correction factors. Equations to determine these factors are presented in Appendix F. 

Volume fractions of the wool fibre (𝜐𝑓) and PP matrix (𝜐𝑚) were converted from the 

weight fraction of each constituent, whereas the tensile moduli and strengths of the fibre 

(𝐸𝑓 and 𝜎𝑓) and PP matrix (𝐸𝑚 and 𝜎𝑚) were obtained from the experiments in Chapter 4. 

 

Tensile properties of the extruded composites sheets were predicted based on the modified 

RoM. The measured parameters, such as the fibre orientation and length, were used in the 

calculations. The predicted values of the desirable composites determined by the Taguchi 

method (Table 5.7) are shown in Table 5.8 along with the corresponding experimental 

results obtained from confirmation tests. 

 

Table 5.8 Comparison of predicted and observed tensile properties 

Property Composite Measured 
value 

Theoretical 
value 

Variation 
(%) 

Tensile modulus 
(GPa) 

Wool 30 wt% / MAPP 4wt% / PP-
HP400L 

2.24 2.14 4.7 

Tensile strength 
(MPa) 

Wool 15 wt% / MAPP 4wt% / PP-
HP400L 34.4 35.9 -4.2 

 

Even though the wool fibres within the composites are not fully oriented with respect to 

the extrusion direction and the RoM does not take into account fibre-matrix bonding, the 

tensile modulus and strength measured are in good agreement with the theoretical results. 
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This result substantiates the positive effect of the MAPP on the interfacial bonding 

obtained from the microbond test and the Taguchi analysis. 

 

5.4 Concluding Remarks 
 

This chapter has presented and discussed the mechanical performance of the short wool 

fibre-PP composites prepared by continuous sheet extrusion process. Taguchi ‘design of 

experiment’ and ANOVA have shown that the most significant factors are the MAPP 

content for the tensile strength and the PP type for tensile modulus and flexural properties. 

In particular, significant contributions of the MAPP content and the PP MFI to the tensile 

(59.1%) and flexural (83.9%) strengths have been noticed, respectively. Meanwhile, the 

wool fibre content has been identified as a less significant factor for the mechanical 

properties. The graphical analysis has represented that the tensile moduli of the composites 

are highly influenced by the interaction effect of wool content and other factors, such as 

MAPP and PP MFI rather than only individual control factor. The scanning micrographs 

have shown the inferior interfacial adhesion of the wool fibres with the PP-H5300 than 

with the PP-HP400L of the same composites compositions. Among the three grades of PP, 

the medium viscosity of the PP-HP400L could achieve both good dispersion and 

wettability. In terms of the MAPP content, an excessive amount (~6%) might lead to the 

detrimental effect on the mechanical performance of the composites, as an inference 

supported by the Taguchi analysis and the SEM images. Furthermore, the good agreement 

between the experimental tensile properties and those predicted using the modified RoM 

with fibre orientation and length factors has been shown. Although, the effect of wool 

alone was found to be somewhat insignificant on the mechanical properties, its application 

along with other suitable conditions could enhance the composites performance. However, 

and more importantly, wool’s inherent fire resistance and thermal stability can draw the 

high potential of the fibre to reduce the flammability of the resulting composites. Hence, 

investigation of the effects of wool on composite flammability will be discussed in next 

chapter. 
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6 
6. Fire Performance of Wool-PP Composites 

 

 

6.1 Introduction 
 

Owing to the unique chemical composition and thermal properties, the relatively high fire 

resistance of wool compared to those of other natural fibre, for example kenaf, flax, and 

hemp, has been comprehensively discussed in Chapter 2. Material characterisation using 

XPS and FTIR has revealed the presence of N and S in wool that could bestow it with fire 

suppression properties. In spite of the inherent low flammability, wool fibres have not been 

thoroughly investigated to realise its potential for reducing the flammability of resulting 

polymer composites. This chapter, therefore, explores the possibility of enhancing the fire 

retardant properties of the wool-PP composites. 

 

Using just wool with PP might not impart acceptable flammability in a composite 

possessing a hydrocarbon structure of PP, which concedes high combustion. Thus, it is 

imperative to employ additional flame retardant (FR) to achieve satisfactory fire 

performance. However, it is to be noted that, due to the natural fire resistance of wool, 

some amount of flame retardants can be displaced, thus potentially achieving acceptable 

mechanical and fire performance. The incorporation of FR, such as ammonium 

polyphosphate (APP) and magnesium hydroxide, during composites manufacturing is an 

effective method of achieving reduction in composites flammability due to the reaction of 

FR with the constituents of composites in condensed or gas phase [111, 218]. As the effect 

of FR on the flammability of wool composites has not been fully understood, this chapter 

deals with the combined effect of wool and FR. Moreover, the fire retardant performance is 
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significantly influenced by the FR distribution which is in turn determined by the MFI of 

polymer matrix during the composites manufacturing [126, 219]. The parametric study in 

Chapter 5 has identified the significance of melt viscosity of polymer matrix to achieve 

uniform wool fibre dispersion and consequently improve the mechanical properties of 

composites. Furthermore, it has also been observed that composites fabricated with 

different manufacturing processes, such as extrusion and compression mouldings, showed 

different mechanical performance because of the state of fibre orientation rendered from 

each process. It is, therefore, important to understand how the orientation and distribution 

of both wool and FR as well as various manufacturing processes employed to produce 

wool-PP-FR composites affect the fire retardancy. 

 

This chapter mainly focuses on the systematic experimental investigation for flammability 

characteristics of wool-PP-FR composites. Section 6.2 deals with the effects of wool 

fibres, APP, and polymer MFI on reaction-to-fire characteristics of wool-PP composites. 

Results from different testing and analytical techniques, such as TGA, cone calorimeter, 

and UL-94 tests, on the flammability characteristics of the composites, having different 

formulations, are presented and discussed. Detailed image analysis on macro- and micro-

structure of fire residues is also included in the section. In section 6.3, a comparison on fire 

performance of the composites manufactured using different moulding processes is 

conferred through the cone calorimeter and UL-94 test results. Finally, a summary of the 

experimental results is presented in the last section. 

 

6.2 Effects of Constituents on Wool-PP-APP Composites Flammability 
 

6.2.1 Composites Fabrication and Characterisation 

 

Short wool fibres, APP, and PPs were utilised as the main constituents for measuring 

composites flammability. In particular, Budit®3167 (APP1) was selected due to its 

effective intumescent flame retardant (IFR) property that reduces the flammability of 

polymeric materials [2, 120]. Carbonaceous char formed in condensed phase by APP acts 

as an insulating layer between exterior heat and the underlying polymer. Hence, further 

thermo-oxidation and decomposition can be limited by reducing heat and mass transfer 

[125]. In addition, the three PPs, namely PP BI452, PP HP400L, and PP H5300, used for 

the analysis of wool-PP composites mechanical properties, were also employed to 
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investigate the effects of their MFI on composites flammability. The specimens for 

flammability tests were manufactured by melt-blending and compression moulding 

processes, details of which were described in Chapter 3. Furthermore, the 30 wt% wool 

fibre content was chosen to explore the influence of wool on the fire behaviour. Since it 

has been reported that the critical level of IFR should be around 15-20 wt% for polymeric 

materials [82] and mechanical properties could be adversely affected by overloading of 

APP [220], a loading level of 20 wt% APP was, therefore, selected for the analysis. 

Thermal and flammability characterisation methods, such as thermogravimetric analysis 

(TGA), cone calorimeter, and UL-94 vertical burn test, and environmental scanning 

electron microscope (ESEM) were used in this chapter and detailed information about the 

methodology was given in Chapter 3. 

 

6.2.2 Results and Discussion 

 

6.2.2.1 Thermogravimetric Analysis 

 

Thermal decomposition of wool, PP, APP and their composites was investigated by both 

thermogravimetric (TG) and derivative thermogravimetric (DTG) curves with respect to 

temperature, Figures 6.1(a) and (b), respectively. Table 6.1 also illustrates TGA results for 

PP, wool, APP, and composite specimens, such as onset of decomposition temperature 

(T5%), temperature at maximum in mass loss rate (Tmax1 and Tmax2 from DTG curve), and 

residues at 700 °C. 

Table 6.1 TGA results of PP, wool, APP, and composites 

Specimen T5% (°C) Tmax1 (°C) Tmax2 (°C) 
Residues at 
700°C (%) 

PP 364.4 - 437.2 0 

Wool 92.7 - 310.6 24.1 

APP 300.5 332.3 521.9 29.1 

PP-APP 20 wt% 337.1 - 433.7 6.3 

Wool 30 wt%-PP 276.8 331 440.3 6.4 

Wool 30 wt%-PP-APP 20 wt% 272.9 328.9 441.7 22.2 
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TGA curve of PP depicted in Figure 6.1 shows a single phase of decomposition with the 

onset of decomposition and the maximum mass loss rate at 364.4 and 437.2 °C, 

respectively. PP enriched with mainly carbon and hydrogen was decomposed without any 

residues under linear heating up to 700 °C. On the other hand, wool-PP composite has two 

decomposition phases indicating the two constituents and had about 6% of residues at 700 

°C due to the addition of wool. Dehydration and cross-linking reactions of wool under the 

thermal decomposition regime promoted char formation, followed by a decrease in 

decomposition rate of the composite, Figure 6.1(b). 

 

 

 

Figure 6.1 (a) Thermogravimetric and (b) derivative thermogravimetric curves of wool, PP, APP, 
PP-APP, wool-PP, and wool-PP-APP specimens 
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The thermal stability of APP can also be seen clearly from Figure 6.1 as it has minimum 

mass loss compared to other constituents. Budit 3167 APP is mainly composed of 

phosphorous, carbonaceous, and nitrogenous species and can be decomposed through three 

steps [221, 222]. Firstly, ammonia and water are released by boiling and swelling reactions 

to yield highly cross-linked phosphoric acid between 270 and 350 °C [223]. Secondly, the 

acid reacts with the carbon-rich compound to form phosphate ester between 360 and 420 

°C. At the last step of decomposition at around 500 °C, the phosphate ester catalyses char 

formation by dehydration and further heating decomposes the char slowly [120]. With the 

addition of APP, the wool-PP composite substantially increases in residues (22.2 wt%) and 

decreases the maximum mass loss rate of the second decomposition step at 441.7 °C 

(Tmax2) in comparison to those of PP and PP-APP specimens. The increase in the residues 

by adding APP corresponds to the highly cross-linked phosphorus oxides or phosphates 

[218]. Furthermore, the charring tendency of wool also contributed to the char formation of 

composites. This carbonaceous intumescent shield formed under heating also suppressed 

the heat and mass transfer into the material and the release of volatiles to accelerate 

combustion. 

 

The effects MFI of different PPs on the thermal decompositions of composites were also 

investigated using TGA. Negligible differences in onset of decomposition temperature and 

amount of residues have been observed among the three wool-PP composites with and 

without APP, as shown in Figure 6.2(a). In DTG graphs of the composites, Figure 6.2(b), 

more distinct differences in thermal decomposition behaviour than those of TG curve are 

exhibited. Specifically, no matter it is with or without APP, composites with PP BI452, 

which has the highest MFI among the three PPs used, have displayed a lower thermal 

decomposition rate than that of their counterparts. The TGA results can presumably reveal 

that good dispersion of APP particles and fibres in PP BI452 having low melt viscosity 

influenced the slow thermal decomposition along with the char formation. 
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Figure 6.2 (a) Thermogravimetric and (b) derivative thermogravimetric curves of wool-PPs (BI452, 
HP400L, and H5300) and wool-PPs (BI452, HP400L, and H5300)-APP composites 

 

6.2.2.2 Cone Calorimeter Results 

 

The fire performance of all specimens was evaluated under the forced heat radiation (50 

kW/m2) by the cone calorimeter, following the standard test procedure described in 

Chapter 3. Table 6.2 shows cone calorimeter data of the tested specimens, such as time to 

ignition (TTI), peak heat release rate (PHRR), time to PHRR (TPHRR), total heat release 

(THR), and smoke production. HRR is described to be the most important parameter as 

heat released by a burning material can provide the additional thermal energy required for 
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the spread and growth of the fire [224, 225]. Therefore, this chapter mainly deals with 

HRR results. 

 

Table 6.2 Cone calorimeter data and UL-94 ratings of neat PPs, wool-PPs, PPs-APP, and wool-
PPs-APP specimens 

Specimen 
TTI 
(s) 

PHRR 
(kW/m2) 

TPHRR 
(s) 

THR 
(MJ/m2) 

CO 
(kg/kg) 
(±0.004) 

CO2 
(kg/kg) 
(±0.18) 

UL-94 

PP BI452 29 ± 1 1221 ± 55 140 ± 10 110 ± 9 0.023 2.97 NR 

PP HP400L 29 ± 2 1054 ± 120 120 ± 18 97 ± 14 0.029 2.93 NR 

PP H5300 27 ± 1 1006 ± 74 115 ± 8 82 ± 13 0.023 2.55 NR 

Wool 30wt%-BI452 17 ± 1 856 ± 53 150 ± 5 109 ± 1 0.025 2.65 NR 

Wool 30wt%-HP400L 16 807 ± 28 145 110 ± 1 0.026 2.6 NR 

Wool 30wt%-H5300 16 ± 1 778 ± 17 155 ± 10 115 ± 3 0.026 2.54 NR 

BI452-APP 20wt% 20 ± 1 256 ± 3 250 ± 10 98 ± 6 0.037 2.53 V-0 

HP400L-APP 20wt% 21 ± 1 285 ± 12 285 ± 22 104 ± 9 0.04 2.54 V-0 

H5300-APP 20wt% 20 ± 2 296 ± 16 257 ± 16 107 ± 3 0.033 2.66 V-0 

Wool 30wt%-BI452- 
APP 20wt% 

19 ± 1 227 ± 10 378 ± 93 107 ± 2 0.037 2.21 V-0 

Wool 30wt%-HP400L- 
APP 20wt% 

16 ± 1 223 ± 17 371 ± 30 89 ± 1 0.04 2.16 V-0 

Wool 30wt%-H5300- 
APP 20wt% 

19 ± 2 232 ± 12 371 ± 32 100 ± 9 0.041 2.16 V-0 

* NR: No rating in vertical burn test  

The sharp HRR peak and high PHRR (~1221 kW/m2) value of neat PP, shown in Figure 

6.3, can represent fast and intensive combustion during the test. On the other hand, the 

addition of wool reduces PHRR with an increased time to reach PHRR. The low 

flammability and charring ability of wool contributed up to almost 30% PHRR reduction 

for the wool-PP composites. Also, wool substantially decreases TTI of the composites, 

Table 6.2, most likely due to an earlier thermal decomposition of wool compared to PP that 

was detected in TGA results (see section 6.2.2.1). 
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Figure 6.3 Heat release rate curves of a neat PP, wool 30 wt%-PP, PP-APP 20 wt%, and wool 30 
wt%-PP-APP 20 wt% specimens 

 

The fire retardant behaviour of wool-PP composites was significantly improved by adding 

APP. In particular, the maximum decrease in PHRR of wool-PP composite including 20 

wt% APP is about 81% when compared to that of neat PP without APP, Figure 6.3. 

Moreover, the PHRR value (227 kW/m2) was lower than those of other natural fibre based 

PP composites including 20 wt% APP (e.g. 568 kW/m2 (wood) [226] and 351 kW/m2 

(kenaf) [126]). The significant reduction of PHRR is achieved by the intumescent char 

formed by wool and APP during the test, Figure 6.4(b), which can limit heat and fuel 

transfer between the heat source and the polymer. The phosphoric acids released from APP 

can react with the hydroxyl group of wool and carbonaceous species from the PP to form 

phosphate ester. Dehydration accelerated by the phosphate ester and cross-linking of wool 

during the combustion can promote the intumescent char formation [10, 116]. The effect of 

wool on char formation can be also investigated by comparing HRR curves of PP-APP and 

wool-PP-APP specimens, Figure 6.3. A typical HRR curve of a thick charring material 

shows two peaks: one corresponding to the build-up of an intumescent char after ignition 

and another to char degradation at the end of combustion [98]. In the case of PP-APP 

specimen, three peaks are observed in the HRR curve as depicted in Figure 6.3. A slower 

release of heat from PP-APP specimens compared to that from wool-PP-APP composite is 
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observed at the beginning of test (0-100 s). The different burning behaviour at the initial 

stage of the test may be attributed to different char forming rates. A rapid char formation of 

PP-APP specimens resulted in an initial low HRR followed by an increase in the rate due 

to a likely breakage of char or its porous structure. The char damage facilitated the 

permeation of heat and volatile products through the char layer that consequently 

accelerated combustion and attained peak heat release rate at 250 s. However, the HRR 

curve for wool-PP composite including APP, illustrated in Figure 6.3, has a stable HRR 

without noticeable peaks after the char formation and lower PHRR than one of PP-APP. 

The curve can indicate that the presence of wool in composite played an important role in 

developing the intumescent and rigid char to inhibit further decomposition and breakage of 

the char. 

 

  

Figure 6.4 Intumescent char formation of wool 30 wt%-PP-APP 20 wt% composite during the cone 
calorimeter test: (a) beginning and (b) end of the test 

 

The different burning behaviour of the three PPs could be also identified by the cone 

calorimeter test. Table 6.2 and Figure 6.5(a) show different PHRR and THR values for the 

three neat PPs. PP H5300 (MFI 3.5) has lower PHRR and THR compared to those of PP 

BI452 (MFI 8.0) and PP HP400L (MFI 5.5). Abbas-Abadi et al. [227] have identified that 

the polyolefin with medium or low MFI (0.4-4.2) required higher activation energy in the 

thermal decomposition process, leading to greater thermal stability than the polymer with 

high MFI. Moreover, Kashiwagi [228] has also found that different polymer structure 

could affect the flammability, and a polymer having high molecular weight (higher 

viscosity) shows more thermal stability during flame spread than one with low molecular 

(a) (b) 
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weight (lower viscosity). Thus, it can be suggested that the higher viscosity of PP H5300 

(lower MFI) than one of PP BI452 in the combustion zone could reduce the flame 

spreading and the transport rate of the combustible pyrolysis products to the flame. The 

wool-PP composites without APP also had the same trends of HRR curves as those of neat 

PPs depending on different MFI values, Figure 6.5(a). In spite of the positive effect of 

wool on flammability reduction, PP is still found to be one of the governing factors for the 

composite HRR. However, the distinct difference in HRR is observed between PP-BI452 

and PP-H5300 due to the relatively big difference in MFI compared to those with PP-

HP400L. 
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Figure 6.5 Heat release rate curves of (a) PP BI452, PP HP400L, PP H5300, and wool-PPs, (b) 
PPs-APP, and (c) wool-PPs-APP specimens 

 

On the contrary, an incorporation of APP particles into neat PPs and wool-PP composites 

reversed the trend of HRR results. Figure 6.5(b) reveals that the PP BI452-APP specimen 

had a lower PHRR (~14%) than that of the PP H5300-APP specimen. Although APP 

reduced the HRR due to its effective IFR properties, the type of PP still affected the final 

fire performance of the composites. As the consolidated char can be formed by an 

extended network of APP particles, the distribution of the particles (average diameter of 14 

µm) could conduct an important role in determining the char structure and flammability 

[82]. Figures 6.6(a), (b), and (c) show the dispersion of APP particles within PP BI452-

APP, PP HP400L-APP, and PP H5300-APP specimens, respectively. The PP H5300-APP 

specimen has APP particle agglomerates (~50 µm), whereas the PP BI452-APP and PP 

HP400L-APP specimens contain more or less uniform sizes (10-20 µm) of APP particles. 

The lower viscosity of PP BI452 promoted the enhanced dispersion of APP which 

consequently lowered the PHRR when compared to PP H5300-APP system. 

 

0

50

100

150

200

250

0 200 400 600 800

H
ea

t r
el

ea
se

 ra
te

 (k
W

/m
2 )

 

Time (s) 

Wool 30 wt% + BI452 +
APP 20 wt%

Wool 30 wt% + HP400L
+ APP 20 wt%

Wool 30 wt% + H5300 +
APP 20 wt%

(c) 



Fire Performance of Wool-PP Composites 

118 

 

  

Figure 6.6 Cross-sections of (a) PP BI452-APP, (b) PP HP400L-APP, and (c) PP H5300-APP 
specimens 

 

The addition of wool in the PP-APP specimens diminished the differences of flammability 

parameters among the three composites, Table 6.2. The notable improvement of fire 

retardant properties of wool-PP H5300-APP composite could have been achieved by the 

breakage of APP particle aggregates within the matrix and/or by the increase in char 

forming ability of wool. Similar enhancement of IFR’s dispersion by introducing fillers, 

such as fibres, clays, and nanotubes, into the IFR-polymer system has also been observed 

in previous studies [229, 230]. 

 

Carbon monoxide (CO) and carbon dioxide (CO2) yields, the two major gaseous species 

under combustion, are also demonstrated in Table 6.2. The use of APP considerably 

influenced the smoke production. For the wool-PP-APP composites, CO2 yield decreases, 

while CO yield slightly increases when compared to the values of specimens without APP. 

(a) 

(b) (c) 
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Due to the intumescent char formed by APP, the reaction of pyrolysis gases with oxygen 

was interfered with, resulting in less CO2 and more CO with an incomplete combustion of 

the material [224, 231]. 

 

6.2.2.3 Char Formation 

 

The analysis of cone calorimeter testing results has found that the char formed by adding 

wool and APP was the major factor in determining the heat release and smoke production. 

In this section, macro- and microstructures of char residues from the cone calorimeter tests 

are investigated in order to confirm the effects of wool and APP on composite’s char 

formation. The char is mainly composed of carbon and its physical structure and rigidity 

play an important role in improving fire retardancy of materials. There are three possible 

mechanisms of char to restrain flammability [228]: a) part of the carbon stays in the 

condensed phase, thus reducing the amount of gaseous combustible degradation products 

released; b) the low thermal conductivity of the char layer over the exposed surface acts as 

thermal insulation to protect the virgin polymer beneath [232]; and c) a dense char acts as a 

physical barrier to gaseous combustible degradation products [233]. As demonstrated in 

section 6.2.2.2, the significant PHRR reduction with stable HRR curve of the wool-PP-

APP composite was accomplished by forming effective char, which might be as a result of 

the aforementioned mechanisms. 

 

The top surfaces and sides of char were observed by the optical photographs. Neat PPs are 

completely burnt out without any residues, while wool-PP composite leaves wool residues 

after the combustion, shown in Figure 6.7(a). The effect of APP on forming intumescent 

and carbonaceous chars can be clearly observed in PP-APP specimens. PP BI452-APP 

specimen starts to swell in the early stage of test and then forms a charred layer on the 

surface, Figure 6.7(b). It is believed that phosphoric acids released from APP during 

thermal decomposition catalysed the dehydration and cross-linking of polymer end chains 

and reactive groups, initiating char formation [79]. Additionally, ammonia of APP acted as 

blowing agents to swell and produce the insulating multicellular protective char layer 

[234]. However, shrinkage or damage of the intumescent occurred during the test, Figures 

6.7(b), (c), and (d), due to its poor mechanical resistance and degradation of phosphor-

carbonaceous under the external heat [222]. The fragile char layer caused an increase in 

heat and volatile gas penetration between the flame and the underlying substrate, resulting 
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in an increase in PHRR. Furthermore, the influence of APP dispersion within PP-APP 

composites on char formation could also be identified by the different appearances of char 

surfaces of PP BI452-APP and PP H5300-APP specimens. Figure 6.7(d) shows that PP 

H5300-APP has more severe damages of the char surface and side during the combustion 

than those in PP BI452-APP, thus leading to a loss of heat and fuel barrier properties. 

Moreover, it was also found that the expansion of intumescent system can be associated 

with PP MFI. National Institute of Standards and Technology reported that some modes of 

flame retardants, such as the formation of physical char layer on the burning surface, could 

be influenced by polymer melt flow [235]. Also, Kashiwagi suggested that the char 

structure depends on the presenting of the blowing agent relative to the formation of a 

critical viscosity in the semi-molten layers of material [228]. In Figure 6.7, PP H5300-APP 

produces the lower char than one of PP BI452-APP specimen after the cone calorimeter 

tests. The relatively higher viscosity of PP H5300 in the molten state limited the char 

expansion and the continuous heat pressure from the cone heater also largely degraded the 

char formed, thereby increasing heat and mass diffusion to promote combustion. 

 

  

(a) (b) 
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Figure 6.7 Top and side views of cone calorimeter residues: (a) wool 30 wt%-PP, (b) PP BI452-
APP 20 wt%, (c) PP HP400L-APP 20 wt%, and (d) PP H5300-APP 20 wt% specimens 

 

On the other hand, an addition of wool into the IFR-PP system enhanced the mechanical 

resistance of char layer, resulting in the formation of a rigid and voluminous char. Figure 

6.8(a) shows the cohesive and uniform char of wool-PP BI452 composite including APP 

without any shrinkage at the side. Under the continuous heat radiation, the structure of char 

was preserved without any severe signs of cracking or notable holes on the surface. 

Therefore, the char effectively protected the underlying substrate from the flame. The side 

view of the char, Figure 6.8(b), confirms the thick and closed shield layer developed at the 

specimen surface during the test. This char structure can withstand the internal pressure 

due to decomposition products and external heat flame [222]. Additionally, combustible 

gas and products released from the fuel (i.e. specimen) were entrapped in the char that then 

reduced flame intensity at the composite surface. Moreover, the difference of PP MFI in 

the wool-PP-APP composites did not influence the char forming behaviour. Thus, chars 

formed from the three composites had similar appearances and structures. Hence, it 

becomes evident that wool plays an important role in forming an effective rigid char and 

providing high mechanical integrity of the char to improve fire retardant performance. 

 

(c) (d) 
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Figure 6.8 (a) Top and side views and (b) cross-sectional view showing top-bottom structure of the 
intumescent char of wool 30 wt%-PP BI452-APP 20 wt% composite 

 

In order to detect the insulation effect of flame residues, the evolution of temperature 

against time was also monitored at the bottom parts of specimens during the cone 

calorimeter experiments. The results, Figure 6.9, reveal different temperature profiles 

among the specimens, such as PP, wool-PP, and wool-PP-APP. In particular, PP has the 

higher ignition temperature (around 125.1°C at 29 s) than other two specimens and shows a 

very sharp increase in temperature due to the burnout of the material. Wool-PP composite 

ignites at about 47 °C and slowly increases the temperature until around 100 s due to initial 

char formation, but the weak and fragile char residues lose barrier role and urge 

combustion after 100 s. On the contrary, the temperature of the wool-PP-APP composite is 

slowly raised until PHRR (around 611 °C at 371 s) is reached. The heating rate of the 

underlying material is slowed down with the lower temperature than PP and wool-PP 

composites due to the compact and rigid char. 

 

(a) 
(b) 
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Figure 6.9 Temperature profiles at bottom surfaces of PP, wool 30 wt%-PP, and wool 30 wt%-PP-
APP 20 wt% specimens during cone calorimeter tests (external heat flux=50 kW/m2) 

 

The microstructure of char was also studied to gain a deeper understanding of the charring 

behaviour of the specimens. Figures 6.10 and 6.11 show scanning micrographs of inner 

surfaces of the residues of PP-APP and wool-PP-APP composites, respectively. 

 

In Figures 6.10(a) and (b), different structures of char for PP BI452-APP and PP H5300-

APP can be observed. The char of PP BI452-APP, Figure 6.10(a), has a closed and dense 

structure that can hinder diffusion of heat and volatiles, consequently reducing the intensity 

of fire growth. On the other hand, the char of PP H5300-APP in Figure 6.10(b) is highly 

porous with micron-sized channels in which can provide a diffusion pathway for oxygen, 

pyrolysis products, and heat transfer between flame and the underlying substrate. The 

porous structure of char can be directly related to the relatively weak mechanical resistance 

of PP H5300-APP char and poor APP dispersion into the PP with lower MFI, Figure 

6.6(c). 
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Figure 6.10 ESEM images of inner surfaces of char: (a) PP BI452-APP 20 wt% and (b) PP H5300-
APP 20 wt% specimens 

 

The wool-PP composite without APP, Figure 6.11(a), shows weakly interlinked acid 

residues formed by cross-linking of the alpha-substituent of wool [10]. Contrastingly, the 

composite including wool and APP forms highly compact and homogeneous structure of 

char. In particular, the holes and cavities observed in PP H5300-APP seem to be inter-

connected with each other after the addition of wool, Figure 6.11(c). The release of 

phosphoric acids from APP and hydrolytic scissions of keratin polypeptide chains of wool 

fibres can enhance dehydration and cross-linking with the possible formation of chemical 

bonds with PP, thus forming the cohesive char [130]. 

 

  

(b) (a) 

(a) (b) 
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Figure 6.11 ESEM images of inner surfaces of char: (a) wool 30 wt%-PP, (b) wool 30 wt%-PP 
BI452-APP 20 wt%, (c) wool 30 wt%-PP HP400L-APP 20 wt%, and (d) wool 30 wt%-PP H5300-
APP 20 wt% specimens 

 

From the aforementioned results, a correlation seems to exist between the char 

development and HRR results obtained from the cone calorimeter tests. The rigid char 

layer of composites with closely pack structure in the presence of wool and APP provided 

the insulating barrier properties to slow down the thermal decomposition of the specimen 

and reduce the amount of fuel supporting the combustion. As a consequence, the peak of 

HRR was significantly reduced and was delayed compared to neat polypropylene. 

 

6.2.2.4 Vertical Burn Test 

 

The burning behaviour of specimens was investigated by vertical burn tests. Unlike the 

cone calorimeter test, the vertical burn test measured the materials flammability based 

mainly on visual observation. Three neat PPs started dripping in 3-4 s after being ignited 

by a burner and then had a sustained burning of the specimen up to the holding clamp, 

thereby resulting in NR. Composites based on 30 wt% wool and PP also burnt 

continuously up to the clamp. However, much delayed onset of polymer drip (12-13 s) and 

less violent flame compared to those of the neat PP were clearly observed during the test. 

Furthermore, the different MFI values of the polypropylenes affected the burning 

behaviour at the beginning of tests for the specimens of neat PPs and wool-PP composites 

without APP. After ignition, PP BI452 with higher MFI dripped slightly more than PP 

(d) (c) 
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H5300, but not much difference in material dripping was observed during the intense 

burning phase. 

 

The positive effect of APP on the burning resistance was obvious for specimens containing 

APP. Both PP-APP and wool-PP-APP composites showed an immediate flameout after 

both first and second flame applications. During the 10 s flame application, sides of the 

specimens formed carbonaceous residues of wool and APP which could impede further 

combustion towards the centre of the specimen. Thus, the three specimens achieved V-0 

ratings with the highest level of burning resistance, as seen in Table 6.2. In particular, the 

wool-PP composites containing APP forms char around the specimen without any molten 

part, Figure 6.12(a), whereas PP-APP specimen is molten and deformed after the flameout, 

Figure 6.12(b). Therefore, the results can suggest that the charring tendency and natural 

fire resistance of wool fibres effectively enhance the char formation of the composite under 

the direct flame application due to the presence of condensed-phase flame retardant, APP. 

 

 

Figure 6.12 Residual specimens after vertical burn test: (a) wool 30 wt%-PP-APP 20 wt% and (b) 
PP-APP 20 wt% 
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6.3 Effects of Manufacturing Processes on Wool-PP-APP Composites 

Flammability 
 

As presented in Chapter 5, fabrication of wool-PP composites using extrusion and 

compression mouldings has bestowed different mechanical properties, especially tensile 

properties, due to the changes in fibre orientation. Fibres oriented by the extruder and 

calendering rolls have positively influenced the tensile properties, which were positioned 

in the composite along the extrusion direction. Furthermore, the past studies employing 

various natural fibres have observed the composites mechanical performance is highly 

affected by the fibre orientation [72, 76, 236, 237]. However, fire performance of 

composites depending on different composite manufacturing methods is lacking at present 

in the public domain. Thus, this section demonstrates the effects of composite 

manufacturing processes on reaction-to-fire properties. Wool-PP HP400L-APP composites 

have been produced by applying extrusion and compression moulding processes and their 

respective resulting flammability has been evaluated by performing the cone calorimeter 

and vertical burn tests. 

 

Table 6.3 Cone calorimeter data of wool-PP HP400L-APP composites 

Specimen 
TTI 
(s) 

PHRR 
(kW/m2) 

TPHRR 
(s) 

THR 
(MJ/m2) 

HoC 
(MJ/kg) 

CO 
(kg/kg) 
(±0.004) 

CO2 
(kg/kg) 
(±0.18) 

Wool 30wt%-PP- 
APP 20wt%  
(pressed) 

16 ± 0.6 223 ± 17 371 ± 30 89 ± 1 31.5 ± 0.4 0.04 2.16 

Wool 30wt%-PP- 
APP 20wt%  
(extruded) 

18 ± 0.6 269 ± 14 310 ± 13 73 ± 4 30.9 ± 0.9 0.043 2.1 

 

The cone calorimeter results are shown in Table 6.3 and Figure 6.13. The higher PHRR 

and shorter burning time of extruded composite than those of pressed composite are 

identified, while other properties are similar between the two processes. The increase in 

PHRR can be attributed to higher heat penetration through the unidirectional fibres than 

randomly directed fibres in the composite. Levchick et al. found the effect of long carbon 

fibre orientation on the composite burning behaviour [238]. The composite having fibres 
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oriented perpendicularly required less oxygen for combustion than the composite based on 

unidirectional fibres as the degree of flame propagation might be different between two 

composites. On the other hand, the vertical burn test indicated that the pressed and 

extruded composites did not show different burning behaviour at the direct flame 

application. Due to the short form of wool fibres, the effect of fibre orientation on fire 

performance might be less pronounced compared to long fibre based composite. It is also 

evident that the flammability of short fibre based composite did not depend on the fibre 

orientation as much as mechanical properties. Therefore, the choice of manufacturing 

process could become an important consideration which would depend on the intended end 

use of the composite. 

 

  

Figure 6.13 (a) HRR and (b) THR curves of wool-PP-APP composites fabricated by different 
processes 

 

6.4 Concluding Remarks 
 

The first part of chapter has investigated the effects of wool, flame retardant additive, and 

polypropylene MFI (viscosity) on fire retardant performance of the short wool fibre-PP 

composites, which were prepared by melt blending and compression moulding. In TG and 

DTG curves of composites, the increase in fire residues and the decrease in decomposition 

rate of composites, respectively, have been observed in the presence of wool and APP. 

Cone calorimeter results have clearly demonstrated significant enhancement of fire 

retardant properties of wool 30 wt%-PP composite with APP 20 wt%. A decrease in PHRR 

0

50

100

150

200

250

300

0 100 200 300 400 500 600

H
ea

t r
el

ea
se

 ra
te

 (k
W

/m
2 )

 

Time (s) 

Wool 30 wt% + PP + APP 20 wt%
(pressed)
Wool 30 wt% + PP + APP 20 wt%
(extruded)

0

10

20

30

40

50

60

70

80

90

100

0 200 400 600 800

To
ta

l h
ea

t r
el

ea
se

 (M
J/

m
2 )

 

Time (s) 

Wool 30 wt% + PP + APP
20 wt% (pressed)

Wool 30 wt% + PP + APP
20 wt% (extruded)

(a) (b) 



Fire Performance of Wool-PP Composites 

129 

(~81%) and an increase in time to PHRR (~170%), compared to those of neat PP have 

been the apparent indicators. The cone calorimeter test and optical images of the PP-APP 

specimens have been also identified that the improved APP dispersion using higher PP 

MFI can contribute to lower PHRR than the PP-APP specimen having lower MFI. The 

ESEM analysis has also substantiated the combined effects of wool and APP on the 

formation of the rigid and compact structure of char with highly interconnected network of 

holes and cavities, preventing heat and volatiles from penetrating into the flame zone. 

Furthermore, the inherent fire resistance of wool has slowed down the polymer dripping 

phenomenon with less potent burning than neat PPs and an addition of APP allowed the 

composites to attain V-0 classification at the vertical burn test. Moreover, the comparing 

flammability between pressed and extruded composites has suggested that the 

unidirectional fibre orientation increased PHRR but trivially affected the other cone 

calorimeter and vertical burn test results. 
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7 
7. Effects of Additives on Fire and Mechanical 

Performance of Wool-PP Composites 

 

 

7.1 Introduction 
 

The comprehensive experiments in Chapters 5 and 6 have correlated the effects of 

additives, such as the coupling agent and flame retardant, on the mechanical and fire 

properties of wool-PP composites, respectively. The addition of maleic anhydride grafted 

PP (MAPP) as a compatibiliser has enhanced the stiffness and strengths of composites by 

creating potentially reactive groups, such as hydroxyl and carboxyl groups, upon the wool 

surface, which are capable to react with the PP matrix [97, 239]. Thus, use of an adequate 

amount of the coupling agent has been the governing factor improving interfacial bonding 

[32]. The interface can also affect the composites flammability- a stronger interfacial 

adhesion requires more energy to pull apart the constituents in case of fire, which 

facilitates the lower rate of thermal decomposition [97, 240]. However, MAPP is less 

thermally stable than PP, with almost a 100 °C difference between their respective onset of 

decomposition temperatures [103]. Consequently, any free and unreacted MAPP present in 

the composite would potentially reduce the overall thermal stability. 

 

Ammonium polyphosphate (APP) has been utilised to enhance the fire retardant properties 

of wool-PP composites. APP can derive phosphorus-nitrogen synergism under combustion, 

producing phosphoric acids and ammonia to form the intumescent char as a barrier, 

hindering heat and gas transfer between the flame and underlying material [112, 125]. In 

Chapter 6, it has been found that the combined effects of wool’s charring ability and the 



Effects of Additives on Fire and Mechanical Performance of Wool-PP Composites 
 

131 

intumescent char-forming agent contribute to building up closed and rigid structure of 

char, leading to the favourable fire retardant performance of composites. In particular, 

nitrogen as a common chemical element between wool and APP can effectively act as a 

blowing agent to expand char volume and suppress the flammability of composites [9, 10]. 

Furthermore, the amount of nitrogen or phosphorus as main components in APP also plays 

an important role in forming the effective char in the condensed phase [9]. 

 

Several additives can be used in conjunction with APP which might benefit its char 

forming ability, consequently improving fire performance. Mineral fillers, such as talc and 

calcium carbonate, can decrease the flame spread by reducing heat generation and can 

dilute the volatile products [241, 242]. Specifically, talc as hydrated magnesium silicate 

can act as a mass diffusion barrier for volatile decomposition products during combustion 

owing to its lamellar structure. The same lamellar structure improves the processibility of 

polymer manufacturing due to its lubricating nature and dimensional stability [243]. 

Previous investigations have demonstrated the effects of talc on thermal decomposition 

and flammability of polymeric materials [154, 244, 245]. Levchik et al. [245] have 

observed that the mixture of talc and APP with nylon formed magnesium-ammonium 

polyphosphate (MgNH4(PO3)3) and silicon-ammonium tetrapolyphosphate (Si(NH4)2P4O13) 

under linear heating up to 600 °C that leads to enhanced fire-protective properties by 

creating a protective ceramic-like layer at the surface. Elsewhere, Duquesne et al. [154] 

have investigated the effects of talc and APP, based on several combinations of their 

loading levels on PP flammability. They reported favourable fire retardant properties under 

the direct flame application in UL-94 tests but having a proper balance of the loading 

levels was found to be imperative for fire performance. 

 

The overarching aim of this chapter is to provide the effects of additives, such as APP 

types, MAPP, and talc, on flammability and mechanical properties of wool-PP composites. 

The first part of the chapter includes the comparative study of fire retardant performance of 

wool-PP-APP composites based on different APP types. Furthermore, burning behaviour 

of the composite in the presence of MAPP and talc is also demonstrated by employing 

TGA, cone calorimeter, and vertical burn tests. The fire residues analysis reveals the 

microstructure and chemical elements of char formed during the cone calorimeter test. 

Finally, the effects of APP, MAPP, and talc on the mechanical properties of wool-PP 

composites are presented, followed by concluding remarks. 
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7.2 Composites Fabrication and Characterisation 
 

PP-HP400L grade was chosen as the suitable PP matrix for wool-PP composites 

mechanical and fire retardant properties. Two types of APP, APP1: Budit® 3167 and 

APP2: ®Exolit AP 760 having 21 and 14 wt% nitrogen, respectively, presented in Table 

3.2, were utilised as flame retardants in order to detect the effects of nitrogen content on 

the fire performance of wool-PP composites. Furthermore, 2 wt% MAPP was incorporated 

into the wool-PP-APP composites to find out the influence of improved interfacial bonding 

on the composite’s thermal properties. Other additives, namely talc and anti-oxidant (Table 

3.3), were selected and their loading levels were 9.7 and 0.7%, respectively. Additionally, 

two weight contents of APP (15 and 20 wt%) were employed to investigate its effects on 

the mechanical and fire properties of composites. In the composites manufacturing process, 

the twin and the single screw extruders were operated for melt-blending and sheet 

moulding, respectively. The sheet extrusion process used a die having 3.5 mm thickness, 

Figure 7.1(a) and calendering rolls were employed for surface treatment, Figure 7.1(b). 

The details of manufacturing procedure were described in Chapter 3. Thermal and 

flammability characterisations of the composites were carried out by thermogravimetric 

analysis (TGA), cone calorimeter test, and vertical burn test. Char’s structures and 

chemical components were obtained by environmental scanning electron microscope 

(ESEM) and FTIR, respectively. Furthermore, tensile and flexural mechanical properties of 

the composites were measured using the standard testing methods and procedures 

explained in Chapter 3. 

  

Figure 7.1 (a) Extruder slit die and (b) composite sheet exiting from calendering rolls 

(a) (b) 
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7.3 Results and Discussion 
 

7.3.1 Thermogravimetric Analysis 

 

Thermogravimetric (TG) and derivative thermogravimetric (DTG) curves were analysed to 

identify the effects of additives, such as APP types, talc, and MAPP, on the thermal 

decomposition behaviour of wool-PP composites. Table 7.1 demonstrates TGA results, 

such as onset of decomposition temperature (T5%), temperature at maximum in mass loss 

rate (Tmax1 and Tmax2 obtained from DTG curve), and residues at 700 °C, of the various 

types of wool-PP composites. 

Table 7.1 TGA results of various types of wool-PP composites 

Specimen 
T5%  

(°C) 
Tmax1 
(°C) 

Tmax2 
(°C) 

Residues at 
700 °C (%) 

Wool 30 wt%-PP 267.9 285.8 433 4.93 

Wool 30 wt%-PP-MAPP 2 wt% 279.2 322.2 447.8 6.79 

Wool 30 wt%-PP-APP1 15 wt% 265.8 324.1 430.7 17 

Wool 30 wt%-PP-APP1 20 wt% 260.4 328.9 429.7 19.4 

Wool 30 wt%-PP-APP1 20 wt%-MAPP 2 wt% 257.3 330.9 440.9 14.6 

Wool 30 wt%-PP-APP2 20 wt% 258.1 324.4 446.8 18.2 

Wool 30 wt%-PP-APP1 20 wt%-MAPP 2 wt%-Talc 270.1 334.2 452.2 27.2 

 

Figures 7.2(a) and (b) show the TGA results of wool-PP-APP composites. In particular, 

TG curves illustrated in Figure 7.2(a) reveal the insignificant difference in residues 

between wool-PP composites having APP1 and APP2. On the other hand, the addition of 

APP1 was more effective in reducing the decomposition rate of wool-PP composite 

compared to that of APP2. 
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Figure 7.2 (a) TG and (b) DTG curves of various types of wool-PP composites 

 

The thermogravimetric behaviour of individual constituents, such as wool, PP, APP, 

MAPP, and talc, is shown in Figure 7.3. In particular, TG curves, Figure 7.3(a), clearly 

demonstrate the stable nature of talc at a linear ramp of temperature to 700 °C. Talc only 

lost around 4 wt% due to loss of hydroxyl groups and had very slow decomposition rate 

when compared with those of other constituents. Thus, it can be explained that talc was 

thermally stable in the temperature range where the other materials, namely wool and APP, 

decomposed. On the other hand, MAPP completely decomposed without any residues with 

the most rapid decomposition at 456.4 °C due to its low molecular weight [246]. 

 

  

Figure 7.3 (a) TG and (b) DTG curves of raw materials 
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Thermal stability of talc can be also identified in TG and DTG curves of the composites, 

Figure 7.4. The incorporation of talc into wool-PP-APP composite significantly increased 

residues to approximately 27 wt% with the maximum mass loss at relatively high 

temperature compared to other composites. The increase in residues appears to be due to 

the existence of talc preventing the constituents from decomposing into volatile fragments. 

The reaction of the phosphoric acid with talc resulted in a mixture of magnesium 

cyclotetraphosphate and silicon oxymonophosphate under heat, thereby enhancing the 

formation of char [245, 247]. Furthermore, the effects of MAPP on the thermal 

decomposition of composites were also recognised by TGA results. In the case of wool-

PP-MAPP composite, the increase in Tmax1 and Tmax2 could be attributed to higher Tmax of 

MAPP than those of wool and PP, Figure 7.3. Another possible reason for the result could 

be related to the adhesion between wool and PP. The enhanced interfacial bonding due to 

the presence of MAPP requires more energy to isolate the constituents under heat, thus the 

decomposition temperature might be incremented [97]. 

 

  

Figure 7.4 (a) TG and (b) DTG curves of various types of wool-PP composites 

 

 

 

 

0

20

40

60

80

100

0 200 400 600

R
el

at
iv

e 
w

ei
gh

t (
%

) 

Temperature (°C)  

Wool 30 wt% + PP

Wool 30 wt% + PP + MAPP
2 wt%

Wool 30 wt% + PP + APP1
20 wt%

Wool 30 wt% + PP + APP1
20 wt% + MAPP 2 wt%

Wool 30 wt% + PP + APP1
20 wt% + MAPP 2 wt% +
Talc

-0.0195

-0.0175

-0.0155

-0.0135

-0.0115

-0.0095

-0.0075

-0.0055

-0.0035

-0.0015

0 200 400 600

D
TG

 (m
g/

se
c)

 

Temperature (°C)  

Wool 30 wt% + PP

Wool 30 wt% + PP +
MAPP 2 wt%

Wool 30 wt% + PP +
APP1 20 wt%

Wool 30 wt% + PP +
APP1 20 wt% + MAPP 2
wt%
Wool 30 wt% + PP +
APP1 20 wt% + MAPP 2
wt% + Talc

(a) (b) 



Effects of Additives on Fire and Mechanical Performance of Wool-PP Composites 
 

136 

7.3.2 Cone Calorimeter 

 

Cone calorimeter tests generated quantitative data of flammability characteristics of wool-

PP composites including additives, such as APPs, MAPP, and talc, Table 7.2. Figure 7.5 

represents the effects of APP type and content on wool-PP composites flammability. 

Table 7.2 Cone calorimeter data of various types of wool-PP composites 

Specimen 
TTI 
(s) 

PHRR 
(kW/m2) 

TPHRR 
(s) 

THR 
(MJ/m2) 

CO 
(kg/kg) 
(±0.004) 

CO2 
(kg/kg) 
(±0.18) 

Wool 30 wt%-PP 16 807 ± 28 145 110 ± 1 0.026 2.6 

Wool 30 wt%-PP- 
APP1 15 wt% 

17.3 ± 0.6 317.1 ± 8 250 ± 5 72.7 ± 2.3 0.047 2.1 

Wool 30 wt%-PP- 
APP1 20 wt% 

18 ± 0.6 269 ± 14 310 ± 13 73 ± 4 0.043 2.1 

Wool 30 wt%-PP- 
APP2 20 wt% 

16.7 ± 0.6 350.9  ± 26 335 ± 28 96.2 ± 6 0.04 2.13 

Wool 30 wt%-PP- 
MAPP 2 wt% 

17.3 ± 0.6 766 ± 35 181 ± 7 130 ± 4.6 0.027 2.54 

Wool 30 wt%-PP-APP1 20 
wt%-MAPP 2 wt% 

17.3 ± 0.6 291.8 ± 4.2 308.3 ± 14 83.7 ± 1.5 0.045 2.2 

Wool 30 wt%-PP-APP1 20 
wt%-MAPP 2 wt%-Talc 

21 ± 2 251.6 ± 7.4 176 ± 71 73.6 ± 4.4 0.031 2.2 

 

APP1 including the higher amount of nitrogen than APP2 led to the lower PHRR (269 

kW/m2) of wool-PP-APP composite than that of APP2 (350.9 kW/m2) based composite. 

On the other hand, the presence of APP2 within wool-PP composite shows higher and 

more distinct peaks in the HRR curve compared to wool-PP-APP1 composite, Figure 

7.5(a). In particular, the wool-PP composite based on APP2 has two noticeable peaks of 

heat release rate at the initial and final stages of the test. As HRR is dependent on oxygen 

consumption, high amount of oxygen is consumed during the formation of an intumescent 

char structure after ignition of the composite. HRR decreases after the first peak point due 

to the formation of char but another obvious peak at around 360 s is observed because of 

breakages or fissures in the char. Additionally, THR curves, Figure 7.5(b), also point out 

the positive effect of APP1 on heat release of composite. The addition of APP1 into wool-
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PP composite produced less heat (73 MJ/m2) than that of wool-PP-APP2 (96.2 MJ/m2). As 

the gradient of THR curve can be assumed as representative of flame spread [248], the 

lower gradient of THR curve of wool-PP-APP1 can indicate that the composite spreads 

flame slowly than wool-PP-APP2 composite. Thus, APP1 was selected as an effective FR 

for wool-PP composite and used to investigate the effect of APP content and reaction with 

other additives, such as MAPP and talc, in cone calorimeter result analysis. On the other 

hand, the reduction of APP content from 20 to 15 wt% in wool-PP-APP composite resulted 

in the increase in PHRR and flame spread rate as expected. In addition, the HRR curve of 

wool-PP-APP 15 wt% composite in Figure 7.5(a) illustrates two definite curves at the 

beginning and the end of test, indicating relatively weaker char than one formed from APP 

20 wt% based composite. 

 

  

Figure 7.5 Cone calorimeter test results: (a) heat release rate and (b) total heat release curves of 
various types of wool-PP composites 

 

The smoke performance of materials is also an important parameter in the fire safety field. 

Yields of major gaseous species, such as CO and CO2, are given in Table 7.2. CO yield of 

the composites increased by adding APP due to the reduction of gas transfer through the 

carbonaceous char, suppressing the total oxidation process [249]. Specifically, the wool-PP 

composites coupled with APP1 released higher and lower amounts of CO and CO2, 

respectively, than those of other composites, Table 7.2, due to the effective char formation. 
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The effects of MAPP and talc on wool-PP composites were also investigated by the cone 

calorimeter tests, Figure 7.6. The addition of MAPP into the wool-PP and wool-PP-APP 

composites induced a change in burning behaviour under the radiant heat flux. MAPP 

treated wool-PP composite generated a slightly lower PHRR and took a longer time to 

reach PHRR compared to those of the untreated wool-PP composite. The higher 

decomposition temperature of wool-PP-MAPP composite compared to wool-PP composite 

without MAPP might have led to the prolonged TPHRR to reach the decomposition 

temperature with fire growth time, thereby increasing total heat release, Figure 7.6(b) [98]. 

 

  

  

Figure 7.6 Cone calorimeter results: (a) HRR, (b) THR, (c) relative mass, and (d) total smoke 
production of wool-PP-MAPP, wool-PP-APP-MAPP, and wool-PP-APP-MAPP-talc composites 
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In wool-PP-APP composites, the incorporation of MAPP resulted in slight increases in 

PHRR, THR, and smoke production rate (SPR), Table 7.2 and Figure 7.6. The coexistence 

of MAPP and APP might reduce the interfacial bonding between wool and PP, thus 

yielding different reaction-to-fire characteristics. Dvir et al. reported that maleic anhydride 

in MAPP may interact with functional or hydroxyl group of the FR rather than fibre 

reinforcement, thus obtaining lower mechanical strengths compared to those of composite 

without FR [246]. Moreover, Ayrilmis et al. also suggested that large surface of area of 

natural fibre, wood, could be contaminated by crystalline deposits of flame retardants in 

spite of adding MAPP, leading to a weak bonding [129]. Although some of the untreated 

MAPP in wool-PP-APP composite might somewhat accelerate combustion, its use mainly 

enhanced the interfacial adhesion between the constituents. 

 

The cone calorimeter measurements identified the positive effect of talc in improving fire 

retardant performance. When compared to the composite without talc, a decrease in 

PHRR/THR/SPR and an increase in the final mass fraction of composite containing talc 

were clearly detected in Figure 7.6. The results can be attributed to the creation of a 

ceramic protective layer at the surface of the composite and the substitution of the 

flammable polymer matrix by adding talc. As the cone calorimeter specimen reached the 

maximum temperature of around 750 °C, talc particles can retain their physical and 

chemical structures owing to the late onset of decomposition at around 950 °C [250, 251]. 

Therefore, the talc particles improved the char morphology of composite and acted as 

microscopic barriers, hindering heat and volatile products diffusion. This resulted in 

enhanced fire retardancy by the char, particularly with respect to PHRR and SPR, as shown 

in Figures 7.6(a) and (d), respectively [243]. 

 

7.3.3 Char Analysis 

 

The analysis of char macro- and microstructures of wool-PP composites in Chapter 6 

revealed its important and determining role in the reaction-to-fire properties. This section 

investigates the char structure and also its chemical elements of composites to identify the 

effects of APP types and talc on char formation. 

 

7.3.3.1 Microstructure of Char 
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The microstructures of char formed from APP1 and APP2 based wool-PP composites after 

the cone calorimeter test are demonstrated in Figures 7.7(a) and (b), respectively. 

 

  

  

Figure 7.7 ESEM images of inner surfaces of char of wool-PP composites (a) with APP1 20 wt%, 
(b) with APP2 20 wt%, (c) and (d) with APP1 20 wt%, MAPP 2 wt%, and talc 

 

An addition of APP1 resulted in compact and closed char structures, as shown in Figure 

7.7(a). This restricted the escape of heat and volatile gases from the char. Unlike the 

composite containing APP1, the wool-PP-APP2 composite resulted in 100-300 µm sized 

channels within the char, created by agglomeration of carbonaceous residues. The nitrogen 

in the intumescent flame retardant acts an effective component for the improvement of fire 

retardancy of polymeric materials [9]. Thus, the smaller amount of nitrogen (14 wt%) in 

(a) (b) 

(c) (d) 
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phosphorus-nitrogen system (APP2) compared to APP1 (22 wt%) might have led to the 

formation of the porous char structure, thereby increasing the composite’s heat release rate. 

The composite in the presence of talc, formed a sticky and ceramic-like carbonaceous layer 

on the surface of the burning specimen under the heat flux of cone calorimeter. Figure 

7.7(c) shows the dense char closely packed by the residues. Under high magnification, 

Figure 7.7(d), the char can be characterised by network-structured protective layer, without 

the opening or cracks like those of wool-PP-APP2 char. This structure is attributed to the 

mechanical interlocking of the mineral filler and phosphate or remaining talc particles 

[244]. Therefore, the char layer can be more effective in increasing heat insulation 

properties and inhibiting the heat and mass transfer between surface and melting materials. 

 

Chemical elements and structures of composite and char were identified by energy-

dispersive X-ray spectroscopy (EDX) analysis. The EDX elemental microanalysis in 

Figure 7.8(a) can identify that the major element of wool-PP-APP is carbon due to the 

presence of wool and PP. Furthermore, sulphur and phosphorus peaks are also detected as 

the chemical elements contributed by wool and APP, respectively. Char formed during the 

cone calorimeter test mainly contains phosphorus (P) released from the decomposition of 

APP, Figure 7.8(b). 

 

  

Figure 7.8 EDX spectra and ESEM images of (a) cross section and (b) char of wool-PP-APP 
composite 

 

(a) (b) 
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Figure 7.9(a) shows the cross-section of wool-PP-APP-talc composite before the cone 

calorimeter test. Due to PP and fibres, carbon becomes a major element in the composite. 

Moreover, magnesium and silica peaks corresponding to the existence of talc also appear 

in the spectra. On the other hand, char as shown in Figure 7.9(b), formed under the radiant 

heat is mainly composed of magnesium, silicate, and phosphorus because of the presence 

of talc and phosphorus in the char. 

 

  

Figure 7.9 EDX spectra and ESEM images of (a) cross section and (b) char of wool-PP-APP-talc 
composite 

 

7.3.3.2 Fourier Transform Infrared Spectroscopy 

 

As a continuous study of the EDX analysis, FTIR measurement was also conducted to 

elucidate chemical compositions of the char. The infrared spectra of wool-PP-APP and 

wool-PP-APP-talc char, Figure 7.10, show peaks at 3410, 2350, and 1650 cm-1, which 

correspond to vibration of N-H or O-H, C=O, and C=C groups, respectively [252, 253]. A 

peak at around 995 cm-1 indicates the vibration absorption of P-OH group due to the 

phosphorus released from APP [252]. The addition of talc revealed new peaks, such as at 

1020 and 669 cm-1. Both peaks depict symmetric Si-O-Si stretching vibrations of talc 

[254]. The existence of the peaks can also imply the presence of minerals (e.g. silica) post 

cone calorimeter test. From a general analysis of the entire spectra of the composites, it can 

be observed that the composite without talc had a dearth of functional groups. The char 

from the composite without talc was fairly aromatised. However, the presence of talc in the 

(a) (b) 
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composite was able to retain its chemical integrity under the cone heater (~750 °C) due to 

the high thermal stability.  

 

 

Figure 7.10 FTIR spectra of char 

 

7.3.4 Vertical Burn Test 

 

Qualitative flammability evaluation was carried out by a UL-94 burn test. The test 

classifies a specimen by the visual observation instead of quantitative parameters measured 

by the cone calorimeter. The test of wool-PP composites without APP showed slower 

flame spread and less flaming drips than those of neat PP due to natural fire resistance of 

wool after being ignited, Table 7.3, but could not be rated (NR). On the other hand, the 

composite containing 20 wt% APP1 demonstrated an immediate flame-out and no drip 

after flame applications, thereby rating V-0, Table 7.3 and Figure 7.11(a). Moreover, the 

composite after the test, as shown in Figure 7.11(a), maintained its shape, which can be 

attributed to the formation of rigid carbonaceous char during the flame application, thus 

protecting the specimen from fire. However, the incorporation of APP2 did not reduce the 

composites flammability as much as APP1. The wool-PP-APP2 composite burnt with more 

vigorous flame and for a longer time than those with APP1. Figure 7.11(b) also shows that 

more than half of the specimen is burnt out. The somewhat reduced effect of APP2 on 
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composite’s burning behaviour can be correlated to the aforementioned cone calorimeter 

results (see section 7.3.2). It can be highlighted that the amount of nitrogen in APP can be 

crucial to determine the flammability of wool-PP composites. Furthermore, the significant 

effect of wool on the reduction of composite flammability was identified by a decrease in 

APP content. The composite containing 15 wt% APP1 achieved V-0 rating. The literature 

review in Chapter 2 has confirmed that none of natural fibre based composites has shown a 

V classification in the UL-94 test when added with 15 wt% APP. The fire resistance of 

wool, specifically charring ability, along with 15% APP, largely contributed to the 

formation of effective char and inhibiting the flame spread. 

 

Table 7.3 Vertical burn test results of a neat PP and composites 

Specimen Average burning time after 
flame applications (s) 

Dripping Rating 

PP 88.2 Drips NR 

Wool 30 wt%-PP 130 Drips NR 

Wool 30 wt%-PP-APP1 15 wt% - No drip V-0 

Wool 30 wt%-PP-APP1 20 wt% - No drip V-0 

Wool 30 wt%-PP-APP2 20 wt% 148 Drips NR 

Wool 30 wt%-PP-APP1 20 wt%-Talc 120 No drip NR 

 

On the contrary, talc did not play a positive role in reducing the composites flammability. 

Wool-PP-APP composite containing talc exhibited continuous burning after the second 

flame application without any drips, Figure 7.11(d). The disparate burning behaviour 

compared to the cone calorimeter result could be related to the difference in methods of 

application of heat to the specimen. The vertical burn test applies a small calibrated flame 

directly to the specimen, whereas radiant heat is projected onto the specimen in the cone 

calorimeter. Thermal decomposition of talc commences at around 900 °C, generating 

magnesium oxide (MgO) and silicon dioxide (SiO2) along with water vapour, and melts at 

around 1500 °C [251, 255]. Thus, the burner flame temperature of 1970 °C in the test 

might melt the talc and facilitate the composite’s burning [154, 251]. Furthermore, the 

evolved mineral oxides, such as MgO and SiO2, may competitively react with APP and 
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hinder the beneficial char forming reaction with wool and polymer. Consequently, the 

flame was not extinguished due to the continuous flame propagation into the specimen, 

Figure 7.11(d). Moreover, inadequate weight ratio between APP and talc might have also 

influenced the result. Duquesne et al. have identified that the different weight ratio 

between APP and talc affect UL-94 and limiting oxygen index values [154]. They reported 

that an increase in the talc amount had to be compensated by a corresponding increase in 

the APP amount to maintain an acceptable fire performance. Thus, similar to the current 

research, they also identified a somewhat negative effect of talc under the direct flame 

application. 

 

    

Figure 7.11 Residual specimens after vertical burn test: (a) wool 30 wt%-PP-20 wt% APP1, (b) 
wool 30 wt%-PP-20 wt% APP2, (c) wool 30 wt%-PP-15 wt% APP1, and (d) wool 30 wt%-PP-20 
wt% APP1 and 9.7 wt% talc 

 

7.3.5 Mechanical Properties 

 

Previous studies have found that although the addition of a flame retardant effectively 

reduces the flammability, it can be detrimental to mechanical properties of the composites 

[126, 220]. Therefore, in this study, tensile and flexural tests were conducted to investigate 

the effects of APP on the moduli and strengths of the wool-PP composites. As shown in 

Figure 7.12, the composites without APP show the significant effect of MAPP on the 

improvement of tensile and flexural moduli due to the enhanced interfacial bonding 

between wool and PP. In wool-PP-APP composites, although mechanical properties were 

(b) (a) (c) (d) 
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decreased by adding APP, an increase in APP content in the presence of MAPP improved 

tensile and flexural moduli compared to those of wool-PP-APP composites without MAPP, 

Figure 7.12. It can be postulated that the APP particles with high stiffness promoted the 

increase in the modulus [256] and the MAPP still played a role in bonding the fibre and 

polymer matrix. On the other hand, tensile and flexural strengths of wool-PP composites 

were reduced by the addition of APP. Without MAPP, the increase in APP content from 15 

to 20 wt% led to the decrease in both tensile and flexural strengths. The effect of MAPP on 

the strengths was affirmative but was limited to achieve the increments like those of wool-

PP composites. Moreover, the difference in the strengths between wool-PP-15 wt% APP 

and 20 wt% APP composites after adding MAPP was insignificant. This could be 

attributed to the restricted MAPP role with APP and an inadequate weight ratio between 

MAPP and APP contents for adhesion of the constituents. Figures 7.13(a), (b), and (c) 

show environmental scanning electron micrographs of tensile fractured cross-sections of 

wool-PP-MAPP, wool-PP-APP, and wool-PP-APP-MAPP composites, respectively. More 

holes and fibre pull-out exist in the wool-PP-APP composite compared to the wool-PP 

composites. Thus, it is very likely that APP could lead to weak interfacial adhesion 

between wool fibres and polymer, thereby reducing the mechanical strengths of the 

composites [153, 219]. In addition, the APP particles (yellow circles) observed on wool 

and PP in Figure 7.13(c) could also interfere with matrix continuity and each particle can 

be a site of stress concentration, acting as a microcrack initiator [129, 153]. 

 

Apart from enhancing flexural modulus (where deformation takes place in a layer by layer 

mode because of strain distribution throughout the cross-section), incorporation of talc 

(inorganic mineral filler) had a negative effect on the mechanical properties of wool-PP-

APP composite. The reason for inferior mechanical properties of talc containing 

composites can be two-fold in nature: a) incorporation of talc might hinder the interfacial 

adhesion of wool and PP; b) talc addition leads to particle agglomeration that acts as stress 

concentrators and mechanical failure points which facilitates specimen fracture [226]. 

Figure 7.13(d) illustrates several fibre pull outs and large voids after the tensile tests due to 

weak bonding. Furthermore, the initial microvoids caused by debonding between 

constituents also influenced the crack propagation, leading to the reduction of mechanical 

properties [256]. Therefore, a compromise solution to balance the dissimilar effects of the 

additives on fire retardant and mechanical properties is required depending on the end uses 

of the composites. 
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Figure 7.12 Mechanical properties of wool-PP composite without any additives and wool-PP 
composites containing APP, MAPP, and talc: (a) tensile and (b) flexural moduli and strengths 
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Figure 7.13 ESEM images of tensile fractured cross-sections: (a) wool 30 wt%-PP, (b) and (c) wool 
30 wt%-PP-APP 20 wt%, and (d) wool 30 wt%-PP-APP 20 wt%-talc composites 

 

7.4 Concluding Remarks 

 

This chapter has presented and discussed the effects of APP types, compatibiliser, and 

mineral fillers on flammability and mechanical characteristics of wool-PP composites. The 

extruded wool-PP composites containing the additives, such as APP, MAPP, and talc, have 

been characterised and evaluated by TGA, cone calorimeter, UL-94 and mechanical tests. 

The following specific conclusions can be drawn from the results of the present work: 

 

- The comparative study of the effects of two APP types on wool-PP composites 

flammability has demonstrated that Budit® 3167 (APP1) with more nitrogen content 

than ®Exolit AP 760 (APP2), is more effective as a flame retardant. Wool-PP-APP1 

(a) 

(c) (d) 

(b) 
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has lower PHRR and THR with more rigid and closed char structure formed under 50 

kW/m2 heat flux when compared to wool-PP-APP2 composites. Furthermore, the 

reduction of APP1 content from 20 to 15 wt% can achieve V-0 rating under the vertical 

burn test. The combined effect of wool and APP1 has promoted the effective char 

formation, thus, prohibiting flame propagation. 

- MAPP effects on the thermal properties of composites have been identified by the 

increase in decomposition temperatures in TGA. The improvement of interfacial 

adhesion between wool and PP by adding MAPP has required more energy to separate 

the constituents. On the other hand, the cone calorimeter tests have shown that MAPP 

treated wool-PP-APP composite has slightly higher PHRR, THR, and SPR in 

comparison to those of wool-PP-APP composites without MAPP. The reduction of PP 

content and existence of APP within the composite interfere with the role of MAPP in 

bonding wool and PP. Hence, the unreacted MAPP, as the flammable material 

deteriorated the fire properties. 

- The incorporation of talc into wool-PP-APP composite has formed a closed network 

structure of char, leading to lower heat release and smoke production than those of the 

composite without talc under the radiant heat transfer. However, the direct flame 

application to the composite resulted in continuous burning. 

- Adding APP has shown the negative impact on tensile and flexural moduli and 

strengths of wool-PP composites as the FR deteriorated compatibility between wool 

and PP. The application of MAPP has increased the moduli and strengths, but the 

improvement has been limited due to the presence of APP particles and the unreacted 

MAPP in the matrix. 
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8 
8. Fire Dynamics Simulation 

 

 

8.1 Introduction 
 

The cone calorimeter, as a versatile bench scale instrument, has generated comprehensive 

reaction-to-fire properties of materials. A wide range of parameters have been utilised to 

characterise the combustion behaviour of the testing specimen; especially, heat release rate 

is one of the important properties of materials that determine the thermal energy for fire 

growth and spread. On the other hand, the experimental processes and measurements to 

quantify the fire performance of the materials can be both time consuming and expensive. 

Moreover, a full-scale fire test, such as room fire that is limited to place and cost, is 

sometimes required to gain information related to the guidelines for fire safety or 

evacuation plan in the actual fire scenario or special settings in buildings [150]. To 

overcome the limitation and achieve the predictive ability of the fire behaviour, 

computational modelling has been introduced and developed. Computational fluid 

dynamics (CFD) as the field model is one of the major tools for analysing the full breadth 

of fluid flow problems [138, 257]. CFD solves the governing equations of mass, energy, 

and momentum conservations by numerical methods. In CFD, complicated fire problems 

can be investigated because of their capability to handle fine grid details of fire related 

phenomena and provide an accurate prediction for fire development [257]. CFD has 

several models, such as FDS, Smartfire, and Sofie, using codes developed specifically for 

fire engineering applications. Among the models, FDS employs large eddy simulation 

(LES) and direct numerical simulation (DNS) techniques to treat turbulence. As LES uses 

larger grid cells than DNS, the sub-models, such as combustion and radiation models, are 
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required to simulate the burning behaviour under the grid scale [258]. FDS has been 

mostly used to simulate the burning process of a single homogeneous material or large 

scale structure [259-261], whereas only a few researchers have dedicated their work to the 

composites fire simulation using the FDS [150, 262]. Nguyen et al. have developed an 

FDS model to simulate a single burning item (SBI) test of glass fibre reinforced composite 

[150]. The burning process of a laminated structure has been simulated and validated with 

experimental results. They have reported that simulated HRR was in good agreement with 

the SBI HRR results. Moreover, Alkhateb et al. have reported a single room fire model of 

nanocomposite coated concrete [262]. The authors have used FDS to assess fire 

performance of the concrete members coated with polymeric materials. In their study, the 

FDS model has selected an effective fire retardant material to reduce PHRR of the 

composite. Analogous to the aforementioned studies, FDS researches for composites have 

mostly used a laminate structure, so that the effect of each layer on the burning process of 

the composites can be investigated. However, fire simulation of short fibre based 

composites has not been explored in spite of their extensive research activities in 

composites field. Hence, it is imperative to gain insight and predict the burning process of 

short fibre composites to enable its safe application in various sectors. Therefore, this 

chapter has attempted to employ FDS to develop and validate a fire model of short wool-

PP composites. 

 

The chapter mainly deals with the heat release rate of materials determined by FDS model 

in a confined environment of cone calorimeter. Section 8.2 introduces FDS along with the 

governing equations and related sub-models. Section 8.3 then demonstrates the material 

properties applied to the simulation, computational domain setup, and grid refinement 

analysis. In Section 8.4, heat release rate results, computed by FDS, are discussed, and a 

comparison with the experimental results is made. Finally, a brief summary of simulation 

results is provided. 

 

8.2 Fire Dynamics Simulator 
 

FDS is a CFD code developed by the National Institute of Standard and Technology in the 

USA. FDS as a programme numerically solves the Navier-Stokes equations appropriate for 

low speed, thermally driven flow with an emphasis on smoke, and heat transfer from fire. 

The software is an efficient and fast programme designed to calculate time dependent 
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flows [263, 264]. FDS employs a second-order accurate finite element method in space and 

time. The flow variables, such as temperature and heat flux, are updated in time using an 

explicit second-order Runge–Kutta scheme. Spatial derivatives in the governing equations 

are written as second-order accurate finite differences on the rectilinear mesh [150]. The 

scalar quantities (e.g. density) and vector quantities (e.g. velocity) are assigned at the 

centre of each cell and with the cell surfaces, respectively [265]. The simulation condition 

can be designed and calculated within a domain. FDS output files are visually presented by 

software called SmokeView. Appendix G shows temperature contours of burning materials 

in the SmokeView. The governing equations and sub-models, such as turbulence, 

pyrolysis, combustion, and thermal radiation models, for FDS are explained in the 

following sections. 

 

8.2.1 Governing Equations 

 

A hydrodynamic model describes the fluid motion and dynamics in a system. In FDS, an 

approximate form of the Navier-Stokes equations suitable for low Mach number 

application is applied to simulate the smoke and heat transport from fire [266]. Three 

conservation equations for mass, momentum, and energy, and the equation of state for a 

compressible multi-component mixture of ideal gases are solved numerically to yield time-

varying predictions of temperature, gas velocity, gas species concentration, and so forth on 

three dimensional mesh of control volumes in FDS [267, 268]. 

 

8.2.1.1 Mass Conservation 

 

The equation of mass conservation states that the rate of mass changes within a given 

control volume is equal to the rate of mass flow through a control surface. 

 

 
0u

t
ρ ρ∂
+∇⋅ =

∂
 Eq. 8.1 

 

The first two terms express the rates of mass change within a control volume and mass 

flow through the control surface, respectively. u  denotes the vector quantity of velocity 

with three components (u, v, w). 
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The mass conservation equation can be reformed regarding the mass fraction of the 

individual gaseous species for the fire simulation. 

 

 
( ) ui i i i iY Y Y m

t
ρ ρ ρ∂ ′′′+∇ ⋅ = ∇ ⋅ ∇ +

∂
D   Eq. 8.2 

 

The ( )iY
t
ρ∂

∂
 term indicates the rate of mass change of species, iY  within a given control 

volume and the uiYρ∇⋅  term represents the mass inflow and outflow of species, iY  

through the control surface due to mass convection. The i iYρ∇⋅ ∇D  term represents the 

mass flow of change of species, iY , due to mass diffusion where iD  is the diffusion 

coefficient. Summing the equations of all species leads to the original mass conservation 

equation as the sum of the mass fractions, 1iY =∑ , the sum of the mass production/loss 

rates 0im ′′′ =∑   and the sum of the diffusion terms i iYρ∇⋅ ∇D =0. 

 

8.2.1.2 Momentum Conservation 

 

The momentum conservation equation applying Newton’s second law of motion states that 

the rate of momentum change within a control volume and the rate of momentum flux 

through the control surface are equal to the sum of external forces acting on the control 

volume. 

 

 u uu f ijp
t

ρ ρ ρ τ∂
+∇ ⋅ +∇ = +∇⋅

∂
 Eq. 8.3 

 

The term u
t

ρ ∂
∂

 describes the rate of momentum change of mass within the control volume 

and uuρ∇⋅  indicates the momentum flux through the control surface. p∇  and ijτ∇ ⋅  

represent the force acting on the volume including pressure and a viscous stress tensor, 

respectively. f  denotes an external force that consists of gravity along with other forces, 

such as drag exerted by liquid droplets. 
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8.2.1.3 Energy Conservation 

 

The energy conservation equation as the first law of thermodynamics states that the rate of 

energy change within the control volume and the rate net flux of energy through the 

control surface are equal to the net heat added to the control volume added to the net work 

done by the control volume. 

 

 
( ) ( )u u qph h p q

t t
ρ ρ∂ ∂  ′′′+∇ ⋅ = + ⋅∇ + −∇⋅ +Φ ∂ ∂ 

  Eq. 8.4 

 

where h  is enthalpy and the term up p
t

∂ + ⋅∇ ∂ 
 represents the pressure work. q′′′  is the 

heat release rate per unit volume from a chemical reaction and q∇⋅  represents conductive 

and radiative heat fluxes. Φ  is known as the dissipation function, the rate at which kinetic 

energy is transferred to thermal energy due to the viscosity of the fluid. 

 

8.2.1.4 Equation of State 

 

The equation of state for an ideal gas is represented by pressure, density, and temperature 

as follow: 

 

 RTp
M
ρ

=  Eq. 8.5 

 

The conservation equations are solved in the sub volume numerically and all other 

equations for physical or chemical processes are also added and solved for each sub 

volume. 

 

8.2.2 Combustion Model 

 

Combustion in FDS means the reaction of fuel vapour and oxygen in the gas phase. The 

actual chemical processes in the gas phase of combustion are very complicated and the 

detailed combustion simulation containing diffusion of oxygen and fuel requires very fine 

grid size and a large number of time steps. To simplify the chemistry of combustion and 
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decrease the computational resources, FDS employs a mixture fraction model for the LES 

approach [138]. The model assumes that the combustion is the infinitely fast reaction 

between fuel and oxygen and all the species of interest in the combustion system can be 

treated in terms of a single mixture fraction [258]. The mixture fraction is a single variable 

indicating the fraction of material at a given location that originated in the fuel [269, 270]. 

 

The relations between mass fraction of each species, such as O2, fuel, CO2, H2O, and N2, 

and the mixture fraction can be represented by a ‘state relation’ plot as shown in Figure 

8.1. The form of the state relation that emerges from the classical laminar diffusion flame 

theory is a piecewise linear function. This leads to a “flame sheet” model, where the flame 

is a two dimensional surface embedded in a three dimensional space [258]. Specifically, 

the oxygen mass fraction in the relations can be used to calculate the local oxygen mass 

consumption rate. Hence, the local heat release rate is computed from the local oxygen 

consumption rate at the flame surface, assuming that the heat release rate is directly 

proportional to the oxygen consumption rate. 

 

 

Figure 8.1 State relations for propane [258] 

 

 



Fire Dynamics Simulation 

156 

The general combustion reaction in FDS can be expressed by the following stoichiometric 

form: 

 

 
2 ,Fuel O ProductsF o P i

i
v v v+ →∑  Eq. 8.6 

 

where the numbers iv  are stoichiometric coefficients for the combustion process of 

species i, including fuel (F) and oxygen (O). Mass consumption rates for fuel and oxygen 

are represented as follows: 

 

 
OF

F F O O

mm
v M v M

′′′′′′
=



 Eq. 8.7 

 

where m′′′  is mass consumption rate of the species and FM  and OM  are the molecular 

weight of the fuel and oxygen, respectively. The following equation defines the mixture 

fraction Z. 

 

 ( )F O O
I

F O

sY Y YZ
sY Y

∞

∞

− −
=

+
   ;   O O

F F

v Ms
v M

=  Eq. 8.8 

 

where s is the ratio of oxygen and fuel consumption rates in the stoichiometric reaction and 

FY  and OY  represent the mass fraction of fuel and oxygen, respectively. I
FY  is the fraction of 

fuel in the fuel stream and OY ∞  is the ambient oxygen mass fraction. Hence, the mixture 

fraction is 1 with only fuel and is 0 with the oxygen mass fraction of the ambient oxygen. 

FDS assumes that oxygen (oxidiser) and fuel react rapidly in the model and the two 

materials cannot co-exist. Therefore, Eq. 8.8 can be reformed into the following equation, 

based on the assumption that the oxidiser and fuel simultaneously vanish at a flame 

surface. 

 

 
fZ Z=    ;   O

f I
F O
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sY Y

∞
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+

 Eq. 8.9 
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8.2.3 Pyrolysis Model 

 

The pyrolysis reaction in the solid phase is a process of extensive chemical species change 

of a solid material caused by heat [166]. In FDS, heat transfer to solid surface and 

pyrolysis is described by a one-dimensional model. The one-dimensional heat conduction 

for the solid phase temperature, sT  is defined by Atreya theory, Eq. 8.10, and is applied in 

the direction x  pointing into the solid [271]. 

 

 
s s

s s s s
T Tc k q
t x x

ρ ∂ ∂∂   ′′′= + ∂ ∂ ∂ 
  Eq. 8.10 

 

where ρ  and c are the solid material properties, such as density and specific heat, 

respectively, and t  is time. k is the thermal conductivity. Furthermore, the point x =0 

represents the surface of the solid. sq ′′′  is the heat production rate obtained from chemical 

reactions and radiative absorption. 

 

The pyrolysis rate, rαβ ,of the solid material is calculated by employing the combination of 

the Arrhenius function and a power function as shown in the following equations [265]. It 

is assumed that the pyrolysis is occurred on an infinitely thin layer at the surface of solid 

obstruction. 

 

 ,
,,

,max 0,
(0)

s
ts

n E
ns RT

s thr
s

r e T T
αβ αβ

αβα
αβ αβ αβ

ρ
ρ

− 
 = Α −   

 
 Eq. 8.11 

 

The first term indicates the dependence of the reaction rate on the concentration of the 

reactant, such as fuel and air, itself. (0)sρ  is the initial density of the calculated material 

component α  and ,sn αβ  is the reaction order of the material in reaction β . The second term 

is the Arrhenius function that mainly used to define the reaction kinetics, such as the pre-

exponential factor, αβΑ , and the activation energy, Eαβ . R  describes the ideal gas constant 

(8.314x10-3 kJ/mol K). In the third term, ,thrT αβ  is the threshold temperature of the reaction 

β  to be activated and ,tn αβ  is the threshold index that can be set to be 0 or 1 to activate the 
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,thrT αβ [150]. FDS calculates αβΑ  and Eαβ  by using parameters of the material, namely the 

maximum decomposition rate and the decomposition temperature at the maximum rate, 

which were obtained from TGA experiments. 

 

The calculated reaction rate is used to compute mass flux and the heat production rate of 

the solid material. In particular, the mass flux can be applied as a boundary condition for 

the gas phase mass transport equation. 

 

8.2.4 Thermal Radiation Model 

 

FDS utilises a finite volume method to solve the radiation transport equation for a non-

scattering gray gas model [265]. Radiation absorption coefficient, κ , and radiation 

intensity, bI , are the main input parameters to estimate the radiative heat flux. The radiation 

absorption coefficient is a function of gas composition and temperature, and is obtained 

from a narrow-band model called RadCal [266]. The radiation intensity as a source term is 

calculated by employing different approaches, Eq. 8.12, due to the limited resolution of the 

underlying numerical grid in the vicinity of the flame sheet. In large scale of simulations 

with coarse cells, the computed cell-average temperature can be lower than temperatures in 

a diffusion flame as the temperature across a cell is cut by the flame sheet. Consequently, 

the radiation intensity is approximated in grid cells where fuel and oxygen react by 

applying an empirical estimate of the local radiant fraction ( rχ ) of the chemical HRR per 

unit volume ( q′′′ ). On the other hand, the intensity outside the flame zone is directly 

calculated by the Stefan-Boltzmann constant, σ . 

 

 4
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                                ,     
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 Eq. 8.12 

 

 

8.3 Settings used for FDS 
 

8.3.1 Material Properties 

 



Fire Dynamics Simulation 

159 

Physical and thermal properties of wool, PP, and wool char were employed as input 

parameters to simulate the cone calorimeter test. Table 8.1 shows the material properties 

used for the FDS simulation. 

 

Table 8.1 Physical and thermal properties of wool, PP, and wool char 

Property Unit 
Materials 

Source 
Wool PP Wool 

char 

Density kg/m3 1390 900 523.4 
Supplier (PP) / 

Measured (wool 
and char) 

Emissivity  0.85 0.97 0.95 [272, 273] 

Specific heat capacity kJ/kg K 2.38 1.651 2.3 DSC 

Thermal conductivity W/m K 0.047 0.18 0.1 TC-30 

Heat of combustion kJ/kg 2.1E04 4.9E04  Cone calorimeter 

Heat of reaction kJ/kg 1390 1987  [274, 275] 

Reference temperature °C 338.7 452.9  TGA 

Reference rate 1/s 0.00159 0.00406  TGA 

Heating rate °C/min 20 20  TGA 

Residues yield kg/kg 0.24 0  TGA 

Number of reaction  1 1  TGA 

 

Density and thermal properties, such as the specific heat capacity and thermal conductivity, 

of the composite’s constituents and fire residues of wool were measured by different 

characterisation methods, as described in Chapter 3. The heat of combustion as the amount 

of heat generated per unit mass lost by a material was determined by the cone calorimeter 

[276]. 

 

In order to apply the reaction rate of a solid material under combustion in FDS, the kinetic 

parameters, such as activation energy and pre-exponential factor, are required. As 

discussed previously in section 8.2.3, FDS adopted the combination of the Arrhenius 

function and power function to calculate the kinetic parameters and the reaction rate of 

materials. In this research work, TG curves of materials were analysed to obtain necessary 

parameters, namely the reference temperature and the reference reaction rate, which can 



Fire Dynamics Simulation 

160 

specify the kinetic properties in the simulation [277]. The former is the temperature at 

which the mass fraction of the material decreases at its maximum rate, and the latter is the 

maximum decomposition rate. Both parameters were derived from DTG curves and 

applied as input data. 

 

8.3.2 Setup and Boundary Conditions of FDS Simulations 

 

To simulate the cone calorimeter tests performed in Chapters 6 and 7, some details and 

specifications about the geometry and surrounding space were required and set up in FDS. 

This section presents the configurations of the simulation domain and all relevant boundary 

conditions. 

 

8.3.2.1 Computational Domain 

 

The domain consisted of a 400 mm wide by 400 mm long by 400 mm high cone 

calorimeter combustion region. Figure 8.2 shows the overall configuration for the FDS 

cone calorimeter simulation. The distances between the bottom part of the cone heater and 

specimen and between the top of cone heater and duct fan are 25 and 270 mm, 

respectively. 

 

 

Figure 8.2 FDS domain for cone calorimeter simulation 
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As boundary conditions, the four side walls of the domain were specified as closed glasses, 

whereas the bottom was left open for air supply. A duct fan flow of 24 l/s was also defined 

for the gas or flame to flow into a vent at the top of the domain, Figure 8.2. 

 

Furthermore, the wool fibre-PP composite was treated as a single layer composite, 

containing short wool fibres. Different contents of wool and PP were defined as the mass 

fraction on the surface. Additionally, the back side of the specimen was specified as 

insulated, so any heat loss from the back side is prevented. 

 

8.3.2.2 Cone Heater and Temperature 

 

The cone heater is the key component of the cone calorimeter for the radiative heat transfer 

to the specimen. In this thesis, the cone heater was designed by the conversion of a 3D 

design of the cone heater into the FDS input code to obtain relatively close shape as shown 

in Figure 8.3(a). The red surfaces indicate the heating elements, thus the temperature of 

surfaces can be set as the boundary condition properly. 

 

  

Figure 8.3 (a) Bottom part of a cone heater and (b) heat flux gauge on specimen surface 

 

The temperature of the cone heater for the simulation was selected by a trial and error 

process [138, 270]. The specific heat flux used for the cone calorimeter test was 50 kW/m2. 

In the simulation, a heat flux gauge was located at the centre of the specimen, Figure 

Heat flux 
gauge 

(a) (b) 
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8.3(b), to measure the heat flux of the specimen according to the input temperature in FDS. 

Figure 8.4 shows the heat flux curves of the material at different cone heater temperatures 

in FDS. It was found that 50 kW/m2 can be obtained from the input temperature of 850 °C. 

The rapid increases in heat flux curves indicate the ignition of the material. Thus, higher 

temperatures ignite the material at an earlier stage. 

 

 

Figure 8.4 Heat flux on specimen surface at different temperature 

 

8.3.3 Grid Sensitivity Analysis 

 

A suitable grid size was selected by increasing the grid resolution until the PHRR became 

independent on the grid size. To find the appropriate grid setting of the domain, two steps 

were implemented according to the axis direction [138]. Firstly, different grid sizes only on 

vertical axis, Z, were applied. The horizontal axes, X and Y, were then divided into 

different grid sizes at the determined grid size of the Z axis from the first step. Table 8.2 

demonstrates the grid analysis results using two steps. The output parameter was obtained 

at time to PHRR during combustion. 
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Table 8.2 Grid analysis results from the first and the second steps 

Grid resolution 
(mm) 

At time to PHRR Grid resolution 
(mm) 

At time to PHRR 

PHRR (kW/m2) PHRR (kW/m2) X / Y 
axis 

Z axis X / Y axis Z axis 

10 

5 1380 10 

3 

1580 
3 1520 5 1710 
2 1570 4 1530 

1.3 1640 3 1580 

 

It can be identified that the difference of the simulated PHRR value between 5 and 3 mm 

vertical grid resolution is relatively high compared to that obtained between 3 and 2 mm 

grid sizes. Furthermore, the difference in the parameter between 3 and 2 mm grid size is 

close to the difference between 2 and 1.3 mm grid size. Therefore, to manage the 

computational time, 3 mm vertical grid resolution was selected for further grid analysis. 

 

From the horizontal grid resolution analysis at the 3 mm vertical grid resolution, it has 

been found that the difference of simulated PHRR values at time to PHRR between 5 and 4 

mm grid size is relatively high compared to the difference between 4 and 3 mm grid size. 

For the current study, a 4 mm grid size at X and Y axes was chosen as the appropriate size. 

As a result of the grid sensitivity analysis, the grid sizes of 4 and 3 mm were allocated into 

horizontal and vertical grid sizes, respectively, as the desired sizes for the FDS simulation. 

 

8.4 Simulation Results 
 

8.4.1 Heat Release Rate 

 

Based on the geometry, boundary conditions, and grid sizes determined in previous 

sections, the cone calorimeter FDS model was created and applied to specify heat release 

rate curves of wool fibre and wool-PP composite. 

 

Figure 8.5 shows HRR curves of wool obtained from FDS and the cone calorimeter test. In 

this research, the chemical species of wool fibre has been defined as C3H6O2N by the user 

to simplify the chemistry model in the combustion. The simulated HRR curve 

demonstrates similar ignition time and fibre growth at the initial stage of combustion with 
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the experimental HRR curve. However, the FDS model resulted in higher PHRR (524 

kW/m2) than an experimental PHRR value (434.4 kW/m2). One of possible reasons of the 

deviation from the predicted value could be the presence of sulphur in wool. The fuel 

molecule in FDS can only contain C, H, N, and O in its simple chemistry analysis in the 

combustion model. Therefore, the FDS model did not consider the flame suppression effect 

of sulphur. 

 

 

Figure 8.5 HRR curves of wool under 50 kW/m2 

 

HRR of wool 30 wt%-PP composite was simulated and compared to the experimental 

result, Figure 8.6. The appropriate gas species for PP was selected by pre-defined FDS 

species. PROPYLENE (C3H6) as the chemical species was employed for PP. FDS specifies 

the chemical formula and the Lennard-Jones potential parameters, such as σ (SIGMALJ) 

and ε/k (EPSILONKLJ), to compute conductivity, diffusivity, and viscosity of materials 

[277]. As mentioned in Section 8.3.2.1, a single layer was used for the composite’s 

simulation and the material properties of wool and PP were applied in the layer for the 

pyrolysis and combustion. In particular, thermal conductivity and specific heat capacity of 

the composite were calculated using the volume fraction of the constituents. 

 

The simulated HRR curve, Figure 8.6, shows higher PHRR (939 kW/m2) than the cone 

calorimeter result (817.7 kW/m2). On the other hand, both FDS and experimental results 

0

100

200

300

400

500

600

0 50 100 150 200

H
ea

t r
el

ea
se

 ra
te

 (k
W

/m
2 )

 

Time (s) 

Wool 

Wool_FDS

Wool_Experiment



Fire Dynamics Simulation 

165 

have more or less similar HRR trends until fully developed fire stage (PHRR), including 

the two reaction phases. In the curves, the initial shoulder-like curve at around 50 s is 

likely due to the decomposition of wool with char residues during the composite’s 

combustion. In FDS, lower kinetic parameters of wool, such as activation energy and pre-

exponential factor, than those of PP were calculated based on the reference temperature 

and rate, Table 8.1. Thus, the slow reaction rate of wool contributed to the lower PHRR 

than the second peak in the curve. Furthermore, the second peak could be attributed to the 

PP combustion along with effect of the backside boundary condition of specimen on 

further combustion of the composite, thereby increasing PHRR. 

 

In Figure 8.6, the experimental HRR curve shows a gradual and slow decrease in HRR 

after around 180 s. It might be explained that, in reality, the char formed during the test can 

influence the sustained flaming at low HRR, thereby delaying the flameout time. On the 

other hand, the FDS curve shows a sharp drop after the second PHRR as the simulation 

could not specify the effect of char on flameout phase of the composite. More properties 

and accurate boundary condition regarding the char residues are required to enhance the 

accuracy of the model. 

 

 

Figure 8.6 HRR curves of wool-PP composites under 50 kW/m2 
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8.5 Concluding Remarks 
 

FDS as a CFD field model has been employed to simulate HRR curves of cone calorimeter 

tests. The FDS model has been developed and validated by comparing the numerical 

values HRR with the cone calorimeter results. The material properties of wool and PP have 

been measured by different characterisation methods and have been applied to the model. 

As boundary conditions, a single layer of specimens has been used for simulation of the 

short wool and PP based composite and cone heater temperature was set at 850 °C 

indicating 50 kW/m2. Moreover, from the grid refinement analysis, it has been found that 

the adequate grid sizes in mesh were 4 mm on X and Y and 3 mm on Z axis for evaluating 

heat release rate. The simulated HRR curves of wool fibre and the wool-PP composite 

have shown reasonably similar HRR trends to those of the experimental results. The HRR 

result in FDS has been obtained by determined chemical species and calculated reaction 

rate for combustion and pyrolysis models. The results indicate the possible capability of 

the FDS model for further research. Additional parameters of composites, such as mass 

flux and surface temperature, can be measured and utilised with HRR to predict an 

accurate burning behaviour of materials. 
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9 
9. Conclusions and Future Work 

 

 

9.1 Conclusions 
 

This research was aimed at the development of wool fibre based polymer composites and 

investigation of the effects of wool on mechanical and fire retardant properties of the 

composites. Wool as a well-known protein fibre inherently has distinct properties from 

other natural fibres, such as fire resistance and elasticity, due to its unique physical 

structure and chemical composition. However, at present, the information regarding the 

potential of wool for composites manufacturing is limited in the public domain. Hence, this 

research has endeavoured to gain an in-depth understanding of the effects of wool on the 

composite performance by carrying out comprehensive experiments. 

 

Although each of the major chapters has provided discrete concluding remarks, this 

chapter presents overarching conclusions and recommendations for future work. The 

following are the major findings extracted from the results of this research: 

 

• Experimental characterisation of wool and PP has provided physical, chemical, 

thermal, and mechanical properties to abridge the knowledge gap present in the 

material information. XPS and FTIR analyses have found the existence of N and S 

elements on wool, which can be directly related to the fire resistance of the fibre. 

Furthermore, TGA experiments have explored the thermal decomposition profile of 

wool, specifically, onset of decomposition at 210 °C, and 24% carbonaceous residues 

at 700 °C. The interfacial shear strength test has proved that the addition of MAPP into 
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the composite can enhance the interfacial bonding between wool and PP via chemical 

bonds and mechanical interlocking. 

 

• Composites composed of short wool fibres and PP have been successfully 

manufactured by choosing appropriate manufacturing parameters of the compounding 

and extrusion moulding processes. Taguchi DoE has been employed as an effective 

parametric analysis tool to investigate the effects of materials’ parameters on the 

mechanical properties of the extruded wool-PP composites. The Taguchi analysis and 

ANOVA have found that the most significant factors are the MAPP content for tensile 

strength and the PP MFI for tensile modulus and flexural properties. Meanwhile, wool 

fibre content is deemed to be a less contributing factor for tensile and flexural moduli 

due to the possible presence of interaction effects with other factors. Moreover, the 

ESEM image analysis of fractured surface has revealed that excessive MAPP content, 

6 wt%, reduces the tensile properties as unreacted MAPP might act as a defect initiator. 

The use of the PP-HP400L polymer having medium viscosity has simultaneously led to 

good fibre distribution and wettability. The improved fibre orientation and dispersion 

during the extrusion process have heavily contributed to the enhancement of 

mechanical properties of the composites with the suitable combination of the 

constituents’ conditions obtained from the Taguchi analysis. 

 

• In wool-PP composites flammability, it has been shown that the incorporation of APP 

flame retardant additive significantly pronounced the effects of wool’s inherent fire 

resistance on the wool-PP composites’ thermal and fire retardant properties. The TGA 

analysis has shown that the presence of wool and APP has increased the amount of 

char (22.2 wt%) and decreased the decomposition rate (~61.6%) of the composite. 

Additionally, the wool-PP composites containing APP have significantly decreased 

PHRR (~81%) and increased TPHRR (~170%) when compared to neat PP. Moreover, 

a less viscous PP has been found to be suitable to cause improved dispersion of APP, 

leading to a lower value of PHRR. The combined effect of wool and APP has 

contributed to the formation of rigid and compact char structure and achieved a V-0 

classification of the composite in the vertical burn test. 

 

• To further assess the effects of APP on wool-PP composites flammability, two APP 

types based on different nitrogen contents have been used. The comparative study has 
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confirmed that APP1, having more nitrogen than APP2, is more advantageous for 

reducing PHRR and THR of the composite under 50 kW/m2 heat flux. This is likely 

due to sufficient nitrogen released from wool and APP1 acting as a char blowing agent, 

resulting in a more rigid and cohesive char structure. Moreover, it has been 

demonstrated that reduction of APP1 amount from 20 to 15 wt% also results in V-0 

rating due to the rigid char formed from wool and APP1. 

 

• Talc as a mineral filler has been incorporated with wool and APP due to its high 

thermal stability. The char analysis has identified that talc retains its structure under 50 

kW/m2 (~750 °C) which decreases the PHRR and SPR values compared to those of 

composites without talc. On the other hand, the UL-94 test has found that the presence 

of talc can induce the continuous burning of composite under the direct flame 

application (~1900 °C). 

 

• The enhanced interfacial bonding between wool and PP by adding MAPP has also 

improved thermal stability. Wool-PP-MAPP composite has required a higher 

temperature to be decomposed and has lower PHRR than those of wool-PP composite. 

However, co-existence of MAPP and APP in the composites has diminished the fire 

retardant performance, by increasing the values of PHRR, THR, and SPR. This 

behaviour can be attributed to the interference caused by APP in the reaction of wool 

and PP. Consequently, the unreacted MAPP can facilitate the combustion as a 

flammable material. 

 

• Mechanical properties of wool-PP composites, such as tensile and flexural moduli and 

strengths, have been influenced by adding APP. Since APP itself has high stiffness, an 

increase in APP content has improved the tensile moduli of composites in the presence 

of MAPP when compared to those of the composites without APP. On the contrary, the 

addition of APP has decreased the tensile and flexural strengths of composites. The 

micron size particles of APP can contaminate the wool surface and deteriorate the 

compatibility between wool and PP, thereby reducing the composite’s strengths. 

However, the incorporation of MAPP has still shown a positive impact on the 

improvement of strengths due to the enhancement of wool and PP adhesion. 
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• The fire dynamics model developed by employing FDS has simulated the cone 

calorimeter test to specify heat release rates of materials. The computational domain 

and boundary conditions have been set up based on the testing conditions of cone 

calorimeter. The simulated HRR results of wool fibre and wool-PP composite have 

been in reasonable agreement with the experimental results. 

 

Based on the specific aforementioned conclusions above, the doctoral research has 

identified the potential of wool as an effective material for a mechanically sound and 

thermally stable polymeric composite. Wool, when used in conjunction with a right 

amount of coupling agent and a suitable polymer viscosity, can produce composites with 

improved mechanical performance compared to that of neat polymer. Furthermore, the 

important consideration is that wool can be integrated into the polymer based composite 

along with a char forming FR to generate desirable fire retardant performance (e.g. V-0 

rating) in plastic industry. Therefore, wool fibre, which is a sustainable and eco-friendly 

material, can be employed in the composites which are required to be fire resistant while 

also being mechanically robust. 
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2015. 
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composites”. International Conference on Composite/Nano Engineering (ICCE-24), 

Malta. page 473-74, 2014. 
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9.3 Recommendations for Future Work 
 

This thesis has demonstrated the comprehensive investigation for understanding the effects 

of wool on the mechanical and fire retardant properties of composites. To further explore 

the potential of wool for composites, following aspects are recommended. 

 

• This research work has utilised short wool fibres. Different forms of wool, such as 

woven fabric and long fibres, can be employed to investigate their reinforcing and fire 

resistant effects on composites mechanical and fire retardant properties, respectively. 

 

• It has been identified that MAPP plays a crucial role in enhancing the interfacial 

bonding between wool and PP. Different types of MAPP or coupling agents can be 

employed to improve the mechanical properties. 

 

• The bench-scale test techniques, such as cone calorimeter, have provided a wide range 

of properties in this thesis. It will be worthwhile to carry out large-scale test methods, 
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namely a single burn test, room test, and furniture cone calorimeter, to investigate 

burning behaviour of large sized materials and real products. 

 

• The results discussed in this thesis have shown the effects of char structure on the 

composites flammability. As char formation is one of the major factors to determine 

the fire performance, thorough research on char should be performed. The study can 

include fundamental mechanism of char formation, char strengths, expansion, etc. 

 

• The FDS model can be improved by validating other output parameters, such as mass 

flux and surface temperature, with experimental results. Additionally, more detailed 

pyrolysis and combustion models can be built up by applying the complex chemistry 

and kinetic parameters obtained from multi-reactions of materials. A parametric 

analysis using the FDS model can be also carried out by the modification of specimen’s 

geometry and material’s properties. 
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Appendices 
 

 

A. Density Measurement using Pycnometer 
 

Procedure for specimen testing [278] 

 

1. Place a specimen in specimen chamber and close a lid. 

2. Close a valve 1 (near pressure regulator) and measure atmospheric pressure. 

3. Close valves (valve 2 between reference and specimen chambers, and valve 3 at 

specimen chamber) and open valve 1. Adjust pressure regulator around 7000 mbar 

4. Record pressure ( highP ) after 5 minutes. 

5. Open valve 2 and then measure pressure ( equilibriumP ) after 25 second. 

6. Close valve 2 and open valve 3. 

7. Close valve 3 after 5 seconds and remove specimen. 

 

Wool char 

 

 
high equilibrium

specimen reference specimenchamber
atm equilibrium

P P
V V V

P P
−

= +
−  Eq. A.1 

 

referenceV  = 5128.9 mm3 

specimenchamberV  = 3390.2 mm3 

atmP  = 1011.1 mbar 

highP  = 6973.8 mbar 

equilibriumP  = 6970.6 mbar 

specimenV  = 5127 mm3 

Specimen mass = 2.68 g 
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B. Mechanical Test Reports 
Tensile Properties 
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Flexural properties 
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C. Oxygen Measurement in Cone Calorimeter (ASTM E1354) 
 

Heat release rate is measured from the oxygen concentration in the flue gases released 

during specimen combustion. Huggett has measured heat release from different fuels and 

obtained average value of 13.1 MJ per 1 kg of oxygen consumed [279]. The cone 

calorimeter uses the value to calculate heat release rate. 

 

Gas sampling, ASTM 1354 

 

 
Figure D.1 Schematic representation of gas analyser, ASTM E1354 

 

A gas analyser in the cone calorimeter consists of a pump, a filter to prevent entry of soot, 

a cold trap to remove most of the moisture, a bypass system set to divert all flow except 

that required for the oxygen analyser, a further moisture trap, and a trap for CO2 removal; 

the latter if CO2 is not measured, Figure D.1. When a CO2 trap is used, the specimen 

stream entering the oxygen analyser must be fully dry; some designs of CO2 traps require 

an additional moisture trap downstream of the CO2 trap. 

 

An oxygen analyser is the paramagnetic type with a range from 0 to 25% oxygen. The 

daily calibration sets the minimum and maximum amount of oxygen. The analyser shall 

exhibit a linear response and drift of not more than 650 ppm of oxygen over a period of 30 

min, and noise of not more than 50 ppm of oxygen (root-mean-square value) during this 

same 30 min period. Since oxygen analysers are sensitive to stream pressures, the stream 
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pressure shall be regulated (upstream of the analyser) to allow for flow fluctuations, and 

the readings from the analyser compensated with an absolute pressure regulator to allow 

for atmospheric pressure variations. The analyser and the absolute pressure regulator shall 

be located in a constant-temperature environment. The oxygen analyser shall have a 10 to 

90 % response time of less than 12 s. 

 

The orifice plate coefficient (C-factor) can be computed with a methane burner in the daily 

calibration, Eq. D.1. The methane flows into the duct to produce approximately 5 kW 

[173]. 

 

 2

2 2

3 0

1.105 1.55.0
1.10(12.54 10 )

Oe

O O

XTC
P X X

−
=

× ∆ −
 Eq. D.1 

 

where eT  is gas temperature at the orifice plate and P∆  is pressure drop across the orifice 

plate. 
2OX  is the measured mole fraction of O2 in the exhaust air during the test. 

 

Heat release rate can be determined following equation, Eq. D.2. 
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D. Cone Calorimeter Test Reports 
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E. Supplement Data for Taguchi Analysis 
Response tables based on orthogonal array 

• Tensile modulus 

 

   A B AB C 

Exp Modulus 
(GPa) S/N 1 2 3 1 2 3 1 2 3 1 2 3 

1 1.82 5.17 5.17   5.17   5.17   5.17   
2 2.11 6.45 6.45    6.45   6.45   6.45  
3 1.94 5.71 5.71     5.71   5.71   5.71 
4 1.97 5.88  5.88  5.88    5.88    5.88 
5 2.09 6.41  6.41   6.41    6.41 6.41   
6 1.92 5.64  5.64    5.64 5.64    5.64  
7 2.41 7.65   7.65 7.65     7.65  7.65  
8 2.03 6.14   6.14  6.14  6.14     6.14 
9 1.92 5.64   5.64   5.64  5.64  5.64   

Total 18.21 54.69 17.33 17.93 19.43 18.7 19 16.99 16.95 17.97 19.77 17.22 19.74 17.73 
No Data 9 9 3 3 3 3 3 3 3 3 3 3 3 3 
Average 2.02 6.08 5.78 5.98 6.48 6.23 6.33 5.66 5.65 5.99 6.59 5.74 6.58 5.91 

Effect (L2-L1)  0.70 0.67 0.94 0.84 
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• Tensile strength 

 

   A B AB C 

Exp Strength 
(MPa) S/N 1 2 3 1 2 3 1 2 3 1 2 3 

1 29.7 29.4 29.4   29.4   29.4   29.4   
2 34.4 30.7 30.7    30.7   30.7   30.7  
3 29.2 29.3 29.3     29.3   29.3   29.3 
4 30.7 29.7  29.7  29.7    29.7    29.7 
5 31.1 29.9  29.9   29.9    29.9 29.9   
6 27.9 28.9  28.9    28.9 28.9    28.9  
7 33.9 30.6   30.6 30.6     30.6  30.6  
8 30.6 29.7   29.7  29.7  29.7     29.7 
9 24.7 27.9   27.9   27.9  27.9  27.9   

Total 272.1 266.1 89.4 88.5 88.2 89.7 90.3 86.1 88 88.3 89.8 87.2 90.2 88.7 
No Data 9 9 3 3 3 3 3 3 3 3 3 3 3 3 
Average 30.2 29.6 29.80 29.50 29.40 29.90 30.10 28.70 29.33 29.43 29.93 29.07 30.07 29.57 

Effect (L2-L1)  0.40 1.40 0.60 1.00 
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• Flexural modulus 

 

   A B AB C 

Exp Modulus S/N 1 2 3 1 2 3 1 2 3 1 2 3 
1 2.02 6.1 6.1   6.1   6.1   6.1   
2 2.08 6.35 6.35    6.35   6.35   6.35  
3 2.41 7.64 7.64     7.64   7.64   7.64 
4 2.46 7.83  7.83  7.83    7.83    7.83 
5 2.29 7.18  7.18   7.18    7.18 7.18   
6 2.27 7.08  7.08    7.08 7.08    7.08  
7 2.38 7.54   7.54 7.54     7.54  7.54  
8 2.27 7.09   7.09  7.09  7.09     7.09 
9 1.96 5.78   5.78   5.78  5.78  5.78   

Total 20.14 62.59 20.09 22.09 20.41 21.47 20.62 20.5 20.27 19.96 22.36 19.06 20.97 22.56 
No Data 9 9 3 3 3 3 3 3 3 3 3 3 3 3 
Average 2.24 6.95 6.70 7.36 6.80 7.16 6.87 6.83 6.76 6.65 7.45 6.35 6.99 7.52 

Effect (L2-L1)  0.67 0.32 0.80 1.17 
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• Flexural strength 

 

   A B AB C 

Exp Strength S/N 1 2 3 1 2 3 1 2 3 1 2 3 
1 46.4 33.3 33.3   33.3   33.3   33.3   
2 54.3 34.7 34.7    34.7   34.7   34.7  
3 54.4 34.7 34.7     34.7   34.7   34.7 
4 57.2 35.1  35.1  35.1    35.1    35.1 
5 43.7 32.8  32.8   32.8    32.8 32.8   
6 49.6 33.9  33.9    33.9 33.9    33.9  
7 57.2 35.1   35.1 35.1     35.1  35.1  
8 54.1 34.7   34.7  34.7  34.7     34.7 
9 40.9 32.2   32.2   32.2  32.2  32.2   

Total 457.8 306.5 102.7 101.8 102 103.5 102.2 100.8 101.9 102 102.6 98.3 103.7 104.5 
No Data 9 9 3 3 3 3 3 3 3 3 3 3 3 3 
Average 50.87 34.06 34.23 33.93 34.00 34.50 34.07 33.60 33.97 34.00 34.20 32.77 34.57 34.83 

Effect (L2-L1)  0.30 0.90 0.23 2.07 
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F. Modified Rule of Mixture 
 

• 1 2c f f m mE x x E Eυ υ= +  

- x1 (Fibre orientation efficiency factor for tensile modulus) 
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𝐸𝜙 : composite modulus along 𝜙 direction, 𝐸1 : composite tensile modulus for aligned 

fibres, 𝐸2 : composite tensile modulus in transverse direction of fibres, 𝑡𝑘 : thickness, 𝐺12 : 

composite shear modulus, and 𝜈12 : composite Poisson ratio  

 

- x2 (Fibre length correction factor for tensile modulus) 
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𝑠 : aspect ratio of fibre, 𝑙 : fibre length, 𝑑 : fibre diameter, R : fibre packing distance, 𝐺m : 

matrix shear modulus, and  𝜈m : matrix Poisson ratio 

 

• 3 4c f f m mx xσ υ σ υ σ= +  

- x3 (Fibre orientation efficiency factor for tensile strength) 
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1u f fu m mσ υ σ υ σ= +  , 12 / 2u muτ σ=  , and 2u muσ σ=  
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- x4 (Fibre length correction factor for tensile strength) 

 
2

4 ( / )(1 25 / ) 5 /c mu fux s s s sσ σ= − +  

 

𝑠𝑐 : critical aspect ratio of fibre 
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G. Smokeview of FDS 
 

Wool 

 

 
Before ignition 

 
At PHRR 

 

 

Wool 30 wt% + PP composite 

 

 
Before ignition 

 
At PHRR 
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