
 

 

Development of Flame Retardant Synthetic Fibres Using 

Novel Technologies 

 

 

 

Submitted by: 

Ahilan Sitpalan 

 

 

 

A thesis submitted to the University of Bolton in partial fulfilment of the  

requirements for the degree of Doctor of Philosophy 

 

 

 

 

Institute for Material Research and Innovation, 

University of Bolton, 

Deane Road, Bolton, BL3 5AB, 

United Kingdom 

 

 

May 2014 

 

 

 

 

 

 

 

 



ii 

 

Declaration of Authorship 
 

I declare that the work described in this PhD thesis has not previously been presented in 

any form to the University or to any other institutional body, whether for assessment or for 

other purposes. Save for any express acknowledgements, references and / or 

bibliographies cited in the work, I confirm that the intellectual content of the work is the 

result of my own effort and of no other person. 

 

 

        Signed……………………... 

        Date………………………… 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



iii 

 

Acknowledgements 

 

I would like to express my sincere thanks and gratitude to Professor Baljinder Kandola, 

my Director of Studies, for her guidance, enthusiasm and encouragement throughout this 

research project. I would also like to thank Professor Richard Horrocks for his valuable 

advice and support. Special thanks go to, Dr. John Milnes, Dr. Gill Smart, Mr. Akbar 

Zarei and Mr. Shahram Shafie for their overall support with the experimental procedure.  

I would also like to thank my colleagues and friends. 

 

I am finally grateful to my loving family for the encouragement and unending support they 

have given me.  

 

Finally, I would like to thank my wife, for her faith in me. 

 

 

 

 

. 

 

 

 

 

 

 

 

 

 

 

 

 

 



iv 

 

Abstract 

 

The dispersion of clays at the nanometer level is known to induce a significant 

improvement in mechanical properties, flame resistance and barrier properties, compared 

with pure polymer. Application of ultrasound in polymer processing can be used to 

improve additive dispersion in polymer melts and solutions but may also initiate chemical 

reactions and modify the rheological and mechanical properties. 

 

This thesis studies the effects of applying ultrasound to the molten fibre-forming 

polymers, polypropylene (PP) and polyamide 6 (PA6) containing nanoclay and flame 

retardant additives in order to assess whether improved dispersion generates improved 

flame retardant properties of derived fabrics. 

 

Initially, ultrasound was applied to polypropylene during compounding with up to 5 wt% 

of ammonium polyphosphate (APP) as flame retardant and 2 wt% of Nanomer 1.3T 

(Nanocor Inc) as nanoclay. Two ultrasonic probes were used having a power of 50 W at 

10, 30, 50 and 100% amplitude and 100W at amplitudes of  20 and 90%. For polyamide 6, 

the additive selected as flame retardant was aluminium phosphinate (Al-Phos) (Exolit OP 

935, Clariant) and the nanoclays, Nanomer 1.3T and Cloisite 25A (Southern Clay Products, 

USA). Compounded polymer chips of the various formulations were extruded into filaments 

and tapes by using the Labline extruder and filaments were knitted into fabrics, where 

possible. Nanoclay dispersion was studied by optical imaging, scanning electron microscopic 

and electron dispersive scattering or SEM-EDS imaging in terms of silicon or Si-dot mapping 

for selected tape sample areas using the Datacell software. This calculated the number of Si 

dots and hence clay particles within a given area and a reduction in Si dot intensity following 

ultrasound exposure was taken as a measure of increased dispersion in that dispersed particles 

at the nanolevel were now no longer visible because they are beyond the resolution of the 

SEM instrument. Results indicated that the 100 W probe with 90% amplitude (ie 90 W 

power) showed greatest dispersion, so this power was selected for further study.  

Flammability of the PP tape samples was studied by limiting oxygen index and a modified 

UL-94 test. Results showed that, in the case of polypropylene, LOI values of samples 

containing clay and / or flame retardant were not significantly affected by additive or the 

presence of ultrasound. However, the modified UL-94 test showed that presence of nanoclay 

and / or flame retardant decreased burning rate which further decreased with 
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ultrasonification. Knitted fabrics were tested for vertical flame spread using the sample 

ignition test rig described in BS 5438 and results showed rate of burning and burning drips 

reduced for the ultrasonificated samples. In the case of PA6, the same 100W ultrasonic probe 

with 90% amplitude was used in the compounding stage. Of particular note was that the LOI 

of the PA6/25A(2 wt%)/Al-Phos(5 wt%) sample increased more than others  and the same 

sample showed reduced flammability in the vertical flame spread test. However, quality of 

the filaments was poor due to the extrusion process and some of the samples failed to extrude 

using the Labline extruder. Subsequent work used the recently acquired Fibre Extrusion 

Technology (FET) extruder. 

 

Based on the above results, PA6 containing 2 wt% of nanoclay and 10 wt% of same flame 

retardant was used with and without presence of 100 W ultrasonic power at 90% amplitude. 

Compounded samples were extruded into filaments and tapes and filaments were knitted into 

fabrics. Properties were characterised as above and the PA6/25A(2%)/AlPhos(10%) sample 

showed superior performance compared to the others in terms of reduced flammability and 

this performance was enhanced  by ultrasonification during compounding. In order to 

assess whether chemical degradation had occurred during ultrasonification, the relative 

viscosity of these samples was measured using a ASTM D 445 Ubbelohde viscometer. 

The results indicated that chemical degradation is negligible or absent at the probe power 

used. Differential scanning calorimetry (DSC) was used to determine the degree of 

crystalinity and values decreased with the addition of clay and flame retardant and further 

decreased in samples exposed to ultrasound. 

 

To extend this PA6 study, ammonium sulphamate (2.5 wt% AS) and dipentaerythritol (1 

wt% DP) were selected as flame retardants and various nanoparticles including fumed 

silica were added. Samples were compounded and extruded into filaments and knitted into 

fabrics. Of special note is that the PA6/AS(2.5 wt%)/DP(1 wt%)/25A(2 wt%) combination 

was found to have superior tensile properties as filaments and significantly reduced flame 

spread in fabric form. 

 

In the final part of the thesis, the effect of ultrasound during compounding on core-sheath 

bicomponent fibres containing combinations of nanoclays and flame retardants was 

considered. Results showed that the addition of nanoclay or flame retardant to either the 

core (C) or sheath (S) of the fibres slightly reduced their tensile modulus and elongation-
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at-break values with respect to a control PA6-C/PA6-S yarn and there was little 

improvement observed with the ultrasound-exposed samples. The result of vertical flame 

spread testing showed that the PA6-C / PA6/25A(2 wt%)/Al-Phos (10 wt%)/90W-S 

sample was superior to all others in terms of their reduced flammability properties defined 

as minimal burn time, although its values of burn length, flame spread rate and number of 

drops were not the lowest values. 
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Chapter 1: Introduction 

 

1.1 General 

 
The expanding use of engineering, fibre-forming polymers in a wide variety of 

applications results in continued demand for improved thermal and mechanical properties. 

Many plastic materials have a tendency to start burning if they are exposed to fire. Fire 

kills and injures people and destroys materials. To prevent a fire from starting and 

continuing so called flame retardants are often used in polymers and textiles. It is clear 

that fire retardants are an important part of polymer formulations [1]. 

 
Of the conventional fire retardants, halogen-based compounds are both economical and 

effective in that they can enhance the fire retardancy of polymers without significantly 

degrading their physical properties, such as strength. However, it has been claimed that 

toxic species, which are generated during the combustion of halogen-containing polymers, 

could cause serious environmental contamination [2]. Therefore, developing halogen-free, 

low-smoke, and environmentally-friendly fire retardant polymers has become increasingly 

important in recent years [3]. However, the high levels of loading (15 wt% - 30 wt%) 

required can lead to processing difficulties and a decrease in physical properties of the 

polymers used in fibre applications. (In this whole thesis additives loading are in the 

weight percentage and denoted as %). Hence the development of newer and preferably 

more highly effective, fire retardants has prompted much attention during the last decade 

[4]. Fire retardants with very small particle size appear to offer significant advantages over 

conventional formulations because they offer the chance of improved dispersion, increased 

specific surface area, and in the case of fibre-forming applications, lower likelihood of 

blocking spinnerette orifices. Recently nano-scale layered metal materials, such as 

montmorillonite clays and layered double hydroxides (LDHs) have been shown to form 

so-called nanocomposite structures when dispersed in polymers which show certain 

superior properties [5-7]. In layered material / polymer systems, for example, 

improvements across multiple properties are typically achieved, such as flammability in 

terms of reduced heat release rates and also improved tensile behaviour, principally as 

increased modulus [8-9]. These improvements of polymer nanocomposites usually 
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originate from the change of the polymer structural nature surrounding the additive 

particle and depend strongly on the dispersion of these additives in the polymers [10-12]. 

Melt processing of the high viscosity, molten polymer / nanoclay mixtures is assisted by 

high shear mixing in the screw extruder [13-19] and internal static mixer, if fitted [17, 20-

23]. Melt processing methods have environmental advantages as they are solvent-free 

processes. While organic chemical functionalization of the inorganic nanoparticles is used 

to enhance the dispersion of nanoclays in the polymer matrix, plasma processing has been 

shown to be similarly efffective [24]. In-situ polymerization may also be utilized to keep 

the nanoclay particles dispersed in the polymer matrix as the viscosity changes from a low 

value for the molten monomers to the higher values associated with the final polymer [25]. 

Some other methods have been attempted for enhancing dispersion, like in-situ production  

melt intercalation extruders, ball milling techniques used but found limited success [26]. 

 
Recently, the use of high power ultrasound in extrusion processes has been proposed for 

improving dispersion of nanosize fillers [27] and increasing the levels of intercalation and 

exfoliation of nanoclays [28-29] in polymers with a residence time of ultrasonic treatment 

of only a few seconds. Ultrasound technology is considered not easy to use in industrial 

processes, since devices providing high sonic energy are not easy to manufacture [27]. 

However, based on research work already carried out and referred to in this work there are 

industrial processes, where low energy ultrasound is used [29, 30]. 

 

1.2 Aim and objectives of the project 

 
The aim of this project is to develop novel methods of enhancing dispersion of nano / 

micro particulate flame retardants in polymers melts in order to enhance their flame 

retardant efficiency and so enable lower-than-conventional levels to be realised for 

achieving acceptable levels of flame retardancy in derived fibres and farbics. To achieve 

this aim the following objectives were identified: 

 
(i) to investigate the effectiveness of applying ultrasound to the compounding 

stage in synthetic fibre-forming polymers, principally polypropylene (PP) and 

polyamide 6 (PA6), in order to define ultrasonification conditions which 

achieve optimal levels of nanodispersion of selected organically-modified 

nanoclays and conventional flame retardant additives; 



3 
 

(ii) to determine the effects of ultrasonification on the resulting extruded filament 

tensile properties; 

 
(iii) to determine the flammability properties of extruded tapes, films and filaments 

as knitted fabrics; 

 
(iv) to correlate the ultrasonic variables with possible observed changes in 

flammable properties; and to extend the work to extrude bi-component fibres 

containing nanoclays and flame retardant particulates in core or sheath, each 

separately or together and assess the effects of flame retardant additive / 

nanoparticle location within the respective filaments. 
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Chapter 2: Review of Literature 

 

2.1 Introduction 

 
A considerable amount of research has addressed the preparation and properties of 

polymer–clay nanocomposites, which have been prepared by dispersing clay minerals into 

polymers. The incorporation of organoclays in a polymer promotes improvements in the 

properties of nanocomposites compared with virgin polymer. Several research groups have 

reported the effect of organoclays on the structural, mechanical and thermal properties of 

polyamide 6 (PA6) and polypropylene (PP) clay nanocomposite materials [31–36]. In 

recent years, parallel to the advances in polymer nanocomposite production, PA6 and PP 

organoclay nanocomposite filaments have also been investigated for their structural, 

mechanical and thermal properties. During fibre production, thermoplastic polymers have 

been preferentially treated with modified clay minerals at low concentrations of less than 5 

wt% or even 2 wt% [37–38] and their level of dispersion help to improve properties, such 

as mechanical, thermal and flame retardant behaviour. To achieve the dispersion, several 

methods have been used, including the application of ultrasound to both polymer solutions 

and melts [39].  

 
2.2 Structure and properties of polypropylene 

 
Polypropylene is prepared by polymerisation of propylene (CH2=CH-CH3) [40] and 

belongs to the group of olefinic polymers, which can generally be described by the 

chemical structure as Figure 2.1. 

 
 

 

 
 
Figure 2.1: Chemical structure of Polypropylene [40]. 

 
Here n reflects the degree of polymerisation and the position of the methyl pendant group 

must be carefully controlled so as to yield an isotactic geometry in which the methyl 

http://upload.wikimedia.org/wikipedia/commons/b/bd/Polypropylene.svg
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groups are attached on the same side of the polymer backbone otherwise the resulting 

material will not have acceptable mechanical properties [40].  

 
The use of polypropylene (PP) materials in a wide range of applications is increasing 

rapidly, due to a favourable combination of processability, properties and price. A large 

fraction of the PP homo polymer production is converted into fibres by various melt 

spinning processes [40]. The relatively low melting point of polypropylene (160-170 °C) 

is an advantage and below this, PP fibres can be softened sufficiently to bond to one 

another without destroying fibre properties. Polypropylene fibres are composed of 

crystalline and non-crystalline regions [41]. Under slow cooling conditions, spherulites 

develop from a crystallizing nucleus and these can range in size from fractions of a 

micrometer to centimeters in diameter depending on the exact cooling conditions. The axis 

of the crystal unit cell is aligned radially and the chain axis is homogeneously distributed 

in planes perpendicular to this radial direction (Figure 2.2). Each crystal is surrounded by 

non-crystalline material [40]. Fibre spinning and drawing may cause the orientation of 

both crystalline and amorphous regions. If the extension is less than 0.5%, the spherulite 

deformation is elastic and no disruption of the structure occurs, otherwise spherulites are 

sheared apart and their component crystallites become highly oriented in the direction of 

the force and finally are converted to microfibrils (Figure 2.3). The degree of orientation 

achieved by drawing influences the mechanical properties of the filaments [41]. 

 
 

 

 

 

 

 
 

 

 
Figure 2.2: Crystalline and amorphous structure of polypropylene [40]. 
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Figure 2.3: Model of micro fibrillar arrangement of extended polymer chains in a  fibre 

after drawing [42]. 

 

PP fibres have many useful textile properties; however, one key disadvantage is that they 

are flammable. Fire hazard is a combination of many factors, including; ignitability, ease 

of extinction, flammability of the volatile products generated, rate of heat released, flame 

spread, smoke obstruction and smoke toxicity [43, 44]. The challenges of reducing the 

flammability of polypropylene are discussed in Sections 2.3, 2.4 and 2.5. 

 
2.3 Structure and properties of polyamide 6 

 
Polyamides, also known as nylons, are essentially man-made fibre. Polyamides were 

invented by Wallace Carothers in 1935 and gave rise to the commercial development of 

the world’s first synthetic fibre, polyamide 6.6 (PA6.6) [45]. Later by 1939, the simpler 

polyamide 6 (PA6) was similarly developed in Germany, although was little known until 

the end of World War 2 [46]. Polyamides usually exhibit high modulus, toughness and 

strength, low creep [47]. Solid Polyamide 6 (PA6) is widely used in manufacturing of 

gears, fittings, bearings, electrical switches, bobbins, and connectors, power tool housings, 

wheelchair wheels and automotive cooling fans as well as being a significant fibre [48]. 

Polyamides or nylons 6.6 and 6 fibres are used in many applications, including fabrics, 

carpets, musical strings, and rope [48]. 

 
Polyamides consist of methylene segments (CH2)n separated by amide units (-CO-NH-) 

and are packed either parallel or antiparallel in their structure [49]. They are identified by 

means of a numerical system according to the number of carbon atoms present in the 

monomer structure [50] which may either comprise a single linear ω– amino acid (or its 
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lactam derivative) or a diacid and diamine. For PA6 the monomer would ideally be 

considered to be the 6 carbon-containing monomer NH2.(CH2)5.CO.OH, but this tends to 

self react to form caprolactam┌NH.(CH2)5.CO.O┐.  

     
Polyamide 6 is synthesized by a step-growth mechanism following the ring-opening 

polymerization of caprolactam as shown in Figure 2.4. This bulk polymerization process 

of polyamides is said to be a step-growth polymerization because each bond in the 

polymer is formed independently of the others [49, 50]. In the synthesis of polyamide 6, 

caprolactam is allowed to react with water, hydrolyzing a few percent of the caprolactam 

to ε-aminocaproic acid. Ring-opening polymerization of the caprolactam is initiated by the 

NH2 groups of the ε-aminocaproic acid, and is followed by a polycondensation reaction of 

the NH2 and COOH end groups of the low molecular weight product of the ring-opening 

polymerization reaction, resulting in a high molecular weight product. During the final 

step water is eliminated [51]. 

 
The most effective applications of polymers as engineering materials often require a better 

understanding and control of their surface mechanical properties. This is particularly 

relevant in the polymer fibre industry. The fibre-forming process controls the structure and 

the mechanical and thermal properties of the fibre [52]. Moreover, the mechanical 

properties of polyamides are dependent on the presence of water in the environment [53]. 

The decrease in the mechanical properties of polyamide fibres is due to the diffusion of 

water molecules into the amorphous regions of the semi-crystalline polymer leading to 

plasticisation and the rupture of intermolecular hydrogen bonds. Therefore, the 

environment has to be controlled [54]. 

 

 

Figure 2.4: Synthesis of polyamide 6 from caprolactum [50]. 
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2.4 Role of flame retardants 

 
While the importance of textiles in domestic fires has been well-documented and 

discussed especially in the UK, in particular the hazard of flammable home furnishings 

and textile materials, their ease of ignition and their contribution to the development of a 

dwelling fire has been recognised for over 30 years [55]. These materials are considered as 

the main fire risks in dwellings and are often the first ignited materials [56].  

 
To prevent polymers, whether in bulk or in fibre / textile forms,  from burning, the 

presence of a flame retardant is one of the most effective methods, which improves 

resistance to ignition, reduces flame propagation rate, elevates ignition temperature and 

prevents continuous burning [57]. The major aim of using flame retardants is not to render 

the polymer completely non-flammable but to reduce flammability sufficiently to provide 

more time for people to escape from a fire and reduce death and injuries.  

 
Using flame retardants for textiles goes back to historical times and, for example, in 1735 

the use of where borax, vitreol and some other substances were patented for use in 

England for canvas and linen fabric [57]. Later, cotton was treated with boric acid to 

impart flame resistance. Around 1821, ammonium phosphate was introduced for linen and 

hemp [58]. Most flame retardant chemical formulations and additives were invented 

between 1950 and 1980 [59]. Since this time, new systems and many kinds of products 

were invented and developed for the rapidly growing and developing textile industry [58]. 

Since the 1990s, concerns over the toxicological and environmental consequences of using 

such chemicals on textile materials have been a major barrier to the development and 

application of flame retardant chemistry [59]. Nevertheless, flame retardants still continue 

to have a significant role as a consequence of upgrading additives and advanced chemicals 

to produce the most effective fire retardant material possible [58].  

 
Today, one of the major concerns for textile industry is to meet the current flammability 

standards which determine regulations for fabric flammability and, because of 

environmental concerns during the last decade, extensive research has been going on to 

develop new products that balance the required level of flame retardancy with acceptable 

levels of environmental sustainability. For some textile applications, durability against 

water is another concern for manufacturers. While large volumes of FR chemicals used in 
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the textile industry are non-durable, which wash off completely after washing [60], if a 

fabric can survive water soaking to various degrees this creates a so-called a semi-durable 

flame retardant property. This type of treatment usually loses its effectiveness with 

alkaline detergent or hard water washing [61]. If fabrics can maintain their basic properties 

after multiple laundering cycles, these are called durable flame retardant fabrics [61]. An 

ideal FR fabric for textile applications must be comfortable, eco-friendly, durable and cost 

effective. 

 
In 1912, the stannic oxide FR process was founded, and claimed that garments treated 

with stannic oxide can with stand two years of regular usage [62]. In the 1950s, research 

was undertaken to obtain durable FR cotton using various organophosphorus chemical 

procedures [62]. While the chemistries and technologies are outside the scope of this 

thesis, the development of these treatments for cotton has created a level of fabric flame 

retardancy which is used to compare flame retardant synthetic fibre and usually rely on 

additives introduced during the polymerisation or extrusion processes as explained in 

Section 2.5 below. 

 

2.5 Flame retardant mechanisms 

 
Flame retardant materials interfere with the combustion process during one or more of the 

stages of heating, pyrolysis, ignition or flame spread [63]. Flame retardants can act via 

physical or chemical mechanisms, and within these two general mechanisms, there are 

various potential ways in which flame retardants can react. 

 
2.5.1 Physical mechanisms 

2.5.1.1 By cooling 

Here the FR additives can degrade endothermally which cools the substrate to a 

temperature which is below the temperature required for ignition and sustaining, pyrolysis 

and ultimately combustion [63, 64]. 

 
Typical examples are metal hydroxides such as aluminum hydroxide and magnesium 

hydroxide which on heating lose water thereby absorbing energy and also releasing water 

vapour into the flame thereby diluting the active species present. 
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2.5.1.2 By forming protective layer 

These additives can form a physical shield with low thermal conductivity so reducing the 

heat transfer from the igniting source to the polymer surface thus reducing the degradation 

rate of the polymer and hence the fuel flow that feeds the polymer flame [64]. Typical 

examples here include borates which melt to form glassy surface layers and physical 

intumescents such as expandable graphite. 

 
2.5.1.3 By dilution 

The incorporation of inert substances like (fillers, such as talc and chalk) and additives 

dilutes the fuel in the solid and sometimes in the gaseous phases if water is given off, for 

example, so that the lower ignition limit of the gas phase is not reached [64]. 

 
2.5.2 Chemical mechanisms 

Essentially, these mechanisms either involve the flame chemistry and so are termed gas 

phase retardants or influence the pyrolysis chemistry occurring in the polymer and so are 

referred to as condensed phase retardants. 

 
2.5.2.1 Gas phase reactions 

The radical mechanism of gas phase chemistry occurring within the polymer flame during 

combustion may be inhibited by use of suitable FR materials, therefore stopping the 

exothermic processes occurring in the flame and cooling down the system [65]. Typically, 

a flame retardant RX or HX may release X· radicals into the flame which then react with 

the highly reactive radicals HO· and H· responsible for the flame exothermic chain 

reactions (see Figure 2.5(a) and (b)) [65]. Typical of such flame retardants are the so-

called halogen-containing ones in which either a chlorine (Cl·) or bromine (Br·) radical is 

released when heated [66]. 

 
 

 

 

 

 

 
 
Figure 2.5: Gas phase mechanism of flame retardant [65]. 
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2.5.2.2 Condensed phase mechanisms 

Flame retardants can transform the polymer to a carbonaceous char (ie, charring) on the 

polymer surface in the first instance and then throughout its bulk are referred to as 

condensed phase flame retardants [67]. They act often by exerting a dehydrating action on 

the polymer chemical structure, especially if the polymer contains functional groups like –

OH. These processes can also include or give rise to cross-linking processes which 

transform the polymer chains to a three-dimensional network. The char barrier acts as an 

insulating layer to reduce the heat transfer from the flame to the underlying polymer (see 

Figure 2.6) as well as reducing the concentration of volatile fuels [65, 68]. 

 
 

 

 

 

 
 
Figure 2.6: Flame retardant mechanism of condensed phase [65]. 

 

Typical examples include salts and organic derivatives of phosphorus which release 

phosphorus-containing acids on heating. These then can promote dehydration as well as 

cross-linking reactions which are often enhanced if nitrogen-containing species are also 

present. This phosphorus-nitrogen synergism is well-documented in the literature [67]. In 

polymers without pendant groups like –OH, condensed phase activity is more difficult to 

achieve. In polyamides, for example, which have a tendency to cross-link when exposed to 

temperatures above their melting points, condensed phase activity would result if the 

flame retardant increased this cross-linking tendency. Currently there are very few 

effective condensed phase flame retardants for polymers like PA6 and PA6.6 [59]. 

Polymers lacking any functional groups such as polypropylene may only be flame retarded 

with intumescent additives which comprise a char - forming component [59]. 

 

 

 

 



12 
 

2.6 Reactive versus additive flame retardants 

 

Chemical flame retardants are either additive or reactive. Reactive flame retardants are 

added during the polymerisation process and become an integral part of the polymer. The 

result is a modified polymer with flame retardant properties and a different molecular 

structure compared to the original polymer molecule. This enables the polymer to keep the 

flame retardant properties intact over time with very low emissions to the environment 

[68]. Reactive flame retardants are used mainly in thermosets, especially polyester, epoxy 

resins and polyurethanes (PUR) in which they can be easily incorporated [68]. 

 
Additive flame retardants are incorporated into the polymer prior to, during, or more 

frequently after polymerisation. They are used especially in thermoplastics. If they are 

compatible with the plastic they act as plasticizers, otherwise they are considered as fillers. 

Additive flame retardants are monomer molecules that are not chemically bound to the 

polymer. They may therefore be released from the polymer and thereby also discharged to 

the environment [69]. However, additive flame retardants are preferred for most 

thermoplastic polymers, including polypropylene and polyamides because of their ease of 

introduction and minimal effects on physical properties. 

 

2.6.1 Typical FR additives for polypropylene fibres 

Flammability of polypropylene polymer can be reduced by introducing flame retardants 

into the polymer [70-72]. Since there are environmental concerns about the use of 

halogenated compounds, halogen-free flame retardants are becoming increasing popular. 

Ammonium polyphosphate (APP) is a conventionally-used phosphorous flame retardant 

and reacts to form the char as an insulating protective layer in polypropylene only if a 

char-forming additive is also present (eg dipentaerythritol) unless present at very high 

concentrations >30 wt% [73]. Magnesium hydroxide (Mg(OH)2) is a widely used metal 

hydroxide flame retardant for non-charring polymers like PP but again require very high 

concentrations >50 wt%. It provides effective flame retarding effects by endothermically 

producing a residual insulating layer and releases water at about 360 oC which dilutes the 

flame [70]. Boron compounds such as zinc borate (Zb) decompose to release water at 

about 320 oC in a similar manner and create a glassy, insulting barrier [74]. Again, high 

concentrations are required. 
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Because of its wholly aliphatic hydrocarbon structure, polypropylene by itself burns very 

rapidly with a relatively smoke-free flame and without leaving a char residue unless one of 

the above flame retardant types is present [74]. 

 
Wang et al. looked into improving the fire retardancy of polypropylene (PP) using 

ammonium polyphosphate (APP) as a flame retardant additive [75]. The addition of 25 

wt% of ammonium polyphosphate (APP) improve the flame retardancy but did not make 

any significant positive improvements in tensile properties [75]. While the introduction of 

conventional flame retardants into polypropylene is possible, as discussed above, high 

concentrations are required even for quite modest levels of flame retardancy in 

comparison with other fibre-forming polymers. Consequently for PP fibres, the only 

successful commercial flame retardants are based on bromine-containing agents although 

the currently most successful one is tris(tribromoneopentyl) phosphate manufactured by 

ICL Products as FR-370 [75]. An alternative system that can minimise the presence of 

bromine and remove the need for antimony III synergist is the Ciba hindered amine 

compound NOR 116 which is present only at about 5 wt% together with a conventional 

bromine-containing FR at concentrations below 10 wt% [75]. 

 
However, not withstanding these problems, the challenge of flame retarding synthetic 

fibres in general is significantly higher than for bulk polymers because of their high 

surface area to volume ratio and the low acceptance to high filler loadings in the fibre 

production process.  

 
2.6.2 Typical FR additives for PA6 fibres 

A number of articles on flame retardant finishing of nylon fabrics based on various 

formulations have been published [76]. One difficulty in flame retardant addition to 

polyamide 6 is the high reactivity of the nylon melt which usually results in thermal 

degradation and difficulty of extrusion into filaments having the desired tensile properties. 

Both halogenated flame retardants, such as brominated flame retardants, formaldehydes 

and cyclic phosphoryl chloride derivatives have been used on nylon fabrics due to their 

effective flame retardancy although few have been commercially successful [76-78]. 

However, because of the increasing concerns about the possible hazard caused to the 

environment, phosphorus-based and intumescent flame retardant systems have attracted 

more recent attention for flame retardant treatment of nylon textiles [79-81]. 
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Metal salts of dialkylphosphinates have been known to be effective flame retardants since 

the late 1970s [82]. More recently, Clariant investigated a wide spectrum of zinc, 

aluminum and calcium salts of dialkylphosphinates as flame retardants [83]. Aluminium 

diethyl phosphinates that were originally developed for polyamides, achieved UL 94-V0 

ratings with, < 20 wt% additive [84]. 

 
Some of the key aspects of metal phosphinates are their high phosphorus content (~17%), 

good thermal stability (up to 320 °C) and lower affinity to moisture. Hydrolytic stability is 

especially important, since the release of phosphoric acids will promote degradtion during 

extrusion. Schartel et al. investigated the mechanism of aluminium diethyl phosphinate as 

a flame retardant in poly(butylerne terephthalate) [85]. The results indicate that diethyl 

phosphinic acid is released in the gas phase during the decomposition of the polymer and a 

UL 94-V0 rating could be achieved with a combined flame retardant loading of 20 wt%. It 

has been reported that metal phosphinates are also effective in polyamides [86]. To reach 

the desired effect, high loadings are sometimes necessary (up to 40 wt%), which often 

have a negative impact on the material and mechanical properties of the polymer [87].  

 

Lewin et al. showed that small weight percentage (< 2 wt%) of  ammonium sulphamate 

(AS) and dipentaerythritol (DP) yield high  levels flame retardancy of polyamide 6 with 

V-0 ratings being achieved even at such low concentrations [88, 89]. High LOI values of 

30 - 37 vol% were also observed [89]. These authors suggested that in the AS - DP 

system, the decomposition of the PA6 during the combustion is very rapid due to the 

strong, hydrolyzing, oxidizing and carbonizing action of the sulphuric acid formed from 

the AS during pyrolysis [88-91]. Furthermore, they explain this behaviour in terms of the 

very effective sulphation reactions with polyamide chains that can lead to both chain 

scission and char formation. Above 275 oC the AS can release ammonia and water. Also, 

AS can react with amine groups of PA6 and promote PA6-AS-DP cross-links and char 

formation. Introduction of 1 wt% of an organomontmorillonite clay (Cloisite 25A, 

Southern Clays Inc.) reduced LOI by 4 units while maintaining V-0, but on increasing to 3 

wt%, the LOI reduced about 10 LOI units and reduced V-2 rating was recorded. This 

reduction in the FR performance was attributed to the large surface area of the exfoliated 

clay adsorbing and thus deactivating a part of the combined AS and DP flame retardant. 

Inclusion of an unfunctionalized clay (Cloisite Na+) did not exert the same effect because 

of its poorer dispersion and hence lower interaction with the FR system. Very recent work 
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undertaken at Bolton by Dr Jai Dahyia, assisted by myself, undertook a further study of 

this PA6-AS-DP system in order to confirm the results of Lewin et al. and provide a basis 

for the possible exploitation of this system for producing flame retardant PA6 fibres. This 

work has been published [92] and is more fully described and extended in Chapter 6. 

 

2.7 The role of nanoclays as possible flame retardants 

 

Most of the literature concerning layered materials as additives to polymers has focused on 

nanocomposites of two types of nanomaterials: (a) montmorillonite (MMT), a cationic 

clay [93-94] (b) layered double hydroxides (LDHs), sometimes referred to as hydrotalcite-

like anionic clays [95-99]. Of relevance to this thesis are the montmorillonite clays and so 

these will be discussed in detail below. 

 
Such nanoclays are derived from montmorillonite mineral deposits known to have 

“platelet” structures with average dimension of 1 nm thick and 70 to 150 nm wide [100]. 

They are known to enhance properties of many polymers when present only at low 

concentrations (eg 1-5 wt%), including polyamide 6 and PP, leading to better stiffness, 

thermal stability, barrier properties (to moisture, solvents, vapours, gases and flavours), 

reduced static generation and UV transmission in film and bottles; improved chemical, 

flame, abrasion resistance, and dimensional stability in injection moulded products [101]. 

Furthermore, polymers comprising nanoclays have higher heat distortion temperatures and 

improved fire performance in terms of reduced heat release rates [94, 101].  

 
2.7.1 Nanoclay and nanocomposite structures 

Cationic clay possess a 2:1 layered structure with an octahedral alumina layer located 

between two silicon tetrahedral layers (Figure2.7). Its particles are essentially bundles of 

nanoclay sheets that are roughly 1 nm in thickness and 100–1000 nm in breadth [102]. For 

example, 8 μm clay particles has approximately 3000 nanoclay sheets of 1 nm thick and 

20–200 nm in diameter [103]. Layered smectite-type MMT possesses a negative surface 

charge which is compensated by exchange of cations, such as Na+ or Ca2+. The adjacent 

layers are separated by a regular van der Waals gap. As organic cations exchange for 

exchangeable ions on the mineral surfaces, the cations are released into the solution. The 

organic cations may also enter into ion-exchange reactions with exchangeable cations 
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between the layer surfaces of the clay and hence may be modified to make the clay more 

compatible with a given polymer [104]. 

 

 

 

 

 

 

 

 

 

 

Figure 2.7: Layered structure of montmorillonite [104]. 

 

It is not easy to disperse nanolayers in most polymers due to the high face-to-face stacking 

of layers in aggregated platelets and their intrinsic hydrophilicity which make them 

incompatible with hydrophobic polymers [105]. Modification of clay layers with 

hydrophobic agents is necessary in order to render the clay layers more compatible with 

polymer chains. This is a surface modification which causes to the reduction of surface 

energy of clay layers and match their surface polarity with polymer polarity [105]. 

 
The surface modification of clay layers can be achieved through a cation exchange process 

by the replacement of sodium and calcium cations present in the interlayer space or clay 

galleries by alkylammonium or alkylphosphonium cations [106, 107]. In addition to the 

surface modification and increasing the hydrophobicity of clay layers, the insertion of 

alkylammonium or alkylphosphonium cations into the galleries causes an increase in the 

interlayer spacing which promotes so-called intercalation of polymer chains into the 

galleries during nanocomposite preparation  (see Figure 2.8) [108]. Also the 

alkylammonium or alkylphosphonium cations can provide functional groups which 

interact with polymer chains and therefore increase the interfacial interactions. 

 
The efficiency of organic modification by an ion exchange process in the increasing of 

interlayer spacing depends also on the surface charge of clay layers. The structure of the 
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organoclays and their effect on interlayer spacing also depends on the molecular size of 

organic cations [109]. Full separation of layers leads to exfoliation of the individual clay 

platelets and the formation of a stable nanocomposite, clay-polymer system as shown in 

Figure 2.8. [108]. Generally when the polymer chains cause an increase of interlayer 

spacing more than 80-100 Å (8-10 nm), the exfoliated structure is obtained [110,111]. 

 

 

 

 

 

 

 

 

 

 
Figure 2.8: Probable polymer / layered silicate structures [108]. 

 

2.7.2 Potential of clay additives as flame retardants 

The disadvantages of the additive flame retardant approach may be reduced with nano-

level dispersion of the additive and due to high specific surface of a nanoclay particle and 

nano-scale interactions with the polymer matrix, even at very low concentrations, the often 

remarkable improvement of mechanical, thermal properties and flame retardancy 

compared to virgin polymer may be explained [112]. In recent years, great attention has 

been paid to clay nano-additives due to their low cost and large available quantity. The 

action of nanoclay when exposed to heat in a polymer is not simple but it is known that 

particles migrate to the molten polymer surface to form an excellent heat barrier and due 

to their catalytic effect on charring, they can reinforce the char structure [113]. 

 
Another mechanism proposed to explain the effects of layered materials on polymer 

combustion is the formation of a multilayered carbonaceous-layered structure on the 

surface of nanocomposites during the combustion [114]. The carbonaceous char may be 

reinforced by clay crystalline layers, creating an excellent physical barrier which protects 
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the substrate from heat and oxygen, and slows down the escape of flammable volatiles 

generated during polymer degradation [115]. 

 
The use of organoclays as precursors to nanocomposite formation has been extended into 

various polymer systems (thermoset and thermoplastic) including epoxy [116, 117], 

polyamides [118, 119], polyolefins [120-121], polystyrene [122] and others. While for true 

nanocomposite structures, the clay nanolayers must be uniformly dispersed and fully 

exfoliated in the polymer matrix, the dispersion of nanoparticles into the liquid matrix 

such as a polymer melt is a significant challenge. 

 
2.7.2.1 Nanocomposite polypropylene studies 

Several authors have reported the spinnability and mechanical properties of melt-spun 

nanocomposite fibres from polymer matrices of polypropylene [123, 124] and polyamide 

[125, 126]. 

 
Melt intercalation of polypropylene was studied in the past by many researchers, first in 

Toyota Research Center [127-129] and later by others [130-137]. In several of those 

papers [133-137] the achievement of partial or full exfoliation of montmorillonite (MMT) 

platelets was claimed. For example, Sharma and Nayak [138] obtained 95% enhancement 

in tensile strength and 152% in tensile modulus of clay modified polypropylene. 

Shariatpanahi et al. [139] observed improvements in tensile modulus and impact strength 

by 15 and 22%, respectively, with the addition of montmorillonite clay into polypropylene 

matrix via direct melt mixing method. Baniasadi et al. [140] reported the improvement of 

thermomechanical properties of nanocomposites by introducing small amount of clay into 

polymer matrix. Zhang et al. [141] successfully prepared polypropylene (PP) / 

organomontmorillonite (OMMT) nanocomposites via melt intercalation by using a 

conventional twin screw extrusion technique, and dispersed organoclay layers were 

observed in the PP polymer at the nanometre level. Wenyi et al. [142] investigated the 

dispersion of OMMT in a polypropylene matrix and observed an increase in melting and 

crystallinity point of the nanocomposites. Joshi et al. [143] characterized monofilaments 

which contain polypropylene / clay, and obtained improved tensile strength, modulus, 

thermal stability, and reduced elongation at break. 
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In terms of their potential as flame retardants in extruded filaments, Horrocks et al. [144] 

successfully produced polypropylene filaments that contained Cloisite 20A nanoclay, and 

observed that filament modulus was increased to some degree although flame retardant 

effects were minimal when present alone [144-145]. Subsequently, attempts were made to 

produce fire retardant polypropylene fibres and tapes by melt extrusion using different 

nanoclays i.e. Cloisite 20A, Cloisite 30B and Bentonite 107 alone [144]  and  in the 

presence of flame retardants [145]. To improve the efficiency of flame retardant systems 

in PP, other work has been undertaken to study the combined effects of certain fire 

retardants and some nanoclays [146] and these workers report that together they enhance 

the flame retardancy and mechanical properties at relative low clay loadings, generally 

less than 5 wt%, which make nanoclays ideal candidates for potential flame retardants 

[147]. 

 

2.7.2.2. Nanocomposite polyamide 6 studies 

Over 20 years ago, researchers at Toyota have reported that nylon 6 / clay nanocomposites 

with good property could be prepared by using Na+-montmorillonite slurry without 

organic treatment [148], which provided an economical route to prepare nylon-6 / clay 

nanocomposites.  The researchers observed a significant improvement in mechanical 

properties with clay loading of 4.2 wt%, with a 100% increase in modulus and more than 

50% increase in strength properties. Further, an improvement in thermal properties was 

observed, with the increase of heat distortion temperature (HDT) by 80 °C compared to 

the pure polyamide 6. Vlasveld et al. observed that PA6 nanocomposites absorb water at a 

slower rate than the unfilled PA6 specimens [149]. The diffusion coefficients of the 

nanocomposites are reduced to approximately 1/3rd of the original value at the highest 

silicate loading. The conditioning temperature strongly influenced the time needed to 

reach saturation. The degree of exfoliation influenced the properties of PA6 

nanocomposites. The modulus of the PA6 nanocomposites increased continuously with 

increasing silicate content and at around 10 wt%, the moduli of the Cloisite® and 

Nanomer® nanocomposites were twice that of the unfilled PA6 [149]. Maiti et al. studied 

the crystallization behaviour of nylon 6 nanocomposite, about 3.7 wt% of clay was enough 

to nucleate bulk sample. They reported 80 oC higher heat of distortion temperature (HDT) 

of nylon 6-clay composite more than that of control nylon 6 [150].  
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The flammability improvements for nanoclay addition are less advantageous when the 

more common empirical regulatory (pass / fail) flammability tests are conducted such as 

UL94 and standard national / international flammability tests) [151-153]. In specific cases, 

the nanoparticle addition can result in reduced flammability rating due to the melt 

viscosity increase preventing dripping as a mechanism of flame extinction (e.g, change 

UL94 rating from V-2 to HB (a fail)) [153]. The primary advantage for nanoclay addition 

for these tests generally involves reduction in the flame retardant additives that need to be 

incorporated to pass the specific test [153-155]. This has been observed in various 

nanoparticle modified composites including exfoliated clay with halogen-based flame 

retardants [156]. Studies involving polyamide 6 [157, 158] and polypropylene [159] 

yielded similar observations with regard to observed reductions peak heat release rate by 

cone calorimetry but no change in the total heat release with exfoliated clay addition. 

 
A significant component to achieving these improvements in properties lies in the proper 

dispersion of the nanoparticles in the polymer matrix which is dependent upon a number 

of factors including the particle type, any functionalizing group, the polymer matrix and 

the method of processing used (and especially related shear present) [160]. 

 

2.8 Methods of improving nanoclay dispersion polymers 

 

As stated above, optimising the dispersion and preferably fully exfoliating the layered 

structure of the nanoclay within a given matrix is crucial to improving the properties of a 

polymer. There is evidence that poorly dispersed clay more typical of microcomposite 

structures would not significantly improve flame retardancy [161]. Techniques such as in-

situ polymerization, solution mixing, or sonication have been widely used to disperse 

nanoparticles in a liquid and the latter technique in particular seems to be relatively 

effective in obtaining an exfoliated structure [162, 163]. In this way the cluster structures 

are broken down, exfoliated and distributed homogeneously throughout the polymer. 

Stacked nanoclay platelets can also be sheared apart into smaller pieces and the interlayer 

spacing increased during extrusion process (Figure 2.9). In this study, ultrasonication was 

used to disperse the nanoclay in order to assess whether improvements in flame retardancy 

would result.  

 

 



21 
 

 

Figure 2.9: Organoclay dispersion and exfoliation during melt processing [164]. 

 

2.9 Ultrasound induced nanoclay dispersion 

 

The attraction forces both within the clay layers as well as between adjacent layered 

particles must be overcome in order to break up and disperse the particles in the polymer 

melt. To overcome this problem, ultrasonic dispersion has been suggested and developed 

[165-167]. 

 

2.9.1 Aim and outline of ultrasound properties 

Sound passes through an elastic medium as a longitudinal wave, i.e. as a series of 

alternating compressions and rarefactions. This induces the medium, in this case a 

polymer melt, to be displaced parallel to the direction of motion of the wave. Ultrasound is 

a sound wave with a frequency typically in the range of 20 kHz up to approximately 500 

MHz [168]. Based on the applied frequency, the use of ultrasound can be broadly divided 

into two areas:  

 

• Low intensity, high frequency ultrasound (2-500 MHz, 0.1-0.5 W/cm
2
)  

• Power ultrasound with a high intensity and a low frequency (20-900 kHz, >10 W/cm
2
) 

 
The first type of ultrasound does not alter the state of the medium through which it travels 

and is commonly used for non-destructive evaluation and medical diagnosis [169]. This 

type of ultrasound cannot be used for inducing chemical reactions. Higher power 
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ultrasound uses the energy to create cavitation, which involves the formation, growth, and 

implosive collapse of microscopic bubbles in a liquid [170]. 

 

2.9.2 Cavitation 

Ultrasound, when passing through a liquid medium causes not only mechanical vibration 

of the liquid but also generation of acoustic streaming within the liquid. If the liquid 

medium contains dissolved gas nuclei, which will be the case under normal conditions, 

they can be grown and collapse by the action of the ultrasound. The phenomenon of 

growth and collapse of microbubbles under an ultrasonic field is known as ‘‘acoustic 

cavitation’’ [171]. During the positive-pressure cycle the distance between molecules 

decreases, while during the negative pressure period the distance increases. At a 

sufficiently high intensity a critical distance between the molecules is exceeded during the 

negative pressure period, and a cavity is formed [168]. The acoustic pressure amplitude 

determines the growth of a cavitation bubble and consequently the nature of any chemical 

effects upon collapse [172]. When cavitation bubbles oscillate and collapse, several 

physical effects are generated such as the increased dispersion and ultimate exfoliation of 

clay particles [173]. Consequently, ultrasonication has been used as a technique to 

disperse nano-materials in different matrices [174-180]. 

 
It is usually achieved using an ultrasonic bath or an ultrasonic probe / horn also known as 

a sonicator. Standard laboratory sonicators run at 20–30 kHz with a power less than 100 

W. The probe is usually made of an inert metal such as titanium. Most probes are attached 

with a base unit and then tapered down to a tip with a diameter from 1.6 to 12.7 mm [181]. 

This means that the energy from the wide base is focused on the tip, thus giving the probe 

high intensity. 

 

2.9.3 Effects of ultrasound on polymers 

The effects of ultrasound on polymers can be both physical and chemical. In recent years, 

there has been growing interest in using high intensity ultrasound in chemistry, for which 

the term sonochemistry is defined. Early chemical applications were in organic and 

organometallic synthesis [182, 183], but more recently it has been used for the 

modification and processing of polymers [184], nanoparticles [185] and other materials 

[186]. High intensity (or power) ultrasound has a number of effects which may be used to 
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control polymerization reactions or for post-synthesis modification and dispersion of 

particles. 

 
Sonochemical effects can primarily be attributed to the generation in liquids of cavitation 

as discussed above. A typical cavity or bubbles grows to 50 – 100 μm in size before 

collapsing explosively as the sound wave propagates through the polymer. This can result 

in extreme conditions of temperature (> 2000 K) and pressure (> 500 bar) being generated 

[187, 188] over a micro second time scale. Moderately high concentrations of reactive 

intermediates such as radicals can be formed, either from breakdown of solvent or of 

added reagents [189]. The region of liquid around the bubble has high gradients of 

temperature, pressure and strain. The motion of fluid around the bubbles is rapid resulting 

in very efficient mixing and the formation of liquid jets due to shock waves emitted after 

final collapse. This rapid motion can result in effective strain degradation of polymer 

chains in the vicinity of cavitation bubbles [190] as long as they are over a certain 

molecular weight. 

 
2.10 The effects of ultrasound on nanoclay / polymer dispersions 

 
Dispersion is improved when shear is present and improvements in mechanical properties, 

for instance, have been widely cited for a number of polymer-nanoclay injection moulded 

and melt-spun fibre systems [191]. 

 
Some of the most commonly used methods for dispersing nanoparticles in polymers 

include mechanical mixing, magnetic stirring and sonication. Mechanical stirring, which is 

often applied to improve the homogeneity of the dispersion [192], cannot prevent the 

particles from reaggregating. Additional external forces are required [193, 194] and for 

several applications ultrasound has been proved suitable for dispersing particles 

homogeneously in a polymer [195]. Sanchez et al. applied ultrasonic waves with a 

frequency of 40 kHz, 100 V amplitude, and 300 W powers to intumescent / PP 

formulations [196]. They showed that processes involving a single screw extruder attached 

with the ultrasonic probe improved particle dispersion, with average particle sizes of 

around 1µm such that lower concentrations of additives could be used to obtain a V-0 

rating according to the UL94 test. Improved thermal stability, flame retardant properties 

and mechanical properties were also achieved [196].  Swain SK and Isayev AI studied the 
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effect of continuous ultrasonic treatment during the melt intercalation of montmorillonite 

clay into high density poly(ethylene), HDPE, on the structural, mechanical, rheological 

and oxygen barrier properties. The authors evaluated the effect of the clay at different 

content (2.5, 5.0 and 10.0 wt%) and the nanocomposites were prepared using a single 

screw extruder attached with a ultrasonic slit die, operating at a frequency of 20 kHz and 

amplitudes of 5, 7.5 and 10 μm. High dispersion of clay in the HDPE matrix and higher 

complex viscosity due to ultrasonic treatment were reported. Mechanical properties were 

improved and oxygen permeability was substantially decreased after ultrasonic treatment 

[197]. Isayev et al. continuously attempt to improve nanoclay dispersion during melt 

processing of clays in polypropylene [198] and PA6 [199]. The last two works showed 

improvements by using ultrasonic power on various functionalized Cloisite® (Southern 

Clay Products Ltd, Austin, USA) montmorillonite clays, and while observing 

improvements in mechanical and barrier properties, they did not mention thermal 

behaviour and flammable properties.  

 
In previous work at the University of Bolton, work with PA6 and PA6.6 produced films 

containing dispersed nanoparticles acting as char forming layers [153] demonstrated that 

interactions between nanoclays and flame retardants were influenced by the level of 

dispersion achieved. This work was extended to include melt compounded polypropylene / 

clay combinations in which it was observed that multiple compounding improved 

dispersion as observed by TEM and fibre physical properties [144, 145]. Application of 

compatibilised clay-graft PP mixtures and their dilution during melt extrusion also 

improved dispersion resulting in slight improvemenst of fire properties and reduced peak 

heat release rates of knitted fabric samples. However, the poor reproducibility of 

flammability of polypropylene filaments containing a clay and ammonium polyphosphate 

was related to poor dispersion [145]. While the above work and literature does not provide 

concrete evidence for the advantages of nano-level versus micro-level dispersion on 

thermal and flammability improvements, this study has a major aim to investigate further 

the effects of dispersion following ultrasonic application for both polypropylene and PA6 

polymers derived filaments in the presence of clays and flame retardants.  

 
The slight improvements that nanoclays in the presence of small amounts of flame 

retardants have on the flammability of polymers like polypropylene [59, 145, 153] and 

polyamide 6, these are insufficient to promote acceptable flame retardant properties. This 
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current study will hopefully demonstrate whether or not improved dispersion following 

ultrasonification can raise the levels of flame retardancy in PP and PA6 fibres containing 

both clays and flame retardants at combined levels < 10 wt%.  

 

2.11 Bicomponent fibres 

 

2.11.1 Bicomponent fibre configurations 

Bicomponent fibre technology combines two polymers by co-extruding them to form a 

single filament with a designed cross-sectional arrangement [200]. Figure 2.10 shows 

common cross sections, which include side-by-side, sheath and core, segmented-pie, 

tipped trilobal and islands-in-the sea [201]. In this way, bicomponent fibres synergistically 

combine the properties of two individual polymers which is an attractive option for a 

variety of applications and provide significant flexibility in product design. Their unique 

characteristics are valuable for applications including sound and temperature insulation, 

fluid holding capacity, substrates for functional materials, sensors, tissue scaffolds, fuel 

cells, filters and drug delivery devices [202, 203].  

 
Side-by-side is one of the common bicomponent cross-sectional configurations as depicted 

in Figure 2.10. This cross-section is separated into two hemispheres, where each 

hemisphere is a distinct polymer type, and there is an interface formed between the two 

immiscible components. Sometimes the side-by-side bicomponent fibres can be split into 

two fibres as well, So-called “segmented-pie” fibres are another type and made of 

segments of two polymers as in a “pie diagram”. The fibres with an 8-segmented pie or 

16-segmented pie are the popular ones used as precursors for producing micro fibres of 

very fine denier [203]. To improve visual performance, especially in carpets where soil 

hiding properties are desirable, fibres with multiple lobes such as cross and the trilobal 

cross-section are possible. “Islands-in-the-sea” bicomponent fibres are another type and 

technically this is a complicated structure to make and use. In cross-section, they are areas 

of one polymer in a matrix of a second polymer. These types of bicomponent structure 

facilitate the generation of micro-denier fibres. Sheath-core bicomponent fibres are those 

fibres where one of the components (core) is fully surrounded by the second component 

(sheath) [203]. A highly contoured interface between sheath and core can lead to 

mechanical interlocking that may be desirable in the absence of good adhesion. Among 

these types of bicomponent structures the core-sheath is dominant in the tensile properties. 
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Figure 2.10: A variety of cross-sections for bicomponentfibres are possible. [203] 

 

2.11.2 Core - sheath bicomponent fibre spinning 

The most common way of production of core-sheath fibres is a technique, where two 

polymer liquids are separately led to a position very close to the spinneret orifices and then 

extruded in core - sheath form [204]. In the case of a concentric fibre cross-section, the 

orifice supplying the "core" polymer is in the center of the spinning orifice outlet and flow 

conditions of core polymer fluid are strictly controlled to maintain the concentricity of 

both components when spinning [205, 206]. Other methods of fibre production are based 

on several approaches which may give rise to either a symmetrical or asymmetrical cross-

section. These include eccentric positioning of the inner polymer channel and controlling 

of the supply rates of the two component polymers [207], introducing a varying element 

near the supply of the sheath component melt [208], introducing a stream of single 

component merging with concentric core - sheath component just before emerging from 

the orifice and deformation of spun concentric fibre by passing it over a hot edge [209]. 

Other techniques to produce core - sheath fibres include coating of spun fibre by passing 

through another polymer solution [210] and spinning of copolymer into a coagulation bath 

containing another polymer [211]. Modifications in spinneret orifices enable one to obtain 

different shapes of core or / and sheath within a fibre cross-section. There requires to be 

considerable understanding and control of liquid polymer surface tensions, viscosities and 

flow rates of component melts during melt spinning of these fibres.  

 
2.11.3 Uses of core-sheath bicomponent fibres  

The first commercial application of core - sheath bicomponent fibre [212] has been used in 

carpets and upholstery fabrics. It appears that concentricity of the core plays an important 

role if the final product strength is the major concern, but if yarn bulkiness or texture is 

required at the expense of strength, the eccentric type of the fibre is used [213]. Other uses 

of core - sheath fibres derive from characteristics of the sheath helping to improve the 
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overall fibre properties. One core-sheath fibre has been reported [214] whose sheath is 

made of a polymer having high absorptive power for water, thereby having obvious 

advantages for use in clothing. Other core - sheath fibres showed better dyeability [215], 

soil resistance [216], heat-insulating properties [217], adhesion [217] etc. Production of 

ceramic core - sheath bicomponent fibres is another application utilizing the difference of 

sheath and core [218]. 

 

2.11.4 Properties of core / sheath bicomponent fibres by incorporating additives 

Properties can be changed of core / sheath bicomponent fibres by incorporating additives 

to either core or sheath. The patent literature has many examples of the use of additives to 

modify fiber properties and this literature is outside the scope of this thesis although some 

examples will be given below.  

 

The addition of carbon black produces conducting fibres that can be used for antistatic or 

current carrying purposes [219]. One early patent covers an antistatic core / sheath fibre 

with core containing carbon black and this fibre has been used in nylon carpeting to 

control static charges [220]. Addition of silica particles improved water repellency. Flame 

resistance has been obtained by addition of decabromobiphenyl ether and tin oxide [204]. 

Finally, a flame retardant fabric comprising bicomponent fibres having a sheath and a 

core, in which the sheath comprises a fully aromatic thermoplastic polymer with a Limited 

Oxygen Index of at least 26 and the core comprises a polypropylene has been reported 

[217]. 

 
There appears to be no literature regarding the addition of flame retardant and / or 

nanoclay in the core or sheath and their combined effect on fabrics comprising such the 

core-sheath bicomponent fibres. In this study, we develop a process to introduce them and 

use ultrasonic to improve additive dispersion.  Flammable and tensile properties will be 

compared with the location of nanoclay and / or flame retardant with and without 

application of ultrasonic wave. 
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Chapter 3: Optimisation and Effects of Ultrasound on      

Polypropylene (PP) Filament / Fabric Properties 

 

3.1 Introduction 

 

In recent years, polymers with micro dispersed size particles have attracted attention by 

both academic and industrial researchers. Significantly improvement in the desired 

properties of nano-dispersed particles in polymers; such as their mechanical properties, 

optical properties, thermal properties and flame resistance has been reported [221]. With 

regards to flame retardance, wide ranges of flame retarding additives are used to improve 

the fire resistance of the polymer system. The most commonly used ones include bromine-

containing species in combination with the synergist antimony III oxide and aluminium 

hydroxide (or aluminium trihydrate). However a large number of different kinds of 

phosphorus containing inorganic and organic flame retardants are available. In a previous 

preliminary study at Bolton, ammonium polyphosphate (APP) in the presence of a 

nanoclay was used as a flame retardantsystem for polypropylene fibres [145]. In this 

chapter, this work is extended to study the effects of ultrasound on improving the 

dispersion of both clay and APP flame retardant. 

 

3.2 Experimental 

 

Previous experience has shown that clay levels of 2 wt% are ideal to provide improved fire 

performance, but there were difficulties observed in extruding filaments and or knitting 

them into fabrics because of poor clay dispersion in the non-polar PP [145, 153, 222]. Due 

to these reasons, Nanomer 1.3T, a clay recommended by the company Nanocor Inc as 

nanoclay functionalised suitably for dispersion in polypropylene, and ammonium 

polyphosphate (APP) as flame retardant were selected for this study. Generally 25-30 wt% 

of APP gives a positive flame retardant effect on polypropylene but a negative effect on 

tensile properties, specially where filaments are concerned. In this work flame retardant 

(FR) levels have been maintained at 5 wt% where it is likely that only marginal levels of 

flame retardancy, such as reduced burning rates, will be achieved. In doing so, not only is 
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it anticipated that any degree of nanoclay-FR synergy present would be observed but also 

the total additive content will be < 10 wt% and so have minimal effect on tensile 

properties. 

 
Furthermore, since the compounded polymer is to be extruded into filaments, it is essential 

to maintain all additives present at 10 wt% or less if their tensile properties are not to be 

compromised. 

 

3.2.1 Materials 

Filament grade polyproylene (PP), Moplen HP561R (LyondellBasell Polymers) having a 

melt flow index (MFI) 25 g / 10 min (230 °C / 2.16 kg) was used. 

The nanoclay selected was Nanomer 1.3 T, (NanocorInc). 

The grade of ammonium polyphosphate (APP) chosen was C60 from Budenheim having 

an average diameter of 7 m, which is the finest particle size available commercially for 

this material. 

 
3.2.2 Sample matrix 

Table 3.1 shows the samples used for this work and their compositions as explained 

above. On the basis of above explanations, a nanoclay level of about 2 wt% is sufficient to 

improve fire performance.  

 
Each formulation in Table 3.1 was compounded into polymer strands (St) for pelletising as 

chips (Ch). These chips were extruded into tapes (Tp) and filaments (Fil). Filaments were 

knitted into fabrics (Fab) if their strength allowed this to occur. 
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 Table 3.1: Polypropylene sample matrix. 

 

 

 

 

 

 

 

 

 

 

 

 
 Notes: Ch=Compounded chips, St= Strands, Tp=Tape, Fil=Filaments, Fab=Fabric. 

 

 

 

 

  
50W Ultrasonic probe   100W Ultrasonic probe 

  Sample 

Without 
ultrasonic  

probe  
20%, 
10W 

60%,  
30W 

100%, 
50W   

20%,  
20W 

90%,  
90W 

        
PP 

Ch, St, Tp, Fil, 
Fab 

  
PP/1.3T (2 wt%) 

Ch, St, Tp, Fil, 
Fab 

Ch, St, Tp, 
Fil 

Ch, St, Tp, 
Fil 

Ch, St, Tp, 
Fil 

 

Ch, St, Tp, 
Fil 

Ch, St, Tp, 
Fil,Fab 

PP/APP(5 wt%) 
Ch, St, Tp, Fil, 

Fab 
      

PP /1.3T(2 wt%)/APP (5 wt%) 
Ch, St, Tp, Fil, 

Fab 
     

Ch, St, Tp, 
Fil,Fab 
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3.2.3 Compounding 

Polypropylene and additives were hand-mixed in a plastic container for compounding in 

the Thermo electron Prism Eurolab 16 twin screw extruder, with or without application of 

ultrasound. The extruder having a 16 mm screw diameter, L/D = 24 both with and without 

ultrasound generation was used to compound different polymer mixture as shown in Table 

3.1. Two ultrasound generators of 50 and 100 W, both at 30 kHz frequency were used. 

The internal diameters of probes were of 7 and 10 mm respectively. To introduce the 

probe into the molten zone of the twin-screw extruder, modification of the extruder was 

undertaken. A home-made head was made from a pressure transducer port drilled out to a 

13 mm diameter hole to a depth sufficient to leave 0.5 mm thickness at the end and the top 

face drilled and tapped for 4 M4 blind holes. These were to be used to secure a stainless 

steel inverted top hat insert into which the probe could be introduced. The Figure 3.1 

shows a photograph of the assembly. Two Hielscher 30 kHz ultrasonic generators having 

respectively 50 W and 100 W maximum outputs were used with 7 and 10 mm probes. 

Each generator / probe assembly was fitted into the specially machined plug located within 

the compounder housing at the end of the twin-screw high pressure region. The floor of 

the plug was 0.5 mm thick through which ultrasonic waves were transmitted into the 

polymer melt at the high pressure end of the barrel. Silicone oil was used to fill excess 

space between the plug interior and the probe and so maximise ultrasound transmission to 

the compounder.  

 
To optimise the conditions for this experiments, the PP + Nanomer 1.3T (PP/1.3T) 

formulation was studied with 100 W and 50 W ultrasonic probes at varying intensities 

between 20 and 100%. The following conditions were used with assumed net beam 

wattages given in bold and in brackets: 

 
 50 W Probe, 20% amplitude (10 W) 

 50 W Probe, 60% amplitude  (30 W) 

 50 W Probe, 100% amplitude (50 W) 

 100 W Probe, 20% amplitude  (20 W) 

 100 W Probe, 90% amplitude  (90 W) 

 
Based on results discussed in a later section, the 100 W probe at 90% amplitude was used 

as an optimised condition for rest of the formulated PP samples.   
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The compounding extrusion rate for polypropylene was kept between 27.3 and 44.3 g/min. 

Temperatures in the six zones of the compounder were 150, 200, 205, 205, 200, and 200 
oC. Samples were extruded as strands (diameter 1.8 ± 0.2 mm) into the water bath and 

pelletised into chips. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 3.1: The 50W Hielscher ultrasonic probe assembly fitted to the end of the Prism        

Eurolab Compounder barrel. 

 

3.2.4 Melt extrusion in to filaments / tapes 

Compounded polymer pellets were extruded into filaments using a laboratory-sized 

Labline MK 1 single screw melt laboratory extruder. The screw has an internal diameter of 

22 mm and three zones, a feed zone, a compression zone and a metering zone. The 

polymer is melted in the barrel as it is carried along by the screw through three different 

barrel temperature zones. Finally polymer is passed through the 40 hole spinneret to 

extrude into filaments. The filaments are passed through a set of six rollers, the first two of 

which are heated prior to traversing the faster drawing rolls. Finally these filaments are 

wound onto a cardboard cylinder. Following barrel region temperature conditions were 

used for polypropylene, barrel region 1: between 165 and 175 oC, barrel region 2: 190 oC, 
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barrel region 3: 200 oC, adaptor: 220 oC, die: 220 oC. Screw rotation was 20 rpm and 

extruded filaments were drawn at a draw ratio 1:3. 

 
Polymer tapes (40 mm width, 0.6 ± 0.2 mm) were extruded by using a tape die in place of 

the spinnerette. These samples were used for microscopic investigation.  

 
3.2.5 Fabric production 

Filaments were knitted into fabrics using a small, hand, circular knitting machine, gauge 

E7. Fabric area densities of knitted fabrics depended on the gauge of the knitting machine. 

Some of the PP filaments were difficult to knit in to fabric due to coarse and brittle nature 

of filaments. Area densities of PP fabric ranged between 70 and 120 g/m2. 

 

3.3 Characterisation for physical, mechanical and flammability 

properties 

 

3.3.1. Morphology of tapes 

A Nikon Labophot 2 optical microscope with image capture by a JVC TK - C1381 video 

camera was used to capture microscopic images of the extruded tape samples. These 

images were captured at different magnification (10X to 300,000X) and were used to 

compare the morphologies of tapes. A Hitachi Technologies (Model 3400) SEM with 100 

nm resolution was used for scanning electron microscopic imaging. All images were 

obtained at 15 kV. Secondary electron and X-ray detectors were used to get EDS images 

of silicon, phosphorus, and aluminium containing particulates. Quantitative analysis of the 

EDS images was carried out by Datacell software. A selected area on the EDS image of 

each sample was for the quantitative analysis and colour coding on the software was used 

to select Si dots on the image. This helped to measure area of the dots, number of dots and 

selected area of the sample.  

 
Transmission electron microscopy (TEM) of selected samples was undertaken at the 

Department of Material Science, University of Oxford using a JEOL JEM-2000 FX 

Analytical instrument with a beam voltage of 200 kV on samples of 100 nm thick with a 

maximum resolution of 0.3 nm was used to obtain transmission electron microscopic 

(TEM) image. 
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3.3.2. Tensile properties 

Tensile testing of the filaments was conducted using a Textechnic Statimat M testwith a 

gauge length of 100 mm, load cell 10 N and test speed of 300 mm/min. The reported 

values of linear density, modulus, tenacity and elongation-at break are the respective 

average values taken from ten tests. 

 

3.3.3 Thermal analysis 

Thermal stabilities of samples were investigated using thermogravimetric analysis (TGA) 

and differential thermal analysis (DTA). Combined TGA-DTA was performed using a TA 

system STD 2690 instrument under air atmosphere (gas flow 100 ml/min) and heating rate 

of 10 oC/min, using a sample size of 10-15 mg.  

 

3.3.4 Limiting oxygen index of extruded strands and tapes 

Limiting oxygen index (LOI) is the minimum concentration of oxygen, defined in a 

flowing mixture of oxygen and nitrogen just support flaming combustion of the material. 

The oxygen concentration of the mixture used in each test is increased or reduced by a 

small amount until the required concentration is reached. All the tests were carried out by 

using Fire testing technology Limiting Oxygen Index apparatus on extruded strands and 

tapes using the standard ASTM 2863 test procedure by using a Fire Testing Technology 

(FTT) digital oxygen Index testing equipment. LOI values for each sample were 

measured. In addition to the standard LOI measurement, time to extinguish the flame and 

burnt length of the samples were also noted, from which burning rate could be calculated.  

 

3.3.5 UL-94 of strands 

UL-94 is the most commonly used test for measuring the ignitability and flame spread of a 

sample, exposed to a small flame [224]. The standard UL-94 test is performed on a 

polymer sample (125 mm x 13 mm, with various thicknesses up to 13 mm) suspended 

vertically above a cotton patch. The sample is subjected to two 10 s flame exposures with 

a calibrated flame in a unit which is free from the effects of external air currents. After the 

first 10 s exposure, the flame is removed, and the time for the sample to self-extinguish is 

recorded. Cotton ignition is noted if polymer dripping ensues; dripping is permissible if no 

cotton ignites. Then the second ignition is performed on the same sample, and the self-

extinguishing time and dripping characteristics recorded. If the plastic self-extinguishes in 

less than 10 s after each ignition, with no dripping, it is classified as V-0. If it self-
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extinguishes in less than 30 s after each ignition, with no dripping, it is classified as a V-1, 

and if the cotton ignites then it is classified as V-2. If the sample does not self-extinguish 

before burning completely, it is classified as failed (F).  

 
In the horizontal version of UL-94, a specimen is supported in a horizontal position and is 

tilted at 45°. A flame is applied to the end of the specimen for 30 seconds or until the 

flame reaches the 10 mm mark. If the specimen continues to burn after the removal of the 

flame, the time for the specimen to burn between the 10 and 40 mm marks and burnt 

length are recorded. If the specimen stops burning before the flame spreads to the 40 mm 

mark, the time of combustion and damaged length between the two marks is recorded.  

 
In this work a modified UL-94 test method was used.  The samples used are in the form of 

strands (125 mm long, ~2 mm diameter), and tapes (125 mm x 5 mm x ~0.4 mm). In both 

cases flame is applied to the bottom of the specimen while the top of the burner is located 

10 mm away from the bottom edge of the specimen. The flame is applied for 10 s and 

removed. The after flame time as T1 (the time required for the flame extinguish) is 

measured. After extinction, the flame is applied for another 10 s and the after flame time 

T2 is then measured. At the end of experiment the total burn length is also measured for the 

calculation of burning rate.  

 
3.3.6 Fabric testing 

Fabric samples were mounted on the vertical strip sample holder for flame spread test 

using the test rig describe in test 1 (190 x 70 mm) of BS 5438. The fabric was marked at 

10, 60, 120 and 180 mm intervals. On ignition of the sample, the first 10 mm sample 

burning was not taken in to account and a time of burning was recorded from the 10 mm 

point onwards. The standard flame was applied for 10 s as specified in the test to the 

bottom edge of the fabric. A video film recorded the whole burning process. Times to 

reach 60, 120 and 180 mm marks and / or flame out were noted. Molten drops were 

collected and their masses were measured. The values were used to interpret how much 

mass of sample has burnt. Three replicates of each sample were tested and results 

averaged.  
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3.4 Results and discussion 

 

3.4.1 Optimisation of ultrasonification conditions so as to achieve improved levels of 

nanodispersion and relate them to polymer performance  

As mentioned in Section 3.2.3, to optimise the ultrasonification conditions, the PP + 

Nanomer 1.3T (PP/1.3T) formulation was used with the 100 W and 50 W ultrasonic 

probes at varying intensities between 20 and 100%. 

 
Holes / microvoids were observed in the films of all polypropylene samples, including the 

control PP. The formation of such holes in cast or extruded films has not been mentioned 

in the literature but they appeared to form at the boundaries of large spherulitic crystallites. 

Generally in commercial polypropylene film extrusion, rate of extrusion and cooling rates 

are many times faster than in these experiments; so they would contain very small 

spherulites which would be easily sheared during any subsequent drawing. The holes 

suggest that in these thin samples significantly-sized spherulites were formed and stresses 

arising at their boundaries could cause the observed hole formation. A brief reference to 

this condition is also mentioned in the literature [223]. However, the frequency of holes 

seemed to be change with change in ultrasonic probe power. At higher magnifications the 

clay particles could be observed.  

 
3.4.1.1 Characterisation of tapes  

Figure 3.2 shows optical microscopic images for control PP and PP/1.3T(2 wt%) samples. 

The holes are clearly seen as black spots in the lowest magnification (40X) films and the 

spherulitic structures present are evident in the higher magnification micrographs.  Figure 

3.3 and 3.4 show SEM images for all PP samples. These images do not show any specific 

detail apart from the inter-spherulite holes and spherulitic structures. These two features 

were observed in all formulated films.  

 
Figure 3.5 shows EDS images of samples as Si maps in defined areas. Si dots seemed to 

be more uniformly distributed when the ultrasound probe was used. For the PP/1.3T(2 

wt%) unsonicated sample, there are some clusters observed, which decrease in frequency 

with ultrasonic probe usage. At the 50 W probe condition, the frequency of clusters 

decreased with increasing amplitude. No clusters were observed when the 100 W 

ultrasonic probe is used. It must be emphasised that as particle dispersion improves, so the 
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average particle size will reduce and at a critical level reduce below the resolution of the 

SEM, the resolution of the SEM is greater than 100 micron. Thus improved dispersion will 

be accompanied by an observed reduction in particle dimension and a reduction in number 

of observed particles per unit area. 

 

 

 
   Figure 3.2: Optical microscopic image of PP and PP/1.3T(2 wt%) tape. 
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 Figure 3.3: SEM of PP and PP/1.3T(2 wt%); note that the horizontal bar in each 

micrograph relate to the length dimensions shown. 
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Figure 3.4: SEM of PP/APP(5 wt%) and PP/1.3T(2 wt%)/APP(5 wt%); note that the 

horizontal bar in each micrograph relates to the length dimensions shown. 
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Figure 3.5: EDS images representing Si dots of PP and PP/1.3T(2 wt%) tapes, where 

clusters are circled. 

 

3.4.1.2 Quantification of particulate dispersion 

Datacell software was used to quantify the incidence of Si dots from SEM-EDS images 

and the data produced as shown in Tables 3.2 and 3.3. For each sample a specified pre-

calibrated area was selected on the EDS image. Using the colour coding on the software, 

Si dots were selected and counted by the software. The software also measured area of the 

dots, number of dots for both selected areas (see Table 3.2) and the total area of the sample 

(see Tables 3.3). Table 3.2 shows that the number of Si dots and Si dot density (as dots per 

unit area) are reduced with the addition of nanoclay and further more reduced with the 

application of ultrasound. Surprisingly, the PP control appears to have more dots (166) 

then those which contain the added nanoclay. There is no simple explanation for this, 

however, because this control was the first sample to be extruded, it is possible that 

because there had been previous work under taken using nanoclays as additives in the 

extruder, some contamination had occurred. Table 3.3 shows that the Si dot number and 

PP/1.3T(2 wt%) PP/1.3T(2 wt%);50W 20% Ampl.(10W) PP/1.3T(2 wt%);50W 60% Ampl.(30W) 

PP/1.3T(2 wt%);50W 100% Ampl.(50W) PP/1.3T(2 wt%);100W 20% Ampl.(20W) PP/1.3T(2 wt%);100W 90% Ampl.(90W) 
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density for the whole sample under observation increases following the addition of 

nanoclay as expected and then reduces following the application of ultrasound. In Figure 

3.6 the number of particles within a defined area (average of 12 results) as a function of 

ultrasonic power has been plotted for all samples. The results do not closely follow the 

qualitatively observed trend (compare Figure.3.5 and Table 3.2).Therefore, the whole 

sample area was selected and the results plotted as a function of ultrasonic power still do 

not follow closely the qualitatively observed trend in Figure 3.5. However, in spite of the 

possible error within the experimental data, from Table 3.3 it can be seen that the number 

of clusters was very low when the 100 W probe was used and so based on this study it was 

decided, therefore, to use the 100 W probe at 90% amplitude.  
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     Table 3.2: Si dots quantification using small area of a sample and average of 12 separate areas. 
 
 

  
Sample 

Area of 
the 

sample 

Si dot 
Area 

Si dot 
Ratio 

No of 
Si 

dots 

Si dots per 
unit Area 

Power of 
Ultra 

sonification 

 
(mm2) (mm2) 

  
(Dots/mm2) (W) 

100% PP 0.0342 0.0007 0.9805 166 4859 0 

PP/1.3T(2 wt%) 0.0241 0.0003 0.9897 50 2067 0 

PP/1.3T(2 wt%)/50W(20%Ampl.) 0.0231 0.0003 0.9867 34 1489 10 

PP/1.3T(2 wt%)/50W(60%Ampl.) 0.0215 0.0009 0.9586 214 9952 30 

PP/1.3T(2 wt%)/50W(100%Ampl.) 0.0221 0.0002 0.9902 49 2240 50 

PP/1.3T(2 wt%)/100W(20%Ampl.) 0.0231 0.0003 0.9867 34 1489 20 

PP/1.3T(2 wt%)/100W(90%Ampl.) 0.0239 0.0002 0.9937 20 833 90 
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Table 3.3: Si dots quantification for whole sample area. 
 

 

Sample 

Area of 
the 

sample 

Area of 
Si Dots 

Si Dot 
Ratio 

Number 
of Si 
Dots 

Si Dots 
per 

 unit Area 

Power of  
Ultra 

sonification 

No of 
Clusters 

Cluster 
varification 

with 
number of 

dots 

  
(mm2) (mm2) 

  

(Dot/mm2) (W) 
  

PP/1.3T(2 wt%) 0.7289 0.0070 0.9905 1690 2319 0 11 7-small 

        
4- Large 

PP/1.3T(2 wt%)/50W(20% Ampl.) 0.7053 0.0258 0.9647 6051 8579 10 9 4-small 

        
5-Large 

PP/1.3T(2 wt%)/50W(60% Ampl) 0.7086 0.0206 0.9718 4938 6969 30 12 8-Small 

        
4-Large 

PP/1.3T(2 wt%)/50W(100% Ampl.) 0.7287 0.0072 0.9903 1720 2360 50 7 3-Small 

        
4-Large 

PP/1.3T(2 wt%)/100W(20% Ampl.) 0.7301 0.0058 0.9921 668 915 20 5 5- Small 

         
PP/1.3T(2 wt%)/100W(90% Ampl.) 0.7211 0.0057 0.9921 1352 1875 90 5 5-Small 
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Figure 3.6: Si dots quantification using small area for measurement at one time 

(averaging the results for 12 samples) and using whole sample area. 

 

3.4.1.3 Transmission electron microscopy  

Transmission electron micrographs of PP/1.3T(2 wt%) and PP/1.3T(2 wt%)/90W) are 

shown in Figure 3.7, which indicates that nanoclayfundamental platelets are more 

separated, ie, intercalated, in the presence of ultrasonification.  

 
 

 

 

 

 

 

 

Figure 3.7: Transmission electron micrographs of samples (a) PP/1.3T(2 wt%) and (b) 

PP/1.3T(2 wt%)/90W. 
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3.4.2 Thermal stability 

Thermal analysis study was performed on compounded polymer chip samples. Selected 

graphs are shown in Figure 3.8 where it can be seen that PP/1.3T(2 wt%) without /with 

ultrasonification are very similar in nature. However, PP/1.3T(2 wt%)/APP(5 wt%) after 

sonification shows changed thermal stability compared to unsonicated samples in terms of 

shifting the onset of degradation. All of these curves are analysed in Tables 3.4(a) and (b), 

where it can be seen that additives or ultrasonification have a minimal effect on melting 

endotherms, implying that the processing of the polymers will not be affected. The 

initiation of thermal degradation, T10, termed as temperature where 10% mass loss occurs 

is decreased to 265 oC after sonification (sample PP/1.3T(2 wt%)/90W) compared to 299 
oC without sonification in sample PP/1.3T(2 wt%). T50, where 50% mass loss occurs, is 

also slightly reduced, whereas char yield is increased. However, when APP is also added, 

T10 is increased to 299 oC with sonification (sample PP/1.3T(2 wt%)/APP(5 wt%)/90W) 

compared to 266 oC without sonification in sample PP/1.3T(2 wt%)/APP(5 wt%). Char 

yield is also increased. These results show that ultrasonification reduces the thermal 

stability during the initial stages, but in general, improves it at higher temperatures in 

terms of increasing residues which comprise both carbonaceous and inorganic contents.  
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Figure 3.8: DTA and TGA curves of PP/1.3T(2 wt%) and PP/1.3T(2 wt%)/APP(5 wt%) without / with ulrasonifiaction. 
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 Table 3.4 (a): DTA analysis of PP matrix samples. 
 

  
  

Melting peak, Endo 
Decomposition,  Exo 

Char oxidation, Exo 

Init Peak Max Init 
Peak 
Max 

Init Peak Max 

Samples (oC) (oC) (oC) (oC) (oC) (oC) 
 
PP 145 

 
171 

 
224 

 
349 (L) 

 
442 

 
490 

 
PP/1.3T(2 wt%) 

 
146 

 
171 

 
205 

 
270 (B), 372 (L) 

 
433 

 
497 

PP/1.3T(2 wt%)/90W 150 169 201 276; 357, 369 (d) 428 499 

PP/APP(5 wt%) 137 170 224 286, 345, 364, 386, 417 - - 
 
PP/1.3T(2 wt%)/APP(5 wt%) 144 170 199 274; 365,380 (d) 438 490 

PP/1.3T(2 wt%)/APP(5 wt%)/90W 143 170 186 270; 343, 387, 402 451 504 
       

 
Note: Init = Initial or onset temperature, L = large, s = small, B = broad, d = double peak. 
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Table 3.4(b): TGA analysis of PP matrix samples. 
 

 Samples 

T 10,  Temp 
at  

10% mass 
Loss 

T 50,  Temp 
at  

50% mass 
Loss 

Char  
Residue at 

600 oC 

 (oC) (oC) (%) 

PP 299 328 0.4 

PP/1.3T(2 wt%) 299 358 1.2 

PP/1.3T(2 wt%)/90W 265 350 1.4 
PP/APP(5 wt%) 291 379 4.3 

PP/1.3T(2 wt%)/APP(5 wt%) 273 355 4.5 

PP/1.3T(2 wt%)/APP(5 wt%)/90W 299 372 5.2 
 

3.4.3 Effect of ultrasonification on fibre properties 

Compounded polypropylene formulations generally were extrudable into filaments and the 

ease of processing improved if samples had been subjected to ultrasound treatment. This 

was especially noticeable for the PP/1.3T(2 wt%)/APP(5 wt%) sample containing APP 

particles. Dependence of the tensile properties of the PP/clay with various amounts of 

ultrasound power is shown in Table 3.5. Normally the addition of well-dispersed nanoclay 

would be expected to increase the initial modulus and reduce breaking elongation although 

little or no effect on tenacity is often seen. Here, all the tensile properties of PP-clay 

filaments decreased compared to PP, which except for the elongation-at-break values, are 

unexpected results. It might be due to the poor dispersion and interface adhesion of 

nanoparticles in the PP matrix at high filler content. When ultrasound was introduced 

during compounding, it helps to reduce the size of nano particle agglomerates, due to 

which elongation-at-break improves in most cases. According to the Table 3.5, a mild 

power (100 W power with 90% amplitude) of ultrasound in our experiment seems more 

beneficial for enhancing the elongation-at-break. In addition, although the values of the 

elongation-at-break measured in this work have considerable deviations, the results show a 

slight decrease in elongation-at-break of PP by adding 1.3T nanoclay in the absence of 

ultrasound, due to that the fillers cause a reduction in matrix deformation because of the 

introduction of mechanical restraints. It should be noted once again that the extrusion was 

undertaken on the Labline extruder which is not designed for fine filaments and there is 

little or no polymer metering behind the spinneret. 
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Table 3.5: Tensile properties for PP matrix samples. 

 

Sample 

Linear 
density 

Modulus Tenacity 
Elongation-

at 

(tex) 
(cN/tex) 

and CV(%) 
(cN/tex) and 

CV(%) 
-break (%) 
and CV(%) 

PP(without compounding) 4.7 358.3 (3.6) 29.2 ( 13.1) 152.2 (4.9) 

PP 4.2 348.4 (15.7) 32.9 (22.7) 151.6 (7.6) 

PP/1.3T(2 wt%) 11 311.4 (4.4) 11.5 (13.3) 180.6 (84.1) 

PP/1.3T(2 wt%)/90W 12.8 179.6 (16.5) 15.1 (14.8) 238.8 (17.3) 

PP/APP(5 wt%) 13.1 251.4 (12.7) 15.4 (15.8) 186.7 (46.9) 

PP/1.3T(2 wt%)/APP(5 wt%) 15.4 158.8 (9.6) 6.6 (9.9) 7.9 (15.9) 

PP/1.3T(2 wt%)/APP(5 wt%)/90W 10.6 229.6 (23.4) 11.5 (17.4) 8.6 (29.0) 

 

3.4.4 Effect of ultrasonification on flammability of strands and tapes 

3.4.4.1 Limiting oxygen index (LOI) 

Results of oxygen index for the polymer strands of the PP samples are given in Table 3.6. 

LOI values of PP and PP/1.3T(2 wt%) remain constant (17.2%), but the burning rate is 

decreased from 7.1 to 4.4 mm/s. Similar values were obtained in the presence of 

ultrasound. The LOI value for PP/APP(5 wt%) is slightly increased from 17.2 to 18.2 

vol% and rate of burning reduced from 7.1 to 6.2 mm/s. However, the presence of 

nanoclay with flame retardant has reduced the LOI values slightly to 17.8 vol% as well as 

the rate of burningwhich further reduced in the ultrasonicated sample (PP/1.3T(2 

wt%)/APP(5 wt%)/90W). 

 
LOI results for the tape samples are given in Table 3.7. In the presence of clay LOI value 

reduced slightly and these was a little effect of ultrasonic exposure. Presence of flame 

retardant increased the LOI value which was further increased with the presence of clay 

and flame retardant, but the presence of ultrasound decreased the LOI values slightly. The 

rate of burning was unaffected in the presence of clay and use of ultrasonic waves. 

 

From these results it can be seen that the presence of clay while does not increase the LOI, 

reduces the burning rate, which is further reduced by ultrasonification, which indicates 
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that ultrasonification enhances dispersion of nanoclays. Similar results are seen with 

additional APP presence. However, other tests are required to establish the effects of 

ultrasound; hence UL-94 tests were carried out.  

 
         Table 3.6: LOI values of compounded PP strands. 

 

Sample 
Diameter 

 of Strands 
(mm) 

LOI  
 

vol% 

Burning  
rate  

(mm/s) 

PP 1.8 17.2 7.1 

PP/1.3T(2 wt%) 1.9 17.2 4.4 

PP/1.3T(2 wt%)/90W 1.6 17.3 3.3 

PP/APP(5 wt%) 2.1 18.2 6.2 

PP/1.3T(2 wt%)/APP(5 wt%) 2.1 17.8 4.8 

PP/1.3T(2 wt%)/APP(5 wt%)/90W 2 17.8 3.2 
 

        Table 3.7: LOI values of extruded tapes. 

 

Sample 
Thickness 

 of tape 
(mm) 

LOI 
 

vol% 

Burning  
rate  

(mm/s) 

PP 0.34 17.9 4.8 

PP/1.3T(2 wt%) 0.55 17.7 4.4 

PP/1.3T(2 wt%)/90W 0.41 17.8 3.2 

PP/APP(5 wt%) 0.38 18.6 4.8 

PP/1.3T(2 wt%)/APP(5 wt%) 0.5 19.3 4.6 

PP/1.3T(2 wt%)/APP(5 wt%)/90W 0.38 18.9 4.7 
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3.4.4.2 Flame spread and melt dripping of strands 

The flammability properties of all samplesin the form of strands have been measured using 

a modified UL-94 test in both horizontal and vertical orientations at room temperature. 

The first 10 mm of sample burning was not taken into account and so times of burning 

were recorded once the flame had reached a line drawn 10 mm from the edge against 

which flame of 30 mm was applied for 10s as specified in the test [224]. A video film was 

taken of the burning of each sample from which times to reach 50 mm (T1) and 100 mm 

(T2) marks and / or to achieve flameout were noted. The number of melting / flaming 

drops was also noted. Three replicates of each sample were burnt and results averaged. 

Since the diameters of all samples are different, the burning rate and number of drops were 

normalised with respect to volume of the control PP strand, and these normalised results 

are presented in Table 3.8.  

 
In the horizontal mode, the PP sample melted and burned with flaming drips. All samples 

with clay and even with flame retardant APP, burnt completely, which is unexpected, 

given the low levels (5 wt%) of flame retardants used here. However, the flame spread 

rates varied as seen from Table 3.8. On the addition of clay to the compounded polymer, a 

change in burning behaviour was observed in that the total time to burn reduced, which 

further reduced on sonification. With the addition of clays, the number of drops decreased 

during the time of burning, which further decreased with sonification. This shows that 

sonification helps in creating more uniform dispersion, which changes the burning 

behaviour of samples. Thus the polymer no longer drips, but remains a coherent melting 

mass which burns. A similar trend is seen for APP-containing samples in that the total 

time to burn reduced with the clay presence and after sonification the number of melting / 

flaming drops decreased.  

 
In the vertical mode burning of the control sample was more vigorous with melting drips 

(see Table 3.8). However, the trend was similar for all samples as seen in horizontal mode.  

In summary, it is clear that sonification reduces the number of normalised melting drips, 

expressed with respect to the initial unit volume of each sample,  which is due to better 

dispersion of the clay and possibly flame retardant.  
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 Table 3.8: Details of UL94 result of strands. 

 

 Note : T1 = Time to 50 mm; T2 = Time to 50 - 100 mm, BT = Total time to burn;  BL = Total burnt length; * = Normalised with 
 respect to volume of PP sample; No of drops during total burn time 
 

 

Sample 

Horizontal flame spread (modified UL-94) Vertical flame spread (modified UL-94) 
T1 T2 BT BL Burning 

rate * 
No of 

drops* 
T1 T2 BT BL Burning 

rate * 
No of 

drops* 

(s) (s) (s) (mm) (mm/s) 
 

(s) (s) (s) (mm) (mm/s) 

PP 34 45 79 150 1.9 64 7 15 22 150 8 47 

PP/1.3T(2 wt%) 30 28 58 150 2.2 18 9 27 36 150 3.4 23 

PP/1.3T(2 wt%)/90W 17 20 37 150 3.9 16 6 10 16 150 9.6 21 

PP/APP(5 wt%) 25 44 69 150 1.7 28 7 25 33 150 3.6 34 

PP/1.3T(2 wt%)/APP(5 wt%) 27 38 65 150 1.7 15 5 12 17 150 6.8 19 

PP/1.3T(2 wt%)/APP(5 wt%)/90W 19 42 61 150 2.2 20 7 18 25 150 5.3 37 
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3.4.5 Effect of ultrasonification on flammability of fabrics 

All filaments were knitted into fabrics and the area density of each sample is given in 

Table 3.9. Flame spread tests were undertaken using the test rig described in BS 5438 

[223] used for flammability of textile materials. Due to limited sample sizes, the sample 

holder, 190 x 70 mm, used in Test 1 for assessing ignition times in this standard has been 

used. Sample sizes were different for all samples due to the differing availability of 

extruded filaments / fabrics. The first 10 mm of sample burning was not taken into account 

and so times of burning were recorded once the flame had reached a line drawn 10 mm 

from the bottom edge against which the standard flame was applied for 10 s as specified in 

the test. A video film was taken of the burning of each sample from which total burn time 

and burnt length were noted. Three replicates of each sample were burnt and results 

averaged. The melt / flame dripping behaviour of each sample was observed and noted. 

Since the sample sizes are different, rate of flame spread of different samples and number 

of flaming drips were normalised to a sample size of 100 x 100 mm in each case and 

normalised results are presented in Table 3.9.   

 
Addition of clay in PP/1.3T(2 wt%) sample had no effect on the rate of flame spread of PP 

(1.4 mm/s), which however reduced to 1.1 mm/s after sonification (sample PP/1.3T(2 

wt%)/90W). Flaming drop rates also reduced significantly in sonicated samples. In Table 

3.9, total mass losses (determined by weighing unburnt fabric or the residual char) of all 

fabrics are also presented. As can be seen from results, the sonicated samples had 

recordable residual masses, whereas respective unsonificated samples burnt completely.  

The charred flaming drops were also collected on an aluminium foil and weighed; the 

results are presented in last column of Table 3.9 expressed as a percentage of mass of the 

burning drops. Mass. Mass of the burning drops reduced significantly after sonification.      

For APP- and clay-containing samples, similar effects were observed, i.e.,sonification 

reduced the rate of burning from 2.9 (sample PP/1.3T(2 wt%)/APP(5 wt%)) to 1.3 mm/s 

(sample PP/1.3T(2 wt%)/APP(5 wt%)/90W), with a significant reduction in numbers of 

melt / flaming drops. 
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          Table 3.9:  Flame spread results of PP fabrics. 
 
 
 

 

 

 

 

 

 

 

 

 

 

 

 

Note : * = Normalised to 100 mm X100 mm sample size  

Sample 

Area 
density of 

fabric 

Sample 
Dimension 

Total 
Burn 
time 

Burnt 
height 

flame 
spread* 

No of 
drops* 

Mass of 
the molten 

/ burnt 
drops 

 (g/m2) (mm x mm) (s) (mm) (mm/s)  (%) 

PP 110 130 X 83 83 123 1.4 91 74 

PP/1.3T(2 wt%) 100 129 X 80 89 128 1.4 91 77 

PP/1.3T(2 wt%)/90W 90 160 X 93 100 160 1.1 30 34 

PP/APP(5 wt%) 80 200 X 95 13 75 3.0 10 10 

PP/1.3T(2 wt%)/APP(5 wt%) 70 98 X 80 42 98 2.9 55 94 

PP/1.3T(2 wt%)/APP(5 wt%)/90W 120 200 X 85 54 121 1.3 25 37 
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3.5 Conclusions 

In general it can be concluded that ultrasonification has helped in improving the dispersion 

of nanoclays and flame retardants in polypropylene, the effect however is not very 

significant. There is direct relationship between dispersion and the flame retardant 

performance of the samples. Well dispersed samples had less burning rates and flaming 

drips.    

 
Fire performance of PP containing clay and / or flame retardant was studied by using the 

LOI test and LOI values of samples containing clay and /or flame retardant werenot 

significantly affected by additive content or the presence of ultrasound. However, the rate 

of burning is reduced with the presence of clay and / or flame retardant and further 

reduced by the presence of ultrasound application. A modified UL-94 test was used to 

further study the fire performance. The presence of nanoclay and / or flame retardant 

decreased flammability in terms of reducing burning rate, which was further decreased by 

ultrasonification. A similar trend was seen for knitted fabric samples 
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Chapter 4: Optimisation and Effects of Ultrasound on   

Polyamide 6 (PA6) Filament / Fabric Properties 

 

4.1 Introduction 

 

Polyamides are difficult to process with additives and flame retardants because of their 

melt reactivity. Previous works at Bolton on PA 6 / clay fibreswas carried out by melt 

blending PA6 and nanoclays and then melt spinning,which did not show any signs of 

degradation of PA6 during processing [145]. Since the processing temperature of PA6 is 

higher, the flame retardants with decomposition temperature less than 250 oC cannot be 

used [144, 225].  

 

The effectiveness of nanoclays and flame retardants depends upon their dispersion in a 

polymer. Fibre forming polymers need good nano-level dispersion in order to be 

processable. Even using hydrophobic functionalised clays in PP it is difficult to produce 

good nano dispersion unless a compatibiliser such as graft maleic polypropylene (PPgMA) 

is present [144, 145], while dispersion in polyamides is generally more easily realisable 

[153]. Another method of improving nano dispersion is the use of ultrasonic waves by 

using an ultrasonic probe in the polymer melt [221, 226]. Ultrasound is a tool, generally 

used to clean the surface or to create homogenous mixtures. Application of ultrasound at 

the extrusion stage is aimed to improve the physical and chemical properties of a polymer. 

 
In this chapter two nanoclays, Nanomer 1.3T and Cloisite 25A and one flame retardant,   

aluminiumphosphinate have been used as additives for PA6.  All techniques used for 

compounding, melt spinning and testing are similar to those in Chapter 3. 

 

4.2 Experimental  

 

Small amount of flame retardant is enough to flame retard if applied with a small 

percentage of nanoclay added to the dispersion. Total additive level was maintained below 

(< 10 wt%). As explained in Chapter 3, Section 3.2.3, two levels of ultrasonic power were 

used. 50 and 100W ultrasonic probes were used to ultrasonicate the samples. 
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4.3 Samples 

 

4.3.1 Materials 

In this study the polymer selected was Polyamide 6 (PA6), Technyl C 301 Natural, 

Rhodia, France, nanoclay as Cloisite 25A, Southern Clay Products, USA; modified with 

dimethyl, dehydrogenated tallow quaternary ammonium sulphate (2M2HT) and Nanomer 

1.3T, Nanomer. The flame retardant was aluminiumphosphinate, Exolit OP 935, Clariant 

(note that this is fibre grade in that its average particle diameter is < 10 µm). 

 
4.3.2 Sample matrix 

Sample matrix is shown in the Table 4.1. Polymer pellets were compounded using the 

twin screw extruder as explained in Chapter 3, Section 3.2.3 and extruded in to filaments 

as explained in Chapter 3, Section 3.2.4. In each stage of the processing samples were 

selected as explained in Chapter 3, Section 3.2.2. 

 
In this work the same twin screw extruder has been used to compound samples with and 

without application of ultrasound under the same conditions as explained in Chapter 3, 

Section 3.2.3. The temperatures in the six zones of the compounder were 210, 225, 230, 

230, 240 and 245 0C.  
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             Table 4.1: Sample matrix for PA6. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
             Where, Ch = Compounded chips, St = Strands, Tp = Tape, Fil = Filaments, Fab = Fabric 

Sample 

 FR 
-5 wt% 

Without 
ultrasonic 

probe 

50 W Ultrasonic 100 W Ultrasonic 
Clay 20%, 100%, 20%, 90%, 

-2 wt% 10 W 50 W 20 W 90 W 

PA6 - - 
Ch, St, 
Tp, Fil, 

Fab 
        

PA6/1.3T 
1.3T 

nanomer 
clay 

- 
Ch, St, 

Fil,  
Ch, St, 
Fil, Tp 

Ch, St, 
Fil, Tp 

Ch, St, 
Fil, Tp 

Ch, St, 
Fil, Tp, 

Fab 

PA6/Al-Phos - 
Al-

Phos 

Ch, St, 
Fil, Tp, 

Fab 
        

PA6/1.3T/Al-Phos 
1.3T 

nanomer 
clay 

Al-
Phos 

Ch, St, 
      

Ch, St, 

  

PA6/25A 
Cloisite 

25A 
- 

Ch, St, 
Fil, Tp, 

Fab 
      

Ch, St, 
Fil, Tp, 

Fab 

PA6/25A/Al-Phos 
Cloisite 

25A 
Al-

Phos 

Ch, St, 
Fil, Tp, 

Fab 
      

Ch, St, 
Fil, Tp, 

Fab 
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4.3.3 Melt extrusion into filament / tapes and fabric production 

Compounded samples were extruded into filament and tape as explained in the Chapter 3, 

Section 3.2.4 and knitted into fabric as explained in the Chapter 3, Section 3.2.5. All the 

samples were characterised as explained in the Chapter 3, Section 3.3. 

 

4.4 Results and discussion 

 

All compounded samples could be extruded successfully into filaments. PA6/1.3T(2 wt%) 

sample could not be extrude into tapes, however with ultrasonification the extrusion into 

tapes was possible (Table 4.1). It was decided to proceed with 100 W probe and 90% 

amplitude, because it was found to be excellent for dispersion of clay in PP. 

 
4.4.1 Tensile properties 

Compounded PA6 samples were extrudable into filaments and the application of 

ultrasound treatment ease of processing. Filaments containing 1.3T clay were either 

impossible to spin into filaments or if spinnable, were too weak to knit into fabrics.  

 
Table 4.2 shows the tensile properties of PA6 filaments. PA6 filaments containing Cloisite 

25A showed increased moduli compared to 100% PA6 even when aluminiumphosphinate 

was present. Tenacity values also increased when this clay was included although in all 

PA6/25A(2 wt%) combinations the effects of ultrasound at best only maintained these 

superior properties. 
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  Table 4.2: Tensile properties of  PA6. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

Sample 
Linear 
density 
(tex) 

Modulus 
(cN/tex) and 

CV(%) 

Tenacity  
(cN/tex) and 

CV(%) 

Elongation-at 
-break (%)and 

CV(%) 

PA6 6.4 86.8 (24.5) 12.8 (26.4) 135.6 (11.9) 

PA6/1.3T(2 wt%) 26.2 59.5 (19.3) 4.21 (26.0) 172.7 (26.8) 

PA6/1.3T(2 wt%)/90W  13.4 62.3 (6.7) 11.8 (5.5) 287.5 (7.6) 

PA6/Al-Phos(5 wt%) 21.9 49.4 (29.6) 9.2 (27.5) 201.5 (22.3) 

PA6/25A(2 wt%) 16.2 113.6 (11.9) 21.8 (11.8) 145.2 (5.6) 

PA6/25A(2 wt%)/90W 18.2 100.3 (15.4) 21.3 (0.4) 150.1 (13.7) 

PA6/25A(2 wt%)/Al-Phos( 5 wt%) 25.2 102.6 (9.1) 9.8 (9.7) 352.1 (5.2) 

PA6/25A(2 wt%)/Al-Phos( 5 wt%)/90W 25.7 134.9 (12.7) 7.5 (9.9) 281.5 (10.7) 
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4.4.2 Characterisation of tapes 

Scanning electron microscopic (SEM) images of the samples are shown in Figure 4.1. 

From the images it appears that, clay dispersion is better than in formulations of PP. In the 

absence of ultrasound, no big clusters were obtained. This is due to the polar nature of the 

polymer and this helps to improve the dispersion of nanoclay particles. Also ultrasound 

improved the dispersion, as can be seen from Figure 4. EDS images of these samples 

shown in Figure 4.2. Si, P, Al dots also show better dispersion and the dispersion 

improves further in the presence of ultrasound. In the PA6/25A(2 wt%)/Al-Phos(5 wt%) 

sample, nanoparticles are well dispersed. Figure 4.3 shows a TEM image showing 

improved levels of clay nanodispersion for the Closite 25A layers, suggesting much better 

dispersion as a result of ultrasonication.  
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 Fig 4.1: SEM images for PA6 tapes with PA6/1.3T(2 wt% )/90W and PA6/Al-Phos(5 wt%). 
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PA6/25A(2 wt%)/90W 
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SEM      Si dots     P dots     Al dots 

PA6/25A(2 wt%)/Al-Phos(5 wt%)   

 

PA6/25A(2 wt%)/Al-Phos(5 wt%)/90W 
 
 Figure 4.2: EDS images representing Si, P and Al dots. 

500µm 

500µm 
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   PA6/25A        
 
 

PA6/25A(2wt%)      PA6/25A(2wt%)/90W 
 
 
 
 
 
 
Figure 4.3:  TEM micrographs of Cloisite 25A clay particles in polymide 6 (PA6/25A(2 wt%)) formulations without and with 
ultrasonification. 
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4.4.3 Limiting oxygen index  

LOI values of strands and tapes are shown in Table 4.3.  Addition of both clays reduces 

LOI value, thus for PA6/1.3T(2 wt%) strand LOI values decreased from 22.5 to 20.3 vol% 

and it is further reduced for PA6/ 25A (2 wt%) to 18.8 vol%, which is due to the fact that 

both clays reduce melt dripping (Table 4.3), and hence hold the polymer together, which 

then burns easily. Presence of ultrasound improves the LOI value for PA6/25A(2 

wt%)/90W  and it is significantly reduced for PA6/1.3T(2 wt%)/90W.  Addition of 5 wt% 

of aluminiumphosphinate to the PA6/1.3T(2 wt%) is not effective and shows no difference 

in the presence of ultrasound, but PA6/25A(2 wt%) with 5 wt% of aluminiumphosphinate 

significantly increased the LOI value and further more increased with the presence of 

ultrasound. Burning rate was not changed in the first case (PA6/1.3T(2 wt%)) and a 

significant change occurred in the second case (PA6/25A(2 wt%)). LOI values for the tape 

samples were not affected by presence of the 1.3T or 25A clays but PA6/25A(2 wt%)/Al-

Phos (10 wt%) improved LOI value and decreased the burning rate and ultrasonication 

further increased LOI, but with no change in burning rate; perhaps because its already 

highly dispersed. LOI values and burning rates are slightly affected by clay however, in 

presence of flame retardants significant increase in LOI and reduction in burning rate 

occurred.  
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Sample 
Diameter 
of strand 

Polymer strands 
Tape 

thickness 

Tapes 
LOI Burn 

time 
Burning 

rate 
LOI Burn 

time 
Burning 

rate 

 (mm) (Vol-%) (s) (mm/s) (mm) (Vol-%) (s) (mm/s) 

PA6 1.2 22.5 45 5.1 0.42 23.1 47 4.4 

PA6/1.3T(2 wt%) 1.3 20.3 45 5.3 0.39 - - - 

PA6/1.3T(2 wt%)/90W 1.2 19.4 47 5.0 0.52 24.2 57 3.8 

PA6/Al-Phos(5 wt%) 1.3 19.0 47 4.8 0.48 19.9 47 - 

PA6/1.3T(2 wt%)/Al-Phos(5 wt%) 1.5 20.1 52 4.4 0.32 - - - 

PA6/1.3T(2 wt%)/Al-Phos (5 wt%)/90W 1.4 20.3 45 4.7 .51 - - - 

PA6/25A(2 wt%) 1.2 18.8 40 5.0 0.36 19.7 47 5.8 

PA6/25A(2 wt%)/90W 1.2 19.6 45 5.6 0.39 19.8 55 4.6 

PA6/25A(2 wt%)/Al Phos(5 wt%) 1.1 21.1 60 0.8 0.46 20.5 52 0.6 

PA6/25A(2 wt%)/Al Phos(5 wt%)/90W 1.3 23.2 40 0.7 0.52 22.9 42 0.6 

Table 4.3: LOI result for PA6 samples. 
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4.4.4 UL-94 

UL-94 equivalent test results for strands are shown in Table 4.4, the samples were 

mounted both vertically and horizontally in separate experiments. Samples were ignited 

for 10 seconds on the edge of the samples and started to count the time when flame 

reached a 10 mm mark on the sample. Time taken after first ignition (T1) and second (T2) 

was noted. Number of burning drips was also counted. Burning rate and number of drops 

were normalized with respect to the volume of pure PA6, because of the different diameter 

of the samples which might change burning behaviour of the samples. 

 
For PA6/1.3T (2 wt%), burning rate increased in comparison with pure PA6 and further 

increased upon the application of ultrasound. Similar trend was observed for the 

PA6/25A(2 wt%) and PA6/Al-Phos(5 wt%). PA6/25A(2 wt%)/Al-Phos(5 wt%) shows 

decreased burning rate,which further decreased on the application of ultrasound, inboth 

horizontal and vertical tests. There was no dripping in horizontal test and number of drops 

was decreased in the vertical test. 
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Table 4.4: Flame spread UL94 result for compounded PA6 strands. 
 

Sample 

Horizontal flame spread (modified UL-94) Vertical flame spread (modified UL-94) 

T1 BL1 T2 BL2 Burning 
rate* 

No of 
drops 
with* 

T1 BL1 T2 BL2 Burning 
rate* 

No of 
drops* 

 (s) (mm) (s) (mm) (mm/s)  (s) (mm) (s) (mm) (mm/s)  

PA6 30 18 60 122 1.6 13 38 150   3.9 18 

PA6/1.3T(2 wt%) 63 150   1.9 4 36 150   3.6 10 

PA6/1.3T(2 wt%)/90W 32 68 20 72 2.6 8 34 150   4.3 12 

PA6/Al-Phos(5 wt%) 16 25 18 115 3.5 6 23 150   5.5 5 

PA6/1.3T(2 wt%)/Al-Phos(5 wt%) 11 12 18 128 3.2 3 16 28 4 112 5.1 4 

PA6/1.3T(2 wt%)/Al-Phos(5 wt%)/90W 13 25 63 115 1.5 13 14 150   8.7 3 

PA6 / 25A(2 wt%) 15 25 19 115 4.4 8 18 150   8.8 5 

PA6 / 25A(2 wt%)/90W 19 18 92 122 1.4 17 16 150   10.5 4 

PA6 / 25A(2 wt%)/Al-Phos(5 wt%) 96 150   1.8 0 25 29 15 111 4.4 10 

PA6 / 25A(2 wt%)/Al-Phos(5 wt%)/90W 103 150   1.1 0 25 28 16 112 3.1 8 

Note : * = Normalized with respect to the volume of pure PA6. 
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4.4.5 Fabric flame spread 

Only with PA6 samples containing cloisite 25A clay was it possible to produce sufficient 

fabrics for the vertical flame spread test. The results are given in Table 4.5. As can be seen 

area densities of samples are not similar. The difficulties in spinning compounded 

polymers into filaments explains not only the variations in yarn linear densities between 

samples (see Table 4.5), but also those in resulting fabric area densities. Due to the limited 

amount of fabric samples, sample sizes were different. Since the sample sizes are 

different, rate of flame spread of different samples and number of flaming drips were 

normalised to a sample size of 100 x 100 mm in each case and normalised results are 

presented in Table 4.5. 

 
Normalised burning rate of PA6/25A(2 wt%) is decreased with respect to the value of 

PA6, which is partly due to the clay presence and partly due to the higher area density 

(100 g/m2) of the PA6/25A( 2 wt%) fabric (fabric area density of PA6 = 60 g/m2). 

Normalised number of drops of PA6/25A( 2 wt%) is increased with respect to the value of 

PA6, melt dripping increased due to the presence of Cloisite 25A but it reduced by the 

addition of Al-Phos. Sonification reduced these values. With the presence of both Al-Phos 

and Cloisite 25A the number of drops decreased and this was further more decreased by 

ultrasonification. Burning behaviour of fabric is shown in Figure 4.4 with captured 

photographs of burning behaviours at 0, 10 and 20 second after the ignition had been 

place. Melt and shrinkage back of PA6/25A(2 wt%) or PA6/Al-Phos(5 wt%) is less than 

PA6 fabric, but sonicated PA6/25A(2 wt%) sample appears to restore the thermoplastic / 

shrinking behavior. The PA6/25A(2 wt%)/Al-Phos(5 wt%) sample melts and shrinkage 

was most similar to the PA6/25A(2 wt%) or PA6/Al-Phos(5 wt%). The sonicated PA6/ 

25A(2 wt%)/Al-Phos(5 wt%)/90W fabric is more flammable immediately after igniting 

with the applied flame but recovered afterwards. Clearly this is a confusing picture and 

these results do not correlate well with LOI burn rates in Table 4.3. 
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Area 
density of 

fabric 

Sample 
Dimension 

Total 
Burn 
time 

Burnt 
height 

 Rate of  
flame 

spread* 

No of 
drops* 

Total 
mass 
loss 

Mass of the 
molten 
/burnt 
drops 

 

Sample (g/m2) (mm×mm) (s) (mm) (mm/s)  (%) (%) 

PA6 60 157 X 93 45 103 1.6 19 42 19 

PA6/Al- Phos(5 wt%) 50 200 X 85 18 70 2.3 4 14 11 

PA6/25A(2 wt%) 100 185 X 90 89 113 0.8 53 33 17 

PA6/25A(2 wt%)/90W 90 165 X 75 44 99 1.8 31 34 21 

PA6/25A(2 wt%)/Al-Phos(5 wt%) 90 191 X 87 101 156 0.9 4 65 41 

PA6/25A(2 wt%)/Al-Phos(5 wt%)/90W 70 195 X 80 47 158 2.2 4 45 26 

Note : * = Normalised to 100 mm X100 mm sample size 

Table 4.5: Fabric flame spread. 
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Figure 4.4: Vertical flame test result for fabric at 0, 10 and 20 seconds after ignition. 
 

4.5 Conclusions 

 

Results reported above give a number of mixed results with regard to the possible 

advantages that ultrasonification of polymer melts during compounding may have on final 

flammability properties. It is clearly evident that ultrasonification has improved dispersion 

of additives at micro- and nanolevels. In polyamide 6 where clay and additive dispersion is 

much more facile because of its polar nature, ultrasonification has been shown to increase 

exfoliation by TEM. 

 
It is also clear that ultrasonification improves nanocomposite polymer processibility and 

the ease of extruding filaments from compounded formulations is definitely improved.  

In terms of improving flame retardance or fire performance, the effects of ultrasound are 

more mixed. Here any positive effects of ultrasound treatment are only really notable for 

the PA6/25A(2 wt%)/Al-Phos(5 wt%) formulations where an increase in LOI is noted (see 
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Table 4.3). Actual vertical strip burning behaviour is both interesting and puzzling in that 

the tendency of a PA6 fabric to melt and shrink back is reduced significantly when either 

Cloisite 25A or aluminiumphosphinate are present alone only to reappear after sonification 

of the PA6/25A(2 wt%) sample. Furthermore, ultrasonification of the PA6/25A(2 

wt%)/Al-Phos(5 wt%) fabric appears to cause an apparent increase in flammability 

immediately after ignition coupled with increased thermoplastic / shrinking property after 

longer burning times. 

 
It is possible that in PA6, increasing aluminium phosphinate concentration from 5 to 10 

wt% should create filaments with acceptable levels of flame retardancy and that the 

application of ultrasound will enable such larger levels to be dispersed within the polymer 

matrix thereby maintaining acceptable fibre tensile properties. Chapter 5 explores these 

proposals with the added advantage of being able to use the more sophisticated filament 

extruder. 
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Chapter 5: Effects of Ultrasound on Polyamide 6 (PA6) 

Filament / Fabric Properties 

 

5.1 Introduction  

 
In our previous work (Chapter 4) we used 2 wt% of nanoclay with different levels of 

ultrasonic power and concluded that the 100 W ultrasonic power unit with 90% amplitude 

(90 W) was the most effective in terms of maximising dispersion. In this study using the 

same ultrasonic power, compounded samples of PA6 containing various flame retardants 

present at 10 wt% in the absence and presence of selected clays at 1 and 2 wt% are 

produced and filaments were extruded using the more recently purchased Fibre Extrusion 

Technology (FET) extruder designed to produce finer and more regular filaments than the 

Lab-line extruder used in the previous chapter. In using this newer extruder, which 

extruded filaments vertically and replicated more accurately a commercial extrusion 

system, it was expected that higher quality and finer filaments will be produced which will 

facilitate their more accurate characterisation and also conversion into knitted fabrics for 

subsequent testing. The effect of ultrasound on potential polymer degradation has been 

studied by measuring relative viscosity and crystallinity of the samples without / with 

application of ultrasound. 

 
5.2 The flame retardant potential of nanoclays dispersed with aluminium 

diethyl phosphinate in PA6 

 

In this work, the flame retardant aluminium diethyl phosphinate as Exolit OP 935 was 

introduced at the increased concentration of 10 wt% compared with the 5 wt% level used 

in the previous chapter. The clay selected was Cloisite 25A which was shown to be 

unreactive with the molten polyamide 6. 
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5.2.1 Materials 

The grade of polyamide 6 selected was the same as in the previous chapter, namely, 

Technyl C 301 Natural, Rhodia, France and the nanoclay was Cloisite 25A, Southern Clay 

Products, USA, modified with dimethyl, dehydrogenated tallow quaternary ammonium 

sulphate (2M2HT). The flame retardant again was aluminium diethyl phosphinate, Exolit 

OP 935, Clariant (note that this is fibre grade in that its average particle diameter is < 10 

µm). 

 

5.2.2 Sample matrix 

The sample matrix is shown in Table 5.1 and was designed based on previous experience. 

In each stage of the processing samples were selected as explained in the Chapter 3, 

Section 3.2.2. 

 
In this work the same twin screw extruder has been used to compound samples with and 

without application of ultrasound at 90 W as explained in the Chapter 3, Section 3.2.3. The 

temperatures in the six zones of the compounder were 210, 225, 230, 230, 240 and 245 oC.  

 
Table 5.1:  Sample matrix for PA6. 
 

Sample 
Without ultrasonic 

 probe 
100W Ultrasonic probe  

with 90% amplitude 
(90W) 

PA6 Ch, St, Tp, Fil, Fab Ch, St, Tp, Fil, Fab 

PA6/25A(1 wt%) Ch, St, Tp, Fil, Fab Ch, St, Tp, Fil, Fab 

PA6/25A(2 wt%) Ch, St, Tp, Fil, Fab Ch, St, Tp, Fil, Fab 

PA6/Al-Phos(10 wt%) Ch, St, Tp, Fil, Fab Ch, St, Tp, Fil, Fab 

PA6/25A(2 wt%)/Al-Phos(10 wt%)  Ch, St, Tp, Fil, Fab Ch, St, Tp, Fil, Fab 

 

Notes: Ch = Compounded chips, St = Strands, Tp = Tape, Fil = Filaments, Fab = Fabric. 

 

5.2.3 Melt extrusion in to filaments / tapes 

The above compounded samples were extruded into filaments by using 20 holes spinneret 

(ø 0.8 mm) and tapes by using 20 mm tape spinneret as shown in Figures 5.1(b and c) 

using the recently installed Fiber Extrusion Technology (FET) extruder (Figure 5.1(a)). 

Samples were introduced into the extruder through the hopper with diameter of 51 mm 
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and it was passed through the extruder screw (ø 21 mm with L/D = 30:1 with four 

different temperature zones and finally via a metering pump which accurately feeds 

molten polymer to the spinneret die head where it was extruded by using either a spinneret 

die into 0.8 mm filaments or a tape die with a 20 mm wide slit. Extruded filaments were 

air-quenched then had applied a spin finish and passed through three sets of godets to draw 

the filaments. Finally drawn filaments were wound by using Leesona winder (Figure 

5.1(d)). 

 
In greater detail, the pellet samples were dried in a laboratory oven at 80 oC for 24 hours to 

avoid the effect of moisture in the extrusion process. The FET extruder barrels has four 

zone barrels and die head zone maintained at temperatures of 235, 245, 245, 245 and 245 
oC respectively. During the extrusion process for all PA6 samples as shown in Table 5.1, 

the pre-pump pressure was 50 bar, the metering pump and screw speed as 10 rpm.  To 

avoid the blockage of the capillary of spinneret die due to the particles (by the so-called 

“bridging effect”) in the extrusion process of the additives with PA6, the 0.80 mm 

capillary dimension spinneret die was used because the 0.50 mm capillary diameter one 

failed to extrude continuous filaments due to the bridging of particles in the spinneret die 

capillaries causing their blockage. The 0.80 mm capillary die gave good linear density 

uniformity and enabled adequate molten filament draw down to yield good spinning 

performance. Molten filaments were quenched with air at a controlled temperature of 15 
oC and 20 m3/s flow rate to ensure good linear density and orientation uniformity. When 

either temperature or flow rate was lower than this value, filaments were breaking, 

whereas and higher values made them brittle. Spin finish was applied to the extruded 

filaments through a 30 rpm pump, which passed through a dual type nozzle application 

system using low friction ceramic nozzles. When the speed increased above 30 rpm, 

filaments started to stick on the godet rollers and if it reduced filaments were broken. 

These oil-dispersion jets are claimed to distribute the spin-finish evenly around and within 

the filament yarn cross-section. For preparing spin finish solution, we used water with 5 

vol% of spin finish. Spin finish selected for PA6 is JKI-N815 (combination of triglyceride, 

non-ionic emulsifiers and antistats). The filaments were then collected over the cooling 

rollers or godets. The collecting godet pair below the spin-finish application zone had a 

surface speed of 100 m/min at 25 oC temperature. The filament bundle then passed to a 

further two godet pairs which form the stretching zone for drawing the filaments in stages.  

This set of godets was adjusted to a surface speed of 105 m/min and 50 oC temperature. 
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The third pair was maintained on 130 m/min and 50 oC temperature. These temperatures 

and relative speed differences help to keep tension to ease the winding process. At the end 

of the process filament yarn bundle was wound by a Leesona winder (see Figure 5.1(d)) 

maintained on 135 m/min. All the processing conditions were controlled and monitored by 

a Human Machine Interface (HMI) PC system with draw ratio of 1.3:1. Tapes were 

collected instantly after the extrusion of tape without drawing. 
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Hopper (Ø 51) 

Metering pump & 

Drives (0.6cc/rev) 

Extruder screw  

Ø 20mm x 30:1 L/D Die head  

Air Quench 

surface 
Godet roller 

Ø 120 x 150 long 400V 50Hz 

Spin finish guide  

Interface PC 

(b) Single filament spinnerette (20 holes ø 0.8) 

(c) Tape spinnerette 

(20mm) 

(d) Leesona winder 

(20mm) 

(a)  FET extruder 

Figure 5.1: Photographic, labelled diagrams of the FET extruder. 
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5.2.4 Fabric production 

For each filament yarn sample, sufficient lengths were extruded to test them as filament 

yarns and to knit into fabrics using a hand-powered V-bed rib flat machine. The area 

density of each fabric was controlled by the gauge of the machine. The flat knitting 

machine used employs straight needle beds carrying independently operated needles and 

their gauge selected was 11.  

 
5.2.5 Characterisation of filaments / tapes / fabric samples 

All the above filament samples were characterised as described previously in the Chapter 

3, Section 3.3 and the same equipment and procedures were used under the same 

conditions as explained in the section. 

 
5.3 Results and discussion 

 

5.3.1 Tensile properties 

Tensile testing of filament yarns was carried out by using a Textechnic Statimat M test. 

Results together with yarn linear densities are shown in Table 5.2. Generally well- 

dispersed nanoclay increases the initial modulus, reduces breaking elongation and has a 

small effect on tenacity. According to the results in the Table 5.2, the initial modulus is 

slightly changed but not significantly in the presence of nanoclay or flame retardant with 

respect to the value of PA6 of 110 ± 21 cN/tex, but its increased to 149 cN/tex (±9%) with 

the presence of both nanoclay and flame retardant and little changed after exposure to 

ultrasound. Generally, however, exposure to ultrasound has slightly increased the modulus 

for all of the samples except PA6/Al-Phos(10 wt%)/90W, although these increases are 

within the error of results and so may not be real. Coefficients of variation (CV) of 

modulus have decreased with the presence of nanoclay and / or flame retardant and are 

little affected by ultrasound. 

 
According to Table 5.2, elongation-at-break for the samples containing nanoclay with and 

without ultrasound fluctuate with respect to the value of 292 ± 23% for 100% PA6, but in 

the presence of Al-Phos(10 wt%) shows a reduction of nearly 50% although this has 

increased following exposure to ultrasound.  Samples containing nanoclay and flame 

retardant (PA6/Al-Phos(10 wt%)/25A(2 wt%)) also show a considerably decreased value 
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for elongation-at-break and this is significantly decreased further after exposure to 

ultrasound. 

 
Table 5.2: Tensile properties for PA6 filament yarns 

 

 

5.3.2 Characterisation of tapes by SEM and EDS 

Extruded tapes were examined by scanning electron microscopy (SEM). The SEM images 

are shown in Figure 5.2, from which it may be seen that the PA6/25A(1 wt%)/90W 

sample shows no white clay aggregates and so the clay is more dispersed than in 

PA6/25A(1 wt%) where a small number of aggregates is evident. PA6/25A(2 wt%)/Al-

Phos(10 wt%)/90W shows significant improvement in dispersion after ultrasonic 

application. This is the evidence that shows that ultrasonication helps to improve the clay 

and flame retardant dispersion as observed previously in Chapter 4 (Section 4.4.1).  

 
EDS images were shown to be better indicators of particle dispersion in the previous work 

on PP and PA6 (see Chapters 3 and 4) and so again this technique was used to map silicon 

aggregates as well as for the elements P and Al for the samples containing Al-Phos flame 

retardant. EDS images are given in Figure 5.3, from which it is evident that the number of 

Si dots in the PA6/25A clay-only samples appears to be decreased after ultrasound 

Sample 

Linear 
density 

Modulus 
(cN/tex) 

and 

Tenacity 
(cN/tex) 

and 

Elongation-
at -break 
(%) and 

   (tex) CV(%) CV(%) CV(%) 

PA6 86 110 (21) 18 (24) 292 (23) 

PA6/25A(1 wt%) 79 110 (12) 17 (15) 320 (3) 

PA6/25A(1 wt%)/90W 50 113 (12) 16 (10) 288 (9) 

PA6/25A(2 wt%) 86 96  (8) 18 (8) 242 (7) 

PA6/25A(2 wt%)/90W 79 106 (11) 16 (6) 312 (8) 

PA6/Al-Phos(10 wt%) 82 107 (15) 8 (7) 166 (5) 

PA6/Al-Phos(10 wt%)/90W 76 96  (14) 14 (6) 215 (10) 

PA6/25A(2 wt%)/Al-Phos(10 wt%) 87 149 (9) 14 (0) 242 (3) 

PA6/25A(2 wt%)/Al-Phos(10 wt%)/90W 79 150 (4) 14 (24) 217 (30) 
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exposure and same is observed for P and Al elemental aggregations in the flame retarded 

samples in Figures 5.4 and 5.5 respectively. It must be remembered that the resolution of 

the SEM/EDS equipment is sufficient only to resolve details of 1 micron or greater and so 

a reduction in dot frequency may be assumed to be matched by an increase in nanoparticle 

density. Thus Figures 5.4 and 5.5 suggest that application of ultrasound reduces P and Al 

dot intensity as the Al-Phos aggregates are reduced in size. To confirm these results the 

Data Cell software was used for the quantitative analysis of Si, P and Al mappings and 

Tables 5.3, 5.4 and 5.5 summarize these results and included in Table 5.3 are the Si results 

for the PA6 granules prior to extrusion into tapes. Surprisingly the PA6/Al-Phos samples, 

while showing low concentrations of Si dots, also show the highest Si dot area densities 

and this may be a consequence of contamination of the sample because of the difficulty of 

purging - both compounder and extruder after each experiment, PA6 samples also show 

some P and Al concentrations due to the contamination.  P dots per unit area of the 

samples slightly decreased only for the PA6/25A(2 wt%)/Al-Phos(10 wt%) sample with 

the presence of ultrasound but Al dot numbers decreased for both Al-Phos-containing 

samples.  
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PA 6 PA6/25A(1 wt%) PA6/25A(1 wt%)/90 W 

PA 6/25A(2 wt%) PA 6/25A(2 wt%)/90W PA6/Al-Phos(10 wt%) 

PA6/Al-Phos(10 wt%)/90W PA 6/25A(2 wt%)/Al-Phos(10 wt%) PA 6/25A(2 wt%)/Al-Phos(10 wt%) 

/90W 

 

Figure.5.2: SEM images for compounded PA6 samples. 
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PA6 PA6/25A(2%) PA6/25A(2%)/ 90W 

Figure 5.3: EDS silicon dot images alongside their respective SEM images for PA6 containing 2 wt% clay only (Si dots). 
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Figure 5.4: EDS images phosphorus dots for PA6 samples containing Al-Phos (P dots). 
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PA6/25A(2%)/ Al-Phos(10%)           PA6/25A(2%)/Al-Phos(10%)/90W 

              

 

 

 

 

 

 

  

   

 

 

 

 

Figure 5.5: EDS images for aluminium dots for PA6 samples containing Al-Phos (Al dots). 
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Table 5.3: Si dot quantitative analysis. 

 

Table 5.4: P dot quantitative analysis. 

  
Sample Number  

of 
P Dots  

and 

P Dot  
Ratio 

P Dot per  
unit area 

and  
CV(%) 

 
CV(%) 

 
(Dots/mm2) 

PA6 8 (10) 0.085 12525 (9) 

PA6/Al-Phos(10 wt%) 23 (10) 0.987 446315 (7) 

PA6/Al-Phos(10 wt%)/90W 30 (24) 0.983 429026 (6) 

PA6/25A(2 wt %)/Al-Phos(10 wt%) 36 (14) 0.983 508043 (8) 

PA6/25A(2 wt %)/Al-Phos(10 wt%)/90W 16 (49) 0.992 493352 (8) 

 

  

 

 

 

 

Sample 
Number  

of 
Si Dots and 

Si Dot  
Ratio 

Si Dot per  
unit area and 

CV(%) 

 
CV(%) 

 
( Dots/mm2 ) 

PA6(granule) 7 (17) 0.987 135923 (18) 

PA 6(tapes) 25 (18) 0.987 494257 (14) 

PA6/25A(1 wt%) 24 (15) 0.987 448341 (8) 

PA6/25A(1 wt%)/90W 28 (9) 0.986 490564 (7) 

PA6/25A(2 wt% ) 44 (7) 0.979 526721 (8) 

PA6/25A(2 wt% )/90W 29 (24) 0.983 420665 (7) 

PA6/Al-Phos(10 wt%) 13 (9) 0.996 538413 (20) 

PA6/Al-Phos(10 wt%)/90W 6 (13) 0.997 498984 (16) 

PA6/25A(2 wt%)/Al-Phos(10 wt%) 25 (10) 0.989 504083 (15) 

PA6/25A(2 wt%)/Al-Phos(10 wt%)/90W 21 (9) 0.987 486548 (9) 
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Table 5.5: Al dot quantitative analysis. 

 
Sample Number  

of 
Al Dots 

and 

Al Dot  
Ratio 

Al Dot per  
unit area  

and 
CV(%) 

 CV(%)  (Dots/mm2) 

PA6 4 (2) 0.0521 9425 (6) 

PA6/Al-Phos(10 wt%) 12 (30) 0.994 459720 (8) 

PA6/Al-Phos(10 wt%)/90W 8 (45) 0.996 482446 (10) 

PA6/25A(2 wt %)/Al-Phos(10 wt%) 22 (30) 0.989 468183 (2) 

PA6/25A(2 wt %)/Al-Phos(10 wt%)/90W 10 (37) 0.995 444319 (9) 
 

5.3.3 Limiting oxygen index 

Limiting oxygen index tests were carried out by using the standard  ASTM- 2863 test 

method on tapes and results are given in Table 5.6. According to these results, LOI values 

are unchanged with and without exposure to ultrasound in the presence of nanoclay and 

similar to the PA6 value of 20.6 vol%. Addition of the flame retardant Al-Phos has 

increased the LOI value to 23.9 vol% without and further increased to 24.6 vol% after 

ultrasound exposure of the sample. Addition of both clay and flame retardant showed a 

further significant increase to 24.3 vol% and ultrasound exposure gave the highest value of 

25.2 vol%. Burning rates of the samples decreased in the presence of clay only and further 

decreased following the addition of flame retardant. Exposure to ultrasound appears to 

reduce the respective burning rates of PA6/25A(2 wt%) and PA6/Al-Phos(10 wt%) 

samples with little effect on the values for PA6/25A(2 wt%)/Al-Phos(5 wt%) samples. 

 
The above results show the expected effects of clay on burning rate and of Al-Phos on 

both LOI and burning rate. The effect of ultrasound also appears to have a generally 

beneficial effect in improving the flame retardancy of the PA6 compounded samples 

containing either or both of these additives. 
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Table 5.6: Limiting oxygen index values of PA6 tapes. 

 
Sample LOI Burn 

time 
Burn 

Length 
Burning 

rate 
  (Vol-%) (s) (mm)  (mm/s) 

PA 6 20.6 50 80 1.60 

PA 6/25A(1 wt%) 20.8 85 60 0.71 

PA 6/25A(1 wt%)/90W 20.2 65 30 0.46 

PA 6/25A(2 wt%) 20.3 50 20 0.40 

PA 6/25A(2 wt%)/ 90W 20.5 80 30 0.38 

PA6/Al-Phos(10 wt%) 23.9 15 10 0.67 

PA6/Al-Phos(10 wt%)/90W 24.6 20 10 0.50 

PA6/Al-Phos(10 wt%)/25A(2 wt%) 24.3 30 10 0.33 

PA6/Al-Phos(10 wt%)/25A(2 wt%)/90W 25.2 30 10 0.33 

      

5.3.4 UL-94 testing 

Cast plaques were tested to the UL-94 procedure both in horizontal and vertical 

orientations according to the separate standard test methods. Times for the flame to 

extinguish after 1st (T1) and after 2nd (T2) ignitions were recorded. The melt drips were 

counted by used the video clips for the corresponding experiments. Table 5.7 illustrates 

the vertical and Table 5.8 the horizontal modified UL-94 results. Each sample was tested 

three times to give the individual and averaged results in these tables. 

 
According to the vertical UL-94 test result from the point of view of the pass / fail criteria, 

all samples failed. However, the presence of nanoclay and flame retardant together helped 

to reduce burning rate, as illustrated by the  PA6/Al-Phos(10 wt%) sample having a 

reduced burning rate of 0.8 mm/s compared with 0.9 mm/s for the 100% PA6 sample. The 

effect of ultrasonification was mixed with the PA6/25A(2 wt%) and PA6/Al-Phos(5 wt%) 

samples showing an increase and the PA6/25A(2 wt%)/Al-Phos(5 wt%) sample a decrease 

compared with the respective unsonicated samples. The number of drops per second 

reduced in presence of clay and / or flame retardant with and without ultrasound and with 

the latter having the greatest effect.  
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When burning rates and dripping rates are considered together, in the case of PA6/25A(2 

wt%)/Al-Phos(10 wt%), the burning rate has decreased from 0.9 of 100% PA6 to 0.7- 

mm/s and number of drops per second has reduced from 1.3 of 100 % PA6 to 0.04 s-1. 

Both these values further decreased in the sample exposed to ultrasonic power. 

Furthermore, while presence of nanoclay alone at 1 and 2 wt% levels reduced the rate of 

dripping of PA6 and these respective values reduced further in the sonicated samples. 

However, presence of the flame retardant changed the dripping behaviour to one of 

burning aggregates or lumps and ultrasound now appeared to have little effect on dripping 

rate for both the PA6/Al-Phos(10 wt%) and PA6/25A(2 wt%)/Al-Phos(10 wt%) samples.  

 
According to the horizontal UL94 test results in Table 5.8, samples again fail. In fact, 

while the addition of nanoclay alone increases the burning rate at 2 wt % level and 

ultrasonification increases it for both 1 and 2 wt% clay levels, in the PA6/Al-Phos(10 

wt%) samples, no burning after ignition flame removal is observed.  When both clay and 

flame reatardant are present, still some burning does occur and ultrasonification appears to 

increase the burning rate of the PA6/25A(2 wt%)/Al-Phos(10 wt%) sample. 



91 
 

 

 

Table 5.7: Flame spread results after UL-94 testing in the vertical orientation. 

 

  Sample 1 Sample 2 
 

  Sample 3   Average 
  

Sample 

T1 T2 Number Burnt T1 T2 Number Burnt T1 T2 Number Burnt Burning Number of Pass / 
Fail of drops length of drops length of drops length Rate drops per 

second 

  (s) (s)   ( mm) (s) (s)   ( mm) (s) (s)   ( mm) (mm/ s) (s-1)   

PA6 10 42 72 50 46 18 75 75 112 0 136 75 0.9 1.3 Fail 

PA6/25A(1 wt%) 25 11 28 25 33 38 80 75 26 13 41 40 0.9 1 Fail 

PA6/25A(1 wt%)/90W 10 65 68 50 5 7 12 30 38 16 40 50 1.4 0.9 Fail 

PA6/25A(2 wt%) 145 0 127 100 146 0 109 100 147 0 147 100 0.7 0.9 Fail 

PA6/25A(2 wt%)/90W 28 7 22 50 139 0 112 100 65 20 47 65 1 0.7 Fail 

PA6/Al-Phos(10 wt% ) 0 2 N0 No 0 75 
1 

50 0 55 No 50 0.8 0.01 Fail 
Lump 

PA6/Al-Phos(10 
wt%)/90W 6 12 No No 0 151 No No 97 0 

2 
100 1 0.02 Fail 

Lumps 

PA6/25A(2 wt%)/Al-
Phos(10 wt% ) 24 9 

2 
50 105 3 

3 
90 19 37 No 0 0.7 0.04 Fail 

Lumps Lumps 

PA6/25A(2 wt%)/Al-
Phos(10 wt% )/90W 36 4 

2 
35 83 43 

1 
50 42 13 

3 
25 0.6 0.04 Fail 

Lumps Lump Lumps 
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Table 5.8: Flame spread results after UL-94 testing in the horizontal orientation. 

 
  Sample 1 Sample 2 Sample 3 Average 

Sample 

T1 T2 Number Burnt T1 T2 Number Burnt T1 T2 Number Burnt Burning Number of 

 of 
drops 

length of drops length   of 
drops 

Length Rate drops per 
second 

             (s) (s) 

 
( mm) (s) (s) 

 
( mm) (s) (s) 

 
( mm) (mm/ s) (s-1) 

PA6 25 385 360 100 334 0 344 100 371 0 360 100 0.3 1 

PA6/25A(1 wt%) 361 0 344 100 459 0 344 100 348 0 295 100 0.3 0.8 

PA6/25A(1 
wt%)/90W 300 0 287 100 218 215 355 100 108 131 206 75 0.3 1.2 

PA6/25A(2 wt%) 270 0 212 100 279 0 193 100 348 0 212 100 0.4 0.7 

PA6/25A(2 
wt%)/90W 248 0 212 100 294 0 201 100 260 0 205 100 0.4 0.8 

PA6/Al-Phos(10 
wt% ) Not Burnt 

PA6/Al-Phos(10 
wt% )/90W Not Burnt 

PA6/25A(2 
wt%)/Al-Phos(10 
wt% ) 

2 26 No 5 4 58 No 5 0 28 No No 0.13 No 

PA6/25A(2 
wt%)/Al-Phos(10 
wt% )/90W 

0 97 
1 

Lump 50 2 2 No No 0 5 No No 0.51 0.01 
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  5.3.5 Vertical fabric strip testing and flame spread  

All knitted fabrics were used for flame spread test using the rig described in BS 5438 and 

their summarized test results are given in Table 5.9. Area densities of fabrics have 

increased with the presence of nanoclay and / or flame retardants and then appeared to 

have decreased with the presence of ultrasonic application. Generally ultrasonic 

cavitation generates high shear that breaks up single dispersed particles; due to this 

reason area density might be decreased with the application of ultrasound. However, 

these trends could also result from effects of introducing clay and flame retardant of 

higher densities to the polymer they replace coupled with the effects that additive and 

ultrasound have on the spinning characteristics of respective polymer formulations.  

 
With regard to burn time and length effects, in the case of PA6/25A(2 wt%) with and 

without ultrasound no significant differences are seen, but presence of flame retardants 

with and without ultrasonic significantly effect the burnt time and burnt length. Presence 

of flame retardant significantly decreased the burning time from 61 s for 100 % PA6 to 

22 s, also its reduced number of drops per second from 1.8 for 100 % PA6 to 0.3 drops 

per second. Addition of nanoclay and flame retardant slightly increased the rate of 

burning, but significantly decreased the number of drops per second from 1.8 of 100 % 

PA6 to 0.1s-1 and this further reduced after exposure of ultrasound.  Percentages of mass 

of the molten / burnt drop of PA6/Al-Phos(10 wt%)/25A(2 wt%)/90W reduced by half of 

the 100 % PA6 value. Figure 5.6 shows the burning behaviour in 10 s of time interval, 

when the addition of flame retardant reducing shrinkage and number of lumps; also 

ultrasound decreased number of lumps. Hence, the application of ultrasound helped to 

reduce flame spread.  
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Table 5.9: Flame spread results of PA6 fabrics. 

 

Sample 

Area 
density 

of fabric 

Total 
Burn 
time 
and 

CV%  

Burnt 
height 

and 
CV% 

flame 
spread 

Number 
of drops 

Number 
of drops 

per 
second 

and CV% 

Total 
mass 
loss 

Mass 
of the 
molten 
/burnt 
drops 

Mass 
of the 
molten 
/burnt 
drops 

 
(g/m2) (s) (mm) (mm/s) 

 
(s-1) (%) (g) (%) 

PA 6 400 61 (27) 173(14) 3.0(26) 107 1.8(16) 15 3.7 55 

PA 6/25A(1 wt%) 499 75(23) 168(24) 2.2(11) 161 2.2(8) 19 4.4 50 

PA 6/25A(1 wt%)/90W 429 65(48) 159(35) 3.2(83) 122 2.0(22) 17 3.5 46 

PA 6/25A(2 wt%) 505 61(14) 187(11) 3.0(8) 119 1.9(12) 20 3.5 38 

PA 6/25A(2 wt%)/ 90W 459 86(47) 196(14) 2.6(35) 155 1.9(29) 18 3.9 47 

PA6/Al-Phos(10 wt%) 412 22(34) 173(5) 9.4(60) 17 0.3(86) 32 1.0 19 

PA6/Al-Phos(10 wt%)/90W 452 55(50) 200(2) 4.1(31) 14 0.3(36) 21 2.6 33 

PA6/Al-Phos(10 wt%)/25A(2 wt%) 453 52(28) 198(4) 4.0(21) 3 0.1(49) 26 3.7 48 

PA6/Al-Phos(10 wt%)/25A(2 wt%)/90W 508 93(36) 196(4) 2.4(37) 3 0.0(53) 41 2.1 24 
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Figure 5.6: Snap shots of the flame spread experiment in 10s time interval.  
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5.3.6 Effect of ultrasound on PA6 degradation 

5.3.6.1 Relative viscosity measurements 

High intensity ultrasound can cause chemical changes in the PA6 by changing the 

structures of the original molecules, resulting in changes in molecular weight and 

molecular weight distribution. This could also affect its viscosity and hence melt dripping 

behaviours as well as subsequent filament physical properties. 

 
Relative viscosity of polymer solutions enables a simple semi-quantitive measure of 

changes in molecular weight to be determined. This technique was undertaken using an 

ASTM D 445 Ubbelohde viscometer. The viscometer is size 1 with an inside diameter of 

0.58 mm ± 2%. To 5.5 g of nylon polymer 50 ml of 94 % formic acid was added at 25 oC 

in a 100 ml glass beaker. The mixture was stirred using a magnetic stirrer until all polymer 

was dissolved. 10-18 ml of above solution was added to the viscometer with a volumetric 

pipette. The viscometer was immersed in a constant temperature bath at 25 oC and kept 

there for 20 minutes. The air arm (see Figure 5.7) was blocked and air pressure was 

applied to the capillary arm tube by using pipette filler rubber bulb. Solution then passed 

into the capillary until solution meniscus reached above the upper timing mark. The air 

arm was un-blocked and solution was allowed to flow down. The time (t) was recorded for 

the solution to fall from the upper timing mark to the lower timing mark as show in the 

Figure 5.6. 

 
The kinematic viscosity (v) = kt, where k is the viscometer constant and the relative 

viscosity (RV) is defined as the kinematic viscosity of the polymer solution divided by 

that of the pure solvent. Thus RV = tps / ts where tps is the time of flow of the polymer 

solution and ts that of the pure solvent.  

 
The relative viscosity values are as shown in Table 5.10. Addition of nanoclay and / or 

flame retardant slightly increased the density, which was not much affected by 

ultrasonication. Viscosity values are slightly increased with the presence of nanoclay and / 

or flame rertardant, but presence of ultrasound slightly decreased these values except for 

the PA6/Al-Phos(10 wt%)/90W condition.   

Generally RV values increase as clay and flame retardant are added and the effect of 

ultrasound appears to have a marginal effect suggesting that any accompanying chemical 

degradation is negligible or absent.  
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Table 5.10: Relative viscosity of PA 6. 

 

Sample 
Density 

( dp) 
 

Time 
(t) 

Viscosity 
Rv α tp x dp 

RV 
Relative 
Viscosity 

 
(g/ml) (s) 

       Formic Acid 1.00 341 343 - 

PA 6 1.01 3229 3261 9 

PA 6/25A(1 wt%) 1.03 5660 5830 17 

PA 6/25A(1 wt%)/90W 1.02 5213 5317 15 

PA 6/25A(2 wt%) 1.04 6142 6388 19 

PA 6/25A(2 wt%)/ 90W 1.04 5949 6187 18 

PA6/Al-Phos(10 wt%) 1.17 8240 9641 28 

PA6/Al-Phos(10 wt%)/90W 1.17 8649 10162 30 

PA6/Al-Phos(10 wt%)/25A(2 wt%) 1.21 9600 11615 34 

PA6/Al-Phos(10 wt%)/25A(2 wt%)/90W 1.21 9435 11464 33 

 

 

 

 

 

 

Capillary arm Air arm 

Figure 5.7: Volumetric pipette and Ubbelohde viscometer. 
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5.3.7 Crystallinity 

Differential scanning calorimetric (DSC) is a technique that measures heat flow into or out 

of a material as a function of time or temperature. Polymer crystallinity can be determined 

with DSC by quantifying the heat associated with melting of the polymer. This heat is 

reported as percent crystallinity by normalizing the observed heat of fusion to that of a 100 

% crystalline sample of the same polymer. 100% polymers are rare, literature values are 

often used for this value. 

 

Differential scanning calorimetric (DSC) experiments were conducted using a TA –DSC 

instrument, under flowing nitrogen atmosphere (50 ml/min) and a heating rate of 10 
oC/min from room temperature to 300 oC. About 10 mg of sample was taken in each case 

against and empty pan as reference. As heat was transferred through the sensor, the 

differential heat flow to the sample and reference was monitored by thermocouples.  The 

melting endotherm was recorded and Universal Analysis Software was used to calculate 

percent crystallinity based upon 230.1 J/g for the 100% crystalline material and the results 

displayed in Table 5.11.  

 
Results showed that the degree of crystallinity of the PA6/25A(1 wt%) slightly increased 

and remains unaffected by the presence of ultrasound. It tends to decrease slightly with 

increasing clay content as 2 wt% and decreased considerably with the presence of 

ultrasound.  

 
The degree of crystallinity decreased with the presence of flame retardant only (Al-Phos 

(10 wt%)) and remained unchanged after exposure to ultrasonic power. However, a 

significant reduction occurred in the presence of both clay and flame retardant (from 26.1 

to 22.5%) and further decreased when the presence of ultrasound (from 22.5 to 19.5%).  

This is due to the creation of higher interfacial area between the polymer matrix and the 

clay, which acts to reduce the mobility of polymer chains. Apparently, the interaction of 

polymer matrix and clay may be increased by ultrasonic treatment, thus decreasing 

crystallinity.  
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       Table 5.11: Relative crystallinities of PA6 formulations.         

    

   

Sample Melt on  
Temperature 

Melt peak 
Temperature 

Enthalpy 
 

Crystallinity 

 
( oC) ( oC) (J/g) ( %) 

PA6 211.69 223.10 60.17 26.15 

PA6/25A(1 wt%) 211.06 222.17 64.39 27.98 

PA6/25A(1 wt%)/90W 212.07 222.46 66.51 28.90 

PA 6/25A(2 wt%) 209.63 222.21 60.51 26.30 

PA 6/25A(2 wt%)/90W 210.87 222.30 58.75 25.53 

PA 6/Al-Phos (10 wt%) 210.66 222.79 58.48 25.42 

PA 6/Al-Phos (10 wt%)/90W 210.24 222.17 59.22 25.74 

PA 6/25A(2 wt%)/Al-Phos (10 wt%) 208.82 221.89 51.73 22.48 

PA 6/25A(2 wt%)/Al-Phos (10 wt%)/90W 207.97 221.05 44.06 19.15 
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5.4 Conclusions 

 
Nanoclay dispersion of both clay and flame retardant in PA6 in the presence of ultrasound of 

100 W with 90 % amplitude (90 W) has generally improved compared to that observed in 

previous work in Chapters 3 and 4, SEM and EDS image analyses have indicated that 

ultrasonic application improves the nanoclay dispersion.  

 
To test flammability properties, BS5438, LOI and UL-94 tests were undertaken. LOI values 

slightly increased in sample containing the nanoclay and / or flame retardant and further 

increased with the presence of ultrasound. Modified vertical and horizontal UL-94 test 

demonstrated that nanoclay and / or flame retardant reduced rates of burning and numbesr of 

molten drops formed, which further decreased with the presence of ultrasound. For example, 

in PA6/25A(2 wt%)/AlPhos(10 wt%) the burning rate and number of drops have significantly 

decreased, which further decreased following exposure to ultrasonic. According to the above 

work and analysis of the results, the PA6/25A(2 wt%)/AlPhos(10 wt%) sample shows 

superior performance than the others studied and its the performance was enhanced  by 

ultrasonification during compounding. The relative viscosity values increase as clay and 

flame retardant are added and the effect of ultrasound appears to have a marginal effect 

suggesting that any accompanying chemical degradation is negligible or absent.  
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Chapter 6: Effects of Nanoparticles on the Flame 

Retardancy of Ammoniumsulphamate (AS) and 

Dipentaerythritol (DP) Flame-Retardant System in 

Polyamide 6 (PA6) 

 

6.1 Introduction 

 

As previously stated, it has been observed that quite small additions of nanoclays can 

significantly improve effectiveness of conventional flame retardant treatments and 

nanoparticles added in the production of flame retardant products. Of particular interest is that 

Lewin et al confirm that small concentrations (< 2 w%) of ammoniumsulphamate (AS) and 

dipentaerythritol (DP) yield positive improvements in the flame retardancy of PA6 and that 

the further additions of nanoclays show interesting effects [88]. The background to this work 

has been discussed in the Literature Study, Chapter 2, Section 2.5.2. To investigate whether 

this effect has the potential for application to PA6 fibres, the work in Chapter 5 was extended 

to include ammoniumsulphamate (AS) and dipentaerythritol (DP) as combined flame 

retardants together with selected nanoclays in PA6. This chapter is based on our publication, 

which reported the flammability behaviour of polyamide 6 (PA6) nanocomposites comprising 

AS and DP in the presence and absence of various nanoclays and fumed silica as hot-pressed 

plaque samples [92]. This work was essentially that of a visiting research fellow, Dr Jai 

Dahyia, who compounded the samples in Table 6.1 below with assistance from myself. I also 

assisted other parts of this work including the thermal analysis and determination of the 

flammable properties. These compounded samples were examined for their thermal (TGA, 

DTA) and flammablity properties (UL-94, LOI), and from the encouraging nature of the 

results, a set of samples  ( Table 6.2 ) was proposed for extrusion into filaments which would 

be characterised for their tensile behaviour and flammability properties after knitting into 
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fabric. This extension to the published work [92] is wholly my own work as a part of my PhD 

research. 

 
6.2 Experimental 

 

6.2.1 Materials 

Polyamide 6, Rhodia, (Technyl C 301 Natural, Rhodia, France) was selected as polymer, 

ammonium sulphamate (Sigma-Aldrich) and dipentaerythritol (Fisher Scientific) were 

selected as flame retardants. Various nanoclays were selected namely, Nanofil 116 (pristine 

clay: Bentonite, particle size < 20 µm), Cloisite 25A (functionalised with dimethyl, n-hexyl, 

hydrogenated tallowquaternary ammonium sulphate), Cloisite 30B (functionalized with 

methyl, tallow, bis-2-hydroxyethyl, quaternary ammonium chloride) (Rockwood additives 

Ltd, Southern Clay Products Inc.) and the nano-additive, fumed silica, particle size = 0.014 

µm (Sigma-Aldrich). 

 

6.2.2 Sample preparation 

Polyamide 6 (PA6) samples containing ammonium sulphamate (AS), dipentaerythritol (DP) 

with or without nanoclays and silica were pre-dried for 24h at 80 oC before the compounding 

and hand-mixed in a plastic container to distribute the components. Compounding was 

performed as in Chapters 3-5 using the Eurolab 16 twin screw extruder with screw speed of 

350 rpm and temperature range 210 – 245 oC from the feed zone to die zone.  

 
The samples prepared as shown in Table 6.1 were those included within the above published 

study. Here AS and DP were set at 2.5 wt% and 1.0 wt% respectively with or without 

nanoclays or fumed silica at 1 wt% or 2 wt%. 

 
Extruded strands from the twin screw compounder before pelletising and pellets after 

pelletising were collected. Hot-pressed plaques were moulded from pellets with a thickness of 

2.5 mm by compression moulding with spacer plates between aluminium foil-coated steel 

plates at a set plate temperature of 190 oC for 2.5 minutes followed by rapid cooling. 
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Table 6.1: Composition of PA6 samples with AS, DP, nanoclays and silica. 

 

 

6.2.3 Melt extrusion in to filaments 

From the flammability properties of the polymer formulations compounded (Table 6.1) and 

analysed by Dahyia in the jointly published work [92], a set of samples was selected for 

extrusion into fibres for processing and analysis within this thesis. These samples are listed in 

Table 6.2. The compounded samples were extruded into filaments using a 20 holespinneret 

(diameter, ø = 0.8 mm), using the recently installed Fibre Extrusion Technology (FET) 

extruder as explained in Chapter 5, Section 5.2.3. The pellet samples were dried in a 

laboratory oven at 80 oC for 24 h to avoid the effect of moisture on the extrusion process. The 

FET extruder barrel four zone bands and the die head zone were maintained at temperatures 

of 190, 200, 210, 220 and 235 oC respectively for all the selected samples in the Table 6.2. 

During the extrusion process for all PA6 samples, the pre-pump pressure was maintained at 

50 bar and the metering pump and screw speed were maintained at 10 rpm.  The filaments 

were then collected over the cooling rollers or godets. The collecting godet pair below the 

spin-finish application zone had a surface speed of 100 m/min at 25 oC temperature. The 

filament bundle then passed to a further two godet pairs which form the stretching zone for 

Sample Formulation PA6 

% 

AS 

% 

DP 

% 

25A 

% 

30B 

% 

116 

% 

Silica 

% 

1 PA6 100 - - - - - - 

2 PA6/AS/DP 96.5 2.5 1.0 - - - - 

3 PA6/AS/DP/25A(1 wt%) 95.5 2.5 1.0 1.0 - - - 

4 PA6/AS/DP/25A(2 wt%) 94.5 2.5 1.0 2.0 - - - 

5 PA6/AS/DP/30B(1 wt%) 95.5 2.5 1.0 - 1.0 - - 

6 PA6/AS/DP/30B(2 wt%) 94.5 2.5 1.0 - 2.0 - - 

7 PA6/AS/DP/116(1 wt%) 95.5 2.5 1.0 - - 1.0 - 

8 PA6/AS/DP/116(2 wt%) 94.5 2.5 1.0 - - 2.0 - 

9 PA6/AS/DP/Silica(1wt%) 95.5 2.5 1.0 - - - 1.0 

10 PA6/AS/DP/Silica(2 wt%) 94.5 2.5 1.0 - - - 2.0 
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drawing the filaments in stages. This set of godets was adjusted to a surface speed of 105 

m/min and 50 oC temperature. The third pair was maintained at 130 m/min and 50 oC 

temperature. These temperatures and relative speed differences help to keep tension in the 

thread line to ease the winding process. At the end of the process the filament yarn bundle 

was wound by a Leesona (see Figure 1(d) in the Chapter 5) winder maintained on 135 m/min. 

All the processing conditions were controlled and monitored by a Human Machine Interface 

(HMI) PC system with draw ratio of 1.3:1.  

 

Table.6.2: Selected samples for the extrusion into filaments and knitting. 

 
 

 

 

 

 

 

 

 

6.2.4 Fabric production 

For each sample, a sufficient length of undrawn fibre was extruded in order to test tensile 

properties and to allow knitting into fabric using a hand-powered V-bed rib flat machine. 

Attempts to draw the filaments at the extrusion stage failed due to the nature of the filaments 

which were difficult to control without breakage. However, samples were cool drawn with 1:2 

draw ratio by used the Instron for the tensile test only. The area density of each fabric was 

controlled by the gauge of the machine. The flat knitting machine used employs straight 

needle beds carrying independently operated needles and the gauge selected was 11. 

 

 

 

 

 
100% PA6 

 

PA6/AS(2.5 wt%)/DP(1 wt%)  

PA6/AS(2.5 wt%)/DP(1 wt%)/25A(2 wt%)  

PA6/AS(2.5 wt%)/DP(1 wt%)/30B(2 wt%)  

PA6/AS(2.5 wt%)/DP(1 wt%)/116(2 wt%) 
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6.2.5 Characterisation of samples 

All the above samples were characterised as described in the Chapter 3, Section 3.3 and the 

same equipment and procedures were used under the same conditions as explained in the 

Chapter 3, Section 3.3 except for the tensile properties and thermal analysis. Tensile testing of 

the filaments was conducted using an Instron with a gauge length of 100 mm, load cell 10 N 

and test speed 100 mm/min. The reported values of linear density, modulus, tenacity and 

elongation-at-break are the average values taken from ten tests. The filaments were cold 

drawn with a draw ratio of 1:2 by used the Instron and the same tensile testing was carried out 

on those drawn samples and their results averaged. 

 
Thermal analysis (TG & DTA) of samples was carried out from ambient temperature to 700 
0C at a heating rate of 10 0C/min in an air atmosphere using a TA Instruments, SDT 2960 

simultaneous TGA-DTA. 

 

6.3 Results and discussion 

 

6.3.1 Thermal stability of compounded samples 

Thermal analysis was under taken on compounded polymer chips samples listed in Table 6.1 

by using the TGA-DTA analyser in air and their results are given in the Table 6.3. The 

temperature ranges, mass losses, endothermic peak temperatures, 5% (T5%), 10% (T10%) and 

50% (T50%) mass loss temperatures are presented in the Table 6.3. The major weight loss of 

the PA6 is in the temperature range of 375-485 0C (86% weight loss), because most of the 

material volatilises at this temperature range following random chain scission at the 

alkylamide bonds. The rate of weight loss slows down at about 485 0C which is probably the 

consequence of the formation of a more thermally stable cross-linked structure, the precursor 

to char formation. The cross-linked structure is oxidized by air present on further heating and 

leaves negligible char at 600 0C.  

 
PA6 treated with AS and DP show different mass loss behaviours in the initial stages of 

degradation, where an additional DTG maximum peak is observed at 314 0C. The onset 

temperature of degradation (T5% = 272 0C) of PA6/AS(2.5 wt%)/DP(1 wt%) is reduced by 

about 110 0C compared to pure PA6. These occur in the temperature range 200–270 0C where 
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according to Lewin et al [88, 89] sulphation of primary amino groups of PA6 as well as the 

hydroxyl group of DP coupled with dimerization of AS to diammoniumimidobisulfonate take 

place, both reactions releasing ammonia. Above 275 0C, attack by AS promotes scission of 

the alkylamide bond thereby starting the second stage of degradation in the temperature range 

300–385 0C where a further 6.5 % wt loss occurs. However, in air, as with pure PA6, Table 

6.3 shows that most of the weight loss (82.5%) for PA6/AS(2.5 wt%)/DP(1 wt%) 

formulations takes place in temperature range 385–470 0C in a third stage of degradation. On 

addition of 1wt% organoclay (25A and 30B), the onset temperature (T5%) is reduced with 

respect to the PA6/AS(2.5 wt%)/DP(1 wt%) sample, particularly in case of 30B, and on 

increasing the addition to 2 wt%, respective values recover slightly. The 30B clay shows a 

greater catalytic effect on degradation of AS- and DP-containing formulations than the 25A 

clay. 

 
At the nanodispersed level, it could be that 30B containing samples (which have pendant –OH 

groups within the functionalising ammonium complex) are more exfoliated and hence exhibit 

higher specific surface areas with respect to influencing the sulphation rates and catalytic 

effects. Furthermore, these same primary –OH groups through their tendency to dehydrate 

and promote char may also contribute to the greater catalytic effect of the 30B clay. 

 
1 wt% of pristine clay and silica added separately to PA6/AS(2.5 wt%)/DP(1 wt%), yield T5% 

values which are higher than those of organoclay containing formulations, although they are 

still lower than the parent PA6/AS(2.5 wt%)/DP(1 wt%) sample value. This demonstrates the 

effect that the absence of functionalising species present in the organoclays may have on the 

overall degradation mechanism although some degree of catalytic effect is still evident at 

reduced levels of dispersion. However, addition of 2 wt% of pristine clay and silica appears to 

negate these effects by raising respective T5% values above that for the PA6/AS(2.5 

wt%)/DP(1 wt %) sample. 
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Table 6.3: TGA-DTA data of PA6 blended with 2.5 wt% AS, 1 wt% DP and with 

nanoparticles (1 and 2 wt%). 

 
Sample Stage Temp 

range, 
0C 

Mass 
loss’ 

% 

DTG 
maxima, 

0C 

DTA 
Maxima, 

0C 

T5% 
 

0C 

T10% 
 

0C 

T50% 
 

0C 

Char at 
5000C, 

% 
PA6 1st 

2nd 
3rd 

0-375 
375-485 
485-595 

3.7 
86.4 

 

-- 
457 
524 

Endo 
Endo 
Exo 

224 
440 
507 

384 
 

398 443 8.9 

PA6/AS(2.5%)/
DP(1%) 

1st 
2nd 
3rd 
4th 

0-300 
300-385 
385-470 
470-548 

5.5 
6.5 

82.5 
 

-- 
314 
453 
504 

Endo 
Endo 
Exo 
Exo 

225 
425 
439 

461,500 

272 
 

367 438 0.0 

PA6/AS(2.5%)/
DP(1%)/25A 
(1%) 

1st 
2nd 
3rd 
4th 

0-255 
255-395 
395-470 
470-550 

5.3 
10.0 
79.6 

 

-- 
308 
439 
498 

Endo 
Endo 
Exo 
Exo 

220 
420 
432 

453,495 

217 
 

354 431 0.2 

PA6/AS(2.5%)/
DP(1%)/25A(2
%) 

1st 
2nd 
3rd 
4th 

0-265 
265-400 
400-470 
470-550 

5.27 
13.5 
71.2 

-- 
305 
446 
507 

Endo 
Endo 
Exo 

222 
411 

461,503 

250 
 

337 437 4.4 

PA6/AS(2.5%)/
DP(1%)/30B(1
%) 

1st 
2nd 
3rd 
4th 

0-290 
290-375 
375-480 
480-555 

7.3 
6.1 

81.3 
 

-- 
306 
447 
517 

Endo 
Endo 
Exo 

224 
445 
510 

131 
 

311 435 2.5 

PA6/AS(2.5%)/
DP(1%)/30B 
(2%) 

1st 
2nd 
3rd 
4th 

0-295 
295-375 
375-485 
485-550 

7.8 
5.4 

82.3 
 

-- 
314 
454 
525 

Endo 
Endo 
Exo 

223 
431 

490,518 

141 
 

331 439 2.8 

PA6/AS(2.5%)/
DP(1%)/116(1
%) 

1st 
2nd 
3rd 
4th 

0-290 
290-395 
395-470 
470-535 

5.6 
7.6 

79.5 
 

-- 
315 
452 
501 

Endo 
Endo 
Exo 

223 
438 

465,499 

252 
 

370 441 1.6 

PA6/AS(2.5%)/
DP(1%)/116(2
%) 

1st 
2nd 
3rd 
4th 

0-280 
280-390 
390-475 
475-535 

4.6 
6.8 

82.2 
 

-- 
340 
456 
496 

Endo 
Endo 
Exo 

223 
408 

459,493 

301 
 

383 444 2.5 

PA6/AS(2.5%)/
DP(1%)/Silica 
(1%) 

1st 
2nd 
3rd 
4th 

0-285 
285-400 
400-470 
470-535 

5.7 
10.3 
77.4 

 

-- 
307 
460 
516 

Endo 
Endo 
Exo 
Exo 

223 
420, 
459 

495,512 

225 
 

365 443 2.3 

PA6/AS(2.5%)/
DP(1%)/ 
Silica(2%) 

1st 
2nd 
3rd 

0-375 
375-475 
475-576 

6.6 
80.0 

 

307 
455 
527 

Endo 
Endo 
Exo 

223 
452 
513 

337 
 

395 443 11.6 

  

6.3.2. Limiting oxygen index of plaques and strands 

LOI values of cast plaques and strands reproduced from the joint project [92] are shown in the 

Table 6.4. Introduction of AS(2.5 wt%)/DP(1 wt %) to PA6 increases the LOI values of both 

cast plaques and strands. The LOI values of the plaques are increased from 20.5 to 25.0 vol% 

and for strands from 21.9 to 29.8 vol%. Addition of clays to the above combination of 

samples causes reductions to the LOI values of the plaques with respect to the PA6/AS(2.5 
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wt%)/DP(1 wt %) value but this reduction is minimal for the 116 and silica-containing yarns. 

Higher LOI values are obtained for strand samples (24.9 and 30.4 vol%) but this may be due 

to shrinkage of the strands during ignition and melt dripping.  

 
The addition of PA6/AS(2.5 wt%)/DP(1 wt%) compounded with PA6 gives an average 

increase of the LOI of 4.5% for plaques and 8% for strands when compared with PA6 alone. 

However, the increases for these same formulations with the addition of nanoclays are only 

3.3% (average plaques) and 7.8% (average strands) for 25A and 1.4% (average plaques) and 

5.6% (average strands) for 30B. The addition of unmodified clay and fumed silica promote 

little reductions in LOI from those of PA6/AS(2.5 wt%)/DP(1 wt%) plaque and strand 

samples. Generally, it has been shown that addition of a nanoclay, which generates a 

nanocomposite structure in either PA6 or PA6.6, reduces the LOI value as a consequence of 

increased melt viscosity and a reduced melt drip rate [153]. This effect is seen here only for 

the 25A and 30B-containing polymer samples. The negligible effect of silica on LOI with 

respect to the PA6/AS(2.5 wt%)/DP(1 wt%) samples caused the PA6/AS/DP/silica samples to 

be omitted from the fibre extrusion part of this work.  

 
 Table 6.4: Limiting oxygen index values of PA6 plaques and strands. 

 

Sample 
LOI, vol% 

Plaques Strand 

PA6 20.5 21.9 

PA6/AS(2.5 wt%)/DP(1 wt%) 25.0 29.8 

PA6/AS(2.5 wt%)/DP(1 wt%)/25A(1 wt%) 23.7 29.4 

PA6/AS(2.5 wt%)/DP(1 wt%)/25A(2 wt%) 23.8 28.0 

PA6/AS(2.5 wt%)/DP(1 wt%)/30B(1 wt%) 22.0 30.0 

PA6/AS(2.5 wt%)/DP(1 wt%)/30B(2 wt%) 21.8 24.9 

PA6/AS(2.5 wt%)/DP(1 wt%)/116(1 wt%) 22.9 26.3 

PA6/AS(2.5 wt%)/DP(1 wt%)/116(2 wt%) 24.4 30.0 

PA6/AS(2.5 wt%)/DP(1 wt%)/Silica(1 wt%) 24.5 27.2 

PA6/AS(2.5 wt%)/DP(1 wt%)/Silica(2 wt%) 24.6 30.4 
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6.3.3. UL 94 results for plaques 

UL-94 test results in both horizontal and vertical modes are given in Table 6.5 where the 

average burning time, average dripping rate after first and second application of flame and UL 

94 ratings are summarised. In both test geometries, pure PA6 burned completely and could 

not be rated, but on the addition of PA6/AS(2.5 wt%)/DP(1 wt%) with and without clay tests 

HB rating for the horizontal test and V-2 ratings in the vertical test were obtained. The 

percentage of the clay in the PA6 with flame retardant did not change the UL-94 result.  

 

Table 6.5: Flame spread UL94 result for PA6 plaque samples. 

 
Sample UL-94 Horizontal UL-94-Vertical   

t1/t2 

 s 

R1/R2 Rating t1/t2 

s 

R1/R2 Rating 

PA6 BC 0.95/1.09 NR BC 0.94/1.12 NR 

PA6/AS(2.5 wt%)/DP(1 wt%) 5.0/2.0 0.50/0.12 HB 1.6/3.4 0.88/0.57 V-2 

PA6/AS(2.5 wt%)/DP(1 wt%)/25A(1 wt%) 3.0/1.5 0.75/0.75 HB 3.4/11.4 1.63/0.32 V-2 

PA6/AS(2.5 wt%)/DP(1 wt%)/25A(2 wt%) 4.0/1.5 0.50/0.75 HB 3.0/9.6 3.13/0.31 V-2 

PA6/AS(2.5 wt%)/DP(1 wt%)/30B(1 wt%) 12.5/3.0 0.76/0.87 HB 7.8/11.0 4.48/0.42 V-2 

PA6/AS(2.5 wt%)/DP(1 wt%)/30B(2 wt%) 12.0/3.0 0.58/0.62 HB 9.0/8.0 4.22/0.35 V-2 

PA6/AS(2.5 wt%)/DP(1 wt%)/116(1 wt%) 11.0/2.5 0.40/0.16 HB 5.2/9.0 5.80/0.20 V-2 

PA6/AS(2.5 wt%)/DP(1 wt%)/116(2 wt%) 5.0/3.5 0.20/0.35 HB 3.8/8.8 3.00/0.24 V-2 

PA6/AS(2.5 wt%)/DP(1 wt%)/Silica(1 wt%) 4.5/10.0 0.22/0.02 HB 1.6/9.8 1.50/0.35 V-2 

PA6/AS(2.5 wt%)/DP(1 wt%)/Silica(2 wt%) 4.5/5.0 0.32/0.40 HB 1.6/7.8 2.50/0.35 V-2 

 

t1 = average burning time after the first application of flame 

t2 = average burning time after the second application of flame 

R1 = average dripping rate after the first application of flame 

R2 = average dripping rate after the second application of flame 

NR = not rated; BC = burns to clamp 
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6.3.4. Tensile properties of filament yarns 

The results of physical testing of the undrawn filament yarns samples are shown in Table 6.6. 

These reveal that there is considerable variation in the filament yarn properties within 

samples. Acceptable levels of increase in linear density are recorded for the addition of 

PA6/AS(2.5 wt%)/DP(1 wt%) and the linear density level is unchanged with the addition of 

25A (2 wt%) or 30B (2 wt%) nanoclays, but it has decreased with the addition of 116 (2 

wt%). These variations in linear density might be due to the modification of the clay particles 

and their effect on the extrusion variables such as melt viscosity and hence need to change 

conditions slightly to obtain stable thread lines during melt extrusion. 

 
The addition of AS(2.5 wt%)/DP(1 wt%) show an increase in modulus of 66 ± 9% relative to 

the 100% PA6 yarn modulus value of  47 ± 11% cN/tex. Addition of 25A (2 wt%) or 30B (2 

wt%) show further increases in the modulus, but it is reduced with the addition of 116 (2 

wt%) to below that of the PA6/AS(2.5 wt%)/DP(1 wt%)  sample.  

 
The tenacity value of 100% PA6 decreases following addition of AS(2.5 wt%)/DP(1 wt%) but 

then remains largely unchanged with the addition of clay. This suggests that the addition of 

AS and DP have promoted degradation of the polymer as noted by Lewin et al [89]. Breaking 

elongations show a significant increase upon the addition of AS(2.5 wt%)/DP(1 wt%) and are 

further increased when clay is added, which might suggest that any thermal degradation is 

minimal although able to reduce the tenacity. 

 
Table 6.7 summarizes test data for the samples after cold drawing using the Instron with a 

draw ratio of 1:2. The drawn filament yarns show linear density values reduced by 50% as 

expected, modulus values which have nearly doubled and tenacity values nearly three times 

respective undrawn values although breaking elongation values have reduced to 

approximately 10% as might be expected.  

 
After cold drawing it is observed that the modulus is nearly double for 30B (2 wt%) and 116 

(2 wt%) samples in comparison with the 100% PA6 drawn filament yarn value. The tenacity 

value has again reduced with the addition of AS(2.5 wt%)/DP(1 wt%) but it is almost 

unchanged with the addition of nanoclays as noted for the undrawn analogous filament yarns. 
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Breaking elongation has hardly changed with the addition of AS(2.5 wt%)/DP(1 wt%) and it 

is slightly increased with the addition of 25A (2 wt%) and 116 (2 wt%), but slightly decreased 

with the addition of 30B.  

 
     Table 6.6: Physical properties of undrawn filament yarn samples. 

 

Sample 

Linear  

density  

Modulus  

 

Tenacity  

 

Elongation-

at  -break  

 

tex cN/tex CN/tex % 

PA 6 77 47 ± 5 7 ± 2.0 221 ± 63 

PA6/AS(2.5 wt%)/DP(1 wt%) 101 66 ± 6 4 ± 0.5 240 ± 29 

PA6/AS(2.5 wt%)/DP(1 wt%)/25A(2 wt%) 101 83 ± 17 5 ± 0.5 300 ± 42 

PA6/AS(2.5 wt%)/DP(1 wt%)/30B(2 wt%) 101 91 ± 21 5 ± 1.0 298 ± 58 

PA6/AS(2.5 wt%)/DP(1 wt%)/116(2 wt%) 79 58 ± 13 5 ± 0.4 273 ± 33 

 

        Table 6.7: Physical properties of filament yarn after drawing with cool draw ratio of 1:2. 

 

Sample 

Linear  

density  

Modulus  

 

Tenacity  

 

Elongation-

at  -break  

 

tex cN/tex CN/tex % 

PA 6 38 102 ± 14 22 ± 2.0 26 ± 4 

PA6/AS(2.5 wt%)/DP(1 wt%) 56 153 ± 23 12 ± 1.0 27 ± 6 

PA6/AS(2.5 wt%)/DP(1 wt%)/25A(2 wt%) 49 176 ± 9 13 ± 1.0 33 ± 5 

PA6/AS(2.5 wt%)/DP(1 wt%)/30B(2 wt%) 47 202 ± 17 13 ± 1.0 23 ± 4 

PA6/AS(2.5 wt%)/DP(1 wt%)/116(2 wt%) 39 193 ± 41 14 ± 2.0 35 ± 9 
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6.3.5 Fabric flame spread 

All filaments were knitted into fabrics and flame spread tests were undertaken using 

conditions described in BS 5438 and their test results interpreted in Table 6.8 and Figure 6.1. 

Addition of AS(2.5 wt%)/DP(1 wt%) has the effect of reducing the area density of fabric with 

respect to pure PA6 and this effect is reversed slightly with the addition of organoclay, but it 

is reduced slightly further with addition of pristine clay. However, it is considered that overall 

the area density is within an acceptable range between 527 and 638 gm-2 in that such a range 

should have minimal effects on overall flammability properties. Presence of the AS and DP 

flame retardants help to decrease the burning time by about 40% and number of drops by 

about 61% with respect to pure PA6, and these are further reduced with the addition of 25A (2 

wt%) organoclay; presence of 30B (2 wt%) and 116 (2 wt%) clays, however, show a reversal 

of this trend. According to the test results of mass loss of the sample, burning time, number of 

drops and drops rate, PA6/AS(2.5 wt%)/DP(1 wt%)/25A (2 wt%) is superior to the others.  

 
The number of drops measured indicates the effect of formulation components upon flaming 

melt viscosity and thermo plasticity of the burning fabric region and thus potential burning 

rate. Figure 6.1 illustrates how the flame spread behaves during a flame spread test for a 5 

seconds time interval after the ignition source has been removed. Captured photographs 

clearly show that addition of AS(2.5 wt%)/DP(1 wt%) significantly reduces melt and shrink 

back when compared to pure PA6, this is further  reduced on the addition of 25A(2 wt%) clay, 

but the effect is slightly reversed with the addition of 30B and 116 clays. 
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Table 6.8: Fabric flame spread. 

 

Sample 

Dimension of 
fabric sample 

Initial 
mass of 
fabric 
sample  

Area 
density of 

fabric 

Total 
time to 
burnt 

 

Burnt 
length 

Flame 
spread 

Sample 
catch 
on tin 
foil 

Mass 
on 

frame 

Mass 
loss of 

the 
sample 

Number 
of drops  

  
Length 

mm 
Width 
mm g gm-2 s mm mms-1 g g g   

PA 6 203 81 10.5 ± 1.5 638 ± 69 51 ± 5 131 ± 12 2.6 2.6 6.3 4.2 111 ± 13 

PA6/AS(2.5 wt%)/DP(1 wt%) 202 81 8.9 ± 1.8 542 ± 56 31 ± 6 51 ± 9 1.6 0.7 7.8 1.1 43 ± 7 

PA6/AS(2.5 wt%)/DP(1 wt%)/25A(2 wt%) 203 79 9.3 ± 2.1 578 ± 75 23 ± 4 40 ± 10 1.7 0.9 8.2 1.1 24 ± 4 

PA6/AS(2.5 wt%)/DP(1 wt%)/30B(2 wt%) 203 78 8.9 ± 1.8 560 ± 45 39 ± 3 53 ± 15 1.4 1.8 6.3 2.6 45 ± 4 

PA6/AS(2.5 wt%)/DP(1 wt%)/116(2 wt%) 204 80 8.6 ± 2.2 527 ± 52 35 ± 6 52 ± 16 1.5 1.2 5.6 3 30 ± 6 
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Figure 6.1: Vertical flame test result for fabric in 5 seconds time interval after ignition. 
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6.4 Conclusions 

 

The work in this chapter is built on the Lewin et al’s work, as explained in the Chapter 2, 

Section 2.5.2, in which Dr Jai Dahyia compounded the PA6/AS/DP samples with addition 

of different clays and silica in Table 6.1 and examined them for their thermal analytical 

and flammable properties with assistance from myself. Based on the conclusions of the 

burning behaviour of plaques of PA6 samples comprising additions of the flame retardants 

ammonium sulphamate and dipentaerythritol and a number of functionalised and pristine 

nanoparticles [92], a sub-set (see Table 6.2) was extruded into filaments whose properties 

were analysed before and after drawing. Extruded filaments of all except silica-containing 

formulations were tested for their tensile properties under two conditions using an Instron 

tensile tester. The initial tests were on the undrawn yarn and then repeated on the cold 

drawn yarns. Modulus and breaking elongations are significantly increased but tenacity 

values are slightly decreased upon the addition of flame retardant with and without 

nanoclay. This is due to some degree to the competing effects of thermal degradation 

caused by the AS/DP flame retardant as well as the reinforcing effects of the nanoparticles 

when a nanocomposite structure is present. Undawn filaments were used to knit samples 

into fabrics and examined for their flame spread behaviour from which it is deduced that 

addition of flame retardant alone reduced burning time and both the number of burning 

drops with respect to pure PA6. The PA6/AS(2.5 wt%)/DP(1 wt%)/25A(2 wt%) 

combination, however, was found to have superior (ie reduced) flame spread test and 

tensile properties among all other formulations. 
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Chapter 7: Bicomponent Filament / Fabric Properties 

 

7.1 Introduction 

 

Bicomponent fibre technology combines two polymers by co-extruding them to form a 

single filament with a designed cross-sectional arrangement [227]. Various cross sections 

can be produced, which include side-by-side, sheath and core and other more complex 

geometries. In this way, bicomponent fibres can be created that combine the properties of 

two individual polymers [228]. Bicomponent extrusion allows the simultaneous extrusion 

of two different polymers through the same orifice by melt extrusion and can be thought of 

as two extruders working one inside the other [229]. In this work polymer with nanoclay 

and/or flame retardant is introduced into the core or sheath of the bicomponent fibre. 

 
7.2 Experimental 
 
Based on the previous work described in Chapters 3-6, total additive level was maintained 

below (< 10 wt%) and, as explained in Section 3.2.3, the 100 W ultrasonic probe with 90 

% amplitude was used to ultrasonicate the samples during compounding and prior to melt 

extrusion. 

 
7.3 Samples 

 

7.3.1 Materials 

In this study the polymer selected was polyamide 6 (PA6), Technyl C 301 Natural, 

Rhodia, France, nanoclay as Cloisite 25A, Southern Clay Products, USA; modified with 

dimethyl, dehydrogenated tallow quaternary ammonium sulphate (2M2HT). The flame 

retardant was aluminium phosphinate, Exolit OP 935, Clariant (note that this is fibre grade 

in that its average particle diameter is < 10 µm). 
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7.3.2 Sample matrix 

Sample matrices are shown in the Tables 7.1 and 7.2. Polymer pellets were compounded 

using the twin screw extruder as explained in Section 3.2.3 and extruded into core-sheath 

bicomponent filaments using a Fibre Extrusion Technology (FET) extruder.  

 
In this work the same twin screw compounder has been used to compound samples with 

and without application of ultrasound under the same conditions as explained in the 

Section 3.2.3. The temperatures in the six zones of the compounder were 210, 225, 230, 

230, 240 and 245 0C.  

 
Table 7.1: Sample matrix for PA6 bicomponent samples without application of ultrasonic 

energy 

 
  Core Sheath 

1 PA6 PA6 

2 PA6 PA6 / 25A (2 wt%) 

3 PA6 / 25A (2 wt%) PA6 

4 PA6 PA6 / Al-Phos (10 wt%) 

5 PA6 / Al-Phos (10 wt%) PA6 

    
Table 7.2: Sample matrix for PA6 bicomponent samples with 100W, 90% amplitude 

application of ultrasonic energy (90 W). 

 

 

Ref 
No  Core Sheath 

1 PA6  PA6/25A(2 wt%)/90W 

2 PA6/25A(2 wt%)/90W PA6  

   3 PA6  PA6/Al-Phos(10 wt%)/90W 

4 PA6/Al-Phos(10 wt%)/90W PA6  

   5 PA6/25A(2 wt%)/90W PA6/Al-Phos(10 wt%)/90W 

6 PA6/Al-Phos(10 wt%)/90W PA6/25A(2 wt%)/90W 

   7 PA6 PA6/25A(2 wt%)/Al-Phos(10 wt %) / 90W 

8 PA6/25A(2 wt %)/Al-Phos(10 wt %)/90W PA6 
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7.3.3 Melt extrusion into filaments 

The path from polymer pellets to wound up fibre is shown in the Chapter 5, Figure 5.1(a). 

The compounded polymer pellets are fed separately into extruders for sheath and core 

respectively. The extruder temperatures are selected as shown in the Table 7.3. The 

extruder has two separate screws; extruder 1 consists of Ø 20 mm and extruder 2, Ø 25 

mm, both with L/D ratio of 30. Each melt is transported through heated barrels to the 

spinning pumps, the pumps’ sizes are 0.6 cm3/ revolution for the first pump and 1.2 cm3/ 

revolution for the second pump, respectively. The first pump set to the speed of 10 rpm 

and second to 5 rpm. The molten polymers are pumped into the bicomponent breaker plate 

through the pre distribution plate, where metal screen filters are attached to filter out 

impurities. The filter comprises multiple screens in the order of 200, 100, 80 and 40 

meshes from top to bottom. After passing through the filtration stage the melts flow into 

the capillary of the bicomponent breaker plate. The capillary diameter of core is 0.2mm 

and 0.6 mm for sheath. At the end of the capillary, the melt exits and passes through the 

top, bottom distribution plates and then spinneret to produce 24 core and sheath filaments 

(Figure 7.1). Improper spin pack set-up can lead to high pressure and pack leaks. Upon 

exiting the 24-hole spinneret, the filaments were subjected to an air quench with air flow 

rate of 20 m3/s and 15 oC controlled temperature to ensure good linear density and 

orientation uniformity. Prior to the first godet, spin finish was applied. Spin finish helps to 

avoid static electricity, and provide lubrication and cohesion of filaments. The filaments 

were then collected over the cooling rollers or godets.  

 
Table 7.3: Extruder conditions. 

 
Spinning conditions  Extruder 1 Extruder 2 

Pre pump pressure  / bar  50 50 

Metering pump speed / rpm  10 5 

Screw barrel and head 

temperatures, oC 

Zone 1 235 235 

Zone 2 245 245 

 Zone 3 245 245 

 Zone 4 245 245 

 Metering 
pump 

245 245 

 Die block 245 245 

 



125 
 

 
The collecting godet pair below the spin-finish application zone had a surface speed of 

100 m/min at 25 oC temperature. The filament bundle was then passed to a further two 

godet pairs which form the stretching zone for drawing the filaments in stages.  This set of 

godets was adjusted to a surface speed of 105 m/min and 50 oC temperature. The third pair 

was maintained on 130 m/min and 50 oC temperature. These temperatures and relative 

speed differences help to keep tension to ease the winding process. The first set of godet 

served to tension the fibres descending from the stack, while the next two godets draw the 

fibres with a draw ratio of 1.3:1. At the end of the process the yarn bundle was wound by a 

Leesona (Refer to Figure 5.1(d) in Chapter 5) winder maintained on 135 m/min and 

bicomponent fibres were wound on a winding tube of 142 mm diameter and 189 mm 

length. All the processing conditions were controlled and monitored by a Human Machine 

Interface (HMI) PC system. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7.1: Symmetric diagram of bicomponent spinneret (Core/Sheath). 
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7.4 Results and discussion 

 
7.4.1 Morphology of bicomponent filaments 

The images of fibres were taken on an optical Aigo LCD digital microscope DMS012, 

with 1600 x 1200 pixel arrays. The images were captured using an LED light panel and a 

2 megapixel camera. In Figure 7.2, optical microscope images of the bicomponent fibres 

of PA6 as the sheath and the PA6/Al-Phos(10 wt%) formulation as the core are shown. 

The images show that uniform core/sheath geometric distribution with a defined boundary 

layer were achieved, matching the expected filament bicomponent structure for a typical 

core / sheath formulation. 

 
Scanning electron microscopy (SEM) and EDS analysis was conducted on the region of 

core and sheath, images as shown in Figure.7.3. SEM images typified by that in Figure 7.3 

clearly show the core and sheath structure of the bicomponent filament. EDS was 

performed on several spatial positions within the cross-section of the filament and the 

core-sheath geometry is particularly noticeable in the P-dots EDS image. Examination of 

the cross-section at greater magnification of each of the two regions marked as sheath 

(edge of the sample – Figure 7.4) and core (centre of the sample – Figure 7.5) indicates 

that the number and densities of P and Al dots are greater in the latter. These results 

indicate that there was little evidence of mixing across the cross-section of the fibre.  
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Figure 7.2: Optical images (40 X) of PA6 in sheath and PA6/Al-Phos(10 wt%) core bicomponent fibre. 
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Figure 7.3: SEM and EDS images of PA6 in sheath and PA6/Al-Phos(10 wt%) core bicomponent fibre. 
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Figure 7.4:  SEM and EDS images of 20 µm sheath (edge) of PA6 in sheath and PA6/Al-Phos(10 wt%) core bicomponent fibre. 
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Figure 7.5: SEM and EDS images of 20 µm centre (core) of PA6 in sheath and PA6/Al-Phos(10 wt%) core bicomponent fibre. 
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7.4.2 Tensile properties 

Table 7.4 shows the linear density, modulus, tenacity and elongation-at-break of the 

various PA6 bicomponent filament yarns produced from compounded components 

extruded without the application of ultrasound prior to formation of the initial starting 

pellets. 

 
The linear densities of the filament yarns are in the range 113 to 122 tex, so the filaments 

are closely similar and the addition of nanoclay or flame retardant has not affected the 

linear density of the samples. The addition of nanoclay to the core or sheath brings about a 

small reduction in the modulus; there is a more marked reduction with the fire retardant 

system, which is most marked when the Al-Phos (10 wt%) is present in the core.  

 
The introduction of the clay or flame retardant reduces tenacity with respect to the control 

and introduction of flame retardant reduces tenacity more than clay and especially when it 

is in the core. Elongation-at-break values are reduced on the addition of flame retardant in 

the core or sheath; for example, the control PA6-C/PA6-S sample value reduced from 217 

± 20% to 165 ± 11% when flame retardant was introduced into the core (PA6/Al-Phos (10 

wt%) – C/PA6-S). Nanoclay presence in the core promotes a reduction in the elongation-

at-break but this is increased when it is in the sheath. Addition of nanoparticles in a 

polymer usually decreases elongation-at-break and so the increase when in the sheath is 

not easy to explain without further study. 

 
To improve the nanoclay dispersion, ultrasound was applied at the compounding stage at 

90W as described in the Section 3.2.3 and these pellets were then used to extrude 

bicomponent filament set in Table 7.2. The dependence of tensile properties of the 

bicomponent fibres with nanoclay and / or flame retardant compounded in the presence of 

ultrasound is summarised in Table 7.5. The linear density, modulus and tenacity of yarns 

incorporating nanoclay in core or sheath when compounded under ultrasound are not 

significantly different from those of corresponding samples produced without ultrasound. 

The elongation-at-break values while being generally higher, show the same between-

sample trends as seen in Table 7.4 for unsonicated samples. Thus the combination of PA6 

core or sheath with PA6/25A(2 wt%) core or sheath without ultrasound shows 

significantly lower elongation-at-break than samples produced with ultrasound (90 W). It 

should be noted that all but one of the combinations of additives when compounded 

without ultrasound showed lower elongation-at-break values than neat PA6-C/PA6-S, 
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while all but two after ultrasonifation (samples 3 and 5 in Table 7.5) show higher values. 

The modulus values of the samples containing flame retardant in core or sheath 

compounded under ultrasound are reduced when compared with those produced without 

ultrasound (see also Table 7.5, reference samples 3 and 4). The PA6/25A(2 wt%)/Al-Phos 

(10 wt%) formulation when sonicated gives an improvement in filament elongation-at-

break values when incorporated in either core or sheath, the results for this formulation 

(see Table7.5, reference samples 7 &8). 

 
Table 7.4: Tensile properties of bicomponent fibres without application of ultrasound. 

 

Sample  

(Core-C / Sheath-S) 

linear  

density 

Modulus  Tenacity  Elongation

-at  -break 

 

(tex) (cN/tex) (CN/tex) (%) 

     
     PA6- C 118 76 ± 23 10 ± 1.0 217 ± 20 

PA6- S 

    
     PA6- C 113 66 ± 10 6 ± 1.0 263 ± 22 

PA6/ 25A(2 wt%)- S 

    
     PA6/ 25A(2 wt%)- C 122 64 ± 9 7 ± 2.0 185 ± 40 

PA6- S 

    
     PA6- C 115 53 ± 5 4 ± 1.0 179 ± 17 

PA6/ Al-Phos (10 wt%)- S 

    
     PA6/ Al-Phos (10 wt%)- C 115 35 ± 6 2 ± 1.0 165 ± 11 

PA6- S 
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Table 7.5: Tensile properties of bicomponent fibres with application of ultrasound. 
 
Ref 

No 

Sample Linear  

density 

Modulus Tenacity Elongation 

at  -break 

 

 

(tex) (cN/tex) (CN/tex) (%) 

1 

 

PA6- C 
113 61 ± 7 7 ± 1.0 258 ± 25 

PA6/25A(2 wt%)/90W- S 
    

 

 
    

2 PA6/25A(2 wt%)/90W- C 118 64 ± 17 7 ± 1.0 322 ± 62 

 PA6- S 
    

 

 
    

3 PA6- C 120 40 ± 7 1 ± 0.3 127 ± 21 

 PA6/Al-Phos (10 wt%)/90W- S 
    

 

 
    

4 PA6/Al-Phos (10 wt%)/90W- C 144 22 ± 2 7 ± 1.0 269 ± 51 

 PA6- S 
    

 

 
    

5 PA6/25A(2 wt%)/90W- C 122 43 ± 7 2 ± 0.4 226 ± 13 

 PA6/Al-Phos (10 wt%)/90W- S 
    

 

 
    

6 PA6/Al-Phos (10 wt%)/90W- C 118 58 ± 11  3 ± 0.2 179 ± 27 

 PA6/25A(2 wt%)/90W- S 
    

 

 
    

7 PA6- C 120 43 ± 4 7 ± 1.0 288 ± 20 

 PA6/25A(2 wt%)/Al-Phos (10 wt%)/90W- S 
    

 

 
    

8 PA6/25A(2 wt%)/Al-Phos (10 wt%)/90W- C 123 46 ± 3 6 ± 1.0 288 ± 19 

 PA6- S 
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7.4.3 Vertical fabric strip testing and flame spread. 

The knitted fabrics derived from the bicomponent filament yarns were placed in 3000 ml 

of a solution, containing 1.0 w/v tribasic sodium phosphate and 0.2% v/v polyethylene 

glycol-200 grade (Laboratory reagent grade, fisher scientific) at 40 oC for one hour with 

continuous stirring. Samples were then removed, rinsed with distilled water and allowed to 

dry overnight at room temperature.  

 
Washed, dried fabrics were used for the vertical flame spread test and their results are 

given in Tables 7.6 and 7.7 for samples both without and with ultrasound compounding 

respectively. When the igniting flame is introduced to each fabric, it starts to shrink and 

then ignite with  the vertical flame starting to spread out to the edges of the fabric which 

then releases burning drips.  This phenomenon is clearly seen in the Figures 7.6 and 7.7, 

where captured photographs of the burning behaviours in 10 seconds of time interval after 

extinction of the igniting flame has taken place until the flame has extinguished.  Here it is 

generally evident that the fabrics tendency to melting and shrinking back is reduced when 

nanoclay and / or flame retardant are present as was seen in Chapter 4 for the single 

component filament fabric samples (see Figure 4.4) 

 

Behaviour of unsonicated samples: The addition of clay alone to the PA6 in core or 

sheath increases area density, mass loss, total burning time and number of drops. The 

incorporation of fire retardant alone into the PA6 sheath or core appears to give fabrics 

reduced area density, but this is determined largely by the respective filament linear 

density and ease of knittability and hence loop density. In Table 7.4, filament yarn linear 

densities are little affected by the addition of flame retardant and so the reason for the 

lower area density must be its ease of knittability and related fabric geometric effects. 

Addition of Al-Phos does not have a large effect on burn time but it does, however, 

increase burn length and speed of flame spread. There is also an increase in sample mass 

loss during burning, although the drop formation has decreased suggesting the effect of the 

FR is to increase melt viscosity. An increase in melt viscosity, will of course, impede melt 

dripping and so produce the increase in burn time and burning length observed. These 

effects are independent of whether the Al-Phos is in the core or the sheath. 

 
It is illuminating to compare the combustion properties observed for the various FR 

systems as illustrated in both the single component filament and bicomponent filament 

fabrics in the Tables 5.9 and 7.6 respectively. In the Table 5.9, addition of 2 wt% of 
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nanoclay into the PA6 increased the area density, burn length, number of drops and total 

mass loss but had no effect on the speed of flame spread. In the Table 7.6, samples with 

addition of 2 wt% of nanoclay into the sheath show significantly lower values in all 

burning parameters than the nanoclay in the core. This effect might be due to the char 

forming character of the clay. Overall, most of the characteristic are similar in the both 

cases (Tables 5.9 and 7.6) upon nanoclay addition. However, in the Table 5.9, addition of 

flame retardant shows slightly increased area density values but for bicomponent flame 

retardant system decreased values. Addition of flame retardant in both cases (Tables 5.9 

and 7.6), increased speed of flame spread, mass loss and decreased the number of drops. 

This latter effect is most likely due to a slight char forming effect of the flame retardant. 

 

Behaviour of sonicated samples: Addition of clay to either the sheath or core give fabrics 

having very similar burning behaviour irrespective of the location of the clay (compare 

sample reference numbers 1 and 2). Samples containing flame retardant in the core or 

sheath (reference numbers 3 and 4 respectively) exposed to ultrasound have significantly 

reduced times to burn and numbers of drops relative to the clay-containing samples, 

although the total times to burning, burning length and mass loss are similar to these latter. 

When the clay and flame retardant are present individually, either in the sheath or the core 

(reference numbers 5 and 6 respectively), their burning properties are little changed from 

those of the Al-Phos-containing-only samples, although the number of drops formed has 

significantly reduced further. The effect of clay on melt viscosity of one component plus 

that of the flame retardant on the other are significant factors here. Finally, the presence of 

both nanoclay and flame retardant together in either the sheath or core (reference numbers 

7 and 8 respectively) gives fabrics having reduced area densities, show further reduced 

total times  to burn although burning lengths and flame spread lengths are greater than 

these might suggest. While mass losses of samples are the lowest of all samples tested, the 

numbers of drops formed have started to increase relative to the previous samples.  

 
Addition of clay or flame retardant followed by application of ultrasound in either the core 

or sheath (Table 7.7) show minimally different effects on burning behaviour when 

compared with similar samples not exposed to ultrasound (Table 7.6). Addition of flame 

retardant and ultrasound exposure decreased the number of drops, however, compared to 

the same set of samples without exposed to ultrasound.  Thus in summary, according to 

these two sets of results, the PA6-C / PA6/25A(2 wt %)/Al-Phos (10 wt %)/90W-S sample 
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(reference 7) is superior to all others in terms of their reduced flammable properties, 

defined as minimal burn time, although its values of burn length, flame spread rate and 

number of drops are not the lowest values. In conclusion, it might be stated that the 

increased level of nanoclay and flame retardant dispersion achieved by used ultrasound 

appears to have a minimal effect on the overall fabric burning behavior with a tendency 

towards reducing times to burn and number of drops when clay only is present and 

reducing the number of drops when flame retardant only is present. 
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Table 7.6: Flame spread results of bicomponent fabrics without exposure to ultrasound. 

Sample (Core / Sheath) 

Dimension Initial 
mass 

of 
sample 

Area 

density 

Total 

time to 

burn 

Burning 

length 

Flame 

spread 

Mass 
loss of 

the 
sample 

Sample 

catch on 

tin foil 

Mass on 

frame 

Number of 

drops 

  mm mm G gm-2 s mm mms-1 G G g   

PA6- C 193 82 10 657 ± 26 44 ± 0 109±33 2 ± 1 2.0 ± 1 1.7 ± 1 7.9 ± 3 76 ± 11 

PA6- S 

   

  

  

  

    
    

  
  

  
    PA6- C 201 80 11 682 ±22 76 ± 29 141±43 2 ± 0 5.8 ± 1 4.4 ± 1 5.2 ± 1 137 ± 33 

PA6/ 25A(2%)- S 

   

  

  

  

    
    

  
  

  
    PA6/ 25A(2%)- C 201 80 11 700 ± 36 88 ± 28 167 ± 58 2 ± 1 7 ± 2 5.0 ± 2 4.0 ± 3 185 ± 52 

PA6- S 

   

  

  

  

    
    

  
  

  
    PA6- C 201 79 9 541 ± 4 45 ± 3 165±13 4 ± 1 5 ± 0.2 3.2 ±0.5 4.0 ± 0.6 63 ± 8 

PA6/ Al-Phos (10%)- S 

   

  

  

  

    
    

  
  

  
    PA6/ Al-Phos (10%)- C 205 77 9 580 ± 14 51 ± 20 144±24 3 ± 1 2.8 ± 1.2 1.9 ± 1 6.2 ± 1 42 ± 11 

PA6- S 
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Table 7.7: Flame spread results ofbicomponent fabricsexposed to ultrasound during compounding. 

Ref 

No Sample (Core / Sheath) 

Dimension Initial 
mass of 
sample 

Area 
density 

Total 
time to 
burn 

Burning 
length 

Flame 
spread 

Mass 
loss of 

the 
sample 

Sample 
catch 
on tin 
foil 

Mass 
on 

frame 

Number 
of drops 

   mm mm G gm-2 s Mm mms-1 g g g   

1 PA6- C 198 80 11 700 ± 17 68 ± 13 105 ± 21 2 ± 0.2 4 ± 0.9 2 ± 1 7 ± 1 131 ± 34 

 PA6/25A(2%)/90W- S 

   

  

  

  

    2 PA6/25A(2%)/90W- C 202 77 10 638 ± 25 80 ± 21 161 ± 32 2 ± 0.2 6 ± 1 4 ± 0.4 4 ± 1 127 ± 43 

 PA6- S 

   

  

  

  

    3 PA6- C 204 78 9 557 ± 9 44 ± 10 140 ± 7 3 ± 1.2 4 ± 0.6 2 ± 0.4 5 ± 0.3 49 ± 8 

 PA6/Al-Phos (10%)/90W- S 

   

  

  

  

    4 PA6/Al-Phos (10%)/90W- C 204 79 11 706 ± 12 55 ± 11 172 ± 26 3 ± 0.4 6 ± 1 3 ± 1 5 ± 1 31 ± 9 

 PA6- S 

   

  

  

  

    5 PA6/25A(2%)/90W- C 201 79 11 671 ± 41 47 ± 12 166 ± 34 4 ± 0.2 6 ± 2 3 ± 1 5 ± 2 16 ± 4 

 PA6/Al-Phos (10%)/90W- S 

   

  

  

  

    6 PA6/Al-Phos (10%)/90W- C 202 79 11 704 ± 37 39 ± 6 153 ± 20 4 ± 1 5 ± 1 3 ± 1 6 ± 1 16 ± 2 

 PA6/25A(2%)/90W- S 

           7 PA6- C 197 79 8 524 ± 12 28 ± 6 129 ± 20 5 ± 1 4 ± 1 3 ± 0.3 4 ± 1 22 ± 6 

 PA6/25A(2%)/Al-Phos (10%)/90W- S 

   

  

  

  

    8 PA6/25A(2%)/Al-Phos (10%)/90W- C 198 74 9 650 ± 12 42 ± 8 120 ± 6 3 ± 0.3 3 ± 1 2 ± 1 6 ± 1 67 ± 11 

 PA6 – S 
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Figure 7.6 : Snap shots of the flame spread experiment to the samples not exposed to   

ultrasound during compounding. 
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Figure 7.7: Snap shots of the flame spread experiment to the samples after exposure to ultrasound during compounding. 
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7.5 Conclusions 

 

PA6 bicomponent fibres spun on a Fibre Extrusion Technology (FET) melt spinning 

extruder unit were produced, knitted into fabrics and their properties investigated. Clear 

phase separation between core and sheath in the bicomponent fibres supported by optical, 

SEM and EDS images was observed in the bicomponent filaments produced. The 

filaments were tensile tested and the presence of a low level of nanoclay or flame retardant 

in the core or sheath of the fibres slightly reduced the tensile modulus and elongation-at-

break values and has not affected the linear density values with respect to a control 

filament PA6-C/PA6-S yarn. For a second set of samples to improve nanoclay dispersion, 

ultrasound was applied at the compounding stage at 90W power. The linear density, 

modulus and tenacity of filament yarns incorporating nanoclay or flame retardant in core 

or sheath when compounded under ultrasound are not significantly different from those of 

corresponding samples without ultrasound. However, relative to a C-PA6/PA6-S control 

filament yarn, elongation-at-break values slightly improved when nanoclay or flame 

retardant were present in the core and again its increased exposed to ultrasound. When Al-

Phos is present in either sheath or core, the modulus, already less than for the control C-

PA6/PA6-S filament yarn is further reduced when compounded with ultrasound exposure. 

When clay is added to the non-flame retardant-containing component, the respective 

moduli (samples 5 and 6, Table 7.5) are partly restored. However, no further increase is 

observed when both clay and flame retardant components are together in either sheath or 

core. 

 
Knitted, washed and dried fabrics were assessed for vertical flame spread, and melting 

behaviour. It was generally evident that melting and shrinking were reduced when 

nanoclay and / or flame retardant were introduced, but little effect on the flammable 

properties was observed. However samples containing flame retardant in the core or 

sheath exposed to ultrasound showed improved levels of flame retardant properties in 

terms of reduced burn time, flame spread and number of melt drips. A simplified version 

of Table 7.7 is presented in Table 7.8 in which the changes in the more significant burning 

parameters are defined in terms of an increase (↑), decrease (↓) or no change (-) within 

experimental error for each sample compared with PA6-C/PA6-S behaviour (see Table 

7.6). 
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Table 7.8: Changes in the more important burning parameters of samples in Table 7.7 

compared with those of the PA6-C/PA6-S sample in Table 7.6 

 

Ref 

No Sample (Core / Sheath) 

Total 
time 
to 

burn 

Flame 
spread 

Mass 
loss 

of the 
sample 

Number 
of drops 

   s mms-1 g 
 

1 PA6- C ↑ - ↑ ↑ 

 PA6/25A(2 wt%)/90W- S 
    

2 PA6/25A(2 wt %)/90W- C ↑ - ↑ ↑ 

 PA6- S 
    

3 PA6- C - ↑ ↑ ↓ 

 PA6/Al-Phos (10 wt%)/90W- S 
    

4 PA6/Al-Phos (10 wt%)/90W- C ↑ ↑ ↑ ↓ 

 PA6- S 
    

5 PA6/25A(2 wt%)/90W- C - ↑ ↑ ↓ 

 PA6/Al-Phos (10 wt%)/90W- S 
    

6 PA6/Al-Phos (10 wt%)/90W- C ↓ ↑ ↑ ↓ 

 PA6/25A(2 wt%)/90W- S 
    

7 PA6- C ↓ ↑ ↑ ↓ 

 PA6/25A(2 wt%)/Al-Phos (10 wt% )/ 90W- S  
    

8 PA6/25A(2 wt%)/Al-Phos (10 wt%)/90W- C - ↑ ↑ - 

 PA6 – S 
    

 

In both cases of the bicomponent samples, when flame retardant is in the sheath, fabrics 

show reduced flammable properties and the PA6-C/PA6/25A(2 wt%)/Al-Phos (10 

wt%)/90W-S sample (reference 7, Table 7.7) is superior to all others in terms of their 

reduced flammable properties defined as minimal burn time, although its values of burn 

length, flame spread rate and number of drops are not the lowest values.  
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Chapter 8: Overall Conclusions 

 

8.1 Ultrasonic exposure of fibre-forming polymers 

 

In this study polypropylene and polyamide 6 were selected with nanoclay and / or flame 

retardant to test their morphological, mechanical and flammable properties with and 

without exposure to ultrasound during the compounding stage.  

 

8.1.1 Effects of ultrasound on clay dispersion and properties of polypropylene 

(Chapter 3) 

Initially different levels of ultrasonic power were applied at the compounding stage of the 

polypropylene to optimise the ultrasonification conditions (see Chapter 3). The PP plus 

Nanomer 1.3T (PP/1.3T) formulation was used with 100 W and 50 W ultrasonic probes at 

different intensities between 20 and 100 %. The ultrasonic exposed samples were extruded 

into filaments and tapes. The tapes were used for morphological studies to optimise 

ultrasonification conditions. With regard to investigating the influence of ultrasound on 

clay dispersion, optical and SEM images did not show any specific result apart from 

spherulitic structures separated by inter-spherulite voids, but EDS images of samples were 

used to examine silicon elemental and hence clay intensity maps in defined specimen 

areas. For the PP/1.3T sample, clusters of Si dots were more uniformly distributed when 

ultrasound was used and decreased in number with increasing amplitude. It was concluded 

that with increase in ultrasonic power, the larger clay aggregates were being broken down 

and dispersed into particle sizes having dimensions less than the resolving power of the 

SEM (~100nm). No clusters were observed when the 100 W ultrasonic probe was used at 

close to 100% intensity. To quantify the observed results, Datacell software was used to 

calculate the number of Si dots in the specimens both for separate, defined areas within 

and for the whole area of the sample. The number of particles within a defined area 

(average of 12 results) and whole area as a function of ultrasonic power has been plotted 

as shown in Figure 3.6, but graphs were not conclusive. However, based on the qualitative 

observations, the 100 W probe at 90% amplitude was selected for the further studies.  
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Polypropylene with addition of 2 wt% of 1.3T clay and / or 5 wt% of APP was selected 

for compounding with and without exposure to ultrasound. Polymer pellets were tested for 

their thermal stability and according to the results (Chapter 3, Section 3.4.2) 

ultrasonification reduces the thermal stability during the initial stages, but in general, 

improves it at higher temperatures in terms of increasing residues which comprise both 

carbonaceous and inorganic contents. The compounded samples were extruded into 

filaments and tapes and increased ease of extrusion of the ultrasonicated samples suggests 

that ultrasound helped to improve nanodispersion. The extruded filaments were tested for 

their tensile properties, but all the tensile properties of PP-clay filaments decreased 

compared to 100% PP filaments, which except for the elongation-at-break values, are 

unexpected results. This might be due to the poor dispersion and interface adhesion of 

nanoparticles in the PP matrix at high filler content. When ultrasound was introduced 

during compounding, it helps to reduce the size of nanoparticle agglomerates, due to 

which elongation-at-break improves in most cases. The unexpected results with regard to 

tenacity and modulus values suggested that the Lab-line extruder was not suitable for the 

fine filament production. LOI values of compounded strands and tapes were not changed 

with and without application of ultrasound, but burning rates reduced with the presence of 

clay and / or flame retardant and reduced further more with the application of ultrasound, 

which indicates that ultrasonification has enhanced dispersion of nanoclay and also the 

APP particles. However, these results are not enough to indicate real reductions in the 

flammability of these samples, since industrial tests like the modified UL-94 test, applied 

in horizontal and vertical orientations produced no improvements in ratings. In the 

horizontal mode of PP samples burnt completely even samples with clay and / or flame 

retardant, although the number of drops formed reduced with addition of clay and / or 

flame retardant and further reduced after samples being exposed to ultrasound. The same 

trend was obtained for the vertical mode test. In summary it is clear that sonification 

reduces the number of normalised melting drips, expressed with respect to the initial unit 

volume of each sample and that this is probably due to better dispersion of the clay and 

possibly flame retardant. The extruded samples were knitted and tested to a non-standard 

the vertical flame spread test and according to the results, sonifiation reduced the rate of 

burning although with no reduction in number of molten drips and a slight reduction in 

drip rate. 
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8.1.2 Effects of ultrasound on the properties of polyamide 6 tapes and filaments 

(Chapter 4) 

Polyamide 6 with 2 wt% nanoclay and / or 5 wt% of diethyl aluminium phosphinate, Al-

Phos, flame retardant was used to prepare samples with and without presence of 

ultrasound (90W) at the compounding stage. The compounded polymer pellets were 

extruded into tapes using the Lab-line extruder, but samples containing 1.3T clay failed to 

extrude into filaments due to their reactive nature of the clay and so was replaced by 

Cloisite 25A nanoclay (see Table 4.1). The samples with Cloisite 25A were successfully 

extruded into filaments and tapes. The tape samples were used for morphological studies 

and an SEM study showed the nanoclay dispersion in polyamide 6 is improved compared 

with that observed in polypropylene. No large aggregates or particle clusters were 

obtained both with and without exposure to ultrasound. This is because of the polar nature 

of this polymer and organically modified clays enable better dispersed in this polymer. 

EDS images showed that Si, P and Al elements are well dispersed and dispersion is 

enhanced after exposure to ultrasound. Thermal analysis was undertaken and the effects of 

ultrasonification had little affect on thermal properties.  LOI testing was undertaken and 

the addition of both clays reduced LOI values and ultrasonification further reduced them. 

Nanoclay layers having dimensions similar to those of the surrounding polymer chains and 

significant anisotropy modify the polycrystalline morphology through the development of 

the so-called nanocomposite structure which will increase polymer melt viscosity and 

reduce the dripping tendency. This in turn prevents energy being removed from the flame 

zone and so causes the polymer to burn at a lower oxygen concentration and hence LOI 

decreased.  

 

Addition of flame retardant at the 5 wt% level alone had no positive effect on the LOI 

even when the 1.3T clay is present. The PA6/25A(2 wt%)/Al-Phos(5 wt%) sample, 

however, showed a higher LOI value(24.3 vol%)  than others and increased further (25.2 

vol%) due to the ultrasound.  UL-94 testing was carried out on horizontal and vertical 

orientations of the strands and yielded “fails” generally. The PA6/1.3T(2 wt%)  sample 

with and without presence of flame retardant showed increases in rate of burning, which 

increases further after sonification. However, the PA6/25A(2 wt%)/Al-Phos(5 wt%)/90W 

sample showed a both reduced rate of flame spread and number of flaming drips in both 

horizontal and vertical modes. 
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The modified BS 5438 vertical flame spread test was used to assess burning fabric 

behaviour and  the rate of flame spread increased and number of drops reduced for the 

PA6/25A(2 wt%) sample with and without presence of ultrasound (see Section 4.4.5) 

compared to a 100% PA6 knitted sample. The PA6/25A(2 wt%)/Al-Phos(5 wt%)/90W 

sample, however, is superior to the others in reducing the flammable properties, but an 

increase in level of the Al-Phos flame retardant would be necessary to achieve higher 

levels of flame retardancy in polyamide 6. To test this suggestion, aluminium phosphinate 

was added at 10 wt% level followed by 100 W ultrasonification at 90% amplitude for 

further study. The Lab-line extruder was not able to produce fine filaments, however, and 

the poor tensile results generally obtained coupled with this observation suggested that the 

newly acquired Fibre Extrusion Technology (FET) extruder should be used for further 

work.  

 

8.1.3 Effects of ultrasound on the properties of Polyamide 6 filaments extruded using 

the FET extruder (Chapter 5) 

PA6 with nanoclay (25A at 2 wt%) and / or flame retardant (Al-Phos at 10 wt%) was 

compounded into pellets with and without presence of ultrasonic power as explained 

above (90W) and then extruded into filaments and tapes using FET extruder (see Chapter 

5).  The tape surfaces were characterised for nanoparticle dispersion with the help of SEM 

and EDS images. Datacell software was used to map silicon-containing aggregates and 

elemental P and Al for the samples containing Al-Phos flame retardant. The number of Si 

dots in the PA6/25A(2 wt%) clay-only samples seems to be decreased after exposed of 

ultrasound and same was observed for P and Al elemental aggregations in the flame 

retarded samples. PA6 samples also showed some P and Al concentrations due to possible 

contamination. Filaments were tested for their tensile properties and it was seen that initial 

modulus slightly reduced changed in the presence of nanoclay or flame retardant with 

respect to the value of PA6, but increased with the presence of both nanoclay and flame 

retardant and slightly changed after exposure to ultrasound. Exposure to ultrasound has 

slightly increased the modulus for all the samples except PA6/Al-Phos(10 wt%)/90W. The 

elongation-at-break of the samples  containing nanoclay with and without exposure of 

ultrasound fluctuate with respect to the value (292.0 ± 23%) for 100% PA6, but the 

presence of Al-Phos (10 wt%) shows a reduction of nearly 50%, although this has 

increased following exposure to ultrasound. Addition of nanoclay and flame retardant 

(PA6/Al-Phos(10 wt%)/25A(2 wt%)) decreased the elongation-at-break which slightly 
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decreased further after exposure to ultrasound. This might be due to the improvement of 

dispersion which has increased the nanocomposite character reflecting the increase in 

modulus.  

 
Limiting oxygen index (see Chapter 5, Section 5.3.3) values of tapes were unchanged with 

and without exposure to ultrasound in the presence of nanoclay alone. Addition of the 

flame retardant Al-Phos has increased the LOI value to 23.9 vol% which further increased 

to 24.6 vol% after exposure to ultrasound. Also, the burning rate reduced in the presence 

of nanoclay and further reduced following exposure to ultrasound. While the PA / clay 

samples might have been well dispersed prior to ultrasonifiaction, additional 

ultrasonification would not be expected to change the LOI values. However, that the 

addition of flame retardant increased the LOI values which further increased following 

exposure to ultrasound, suggests that the Al-Phos particle dispersion influences its 

effectiveness. Both clay and flame retardant together increased the sample LOI values 

which again increased further after exposure to ultrasound. The number of drops per 

second reduced in presence of clay and / or flame retardant with and without ultrasound 

and with the latter showing the greatest effect. In the case of  PA6/25A(2 wt%)/Al-

Phos(10 wt%) the burning rate and number of drops decreased with respect to 100% PA6 

and both these values further decreased after the ultrasonification. The samples failed in 

the horizontal UL94 test result, but PA6/Al-Phos samples showed no burning after 

ignition flame removal. Presence of nanoclay and flame retardant together helped to 

reduce burning rate, but the effect of ultrasonification showing mixed results on the 

burning rate. 

 
To examine the filament burning behaviour, fabrics were subjected to the vertical flame 

spread test. Area densities of fabrics were assumed to within an acceptable range for 

testing although values increased with the presence of nanoclay and / or flame retardant. 

Addition of nanoclay and flame retardant slightly increased the burning rate, but 

significantly decreased the number of drops per second with respect to 100% PA6 and 

further reduced in fabrics containing filaments compounded with exposure of ultrasound.  

According to the above test results, ultrasonification helped to improve the nanocomposite 

structure and flame retardant dispersion within the PA6 filaments containing nanoclay and 

flame retardant. 
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Effects of ultrasound on PA6 degradation of these samples were investigated by a relative 

viscosity study. An ASTM D 445 Ubbelohde viscometer was used and according to the 

results, relative viscosity values of unsonicated PA6 samples increase with addition of clay 

and / or flame retardant and the effect of ultrasound appears to have a marginal effect, 

suggesting that any accompanying chemical degradation is negligible or absent.  

 

8.2 Effects of nanoparticles on the flame retardancy of the ammonium sulphamate 

(AS) and dipentaerythritol (DP) flame-retardant system in polyamide 6 (PA6). 

PA6 with addition of AS (2.5 wt%)/DP(1 wt%) alone and 2 wt% of clay (clay 25A or 30B 

or 116 or fumed silica) samples were compounded into pellets and extruded into filaments, 

and then knitted into fabrics (see Chapter 6). Compounded pellets were examined by 

thermal analysis by using TGA / DTA. The major weight loss of the PA6 is in the 

temperature range of 375-485 0C (86% weight loss) and the rate of weight loss slows 

down at about 485 0C, because most of the material volatilises at this temperature range 

following random chain scission at the amide bonds. PA6 treated with AS and DP show 

different mass loss behaviours in the initial stages of degradation, where an additional 

DTG maximum peak is observed at 314 0C. 

 
Compounded pellets were used for thermal analysis and cast plaques were used for LOI 

and UL 94 testing. Addition of AS(2.5 wt%)/DP(1 wt%) with PA6 increased LOI by 4.5 

vol% for plaques and by 8 vol% for strands when compared with PA6 alone ( 20.5 vol % 

for plaques and 21.9 vol% for strands) In the case of plaques, nanoclay additives with 

PA6/AS(2.5 wt%)/DP(1 wt%) reduced LOI although the reductions were minimal for the 

addition of the unfunctionalised 116 clay and silica with respect to the PA6/AS(2.5 

wt%)/DP(1 wt%) sample. In the case of strands, mixed results were observed. UL 94 

testing of plaques in both for horizontal and vertical configurations showed that while in 

both, pure PA6 burned completely and was not rated,  the addition of AS(2.5 wt%)/DP(1 

wt%) with and without clay or silica showing an HB rating in the horizontal test and a V-2 

rating in the vertical configuration. 

  
Tensile properties of filaments both drawn and cold drawn with 1:2 draw ratio were 

evaluated separately. For undrawn filaments, addition of AS(2.5 wt%)/DP(1 wt%) showed 

an increase in modulus relative to the 100% PA6 yarn modulus value and addition of 

25A(2 wt%) or 30B(2 wt%) show further increases in the modulus, but it is  reduced with 

the addition of 116(2 wt%) to below that of the PA6/AS(2.5 wt%)/DP (1 wt%) sample. 
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The tenacity value of 100% PA6 decreased with addition of AS(2.5 wt%)/DP(1 wt%) and 

remained little  changed with the addition of clay. This might be due to the degradation of 

AS and DP which offsets any potential advantage of the added clay.  

 
After cold drawing, the modulus nearly doubled for 30B(2 wt%) and 116(2 wt%) samples 

in comparison with the 100% PA6 drawn yarn value. The trends of tenacities were the 

same as for the undrawn samples and breaking elongations hardly changed. All the 

undrawn filaments were knitted into fabrics and their flammable properties were 

characterised. Area densities of the samples were not much changed as a consequence of 

the presence of additives. Addition of flame retardants (AS+DP) decreased the burning 

time by about 40 % and number of drops by about 61 % with respect to pure PA6 and 

these are further reduced with the addition of 25A(2 wt%) organoclay, as well with the 

addition of 30B(2 wt%) and 116(2 wt%) clays. According to the test results of mass loss, 

burning time, number of drops and drops rate of the samples and  as explained in the 

Chapter 5, the sample PA6/AS(2.5 wt%)/DP(1 wt%)/25A(2 wt%) is superior to all others 

in showing reduced flammability. 

  
8.3 Effect of Dispersed Nanoclays and Flame Retardants in Bicomponent fibres 

(Chapter 6) 

PA6 was selected as the polymer with addition of Cloisite 25A(2 wt%) and / or Al-Phos 

(10 wt%) with and without presence of ultrasound prior to formation of the initial starting 

pellets. Samples compounded with and without presence of ultrasound used in various 

locations of the core–sheath bicomponent fibres as explained in the Chapter 6. Uniform 

polymer distributions were observed from optical images of the cross section of the fibre 

and additive distribution was studied by using SEM and EDS. There was little evidence of 

mixing across the cross section of the fibre and mixing of the two components is 

negligible.  

 
Small amounts of nanoclay or flame retardant in the core or sheath of the fibres slightly 

reduced the tensile modulus and elongation-at-break and did not affect the filament linear 

density values with respect to the control PA6-C/PA6-S filament yarn. The linear density, 

modulus and tenacity of yarns incorporating nanoclay or flame retardant in core or sheath 

when compounded under ultrasound are not significantly different from those of 

corresponding samples without ultrasound.  
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However, relative to a PA6-C/PA6-S control yarn, elongation-at-break values slightly 

improved when nanoclay or flame retardant were present in the core and again increased 

on exposure to ultrasound. When Al-Phos is present in either in sheath or core, the 

modulus, already less than for the control C-PA6/PA6-S yarn, is further reduced when 

compounded with ultrasound exposure. When clay is added to the non-flame retardant-

containing component, the respective moduli (samples 5 and 6, Table 7.5) are partly 

restored. However, no further increase is observed when both clay and flame retardant 

components are together in either sheath or core. 

 
Knitted, washed dried fabrics were used in the vertical flame spread test and according to 

their results, addition of Al-Phos either in core or sheath had little effect on burning time, 

but increased burn length and speed of flame spread and reduced mass loss and number of 

drops were observed. These effects might be due to the increase in PA6 viscosity due to 

the flame retardant. While single component filaments with addition of 2 wt% of clay 

level, increased burn length, number of drops and total mass loss but had no effect on the 

speed of flame spread with respect to the PA6, in the case of bicomponent, samples, 

addition of 2 wt% of nanoclay in to the sheath showed significantly lower values in all 

burning parameters than when the nanoclay is in the core. This effect might be due to the 

char forming character of the clay having a greater effect when it is the sheath. In the case 

of application of ultrasound, addition of nanoclay either in core or sheath have similar 

effects to their unsonicated analogues. When the clay and flame retardant together are 

either in the core or sheath, the number of drops were reduced further with respect to the 

sample containing Al-Phos only. According to the flammability test results the PA6-C / 

PA6/25A(2 wt%)/Al-Phos(10 wt%)/90W-S sample (reference 7, Table 7.7) is superior to 

all others in terms of their reduced flammable properties. This suggests that when the 

flame retardant and clay are present together in the sheath, there is greater flame 

retardancy than when in the core. 
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8.4 Suggestions for Future Work 

 

The success of this series of studies detailed in this thesis addresses the aims stated and 

shows that improved flame retardancy of polypropylene and polyamide 6 may be achieved 

by combining a number of flame retardants and different nanoclays and that improved 

nanoclay dispersion obtained by used ultrasonic exposure during compounding may have 

a positive effect although some results are inconclusive. There are a number of additional 

issues and possibilities for further work which arise as a result of the study.  These are 

outlined below 

 
1. While ultrasonifacation has improved dispersion, comparisons with the effect on  

dispersion of selected nanoclays, in terms of other processing parameters such as shear 

rates, need to be examined in order to ascertain conditions for achieving successful 

exfoliation within each respective polymer matrix.  

 
2. Visual examination in conjunction with microscopy techniques, as discussed in the 

Chapters 4 and 5 for PA6 samples, suggest the presence of a true nanocomposite 

structure within specific extruded films.  Therefore, in-depth studies using x-ray 

diffraction (XRD) and transmission electron microscopy (TEM) require investigation in 

order to validate these findings. 

 
3. PA6 with the combined flame retardant AS+DP present at low concentrations showed 

minimal levels of degradation and these filaments were extruded without drawing. 

While the addition of nanoclays slightly reduced the flame retardancy, tensile properties 

improved. The PA6/AS(2.5 wt%)/DP(1 wt%)/25A(2 wt%) sample in particulare 

showed the best flame retardancy and this system is worthy of further investigation. 

 
4. The bicomponent study suggests that the addition of flame retardant in the sheath 

showing improved level of flammability than when in the core. This observation should 

be confirmed and extended to other flame retardants so that a possible mechanistic 

model may be proposed. 
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