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Abstract  

Basak Tuna 

Chain Extension of Polyamide-6 & Polyamide-6/Organoclay Nanocomposites 

Control of thermal degradation of polyamide-6/organoclay nanocomposites 

during extrusion using a novel chain extender 

Keywords: Nanocomposite, layered silicates, extrusion, polyamide-6, thermal 

stability, chain extender, rheology 

Novel solutions to offset thermal degradation of polyamide-6 (PA-6) and 

organoclay (organically modified layered silicates) nanocomposites during melt 

compounding have been investigated. In this research, a novel chain extender 

(Joncryl ADR 3400) has been used to improve thermal stability of PA-6 and PA-

6/organoclay nanocomposites during melt compounding. The materials were 

compounded using a linear twin extruder and various laboratory scale mixers. 

The effects of organoclay and chain extender were studied using both 

processing methods. In order to replicate large scale production used in 

industry, a comprehensive plan of experimental work was carried out under 

different processing conditions (extrusion temperature and screw speed), 

organoclay and chain extender loading using a linear twin screw extruder. 

Rheology, mechanical and thermal properties were analysed and selected 

samples were also characterised by TEM and FTIR. Process induced 

degradation of PA-6 during the melt compounding was found to have significant 

influence on the rheological and mechanical properties. Rheological and 

mechanical characterisation clearly showed showed that incorporation of the 

chain extender minimised thermal degradation of PA-6 and nanocomposites 

during melt processing. Visual analysis of selected nanocomposites using TEM 

confirmed that chain extender increased the dispersion of nanoclays in the PA-

6 matrix. The crystallinity of the PA-6 was slightly affected by addition of 

organoclay and chain extender. The samples obtained by linear twin screw 

extrusion showed higher rheological properties than the samples from 

laboratory scale mixers suggesting better mixing and less thermal degradation 

during extrusion.  
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CHAPTER 1 

 

INTRODUCTION 

A nanocomposite can be described as a composite where one of the 

components is dispersed in the other at the nano-scale (10-9 m). The most 

studied nanocomposites are polymer-nanoclay nanocomposites. Amongst 

nanoclays, montmorillonite is commonly preferred due to it having a 

tremendous surface area of 750 m2/g when the layers are dispersed throughly 

within the polymer matrix. As a result of having one nanometer thickness and 

high lateral dimensions, nanoclays can be found in very high aspect ratios (Ray 

2013). The large surface of the layered silicates enables increased interaction 

with the polymer matrix thus a large amount of stress can be transferred and 

this reinforces the material and improves many properties such as mechanical, 

rheological and barrier (Peters 1998).  Montmorillonite shows a hydrophilic 

character which makes its use difficult with organic polymers. To overcome this, 

organic modification of montmorillonite is necessary and carried out by cation 

exchange with quaternary ammonium salts (Ray 2013). Polymer silicate 

nanocomposites have been studied since the 1950s, however the development 

of these materials remained limited over many years due to the poor dispersion 

of the clay within the polymer matrix. Toyota researchers proposed organic 

modification of clay to enhance dispersion and developed the first polymer 

nanocomposite via polymerisation of caprolactam with organomodified nanoclay 

(organoclay). After that breakthrough, the interest in polymer silicate 

nanocomposites sky-rocketed (Peters 1998). 

The structures of polymer/organoclay nanocomposites are generally divided 

into three main types: intercalated, flocculated and exfoliated. In intercalated 

structure, limited polymer chains are penetrated into the layers of clay. 

Flocculated structure is conceptually similar to intercalated structure however 

silicate layers are found in a flocculated state as a result of edge-edge 

interactions between the platelets. A complete and uniform dispersion of silicate 

layers within polymer matrix is observed in exfoliated structure. This structure is 
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critical to achieve enhanced properties at very low filler loadings (Ray 2013). 

The degree of exfoliation is influenced by organic modification of the nanoclay, 

processing type and conditions. 

A variety of methods have been used for the preparation of polymer 

nanocomposites including in-situ polymerisation, solution intercalation and melt 

intercalation (Averous and Pollet 2012). However of the three techniques, melt 

intercalation method where polymer and nanoclay are mixed in the melt state 

has been widely used to produce polymer silicate nanocomposites due to its 

convenience for larger applications in the industry (Friedrich and Breuer 2015).  

Polyamide-6 (PA-6) or Nylon-6 is a semi-crystalline polymer from 

polycondensates group and usually known as an engineering thermoplastic due 

to its improved mechanical properties, processability and chemical resistance 

which enable it to be used in textile, packaging and automotive industry 

(Marney et al. 2008). As it is known,  like most polymers, PA-6 requires high 

processing temperatures during melt compounding such as in extrusion. 

However, due to the low thermal stability of ammonium salts used for organic 

modification of clay, PA-6 undergoes several degradation reactions which lead 

to a decrease in molecular weight and thus a reduction in mechanical and 

rheological properties (Pavlidou and Papaspyrides 2008, Pfaendner 2010). 

Solid state polymerisation (SSP) has been used over many years to enhance 

the molecular weight of polycondensates. However, this method has several 

disadvantages such as being a batch process, requiring high vacuum and 

temperature for 12-20 hours using specific equipments for large scale 

production.  Therefore, development of an alternative method is required. The 

reactive extrusion approach using chain extenders with polymers can be 

suggested as an alternative method to offset molecular weight due to chain 

scission. This method offers many advantages like being more economical with 

faster reactions compared to SSP (Loontjens 2005). 

In this thesis, chain extension of PA-6 and PA-6/organoclay nanocomposite is 

investigated. The purpose of using a chain extender is to lengthen the polymer 

chains thus offsetting their scission upon thermal degradation.  The research 
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idea is thus to develop a chemical mean to control thermal degradation. With 

the pressure on scarce resources and to avoid environmental damage, such 

work is important. As recycling of polymers is an integral part of polymer 

processing, novel techniques to prevent thermal degradation are highly sought. 

The main objectives of this study are: 

�x  To critically review prior studies performed on melt mixing and thermal 

degradation of PA-6/organoclay nanocomposites, chain extension 

methods to control thermal degradation. 

�x  To carry out experimental studies of PA-6, PA-6/chain extender, PA-

6/organoclay and PA-6/chain extender/organoclay nanocomposites using 

a twin screw extruder and different laboratory scale mixers. 

�x To measure the properties of obtained samples; rheological, mechanical, 

thermal in particular but also spectroscopic and morphological. 

�x From measurements, understand the relationship between materials, 

equipment, processing conditions and properties. 

In the light of objectives stated above, this study is divided into five main parts. 

Following an introduction to chain extension of PA-6 organoclay 

nanocomposites, background information on PA-6, polymer layered silicate 

nanocomposites, polymer extrusion and characterisation techniques of polymer 

layered silicate nanocomposites are provided in chapter 2. An extensive review 

of previous research activities concerning PA-6 organoclay nanocomposites, 

thermal degradation of PA-6/organoclay nanocomposites and chain extension 

method is also provided in chapter two. 

The materials and equipment used for the preparation of the PA-6, PA-6/chain 

extender, PA-6/organoclay and PA-6/chain extender/organoclay         

nanocomposites are described in chapter three. General information about the 

materials used, the methodology for sample preparation and the 

characterisation techniques are also described in this chapter. 
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Chapter four presents and discusses the experimental results obtained using a 

moderately large twin screw extruder in terms of rheological, mechanical, 

thermal and morphological properties.  Chapter 4 also presents a comparison of 

these results with  the rheological properties of samples produced by laboratory 

small scale mixers.  

Finally, conclusions and recommendations for future work are provided in  

chapter five. 
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CHAPTER 2 

 

BACKGROUND and LITERATURE REVIEW 

2.1 Introduction  

Many industrial and academic research studies have been made on polymer-

layered silicate nanocomposites due to the significant property enhancement in 

mechanical, thermal and barrier properties of thermoplastics. This research is 

concerned with PA-6 clay nanocomposites prepared by the extrusion method, 

investigating the factors affecting polymer degradation and finding possible 

engineering solutions such as the chain extension method to control thermal 

degradation during melt mixing. Therefore, this chapter provides information on 

PA-6, polymer composites and polymer layered silicate nanocomposites, 

polymer extrusion and characterisation techniques. A review of previous studies 

on PA-6 organoclay nanocomposites, thermal degradation of PA-6/organoclay 

nanocomposites and the chain extension method is also presented. 

2.2 Polyamide s 

Polyamides (nylons) are semi crystalline thermoplastics and can be found in 

different types. These are aliphatic polyamides such as PA-6, PA-6/6, PA-6/9, 

PA-6/10, PA-6/12, PA-4/6, PA-11 and PA-12 and aromatic polyamides e.g. 

Kevlar. Amongst a variety of polyamides, the first polyamide developed was PA-

6/6 by the DuPont Company. Thereafter, polyamide-6 fibers were established in 

1939 by I.G. Farbenindustrie in Germany (Seymour and Kirshenbaum 1986). 

PA-6 and PA-6/6 are the most used polyamides and their main application is 

the textile industry. PA-6/6 is synthesised by polycondensation of 

hexamethylenediamine and adipic acid, whilst PA-6 is synthesised by ring-

opening polymerisation of caprolactam. PA-6,6 has a higher melting point and 

mechanical properties, therefore it is commonly preferred in the production of 

carpets or tyre cords. 
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2.2.1 Polyamide -6 

PA-6 is one of the most important thermoplastic polymers, affordable and with 

excellent mechanical properties and chemical resistance. PA-6 has been mainly 

used in the textile industry as a substitute of natural fibers. The automotive 

industry is another important application area of PA-6 which has been used in a 

wide range of automotive parts such as radiator, fans, inlet manifolds, engine 

covers, brake hoses, door handles and fuel lines. Moreover, PA-6 has been 

commonly used in consumer goods (housewares, sports equipments, toys) and 

the packaging industry (SPE 1998). 

Industrial synthesis of PA-6 is usually done by ring-opening polymerisation of �0-

caprolactam, as shown in Figure 2.1. 

 

Figure 2.1 Synthesis of PA-6 from �0-caprolactam (Durr and Herbst 2013) 

In the synthesis of PA-6 firstly, a small amount of �0-caprolactam hydrolyses to �0-

aminocaproic and ring-opening polymeris�D�W�L�R�Q���R�I���W�K�H���0-caprolactam is started by 

the amine (NH2���� �J�U�R�X�S�V�� �R�I�� �W�K�H�� �0-aminocaproic acid. Then, a polycondensation 

reaction occurs and results in high molecular weight PA-6 with the elimination of  

water (Sankal 2013). General physical properties of PA-6 are given in Table 

2.1. 
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Table 2.1 General physical properties of PA-6 (Carraher 2010) 

Heat deflection temperature (oC) 80 

Melting point (oC) 225 

Coefficient of linear expansion (cm/cm-oC, 10-5) 8.0 

Flexural strength (kPa) 9.7 x 104 

Impact strength (Izod: cm-N/cm of notch) 160 

Tensile strength (kPa) 6.2 x 104 

Ultimate elongation (%) 30 

Density (g/mL) 1.15 

2.3 Clays  

Clays are aluminosilicate minerals and include four major types; amorphous 

(allophone), crystalline (kaolinite, hollocite, montmorillonite), mixed-layer type 

(chlorite) or chain structured (attapulgate). These minerals are formed by the 

chemical decomposition of feldspar and widely found throughout on earth (Paul 

and Robeson 2008). 

Polymer clay nanocomposites are generally prepared by using 2:1 layered 

silicates and phyllosilicates. The structure of clays consists of layers which are 

the combination of two silica tetrahedral sheets with an aluminum or 

magnesium hydroxide octahedral sheet. The layers can be found at around 1 

nm thickness and from 30 nm to several micrometers lateral dimensions. 

Stacking of these layers results in a Van der Waals gap between the layers 

known as the interlayer or gallery (Okamoto 2004). Replacement between the 

layers (Al+3 is substituted by Mg+2 or Fe+2, Mg+2 is substituted by Li+1) leads to 

negative charges in the galleries. The cations in the galleries (see Figure 2.2) 

attract these negative sites to compensate the charge imbalance as a result of 

isomorphic substitution. 
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Figure 2.2 The structure of 2:1 layered silicates (Okamoto 2004) 

Montmorillonite is the most used layered silicate for preparation of polymer 

layered silicate nanocomposites due to its high availability and low cost. 

Montmorillonite has a specific surface area of 750-800 m2/g and its modulus is 

about 178-220 GPa for each sheet. The interlayer average thickness of 

montmorillonite is 1.45 nm with density of 2.385 g/ml (Ray 2013). 

Cation exchange process:  Unmodified layered silicates include hydrated Na+ 

or K+ ions. Only a few water-soluble polymers such as poly(ethylene oxide) 

(PEO) and poly(vinyl alcohol) (PVA) are miscible with the pristine 

montmorillonite and hydrophilic silicate surface should be changed into an 

organophilic one to enable intercalation of other polymers. The 

organomodification of layered silicates is usually achieved by cation exchange 

process with surfactants containing primary, secondary, tertiary and quaternary 

alkyl ammonium or phosphonium cations. Firstly, the montmorillonite including 

Na+ or K+ is dispersed in the water in order to swell silicate layers (ca. 30% 

swelling). Then, an alkyl ammonium or phosphonium salt is added and the ions 

in the galleries are exchanged with alkyl ammonium or phosphonium cations 

that results in formation of an organophilic clay and increased gallery height. In 

addition, the length and type of alkyl chain are another important factors that 

influence the structure of the modified clay (Ray 2013). 
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2.4 Nanocomposites   

A composite can be considered as a combination of two or more components 

(such as a reinforcement and a matrix) which presents higher properties than 

the individual components (Gay 2003). The wood is an example of a composite 

in  nature that consists of cellulose fibers in the lignin matrix (Mazumdar 2002). 

Mud bricks reinforced with straw are the earliest man-made composites used by 

ancient Israelities in Egypt (Strong 2008, Kaw 2006). The development of the 

composites accelerated in 1940s with start of World War 2 and a glass 

reinforced phenolic polyamide fishing pole was introduced in 1945 which can be 

considered as the first modern application of composites. (Strong 2008). 

With the development of polyamide, research on materials has been focused on 

non-metallic materials, particularly polymeric materials, in other words plastics 

(Cogswell 1992). In the composites area, polymer matrix composites are the 

most developed and used group (Akovali 2001). Due to lower processing 

temperatures compared to metal or ceramic matrix composites, the production 

of the polymer matrix composites is easier and more economical. On the other 

hand as a result of increasing demand on development of high performance 

materials, metal matrix composites are being replaced with polymer matrix 

composites to produce light weight materials with high environmental 

resistance. 

Amongst the family of polymer composites, nanocomposites are the latest 

development whereby a small amount of an additive (less than 5%) can have a 

drastic effect on structure.  Indeed in recent years, much effort has been put in 

this research area to transform polymers into smarter materials that can 

compete with metals, ceramics and other naturally occurring materials.  The 

idea with a nanocomposite is not simply about strength but a whole host of 

other desirable properties (electrical conductivity, non-flammability, barrier 

properties and many others).  Clearly, these additives change the structure of 

the polymer matrix in such a way as to impart new properties. This is achieved 

because the nano-additive is of such small dimensions that it can lodge itself 

between the molecules, changing thus its structure. The link between structure 

and properties is thus central in nanocomposite characterisation. Various 
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nanomaterials have been used as the reinforcing agent in the preparation of 

polymer nanocomposites. Amongst them, layered silicate polymer 

nanocomposites have been most widely studied as silicate minerals are readily 

available in the nature, inexpensive and processable (Telis 2012). Due to these 

reasons, this research was focused on preparation of polymer layered silicate 

nanocomposites. 

2.4.1 Synthesis  

The nanoclays are very fine particles and to be able to affect structure, they 

must be thoroughly dispersed in the polymer matrix. Several strategies can be 

used to prepare polymer layered silicate nanocomposites. Three methods are 

mainly used. 

In-Situ Polymeris ation: This method was used for first time by Toyota 

research group to produce PA-6/clay nanocomposites. In this technique (see 

Figure 2.3), a liquid monomer or monomer solution swells the clay and therefore 

polymer formation appears between intercalated sheets. Then polymerisation is 

started by an initiator either heat or radiation and resulted in final product (Ray 

2013). 

 

Figure 2.3 Schematic representation of in-situ polymerisation (Ray 2013) 

Intercalatio n of Polymer from Solution : In this method, a suitable solvent is 

used to solve polymer and polymer chains swell into the clay particles. Firstly; 

clay, polymer and solvent are mixed and therefore polymer chains place in the 

galleries of the silicate. After that, the solvent is removed and final 

nanocomposite in the intercalated structure is obtained (Ray 2013). A 

schematic representation of the intercalation of a polymer from solution is given 

in Figure 2.4. 
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Figure 2.4 Schematic representation of the intercalation of polymer from 

solution (Ray 2013) 

Melt Intercalation: The melt intercalation method is mixing polymer and clay 

generally under high shear and elongational flows at higher temperatures than 

the melting point of the polymer. This technique has several advantages 

compared to in-situ polymerisation and intercalation of polymer from solution. 

One advantage of this method is being environmentally friendly as organic 

solvents are not used in this process. The other advantage is being applicable 

to industrial processes such as extrusion and injection moulding (Ray 2013). A 

schematic representation of melt intercalation is given in Figure 2.5. 

 

Figure 2.5 Schematic representation of melt intercalation (Ray 2013) 

2.4.2 Structures  

It is known that the final properties of the polymer layered silicate 

nanocomposites are highly depending on the level of interactions between the 

polymer and the clay. As a result of the level of these interactions, three 

different thermodynamically achievable nanocomposite structures can be 

obtained: intercalated, flocculated and exfoliated (Ray 2013). A schematic 
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representation of the structures of polymer layered silicate nanocomposites is 

given in Figure 2.6. 

Intercalated: In intercalated structure, polymer chains swell into the clay 

interlayers, however the clay layers are stacked due to insufficient electrostatic 

forces between silicate layers and polymer chains (Mittal 2009). 

Flocculated:  The flocculated structure shows similarity with intercalated 

structure. In a flocculated polymer layered silicate nanocomposite, hydroxylated 

edge-edge interactions of the platelets result in flocculation of the silicate layers 

(Ray 2013). 

Exfoliated (Delaminated): In exfoliated structure, silicate particles are 

delaminated to the individual layers and thoroughly dispersed within the 

polymer matrix (Tjang and Mai 2010). This structure is very important because 

significant improvements in the nanocomposites can be achieved at low clay 

loadings. 

 

Figure 2.6 Schematic representation of the structures of polymer layered silicate 

nanocomposites (Ray 2013) 

2.5 Polymer E xtrusion  

Polymer extrusion is a versatile operation that combines polymer pellets or 

powder conveying, their melting, mixing and pumping as well as shaping when 

combined with a die. There are a variety of extruder types in the plastic industry. 

Generally, the extruders are classified based on their operation mode: batch or 

continuous. The batch type extruders process the polymer in an intermittent 

state and conform with other batch processes, injection and blow moulding. A 

rotating screw can be found in continuous extruders, whereas the screw is 
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replaced to a piston in the batch extruders (Stevens and Covas 1995, 

Rauwendaal 2001). The piston extruders have very simple design. They are 

comprised of a piston which moves inside a barrel and a die with the preferred 

orifice geometry. The material is filled into the barrel and forced under pressure 

through the die orifice. The piston is operated hydraulically and heating is 

achieved by heating elements in or around the barrel walls and the die. It is a 

batch process, after the material is loaded into the barrel, no more can be 

added until the extrusion press run is finished. This type of extruder has two 

main advantages over screw extruders. Extrusion can be carried out at very 

high pressures and the contamination is diminished due to limited moving parts 

of the extruder (Terpstra et al. 1995). 

Screw extruders are the most used extruder types in the polymer extrusion. 

Single screw and multi screw extruders are two main groups in the screw 

extruders. Single screw extruders are commonly used for shaping of plastics 

while multi screw extruders are found in compounding applications.  

2.5.1 Single -Screw E xtruders  

Single screw extruders have been the most used type of screw extruder. 

Although they present limited mixing efficiency compared to twin screw 

extruders, their main advantage is relatively low cost. Single screw extruders 

comprised of one single screw in a round barrel. The transport mechanism in 

these extruders is based on friction between the material and the walls of the 

channel which can be called as drag flow. This transport mechanism in the 

extruder makes suitable it for working with highly viscous fluids and capable of 

operation at the high pressures and temperatures consequently required for 

processing high molecular weight polymers therefore can be considered as 

another advantage of this type of the extruder. As the material slips at the barrel 

wall, the material can rotate with the screw without being pushed forward. This 

makes these types of machines strongly dependent on the frictional forces at 

the wall and the properties of the material processed. The extruder thus can be 

used for removing volatiles, vapours, gases, etc. from the melt (Stevens and 

Covas 1995). As a result of the pressure at the end of the extruder, a pressure 

flow which is opposite to the drag flow also occurs. The drag and the pressure 
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flows result in a leakage flow in the gap between the screw and the barrel. This 

flow should be taken into account in the heat transfer (Ganzeveld 1992). 

Figure 2.7 shows a schematic representation of a single screw extruder. In the 

operation of the single screw extruder, firstly the material is fed into the hopper 

and transported down to the barrel by gravity. The material proceeds in the 

space between the rotating screw and immobile barrel. The frictional forces on 

the material generated by the barrel and screw surfaces enable the material to 

move forward. As the solid material proceeds along the solid conveying zone, 

the amount of solid material reduces by means of frictional forces and barrel 

heaters. After all the solid material melts, the melt conveying zone starts. The 

melt material is pumped to the die in the melt conveying zone. As the die resists 

the flow of the melt, a pressure is needed to push the melt material out of the 

die. This pressure, provided by the extruder flow is known as the die head 

pressure. The die head pressure depends upon the die geometry, melt 

temperature, flow rate and rheological properties of the melt material 

(Rauwendaal 2001). 

 

Figure 2.7 Schematic representation of a single screw extruder (Ebewele 2000) 
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2.5.2 Twin -Screw E xtruders  

Twin screw extruders have an important place in the polymer processing. They 

have been commonly used in special processing applications like 

compounding, devolatilisation and chemical reactions. Such extruders have 

many advantages over single screw extruders. For instance, the compounding 

of powders is a difficult task in the polymer processing as powders tend to 

agglomerate easily. At this stage, twin screw extruders offer a better mixing of 

powder materials with more conveying characteristic. On the other hand, larger 

heat transfer area provides better temperature control which is important for 

thermally sensitive polymers. There are different types of twin screw extruders 

used in the polymer processing operations. Generally, twin screw extruders are 

divided into two main groups: intermeshing and non-intermeshing. Non-

intermeshing extruders can be considered as two single screw extruders placed 

in a single barrel. The flights are commonly tangential to each other in these 

extruders (Guy 2001). Due to poor conveying characteristics, they are 

commonly preferred in processing of high viscosity materials to avoid torque 

problems and the materials needed to remove large amount of volatile from 

their structures (Ghebre-Selassie and Martin 2003). In intermeshing extruders, 

the flights of each screw penetrate the channels of the other screw and these 

extruders present a good mixing ability. Intermeshing and non-intermeshing 

extruders can be further divided as co-rotating �± screw rotation is in the same 

direction and counter-rotating �± screw rotation is in the opposite direction (Guy 

2001). Counter-rotating twin-screw extruders have positive material feed and 

conveying features as a result of material movement within the extruder. The 

residence time and the temperature in these extruders are also uniform. The 

materials are exposed to high shear forces in counter-rotating twin screw 

extruders as the material is squeezed through the gap between the screws 

therefore they are used for difficult mixing applications e.g. dispersion of 

particles within a polymer blend. However, the main disadvantages of this type 

of the twin-screw extruder are potential air entrapment, high pressure 

generation and limited screw speed and output (Ghebre-Selassie and Martin 

2003). The advantages of co-rotating twin screw extruders are that the screws 

wipe each other clean and they allow the extrusion at high screw speeds and 
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outputs. The different designs of screw elements enables much more flexibility 

in the complete screw layout with co-rotating twin-screw extruders as compared 

to counter-rotating twin-screw extruders. Therefore, co-rotating twin-screw 

extruders can be performed in a wide range of mixing applications (Whelan 

1994, Ghebre-Selassie and Martin 2003). 

The advantages of twin-screw extruders compared to single screw extruders 

are as follows (Berk 2013): 

�x More positive pumping action and less dependent on the flow properties 

of the material. 

�x Better mixing capability. 

�x The heat transform from the barrel surface to the material is faster and 

more uniform. 

�x It is a more versatile machine due to the modular configuration of the 

screws. 

�x The residue formation is limited due to self wiping. 

The disadvantages of twin-screw extruders are as follows: 

�x They are more expensive (high capital expenditure and operation costs). 

�x They are more complicated and less robust systems (sensitive to high 

torque). 

2.5.3 Laboratory Scale M ixers  

Laboratory scale mixers enable researchers to develop new formulations using 

a few grams material in the laboratories with the same thermal environment as 

a conventional extruder (Ozkoc et al. 2008). Therefore, these miniaturised tools 

offer relatively more economical and faster option in comparison with 

conventional extruders. 

Currently, there are a wide variety of laboratory scale mixers used in the 

research laboratories. In this research, three laboratory scale mixers (Haake 
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Minilab Micro Compounder, Xplore 15 ml Micro Compounder and Bradford 

University Minimixer) which are located in the University of Bradford were used. 

In these equipments, the operation of Haake Minilab Micro Compounder and 

Xplore Micro Compounder is in principle similar. These micro compounders are 

conical twin screw compounders with a backflow channel which is used for 

mimicking residence time in a twin-screw extruder. On the other hand, Bradford 

University minimixer has different design and operation from these 

compounders. Due to these reasons, the general information on the design and 

operation of Haake Minilab Micro Compounder and Minimixer at University of 

Bradford were given in the following sections 2.5.3.1 and 2.5.3.2. 

2.5.3.1 Haake Minilab Micro Compounder  

Haake Minilab Micro Compounder from Thermo Scientific (see Figure 2.8) has 

a mixing capacity of 5 g or 7 cm3 material and it is convenient for researchers 

developing new formulations or testing expensive additives.  

 

Figure 2.8 Haake Minilab Micro Compounder 

The instrument is a conical, twin screw compounder with a recirculating 

channel. The recirculating channel and bypass valve provide a set residence 

time of the melt during compounding. The routes of polymer melt when the 

valve is opened and closed is shown in Figure 2.9. 
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Figure 2.9 The routes of polymer melt (a) valve is opened (b) valve is closed 

In a reactive system, the reactive mixture can be compounded for the required 

reaction time in the circulation mode. After that time, the bypass valve can be 

opened and the sample is obtained as a strand. In addition, the reaction can be 

monitored by the torque of the drive motor and the pressure in the recirculating 

channel. The maximum operating temperature and pressure are 350 oC and 

200 bar. 

2.5.3.2 Minimixer at University of Bradford  

Most of laboratory scale mixers such as the Haake Minilab Micro Compounder 

and the Xplore Micro Compounder require to recirculate the polymer melt in an 

external channel due to the shorter screw and barrel length. However in the 

actual, flow conditions of viscous polymers like molten thermoplastics are quite 

different in the recirculating channel. As a result of the low velocity of the 

polymer on the channel surface, the polymer may stagnate and expose thermal 

degradation (Benkreira et al. 2008). 
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The novel minimixer invented at University of Bradford (10-30 g capacity) offers 

a three screw design (see Figure 2.10) to compensate limited mixing times in 

the laboratory scale mixers (Khan 2012). 

 

Figure 2.10 The screw design of the minimixer (Khan 2012) 

The minimixer can be considered as the combination of a single screw extruder 

and a twin screw extruder. Therefore, two opposite flows are generated in the 

operation of the minimixer: a single screw extruder circulation flow and a twin 

screw extruder mixing flow (see Figure 2.11) (Benkreira et al. 2008). 

 

Figure 2.11 The operation of the minimixer (Khan 2012) 

In a mixing process, distributive and dispersive mixing play important role for 

good dispersion. Dispersive mixing can be considered a mixing operation that 

reduces the agglomerate size of the minor component to its ultimate particle 
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size. On the other hand, distributive mixing increases the randomness of the 

spatial distribution of the minor component within the major base without 

changing the particle size (Gale 2009). Replicating the mixing elements of a 

twin screw extruder into the minimixer enables dispersive mixing and place an 

interacting inline screw results in good distributive mixing. The mixing elements 

(see Figure 2.12) are found in different forms such as lobe cams, cylinders with 

eccentric centres or different combinations that provide dispersive mixing. The 

material is fed into the hopper and a piston helps to enter the material through 

the feed pipe which also enables to close the feeding during mixing. The 

material is continuously transferred between the intermeshing chambers and 

the conveying screw during the feeding. The rotational speeds can be adjusted 

according to the required deformation. The screw may set to rotate at a faster, 

equal or slower speed than the rotors but a faster speed is commonly preferred 

to maximise drag flow conveying. When mixing is finished, the screw and 

mixing elements direction is reversed and the screw conveys the mixed material 

to the die. During this discharging period, the rotating cams transfer material 

from the intermeshing chambers to the channel of the screw (Benkreira et al. 

2008). The maximum operating temperature and pressure are 320 oC and 150 

bar. 

 

Figure 2.12 The mixing elements of minimixer 
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2.6 Experimental Techniques for Material C haracterisation  

The experimental techniques used to characterise PA-6, PA-6/chain extender, 

PA-6/organoclay and PA-6/chain extender/organoclay nanocomposites 

investigated in this research here discussed.  

2.6.1 Rheology  

The materials in the soft matter group such as molten polymers, colloids, foams 

and gels have been used in many important commercial applications. However, 

these materials show complex rheological behaviour when they are deformed. 

Hence, their rheological properties should be taken into account for their 

processing and end-use applications. For polymers, rheological properties play 

a key role in melt processing (i.e. extrusion) to design equipment and determine 

processing conditions (Aho 2011, Dealy and Wang 2013). 

Materials typically present three types of rheological behaviour: elasticity, 

viscosity and viscoelasticity. Elasticity describes the ability of a material 

resisting to stress and returning to its original shape when the stress is 

removed. The simplest type of elastic behaviour can be defined that the stress 

required to generate a certain amount of deformation is directly proportional to 

the strain related to that deformation (Aho 2011, Osswald and Rudolph 2014). 

For a purely elastic material, the relationship between the elastic shear stress 

�We  and strain �J �L�V���H�[�S�U�H�V�V�H�G���E�\���+�R�R�N�H�¶s law: 

�W � �JG e                                                                                                           (2.1) 

where G is defined as shear modulus or modulus of rigidity. In a fully elastic 

material which is mentioned above, elastic energy is stored due to the 

deformation of the material and it is equal to the work done to deform the 

material. The elastic energy can be recovered with unloading (Mezger 2006, 

Aho 2011). 

The definition of the viscosity is resistance of a material to continuous 

deformation. On the contrary elasticity in which the stress is subjected to 

deformation, the stress here is associated with rate of deformation. Therefore, 

the viscosity is a typical property of the fluids (Aho 2011, Osswald and Rudolph 
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2014). Such behaviour is defined by a linear relationship between the shear 

stress �X�Wand the shear rate �J: 

�X�W � �K���J                                                                                                           (2.2) 

where �K is the viscosity. The viscosity is independent from the shear rate and 

this equation is used to describe Newtonian fluids. 

The rheological properties of polymer melts exist between Hookean and 

Newtonian materials therefore they are called viscoelastic materials. As a result 

of viscoelasticity, stress-strain behaviour of polymers is time dependent and the 

deformation is not entirely reversible. Furthermore, polymers are described as 

non-Newtonian fluids. The viscosity of polymers is dependent to shear rate thus 

the relationship between shear stress and rate is not linear (Aho 2011, Dealy 

and Wang 2013). 

The viscosity of polymers typically decreases with shear rate, which is a typical 

non-Newtonian behaviour, known as shear thinning. Shear thinning is very 

important property of polymers which enables melt processing. 

In the linear viscoelastic region of polymers, the polymer structure remains 

unchanged. Therefore, it is important to keep the rheological measurements of 

polymers in the elastic region with applying small deformation on the polymer in 

order not to disturb the entangled state of molecules. 

The behaviour of viscoelastic materials can be modelled by using combinations 

of springs and dashpots which represent elastic and viscous responses to the 

applied load or deformation. There are a variety of models used to describe the 

behaviour of viscoelastic materials. Amongst these models, Maxwell model and 

Kelvin-Voigt model are commonly used because of their simplicity and 

applicability. The Maxwell model combines a dashpot and spring in series 

(Figure 2.13a). This model shows a linear increase in strain with time as the 

dashpot allows indefinite deformation. Therefore, Maxwell model is not able to 

explain creep recovery behaviour of polymers (Mezger 2006, Aho 2011).  

The Kelvin-Voigt consists of a dashpot and spring in parallel (Figure 2.13b). 
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This model does not indicate time dependent relaxation with allowing totally 

recoverable strain thus it can not be used to describe stress relaxation of 

polymers  (Aho 2011, Dealy and Wang 2013). 

 

Figure 2.13 Representation of (a) the Maxwell model and (b) the Kelvin-Voigt 

model (Aho 2011) 

Small amplitude oscillatory shear (SAOS) experiments are commonly preferred 

to explain the linear viscoelastic properties of polymers as the mechanical 

models discussed above are not able to completely describe the structure of 

viscoelastic materials and quantitative information on viscoelasticity. In this test, 

the polymer sample is exposed to small shearing deformation by applying a 

sinusoidal strain or stress (Aho 2011). The sinusoidal strain applied to polymer 

is given by:  

�Z�J � �J0 sin t                                                                                                      (2.3) 

where �J0 strain amplitude and �Zangular frequency. The resulting stress is: 

�� ���W � �W �Z �� �Gt0 sin �� ���W � �W �Z �� �Gt0 sin                                                                    (2.4) 

where �W0  is the stress amplitude and �G is the phase shift or in other words loss 

angle. Stress has two constituents in-phase �� ���c�W and out-of-phase �� ���c�c�W  which 

are the elastic and viscous responses to the applied strain respectively: 

� Z � Z�W � �W�c �� �W�s � �W�c �� �W�s0 0sin cost t                                                                      (2.5) 
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The storage modulus or elastic modulus �� ��G�creflecting the energy stored in the 

material and the loss modulus or viscous modulus �� ��G�c�c reflecting the energy 

dissipated in the deformation can be written as:  

�J
�W�c

�c� 0

0

G                                      
�J
�c�c�W

�c�c� 0

0

G                                                          (2.6) 

The loss factor is given by: 

 �G
�c�c

� 
�c

tan
G
G

                                                                                                       (2.7) 

The magnitude of complex viscosity �K�
  which is comprised of viscous and 

elastic parts can be expressed as a function of complex modulus �� ���
G  and 

frequency: 

�� ��
�Z �Z �Z

�


�

� ª � º���c �c�c�§ �· �§ �·�c�c���K � �K�c �� �K � �� �� � � « � »�¨ �¸ �¨ �¸
�© �¹ �© �¹� « � »� ¬ � ¼
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2 2

GG G
                                                (2.8) 

Capillary, rotational and extensional rheometers have been commonly used in 

the rheological measurements of polymers. Rotational rheometers are the most 

used tools to determine viscoelastic behaviour of polymers. This type of 

rheometer has two circular surfaces, one is rotating and the another is 

stationary where the polymer melt is placed between the surfaces (Schramm 

2000). These surfaces can be found in different geometries; plate-plate (parallel 

disk) or cone-plate which are shown in Figure 2.14. The cone-plate geometry 

enables a uniform shear field which is required for large stress-strain relaxation 

and starting up steady shear tests. On the other hand, the sample preparation 

and loading are easier with parallel disk geometry. This geometry is convenient 

for preformed sample discs especially studying with the polymers (Aho 2011, 

Shaw 2012). 
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Figure 2.14 (a) Plate-plate (parallel disk) and (b) cone-plate geometries used in 

rotational rheometers (Dealy and Wang 2013) 

The parallel-plate geometry results in non-uniform velocity field where the shear 

rate is the maximum at the outer edge of the plate and zero in the center of the 

plate ���3�U�X�G�¶homme and Khan 1996). The shear rate �� ��max�J  in the parallel-plate 

is given by: 

max M�J �  � :                                                                                                      (2.9) 

where geometry factor, M is: 

R
M

h
�                                                                                                           (2.10) 

where R is upper plate radius and h is gap distance between the plates which 

should be not smaller than 0.3 mm and not larger than 3 mm in order to avoid 

measurement errors (Schramm 2000). 

The angular velocity �� ���:  is determined as: 

2
60

n�S
� : �                                                                                                                    (2.11) 

where n is rotor speed. 

The shear stress is calculated by using the torque (Md) and the geometry factor 

A:  

dM A�W�                                                                                                                    (2.12) 

where the geometry factor is determined as: 
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3

2
A

R�S
�                                                                                                                   (2.13) 

In the non-Newtonian materials (power law exponent n<1), the error arisen from 

non-uniform shear rate profile of plate-plate geometry must be corrected 

according to Weissenberg and Rabinowitsch correction (Schramm 2000, 

Osswald and Rudolph 2014). Therefore, shear stress is given by: 

3
4d

n
M A�W

��� § � ·� � ¨ � ¸
� © � ¹

                                                                                            (2.14) 

2.6.2 Thermal Analysis M ethods  

Thermal analysis includes different methods where a property of a sample is 

continuously measured based on a preset temperature profile. Differential 

scanning calorimetry (DSC) and thermogravimetric analysis (TGA) are 

commonly used for thermal analysis of polymers (Cheremisinoff 1996). 

In DSC, the heat capacity of the sample is determined via temperature scanning 

at constant pressure. TGA is another thermal analysis method that includes 

temperature scanning. In TGA experiments, the temperature is ramped and the 

weight of the sample is measured continuously (Nairn 2003). TGA gives 

important information about the thermal stabillity of samples as thermal 

degradation reactions typically lead to decrease in the weight of the materials. 

This part discusses both DSC and TGA which were used in this research. 

2.6.2.1 Differential Scanning Calorimeter (DSC) Analysis  

DSC is a rapid and convenient method to determine thermal transitions in the 

polymers. Polymer sample and an inert reference material with no thermal 

transitions occurring in the testing temperature are used. The sample and 

reference are heated and both of them are kept at the same temperature during 

the test. The difference in the amount of the required heat to increase 

temperature of sample and reference is monitored as a function of enthalpy. 

(Hatakeyama and Quinn 1999, Brazel and Rosen 2012). 

Figure 2.15 represents the thermal transitions of a polymer obtained from a 

DSC test. At glass transition temperature (Tg), the heat capacity of the sample 
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remarkably increases as the sample is required more heat to keep the 

temperature same with the reference. This differential heat flow to the sample 

(endothermic) results in a drop in the DSC curve. At melting temperature (Tm), a 

large amount of heat is required to keep the temperature of the sample same 

with the reference due to the melting of the sample crystals which is indicated 

as a characteristic endothermic melting peak. At crystallisation temperature (Tc), 

the sample gives large amounts of heat and presents an exothermic peak. Heat 

capacities and heats of fusion can be obtained by evaluation of the net energy 

flow to or from the sample (Brazel and Rosen 2012).  

 

Figure 2.15 Schematic representation of the DSC curve  

Amongst  these thermal transitions of polymers, it is important to understand 

crystallisation behaviour of polymers as many properties (mechanical, barrier, 

etc.) are dependent on crystallisation process. 

Crystallisation of polymers is a process related to alignment of polymer chains. 

Polymer chains can fold in a regular fashion to form ordered regions called 

lamellae which consist of three-dimensional spherical structures, spherulites 

(Mitchell 2004, Crompton 2006). The most polymers such as poly(ethylene 

terephtalate), polypropylene, polyethylene and polyamide are semi-crystalline 

polymers which have crystalline and amorphous (the polymer chains are not 

ordered) regions therefore the degree of crystallinity is commonly used. There 
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are many structural factors that influence the crystallinity of polymers: chain 

architecture, regularity, intermolecular forces and steric effects (Mitchell 2004). 

2.6.2.2 Thermogravimetric Analysis (TGA)  

TGA enables to record the weight of the sample in a constant heating or cooling 

rate as a function of time or temperature. Therefore a thermal curve acquired 

from TGA experiment presents an ordinate in the units of weight and an 

abscissa in the units of temperature or time. The data obtained by 

thermogravimetric analysis may be plotted as mass versus temperature or time 

curves, defined as a thermogravimetry curve (TG) in Figure 2.16a or the rate of 

mass loss versus temperature curve shown as a derivative thermogravimetry 

(DTG) in Figure 2.16b (Hatakeyama and Quinn 1999, Vaimakis 2014). 

 

Figure 2.16 (a) TG and (b) DTG curves (Brown 2001) 
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TGA provides a compositional analysis of many materials such as 

determination the moisture in polymers and coals, residual solvent in 

pharmaceutical compounds and etc. TGA also assesses the thermal stability of 

a material therefore the maximum use temperature of the sample can be 

defined (Vaimakis 2014). 

2.6.3 Mechanical P roperties  

Mechanical properties play an important role in determining end use of a 

polymer. Besides, mechanical properties influence other properties of polymers 

such as thermal and barrier that make consideration of mechanical behaviour of 

polymers is crucial. The mechanical properties of polymers are highly 

dependent on their microstructure or morphology therefore reliable information 

on the morphology of polymer samples can be obtained due to using larger 

amount of samples rather than small amounts in the microscopic observations 

(Ebewele 2000). 

Various techniques can be used to determine mechanical properties of 

polymers. In this research, tensile test experiments were carried out to 

characterise the samples. 

2.6.3.1 Tensile T est  

The mechanical properties of polymers are described by many parameters such 

as modulus, strain and strength at yield and tensile strain and strength which 

can be determined by a tensile test. The mechanical properties of polymers are 

highly dependent on strain rate (deformation rate), temperature and conditions 

of the environment (presence of water, organic solvents, etc.) (Callister and 

Rethwisch 2011). 

In a tensile test (Figure 2.17), a constant rate of deformation is applied to the 

sample and the stress required for this deformation is recorded simultaneously 

(Ebewele 2000). 
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Figure 2.17 Schematic representation of tensile test (Ebewele 2000) 

The polymer specimen has usually rectangular or circular cross-section and can 

be found in dumbbell form (see Figure 2.18) 

 

Figure 2.18 Typical tensile test specimen; where Lo is the gaugelength, Wo is 

the initial width, To is the initial thickness of the specimen (Ebewele 2000) 

Both ends of the specimen are clamped and one of the clamped ends is pulled 

at a constant rate. The middle section of the test specimen is designed as 

thinner than the other sections in order to enable failure of sample. The central 

section between the clamps is termed as the initial gauge length, Lo. At the fixed 

end of the specimen, a load transducer measures the load or stress according 

to change in elongation which is determined by mechanical, optical and 

electronic strain gauges (Ebewele 2000). 

The tensile response of the specimen is obtained by the plot of �V�W�U�H�V�V�����1����and 

�V�W�U�D�L�Q�����0). The stress is described as: 

�1��� ���)���$o                                                                                                        (2.15) 
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where, F is the force measured in the test and Ao is the initial cross�±sectional 

area of the specimen. The strain is defined as: 

�0��� ���û�/���/o                                                                                                       (2.16) 

�Z�K�H�U�H�� �û�/�� �L�V�� �W�K�H�� �F�K�D�Qge in the gauge length with the deformation of the 

specimen. L and Lo are described as instantaneous and initial gauge length of 

the specimen respectively. The modulus of elasticity �R�U���<�R�X�Q�J�¶�V���P�R�G�X�O�X�V�����(�� is 

obtained by the ratio of stress to corresponding strain within the elastic region of 

the specimen using the equation below (Ebewele 2000): 

�(��� ���1�����0��������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������2.17) 

Polymer based materials generally show three typical types of stress-strain 

behaviour, as represented in Figure 2.19. Curve A displays the stress-strain 

behaviour for a brittle polymer such as polymer-nanoclay nanocomposite which 

fractures while deforming elastically. The stress-strain character for a crystalline 

polymer, curve B, firstly shows an elastic deformation followed by a yielding 

plastic deformation region. The last behaviour is rubber like elasticity, 

represented by curve C. This type of behaviour is commonly observed in 

elastomers and high recoverable strains can be obtained at low stress levels 

(Ebewele 2000, Callister and Rethwisch 2011). 

 

Figure 2.19 The stress�±strain behaviour for brittle (curve A), crystalline polymer 

(curve B), and highly elastic (elastomeric) (curve C) polymers (Callister and 

Rethwisch 2011) 
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For crystalline polymers (curve B in Figure 2.19), the maximum just after the 

linear elastic region is determined as the yield point and the stress at this point 

is yield strength (see Figure 2.20). On the other hand, tensile strength 

corresponds to the stress where fracture takes place (Callister and Rethwisch 

2011). 

 

Figure 2.20 Schematic stress�±strain curve for a crystalline polymer (Callister 

and Rethwisch 2011)  

2.6.3.1.1 Video Extensometry Tensile T est 

An accurate measurement of the mechanical properties of polymer based 

materials is important in many applications. In the reinforcement of polymers 

with nanomaterials, stress and strain are two main factors when mechanical 

properties are determined during the tensile test. The strain of the materials is 

commonly measured by using mechanical extensometers or attaching gauges 

to the specimen. However, non-contacting measurement systems are 

convenient for delicate samples such as polymer clay nanocomposites when 

compared to earlier methods. Laser and video extensometers are widely used 

in non-contacting extension measuring systems to determine accurately the 

strain of polymers (Coimbra 2000).  
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In this research, a computer-assisted video extensometry tensile test method 

was used. The components of the experimental rig and the basic principles of 

the method will be presented in further details in Chapter 3. 

2.6.4 Fourier Transformed Infrared S pectroscopy (FTIR)  

Infrared spectroscopy has been commonly used in material analysis over eighty 

years. An infrared spectrum shows absorption peaks which correspond to the 

frequencies of vibrations between the bonds of the atoms. As each material has 

a unique combination of the atoms, infrared spectrum can be considered as a 

fingerprint of the materials. FTIR (Figure 2.21) is a fast, simple and convenient 

method to analyse very small amounts of the materials. The principle behind the 

FTIR is that the material is exposed to infrared radiation some of which is 

absorbed and passed through. This results in a unique spectrum for each 

material and therefore a molecular fingerprint of the sample (Kutz 2002). 

 

Figure 2.21 Basic components of FTIR (Cheremisinoff 1996)  

Near infrared (NIR) spectroscopy is another spectroscopic technique which is 

widely used. There are some differences between FTIR and NIR techniques. In 

FTIR, the absorption of the compounds is measured in a range of wavelengths 

(ca. 4000-400 cm-1) corresponding to fundamental molecular vibrational modes. 

NIR measures the absorption of the compounds in the ca. 13400-4000 cm-1 

wavelength region, corresponding to the vibrational overtoneand combination 

modes of those fundamental vibrations. NIR spectroscopy is less sensitive than 

FTIR as NIR radiation penetrates the sample more than mid infrared radiation. 

However, NIR is a useful analysis of highly absorbing bulk and porous samples 
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with less sample preparation. Another fact about NIR is that the NIR spectrum is 

complex and includes broad overlapping peaks and large baseline variations 

therefore interpretation is difficult. The mathematical methods are commonly 

used to improve spectral characteristics (Sun 2009). Both spectroscopic 

methods have been employed to get knowledge about chemical structure of the 

materials. Recently, FTIR is more popular technique due to advantages above 

and used in this study. However, in-line monitoring of polymer extrusion 

processes using NIR can be suggested as an alternative spectroscopic 

technique for monitoring reactive extrusion process. 

2.6.5 Transmission  Electron M icroscopy (TEM)  

Transmission Electron Microscopy (TEM) has recently become an important 

characterisation method for researchers. TEM has higher resolution capacity 

compared to the other techniques such as Scanning Electron Microscopy 

(SEM) and gives information on both image and diffraction from a single 

sample. Moreover, high energetic beam of electrons used in TEM result in 

specific radiation and particles after interaction with sample and these are 

characterised by energy dispersive spectroscopy and various electron imaging 

techniques. TEM uses a beam of electrons focused on a thin sample (less than 

200 nm). Undeflected and deflected electrons are resulted in the signals and a 

wide range of lenses are used for transmitting the signals to a detector. These 

signals can be operated at a magnification range from 50 pm to 106 in order to 

obtain an image. A schematic representation of TEM is given in Figure 2.22 

(Brundle et al. 1992). 
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Figure 2.22 Schematic representation of TEM (Cheremisinoff 1996) 

2.7 Polyamide -6/Clay Nanocomposites  

2.7.1 Introduction  

Polymer layered silicate nanocomposites have been very popular in recent 

years due to their great potential for developing high performance materials at 

low filler loadings. Nanodispersion of the silicate layers within the polymer 

matrix which is largely related to polymer-organoclay compability plays 

important role in the property improvements of the nanocomposites.  

The attempts on preparation of polymer clay nanocomposites in the literature 

began with the patent by Carter et al. (1950). In this study; although bentonite 

loading was 50 wt%, the improvement in the modulus was observed as 190%. 

This inadequete improvement at such very high clay loading could be attributed 

to formation of agglomerates with poor dispersion of silicate layers within the 

polymer matrix. 

The first commercial nanocomposite material is PA-6/clay nanocomposite 

developed by Fukushima and Inagaki (1987) from Toyota research group. The 

method used in that study is in-situ polymerisation of �0-caprolactam and 

comprised of three main stages. Firstly, Na+ ions in the montmorillonite were 
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substituted with protonated 12-aminolauric acid. Then, �0-caprolactam was 

intercalated into the organically modified montmorillonite. In the last stage, the 

organoclay-monomer compound was heated to result in ring opening 

polymerisation of �0-caprolactam. The researchers reported that basal space in 

the nanoclay doubled compared to its original value and therefore enhanced 

mechanical properties in the samples were observed (Bergaya et al. 2006). 

Studies on PA-6/clay nanocomposites continued using different preparation 

techniques such as melt compounding after Vaia et al. (1993) reported the melt 

mixing of polymers and layered silicates without using organic solvents. 

2.7.2 Effect s of Preparation Method s on the Properties of Polyamide -

6/Clay Nanocomposites  

As described earlier, there are various methods such as solution blending, in-

situ polymerisation and melt compounding to prepare polymer/clay 

nanocomposites. The melt compounding method is relatively more economical 

and eco-friendly as it is applicable to industrial processes such as extrusion and 

the organic solvents are not required. Paci et al. (2010) compared the 

properties of PA-6/organoclay nanocomposites prepared by melt compounding 

and solution blending. X-ray diffraction and microscopy analyses showed that 

nanocomposites prepared by melt compounding up to 10 wt% clay loadings 

showed better dispersion of silicate layers within PA-6 matrix than those 

prepared by solution blending due to high shear forces during extrusion. 

However nanocomposites at high clay loadings (above 10 wt%) prepared by 

melt compounding showed poorer clay dispersion. Shear stress in the extrusion 

could not achieve the separation of silicate layers throughly matrix, therefore 

reagglomerated clay particles were observed and resulted in poorer clay 

dispersion compared to the nanocomposites prepared by solution blending at 

the same clay loading. 

With regard to the preparation methods for PA-6/organoclay nanocomposites, 

Cho and Paul (2001) found that nanocomposites prepared using extrusion 

process showed comparable mechanical properties to those made by in-situ 

polymerisation in the literature (see Table 2.2). However, it should be noted that 
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a better comparison can be made when the materials used in both methods are 

similar (same PA-6 grade and intercalating agents). 

Table 2.2 Selected properties of PA-6/clay nanocomposites in the literature 

Description Study by Cho and 

Paul (2001) 

Study by Fukushima and Inagaki (1987) 

Intercalating 

agent 

Cloisite 30B Montmorillonite modified by 12-Aminolauric 

acid 

Preparation Twin-screw 

extrusion 

In-situ polymerisation 

Composition PA-6 PA-6/Clay PA-6 PA-6/Clay PA-6 PA-6/Clay 

Average Mn 29,300 29,300 Not 

known 

Not known 20,000 15,000 

Mineral content 

(wt%) 

0 3.4 0 10 0 4 

Modulus (GPa) 2.66 4.3 1.74 3.26 1.11 1,87 

Yield strength 

(MPa) 

64.2 89.3 76 127 68.6 97.2 

Elongation at 

break (%) 

40 10 210 10 100 7.3 

Another study, concerned with comparison of in-situ polymerised and melt 

compounded PA-6/organoclay nanocomposites was taken by Tung et al. 

(2005). X-ray diffraction and TEM analyses indicated highly exfoliated structure 

in the nanocomposites prepared by both methods, however in-situ polymerised 

sample (Nylon 6 IS) presented slightly better dispersion of silicate layers in the 

matrix compared to the sample prepared by melt compounding method (Nylon 6 

MB). In Figure 2.23,  in-situ polymerised nanocomposite showed higher melt 

viscosity than the sample prepared by melt compounding due to enhanced 

silicate dispersion and polymer-silicate interactions. Another finding from 

rheological measurements was that the melt compounded nanocomposite 

indicated more shear thinning behaviour than the in-situ polymerised 
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nanocomposite. Chemical bondings between the silicate layers and polymer 

matrix in the in-situ polymerised nanocomposite were stronger than the physical 

interactions in the melt compounded sample therefore in-situ polymerised 

nanocomposite resulted in more shear thinning behaviour and better dispersion 

of silicate layers. In-situ polymerised nanocomposite showed a 320% 

improvement in tensile modulus and a 63% increase in tensile strength 

compared to neat PA-6 which were slightly higher than the melt compounded 

nanocomposite. 

 

Figure 2.23 Steady shear viscosity at 225 oC (Tung et al. 2005) 

2.7.3 Effect s of Melt Processing Conditions on the Properties of 

Polyamide -6/Clay Nanocomposites  

Melt processing conditions play a key role for high levels of exfoliation. 

Therefore, type of mixer and processing temperature should be taken into 

account in the preparation of PA-6/organoclay nanocomposites. 

Dennis et al. (2001) compared the properties of PA-6/organoclay 

nanocomposites prepared using a single and twin screw extruders. 

Morphological analyses demonstrated the formation of large clay agglomerates 

in the nanocomposite prepared using single screw extruder, whereas twin 

screw extrusion enabled better dispersion of silicate layers in the 

nanocomposites. In addition, the nanocomposites obtained from twin screw 

extrusion indicated higher mechanical properties due to better exfoliation and 
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dispersion of organoclay. This showed a good agreement with that made by 

Cho and Paul (2001). 

Chavarria and Paul (2004) investigated the effect of processing temperature on 

the properties of PA-6/organoclay nanocomposites. Mechanical properties (see 

Table 2.3), TEM observations (see Figure 2.24) and crystallinity results 

indicated a slight difference between the nanocomposites processed at 240 oC 

and those processed at 270 oC. These findings could be backed up by the study 

of Cho and Paul (2001). Cho and Paul (2011) reported that the properties of 

PA-6/organoclay nanocomposites were almost unaffected by processing 

temperatures between 230 and 280 oC. Therefore in our research, two 

temperature profiles (260 and 300 oC) were used the experiments with twin 

screw extruder to understand effect of temperature on PA-6 and PA-

6/organoclay nanocomposites. 

Table 2.3 Selected tensile properties of PA-6 and PA-6/organoclay 

nanocomposites (Chavarria and Paul 2004)   

Organoclay 

nanocomposites 

Modulus 

(GPa) 

Yield strength 

(MPa) 

Strain at yield 

(%) 

Elongation at 

break (%) 

PA6 at 240 oC     

0.0 wt% MMT 2.89 68.9 3.8 275 

2.9 wt% MMT 4.09 85.3 3.2 191 

4.3 wt% MMT 4.50 86.2 3.0 49 

PA6 at 270 oC     

0.0 wt% MMT 2.80 66.6 3.7 272 

2.7 wt% MMT 4.06 84.5 3.0 143 

4.9 wt% MMT 4.67 87.4 2.7 7.5 
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Figure 2.24 TEM images of PA-6 nanocomposites (Chavarria and Paul 2004) 

2.7.4 Effects of Polyamide -6 Grade and Organoclay Chemistry on the 

Properties of  Polyamide -6/Clay Nanocomposites  

PA-6 grade and organoclay chemistry are important factors for mechanical, 

rheological and morphological properties of nanocomposites. Fornes et al. 

(2001) focused on the effect of PA-6 grade (low, medium and high molecular 

weight grades) on the properties of melt compounded organoclay 

nanocomposites. TEM images of nanocomposites based on low molecular 

weight PA-6 grade (LMW) showed both intercalated and exfoliated silicate 

layers, whereas well exfoliated structures were observed in the nanocomposites 

based on medium (MMW) and high molecular weight (HMW) PA-6 grades (see 

Figure 2.25). This can be explained that higher melt viscosities generated more 

shear stresses on the clay agglomerates and broke down into individual 

platelets.  
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Figure 2.25 TEM images of melt compounded nanocomposites at ~3.0 wt% 

montmorillonite based on (a) HMW, (b) MMW and (c) LMW PA-6 (Fornes et al. 

2001) 

Mechanical test results (see Table 2.4) also confirmed well exfoliated structure 

of nanocomposites based on HMW PA-6 grade, indicating the highest modulus, 

yield strength, elongation at break and toughness.  
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Table 2.4 Selected tensile properties of PA-6 and PA-6/organoclay 

nanocomposites (Fornes et al. 2001)   

Organoclay 

nanocomposites 

Modulus 

(GPa) 

Yield strength 

(MPa) 

Elongation at 

break (%) 

Izod impact 

strength (J/m) 

LMW     

0 wt% MMT 2.82 69.2 232 36 

3 wt% MMT 3.65 78.9 12 32.3 

7 wt% MMT 4.92 83.6 2.4 32 

MMW     

0 wt% MMT 2.71 70.2 269 39.3 

3 wt% MMT 3.66 85.6 81 38.3 

7 wt% MMT 5.61 95.2 2.5 39.3 

HMW     

0 wt% MMT 2.75 69.7 3.4 43.9 

3 wt% MMT 3.92 84.9 119 44.7 

7 wt% MMT 5.70 97.6 4.1 46.2 

Figure 2.26 shows the rheological properties of PA-6 and PA-6/organoclay 

nanocomposites (at 7 wt% organoclay loading). As can be seen, complex 

viscosity and shear viscosity of the samples increased with molecular weight of 

PA-6 grade. The nanocomposites based on HMW PA-6 grade exhibited non-

Newtonian behaviour at low frequencies, whereas nanocomposites based on 

MMW and LMW PA-6 grades presented Newtonian plateaus in the oscillatory 

tests which were performed by using parallel-plate rheometer. This can be 

explained by different levels of clay exfoliation in the nanocomposites. Higher 

clay exfoliation in the nanocomposites based on HMW PA-6 grade increased 

polymer-clay interactions which resulted in more solid-like behaviour of such 

nanocomposites. Another study by Fornes et al. (2002) reported similar 

outcomes that nanocomposites based on HMW PA-6 grade showed better clay 

dispersion and mechanical properties than nanocomposites based on LMW PA-

6 grade. 
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Figure 2.26 Complex viscosity versus frequency from a parallel plate rheometer 

and shear viscosity versus shear rate from a capillary rheometer at 240 oC 

(Fornes et al. 2001) 

As recently discussed, HMW grades of PA-6 resulted in larger extent of clay 

exfoliation in the nanocomposites. On the other hand, some industrial 

processing methods such as injection moulding requires LMW grades of PA-6 

(Fornes et al. 2001). Shah and Paul (2004) proposed melt mixing of both LMW 

and HMW grades of PA-6 with organoclay using a masterbatch approach in 

order to obtain lower melt viscosity nanocomposites in well exfoliated 

structures. Firstly, organoclay and HMW PA-6 grade were melt mixed to provide 

exfoliation. Then, the obtained masterbatch was diluted with LMW PA-6 grade, 

therefore the nanocomposites were prepared at preferred organoclay content 

with decreased melt viscosity. Eventually, the masterbatch approach enabled  
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an ease of processability of nanocomposites, a larger extent of exfoliation and 

comparable mechanical properties (ca. 2% drop in modulus compared to 

nanocomposites based on HMW PA-6 grade). In the light of these studies, a 

HMW PA-6 grade was selected as the principal grade in our research in order 

to avoid possible thermal degradation of PA-6 and PA-6 organoclay 

nanocomposites using additional thermal process with the masterbatch 

approach. 

The structure of the nanoclay is an important factor on the properties of PA-6 

nanocomposites. Fornes et al. (2002) investigated the effect of surfactant 

structure used for organic modification of the clay on the morphological 

properties of nanocomposites prepared by using a twin-screw extruder. 

Reducing the number of alkyl tails to one, using methyl groups and adding an 

amount of surfactant equivalent to the montmorillonite cation exchange capacity 

(avoiding higher surfactant loadings) were found important parameters for a well 

exfoliated structure. 

2.8 Thermal Degradation of Polymers  

Recently, many scientists and industrialists endavour developing new polymer 

formulations which have superior properties for high temperature applications or 

further improve thermal stability of existing polymers. In this aspect,  thermal 

degradation mechanisms of the polymers and effects of the additives on the 

thermal degradation behaviour should be understood for developing high 

performance materials with excellent thermal stability. 

2.8.1 Thermal Degradation of P olyamide -6 

Thermal degradation of PA-6 can be classified into two categories: thermal 

degradation of PA-6 in the absence of a nucleophile (Figure 2.27a) and in the 

presence of a nucleophile, particularly water (Figure 2.27b). Thermal 

degradation of PA-6 at temperatures higher than 300 oC in the absence of a 

nucleophile leads to the formation of monomers, cyclic oligomers and terminal 

groups. Scission of the alkyl-amide linkage which is the thermally weakest bond 

in PA-6 results in a terminal vinyl group or unsaturation and an amine end 

group, which then decomposes to a terminal nitrile or methyl group. In the 
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presence of a nucleophile, thermal degradation of PA-6 is occurred as 

hydrolysis of peptide bonds at around 300 oC or thermal homolytic scission of 

alkyl-amide bonds above 300 oC (Levchik et al. 1999, Davis et al. 2003). In 

other words, the presence of water leads to hydrolytic peptide scission of PA-6 

and increases chain end group content of PA-6. 

 

Figure 2.27 Thermal degradation mechanisms of PA-6  (a) in the absence of a 

nucleophile and (b) in the presence of a nucleophile (Davis et al. 2003) 

2.8.2 Thermal D egrada tion of Poly amide -6/Organoclay N anocomposites  

The clay is organically modified by cation exchange with a long chain amine or 

quaternary ammonium salt. Alkyl ammonium organoclays undergo thermal 

degradation between 200 and 300 oC and result in the formation of �.-olefins 

and amines that could be explained by Hofmann elimination mechanism. This 

mechanism commonly refers to the reaction of a quaternary ammonium 

hydroxide or chloride at high temperatures which results in formation of an 

alkene and an amine, as shown in Figure 2.28a. However in the case of the 

organoclays, ammonium modifier losses olefin and amine with substitution of a 
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hydrogen from the ��-carbon (Figure 2.28b). Melt compounding of polymer-

nanoclay nanocomposites requires high processing temperatures thus thermal 

degradation of the nanocomposites during the melt process is inevitable. 

  

Figure 2.28 Hofmann elimination reaction for quaternary ammonium 

compounds: (a) general reaction scheme and (b) a proposed scheme for 

organically modified MMT (Fornes et al. 2003) 

Fornes et al. (2003) studied the effect of PA-6 grade on the thermal degradation 

of PA-6/organoclay nanocomposites. The nanocomposites (3 wt% organoclay 

loading) processed in a twin screw extruder at 240 oC showed matrix 

degradation and deepness in the colour. Based on gel permeation 

chromatography results, nanocomposites based on HMW PA-6 grade exhibited 

the highest molecular weight reduction of 25% compared to virgin HMW PA-6 

grade while this was 5% decrease for nanocomposites based on LMW PA-6 

grade. Larger extent of exfoliation in the nanocomposites based on HMW PA-6 

grade resulted in more exposure of the surfactant to the PA-6 and therefore 

molecular weight of the samples decreased. 

Davis et al. (2003) compared thermal degradation of PA-6 and in-situ 

polymerised PA-6/organoclay nanocomposites during injection moulding. It was 

concluded that PA-6/organoclay nanocomposites underwent thermal 
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degradation during processing at 300 oC, whereas thermal degradation of PA-6 

was not observed under the same processing conditions. These results clearly 

showed the effect of clay organomodifier on thermal degradation of 

nanocomposites processed at high temperatures. 

Russo et al. (2007) investigated the effect of reprocessing on the properties of 

PA-6/organoclay nanocomposites. Rheological analysis and TEM observations 

indicated that nanocomposites reprocessed using a single screw extruder 

resulted in agglomeration of silicate layers, whereas a larger extent of 

exfoliation was observed in the nanocomposites reprocessed by a twin screw 

extruder. In addition, the nanocomposites reprocessed using twin screw 

extruder showed improved ductility compared to as-extruded nanocomposite 

due to increased dispersion of silicates. However, the nanocomposites 

reprocessed by single screw extruder exhibited lower elongation at break than 

as-extruded nanocomposite. This could be explained by presence of larger 

silicate agglomerates which caused insufficient stress transfer within polymer 

matrix. 

2.9 Chain Extension  

The solid state polymerisation method has been widely used to enhance the 

properties of polymers and produce high viscous grades. Recently, there are 

two main solid state polymerisation processes in use: batch and continuous. 

The batch operation in tumble dryers is more laborious however this method is 

still popular. In the polycondensation reaction via this process,the solid pellets 

are heated to just below melting point of the polymer for 20-50 hours under 

vacuum and in a nitrogen atmosphere. The longer residence times are required 

for solid state polymerisation due to low polymerisation temperature (ca. 200 
oC), restricted mobility of the end groups in the solid and limited diffusion rate of 

the condensation water from the pellets (Scheirs and Long 2003, Loontjens 

2005, Villalobos et al. 2006). 

More recently, many researchers have attempted to develop chemical means to 

enhance the properties of virgin, reprocessed or recycled polymers without 

using solid state polymerisation. The use of di- or multi-functional chemical 
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compounds or chain extenders has been very popular amongst these chemical 

methods. Basically, chain extenders rebuild molecular weight of the degraded 

polycondensates as a means of bridging their functional chain end groups and 

therefore this recoupling reaction is usually called as chain extension. 

Polycondensates are available for chain extension reactions as having reactive 

end groups (OH, NH2, COOH). These chain extension reactions can be 

performed using single or twin screw extruders, therefore this method is 

commonly known as reactive extrusion (Loontjens 2005, Awaja and Pavel 

2005, Villalobos et al. 2006). 

2.9.1 Chain Extension of PLA  

Bioplastics and recycling of plastics have become more important nowadays 

due to rising environmental concerns in the use of plastics. Recently, many 

researchers attempted enlarging/extending processing window of PLA and PLA 

blends to enable their use in many application areas. In this regard, several 

studies in the literature focused on using chain extenders to increase melt 

strength of PLA and its blends. Li and Huneault (2011) found that use of a 

stryrene-acrylic-epoxy oligomer enhanced the viscosity of polylactic 

acid/thermoplastic starch (TPS) blends (Figure 2.29). It was concluded that 

chain extension offset molecular weight loss of PLA due to presence of residual 

water in TPS during compounding and using low molecular weight 

compatibiliser for blends. 

 

Figure 2.29 Complex viscosity as a function of frequency for glycerol plasticised 

PLA/TPS blends with different chain extender (CE) contents at 180 oC (Li and 

Huneault 2011) 
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Eslami and Kamal (2013) proposed to use an epoxy based multifunctional chain 

extender to increase melt strength of polylactic acid/poly[(butylene succinate)-

co-adipate] (PBSA) blends. The researchers concluded that chain extender 

improved the rheological and mechanical properties of the blends and therefore 

enabled their use in a wide range of applications. 

Corre et al. (2011) focused on improving melt strength of PLA in order to extend 

its processability and therefore use for new applications. Figure 2.30 showed 

that chain extension enhanced rheological properties of PLA suggesting 

increased molecular weight due to recoupling of degraded chains. The chain 

extender loading is shown in the legend of the figure. For example; PLA_0 

represents PLA without chain extender, whilst PLA_3 represents PLA with 3 

wt% chain extender. 

 

Figure 2.30 Storage modulus as a function of shear rate for neat and chain 

extended PLAs at 180 oC (chain extender loading is presented in the legend) 

(Corre et al. 2011) 

Al-Itry et al. (2012) investigated the effect of an epoxy based multifunctional 

chain extender to control thermal degradation of polylactic acid/poly(butylene-

adipate-co-terephtalate) (PBAT) blends. Rheological investigations showed the 

improvement of complex viscosity and storage modulus of chain extended 

samples in Figure 2.31.  
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Figure 2.31 (a) The storage modulus and (b) complex viscosity as a function of 

frequency at 180 oC for PLA/PBAT (80/20) blends with and without chain 

extender (Al-Itry et al. 2012) 

Khankrua et al. (2014) studied the effect of chain extenders, multifunctional 

epoxide (ECE) and polycarbodiimide (PCD), on the mechanical properties of 

PLA/PA-6 blends processed at high temperatures in a twin screw extruder. 

From chromatography results, the molecular weight of PLA was found to be 

decreased with increasing processing temperatures whereas chain extender 

enhanced the molecular weight of all PLA samples. Use of chain extenders 

resulted in higher elongation at break and tensile strength than processed PLA 

in Figure 2.32. Such effect of chain extender on tensile strength and elongation 

at break was also observed for PLA/PA-6 blends in Figure 2.33. 
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Figure 2.32 (a) Elongation at break and (b) tensile strength of processed PLA 

and PLA-chain extenders systems at different processing temperatures 

(Khankrua et al. 2014) 

 

Figure 2.33 Tensile strength and elongation at break of processed PA-6, 

PLA/PA-6 and PLA/PA-6 containing chain extenders (Khankrua et al. 2014) 

(a) 

(b) 
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Carrasco et al. (2014) used a styrene-acrylic multifunctional oligomeric chain 

extender to improve thermal stability of PLA. From TGA results summarised in 

Table 2.5, it was found that the chain extender compensated thermal 

degradation of PLA during extrusion with an increasing onset decomposition 

temperature of the extruded sheets. 

Table 2.5 The decomposition temperatures of PLA pellets, sheets and sheets 

containing chain extender (Carrasco et al. 2014)   

Material T0.05 (oC) Tonset (oC) T0.95 (oC) 

PLA pellets 336.2 363.0 379.8 

PLA (processed) sheets 331.7 359.7 377.4 

PLA sheets containing chain extender 337.8 363.8 380.7 

2.9.2 Chain Extens ion of PET  

Poly(ethylene terephthalate) (PET) has the largest volume in the recycled 

plastics around the world. However, many properties of PET are deteriorated 

after recycling due to multiple thermomechanical cycles in the extrusion. Use of 

chain extenders are proposed to enhance properties of recycled PET by many 

studies in the literature. 

Xiao et al. (2012) investigated the effect of a multifunctional epoxide chain 

extender on the rheological properties of recycled poly(ethylene terephthalate) 

(R-PET). Rheological results revealed that the complex and apparent viscosities 

of the R-PET containing chain extender were higher than unmodified R-PET. 

The study by Raffa et al. (2012) focused on the effect of di/multifunctional epoxy 

and isocynate chain extenders on the rheological properties of R-PET. In Figure 

2.34, polyfunctional chain extenders indicated higher melt viscosity than 

difunctional chain extenders even at the same overall functional group 

concentration. 
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Figure 2.34 Final torque and melt flow rate (MFR) as a function of functional 

groups concentration for difunctional isocynate (NCO), difunctional epoxy 

(EPOX), multifunctional isocynate (PNCO), multifunctional epoxy (PEPOX) 

(Raffa et al. 2012) 

Incarnato et al. (2000) used pyromellitic dianhydride (PMDA) as a chain 

extender to improve the properties of R-PET. Rheological results showed that 

PMDA at a loading between 0.50 and 0.75 %wt enhanced the viscoelastic 

properties of R-PET and rendered it suitable for film blowing and blow moulding 

applications where high melt strength is required. 

Haralabakopoulos et al. (1998) used cyclicepoxides as chain extenders to 

modify the processed PET in a laboratory scale mixer. The intrinsic viscosities 

of the resulting polymers (0.68-0.75 dL/g) were comparable with virgin PET 

(0,74 dL/g) and remarkably higher than processed PET (0,55 dL/g). End group 

analysis showed that the carboxyl content of modified samples dropped nearly 

30% compared with the virgin PET.  

Awaja et al. (2004) found that reactive extrusion of recycled PET with PMDA at 

a loading above 0.3 wt% indicated enhanced intrinsic viscosity and lower 

carboxyl end group content compared to recycled PET. Chain branching and 

gel formation were observed at PMDA concentrations up to 0.3 wt%. In a similar 

study conducted by Daver et al. (2008) backed up these findings and reported 

formation of chain branching above 0.25 wt% PMDA loading. 
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2.9.3 Chain Extension of PLA /Organoclay and PET/Organoclay 

Nanocomposites  

The addition of organoclays into the polymers leads to further thermal 

degradation during melt processing, decreases the molecular weight and the 

properties such as rheological and mechanical. To compensate such 

degradation in the nanocomposites, several studies reported use of chain 

extenders for the recoupling of cleaved polymer chains. 

Xu et al. (2009) investigated the effects of the clay structure and surfactant 

chemistry on the thermal degradation of the poly(ethylene terephthalate) (PET)-

organoclay nanocomposites and offset thermal degradation during extrusion 

using pyromellitic dianhydride (PMDA) as a chain extender. In the first part of 

the study, the effect of thermal degradation on the nanocomposites was 

examined. Polymer degradation was found to be highly affected by ammonium 

linkage on the clay. On the other hand, a larger extent of exfoliation was 

observed in the thermally degraded samples as a result of increased surface 

area for polymer-nanoclay interactions. Similar observation on the relationship 

of thermal degradation with nanoclay dispersion was made by Fornes et al. 

(2003). In the second part of the study; PMDA, PET and organoclay were melt 

mixed in a twin screw extruder in order to compensate thermal degradation. 

With 0.35 wt% PMDA loading, the molecular weight of the polymer increased 

and the nanoclay dispersion remained unchanged. 

Najafi et al. (2012a) studied the control of thermal degradation during melt 

compounding of poly (lactic acid) (PLA) based nanocomposites containing 2 

wt% clay (Cloisite 30B) using three different chain extenders: 2 wt% 

polycarbodiimide (PCDI), 1 wt% tris (nonyl phenyl) phosphite (TNPP) and 1 

wt% Joncryl ADR 4300. As shown in Figure 2.35, Joncryl ADR 4300 was found 

to be the most effective chain extender which significantly improved rheological 

properties of nanocomposites and therefore offset thermal degradation. 
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Figure 2.35 (a) Complex viscosity and (b) storage modulus as a function of 

frequency for neat PLA and PLA nanocomposites containing different chain 

extenders (Najafi et al. 2012a) 

In order to understand effect of processing temperature, the samples were 

processed under three different temperature profiles (low, medium, high) in a 

twin screw extruder. From the rheological results (Figure 2.36), the viscosity of 

the nanocomposites decreased with processing temperature, whereas the 

viscosity of the nanocomposites with Joncryl ADR 4300 processed at low and 

medium temperatures overlapped at all frequencies which were higher than 

processed at high temperature.  On the other hand, the rheological properties of 

PLA containing Joncryl ADR 4300 showed no significant differences with 

processing temperature over the entire frequency range, suggesting that PLA-

Joncryl ADR 4300 samples did not undergo thermal degradation at any 

temperature during extrusion. 
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Figure 2.36 Complex viscosity and storage modulus as a function of frequency 

for samples processed at low, medium and high temperatures (LT, MT, and HT) 

(a) PLA nanocomposite, (b) PLA-1 wt% Joncryl ADR 4300 nanocomposite, (c) 

PLA-1 wt% Joncryl ADR 4300 (Najafi et al. 2012a) 

Another study by Najafi et al. (2012b) examined the effects of Joncryl ADR 

4300 and different preparation methods on the properties of PLA/organoclay 

nanocomposites. In the first method, PLA, 2 wt% clay and 1 wt% Joncryl ADR 

4300 simultaneously fed into the extruder and then procesed. In the second 

method, the nanocomposites were prepared by using a masterbatch approach.  

First of all, PLA and 4 wt% nanoclay were fed into the extruder in order to 

produce a masterbatch. Then, the masterbatch, PLA and Joncryl ADR 4300 

were used to prepare nanocomposites at 2 wt% clay and 1 wt% Joncryl ADR 

4300 contents via extrusion. In the third method, two extrusion passes were 

also used. Firstly, PLA and 1 wt% Joncryl ADR 4300 were melt mixed in the first 

extrusion pass. After that, 2 wt% clay was fed into the extruder and processed. 
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The morphological observations (see Figure 2.37 and 38) indicated that the 

nanocomposites prepared by the second method (using masterbatch approach) 

showed a better clay dispersion within the PLA matrix. 

 

Figure 2.37 SEM images of PLA nanocomposites containing Joncryl ADR 4300 

prepared by the (a) first, (b) second and (c) third strategies, the top and the 

bottom images are represented in low and high magnifications, respectively 

(Najafi et al. 2012b) 

 

Figure 2.38 TEM images of PLA nanocomposites containing Joncryl ADR 4300 

prepared by the (a) first, (b) second and (c) third strategies, the top and the 

bottom images are represented in low and high magnifications, respectively 

(Najafi et al. 2012b)  
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With the multiple extrusion passes, the nanocomposites prepared by second 

method also showed the highest complex viscosity and storage modulus at low 

frequencies in Figure 2.39. 

 

Figure 2.39 (a) Complex viscosity and (b) storage modulus as a function of 

frequency for PLA and PLA nanocomposites with and without Joncryl ADR 

4300 prepared by using different strategies (S1, S2 and S3) (Najafi et al. 

2012b) 

In terms of mechanical and barrier properties, the samples prepared by the 

second method indicated the best results. Compared to neat PLA, the highest 

impovements in the mechanical properties such as 18% in Young�¶�V modulus 

and 55% in toughness, were observed in nanocomposites prepared by the 

second method. Oxygen permeability results showed that the nanocomposites 

prepared by the second method ensured the lowest permeability (40% 

decrease in oxygen permeability compared to neat PLA). 

Meng et al. (2012) examined the effects of organoclay and chain extender types 

and loadings on the properties of PLA nanocomposites. The nanocomposites 

prepared by using Nanomer I.34TCN organoclay showed better results than 

those containing Cloisite 30B. It was also found from Figure 2.40 that Joncryl 

ADR 4300 was the most efficient chain extender and hexamethylene 

diisocyanate (HDI) presented better results than PMDA. Although PLA and PET 

are both from polyesters family, the failure in reactive extrusion of PMDA with 

PLA was attributed to lower processing temperature of PLA which was not 
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sufficient for PMDA chain extension reactivity. The other important outcome 

from the study is that the efficiency of chain extenders was highly influenced by 

the chemical structure. HDI has two reactive end groups per molecule and 

therefore the resulting polymer was found in a linear structure. On the other 

hand, Joncryl ADR 4300 has multiple reactive end groups, so many PLA chains 

could be reacted with one Joncryl ADR 4300 molecule. This led to a crosslinked 

or branched structure which resulted in a significant increase in complex 

viscosity. The addition of 0.5 wt% Joncryl ADR 4300 during twin-screw 

extrusion increased the complex viscosity of the neat PLA from 4700 Pa.s to 

about 23,000 Pa.s. 

 

Figure 2.40 Complex viscosity as a function of time for control sample (neat 

PLA) and PLA containing 0.5 wt% different chain extenders (Meng et al. 2012) 

Figure 2.41 shows the effect of processing temperature (175, 195 and 215 oC) 

on rheological behaviour of PLA/0.5 wt% Joncryl ADR 4300 samples. The 

complex viscosity of the samples increased with process temperature due to 

presence of limited PLA end groups at the lower processing temperature to 

react with Joncryl ADR 4300. In the case of higher processing temperature, 

Joncryl ADR 4300 could react with more PLA chain end groups and led to 

increase in the complex viscosity. This conclusion showed a good agreement 

with that made by Najafi et al. (2012a). 
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Figure 2.41 Complex viscosity as a function of time for PLA/0.5 wt% Joncryl 

ADR 4300 samples prepared at different compounding temperatures (175, 195 

and 215 oC) (Meng et al. 2012) 

Ghanbari et al. (2013) focused on control of thermal degradation of 

PET/organoclay nanocomposites using multifunctional epoxy based chain 

extender, Joncryl ADR 4300. Two different types of organomodified clay 

(Nanomer I.28E and Cloisite 30B) were melt blended with PET. The samples 

were prepared by a masterbatch approach in order to obtain a better dispersion 

of nanoclays within PET matrix. Figure 2.42 shows that Joncryl ADR 4300 

enhanced the complex viscosity and storage modulus of the neat PET and 

nanocomposites. This was explained by reaction between epoxy groups of 

Joncryl ADR 4300 and functional chain end groups of PET which resulted in 

recoupling of polymer chains and increase in rheological properties. 
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Figure 2.42 Complex viscosity (a) and storage modulus (b) of the neat PET and 

PET-based nanocomposites with and without Joncryl ADR 4300 as a function of 

frequency (Ghanbari et al. 2013) 

TEM images in Figure 2.43 showed a larger extent of exfoliation in the 

nanocomposites containing Joncryl ADR 4300. This observation was explained 

by the higher viscosity of polymer matrix with incorporation of Joncryl ADR 4300 

which resulted in larger shear stresses on the clay aggregates. Such shear 

stresses in the extrusion could break down the clay aggregates into the 

indivudual layers. 
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Figure 2.43 TEM images of (a, b)  PET/4 wt% N28E and (c, d) PET/4 wt% 

N28E/1 wt% Joncryl ADR 4300 at different magnifications (Ghanbari et al. 

2013) 

Table 2.6 shows the thermal properties of the neat PET and PET based 

nanocomposites with and without Joncryl ADR 4300. The results indicate that 

neither chain extender nor organoclays significantly change the glass transition 

temperature of PET, concluding that organoclays and/or Joncryl ADR 4300 had 

almost no influence on melting process of PET. The nanocomposites showed 

higher crystallinity and lower crystallisation temperature due to nucleating agent 

effect of the clay. Incorporation of Joncryl ADR 4300 decreased the 

crystallisation temperature due to higher orientation of polymer chains which 

needed less energy for crystallisation. In conclusion, Joncryl ADR 4300 

generated larger shear stresses during film extrusion with resulting more 

oriented polymer chains. Therefore, samples containing Joncryl ADR 4300 

exhibited higher crystal content. 
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Table 2.6 Thermal properties of the neat PET and PET/organoclay 

nanocomposites with and without Joncryl ADR 4300 (Ghanbari et al. 2013) 

Sample  Tg Tm Tc Crystallinity  

(%) 

Neat PET 78.5+0.1 243.1+0.1 136.4+0.1 4.1+0.2 

Neat PET/1 wt% Joncryl ADR-

4300 

78.2+0.2 242.0+0.2 121.3+0.1 5.6+0.3 

PET/4 wt% C30B 75.1+0.3 244.8+0.1 128.9+0.2 8.2+0.1 

PET/4 wt% C30B/1 wt% 

Joncryl ADR-4300 

76.2+0.1 243.4+0.3 117.8+0.1 9.7+0.2 

PET/4wt% N28E 77.1+0.4 244.5+0.1 133.6+0.1 6.6+0.4 

PET/4 wt% N28E/1 wt% 

Joncryl ADR-4300 

76.0+0.1 243.5+0.1 123.3+0.2 7.9+0.6 

The nanocomposite films containing 4 wt% Cloisite 30B and Nanomer I.28E   

showed 40 and 30% decreases in the oxygen permeability, respectively. The 

oxygen permeability decreased 43% for the nanocomposite films containing 4 

wt% Cloisite 30B and 1 wt% Joncryl ADR 4300, whereas the nanocomposite 

including 4 wt% Nanomer I.28E and 1 wt% Joncryl ADR 4300 was slightly less 

at 40%. A 50% improvement in Young modulus was obtained for 

nanocomposite films containing 4 wt% Nanomer I.28E, while the improvement 

for Cloisite 30B was 33%. Tensile modulus for the nanocomposite films 

containing 4 wt% Nanomer I.28E and 1 wt% Joncryl ADR 4300 increased by 

72% whereas the nanocomposite including 4 wt% Cloisite 30B and 1 wt% 

Joncryl ADR 4300 was 66%. 

2.9.4 Chain Extens ion of PA -6 

As previously mentioned, thermal degradation of PA-6 is an important 

processing challenge. Compared to other polycondensates such as PET and 

PLA, the studies on reactive extrusion of PA-6 using chain extenders are limited 

and this can be considered as a new subject for both academia and industry. 
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Loontjens et al. (1997) suggested that using two different chain extenders in 

order to react with both end groups of PA-6 results in a significant increase in 

molecular weight. The chain extender, 1,3-Phenylene bis(2-oxazoline-2) (PBO) 

quickly reacts with carboxylic end groups of PA-6 whereas isophthaloyl 

biscaprolactamate (IBC) reacts with amine end groups. It was observed that 

using PBO and IBC simultaneously increased the torque of mixer much more 

than using chain extenders separately. 

Lu et al. (2007) investigated the chain-extension of 2,2-bis(2-oxazoline) (BOZ) 

and PA-6 in a Haake Rheocord mixer. The torque after chain extension reaction 

was found 2.16 times higher and intrinsic viscosity increased from 1.384 dL/g to 

1.636 dL/g. It was also observed that the chain extension reaction required 

sufficient time (ca. 5 min).  

Buccella et al. (2014) studied the chain extension of 1,1-Carbonyl-bis-

caprolactam (CBC) and PA-6 using a twin screw extruder. Apparent viscosities 

of chain extended samples at 1000 s-1 shear rate for two different residence 

times (3 and 13 min) were compared and chain extended samples at 3 min 

showed higher apparent viscosities than those obtained at 13 min. It was 

concluded that thermal degradation of PA-6 was more dominant than chain 

extension at longer residence times. Furthermore, end group analysis indicated 

that chain extension reaction was corresponded to reaction of CBC with amine 

end groups of PA-6 as carboxyl end group content was unchanged. 

In another study, Buccella et al. (2013) presented the chain extension of PA-6 

at different loadings of CBC and PBO using a twin screw extruder. Apparent 

viscosity results were found to be increased with chain extender loading, 

whereas longer residence times in the extrusion decreased the viscosity of the 

samples. End groups analysis confirmed that CBC and PBO reacted with both 

end groups of PA-6 resulting in a reduction of amine and carboxyl functional 

group contents. 

Villalobos et al. (2006) studied the effect of Joncryl ADR 4300 on the chain 

extension reaction of PA-6 using a twin screw extrusion. A 51% decrease in 
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melt flow index, 107% improvement in melt viscosity and 11% increase in 

tensile strength were observed for PA-6 containing 0.5 wt% Joncryl ADR 4300. 

The patent by Golba (2011) aimed to produce chain extended PA-6 

nanocomposites. First of all, nanocomposites were prepared by in-situ 

polymerisation of a LMW PA-6 grade and organoclay. After that, obtained 

nanocomposites were melt mixed with three different chain extender (Joncryl 

ADR 4300, Raschig 9000 and Raschig 11000) in a twin screw extruder. The 

chain extended nanocomposites were compared with a HMW PA-6 grade and 

the viscosity vs. shear rate curves were found to be overlapped. It was 

concluded that Raschig 9000 at 1.5 wt% loading showed the best results 

amongst the chain extenders. However it should be noted that this work did not 

extend to melt compounding of PA-6/organoclay nanocomposites.  

2.10 Conclusion  

In this chapter, a literature review on the preparation and properties of PA-

6/organoclay nanocomposites, thermal degradation of PA-6 and organoclay 

nanocomposites and chain extension methods have been presented. It was 

found that PA-6/organoclay nanocomposites have received both academic and 

industrial attention due to their improved properties. Although thermal 

degradation of PA-6/organoclay nanocomposites during melt processing has 

been proved in many studies, solutions to this problem are remained limited. 

Reactive extrusion using chain extenders is a promising method to control 

thermal degradation and represents an easier, faster and more economical 

solution compared the other alternatives such as SSP. This method has been 

applied to control thermal degradation of polyesters (PET, PLA) and successful 

results have been attained. However, limited studies have been made on the 

other important members of polycondensates such as polyamides. A few 

studies in the literature reported successful results on the reactive extrusion of 

PA-6 using chain extenders such as 2,2-bis(2-oxazoline), 1,1�±Carbonyl-bis-

caprolactam, 1,3-Phenylenebis(2-oxazoline-2), isophthaloyl biscaprolactamate 

(which are not produced anymore) and Joncryl ADR 4300. The novel chain 

extender Joncryl ADR 3400 which was used in this study has not been used in 

the literature for PA-6. When previous studies are taken into account, our trials 
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with Joncryl ADR 4300 did not give promising results compared to those with 

Joncryl ADR-3400 which were presented in the Chapter 4. For these reasons, 

in this study, it is believed that Joncryl ADR 3400 can be an updated solution for 

chain extension of PA-6. On the other hand, the literature review showed the 

success on using chain extenders to control thermal degradation of PET or 

PLA/organoclay nanocomposites during melt compounding. Although a patent 

reported higher molecular weight of in-situ polymerised PA-6 organoclay 

nanocomposites using a chain extender, it did not investigate thermal 

degradation effects of organoclay on PA-6 during melt compounding.  

This research presents an updated solution using Joncryl ADR 3400 for chain 

extension of PA-6. Besides, in this research, a new technology has been 

developed to control thermal degradation of PA-6 organoclay nanocomposites 

during melt compounding. In the plastics industry where melt processing 

(extrusion, injection and blow moulding) has a crucial important and PA-6 

and/or organoclay nanocomposites used in fundamental applications such as 

automotive, textile and packaging, this study will be a guide to produce high 

performance materials in an uncomplicated, fast and cheap way. 
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CHAPTER 3 

                                                 

EXPERIMENTAL MATERIALS and METHODS  

3.1 Introduction  

This chapter presents details of the experimental methods and materials used 

in this research.  The first need was to produce samples of the neat PA-6 and 

PA-6 with nanoclay and chain extender and this required the appropriate 

compounders to ensure uniform and extensive mixing.  In this study, three 

laboratory scale compounders were used: Haake Minilab Micro Compounder, 

Xplore Micro Compounder and the Bradford University Minimixer, all considered 

as operating at very small scale (grams) and a linear twin screw extruder, a 

comparatively larger machine, replicating more closely industrial scale 

compounding. The purpose of using these four compounders was to assess 

their suitability. The use of smaller compounders is clearly desirable but subject 

to them being able to replicate mixing in larger machines without degradation. 

The second need was to characterise the samples produced and this was 

carried out principally using rheological, mechanical (tensile), thermal (DSC and 

TGA) and spectroscopic (FTIR) techniques.  Microscopic evaluation of mixing 

quality was also carried using TEM for selected samples.  In what follows, the 

compounders, the measuring instruments and the materials used are described 

beginning with the APV twin-screw extruder, then the Haake Minilab Micro 

Compounder following Xplore Micro Compounder and finally the Bradford 

Minimixer. In this research the emphasis was on the effect of organoclay and 

chain extender on the rheological and mechanical properties as these are inter-

linked quantitative engineering measurements. 

3.2 Materials  

The materials used in this study are specified in Table 3.1 and SEM images are 

presented in Figure 3.1. The high viscosity grade PA-6 (2.8 pellet size) was 

used in twin screw extrusion and laboratory scale compounding experiments 

with using Haake Minilab Micro Compounder and Xplore Micro Compounder.  
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Initial compounding trials with Bradford University Minimixer using high viscosity 

grade PA-6 failed due to an over torque problem. Hence, a lower viscosity 

grade (Schulamid 6NV12) (2 mm pellet size) was used to determine effect of 

this novel compounder. The organoclay in powder form (25.2 �—�P measured 

average agglomerate size), Cloisite 30B, is an organo-modified montmorillonite 

having two hydroxyl groups. The reaction occuring between its hydroxyl groups 

and carboxyl groups of PA-6 makes this clay favourable for producing PA-6/clay 

nanocomposites. The chain extender of this study, Joncryl�Š ADR 3400, is a 

novel chain extender which was designed specifically to react with PA-6 end 

groups. Joncryl ADR 3400 is a maleic anhydride copolymer, where maleic 

anhydride is part of the main chain of the polymer; however, the anhydride unit 

is available for reaction. The amine end groups of PA-6 react with the anhydride 

to form a stable imide bond. Joncryl ADR 3400 was supplied in the form of 

sugar sized granules (1.2 mm measured average granule size) but for the 

purpose of accuracy and convenience of feeding into the extruder, was ground 

�L�Q�W�R�� �D�� �F�R�D�U�V�H�� �S�R�Z�G�H�U�� �P�H�D�V�X�U�H�G�� �D�Y�H�U�D�J�H�� �V�L�]�H�� �R�I�� �������� �—�P and fed into the 

extruder using a grinder. According to reported successful results using Joncryl 

4300 with chain extension of PA-6 in the literature, Joncryl ADR 4300 was also 

selected to use in the extrusion trials. Joncryl ADR 4300 is an epoxide 

functionalised styrenic-glycidyl acrylate copolymer and reacts with carboxyl or 

hydroxyl groups of polymers. Joncryl ADR 4300 was supplied in the form of 

sugar sized granules (1.32 mm measured average granule size) but for the 

purpose of accuracy and convenience of feeding into the extruder, was ground 

into a coarse powder measured average size of 591 �—�P and fed into the 

extruder using a grinder. 

Prior to compounding, PA-6 pellets and chain extenders were dried in a vacuum 

oven at 80 oC for 12 hours and organoclay was dried in a vacuum oven at 110 
oC for 12 hours. For this research, drying of materials is critically important as 

the hydrophilic (water absorbing) character of PA-6 impairs structure due to 

hydrolytic degradation with chain scission.  In the experimental part of this 

study, th�H���Q�R�P�H�Q�F�O�D�W�X�U�H�� �³�3�$���´���� �³�&�����%�´�����³�-�&�´���� �³�-�&�� ���������´ are used to represent 

neat PA6, Cloisite 30B, Joncryl ADR 3400 and Joncryl ADR 4300 respectively. 
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Table 3.1 Characteristic properties of the materials used in the study 

Material  Trade 

Name and 

Supplier  

Specifications  Chemical Structure  

Polyamide-6 

(high 

viscosity 

grade) 

Akulon F-

136, DSM 

Density: 1130 kg/m3 

Melting point: 235 oC 

Melt viscosity at 

260 oC, 1 Hz frequency with 

0.1% strain, parallel plate 

geometry 25 mm diameter: 

2309 Pa.s 

 

Polyamide-6 

(low viscosity 

grade) 

Schulamid 

6NV12, A. 

Schulman 

Density: 1130 kg/m3 

Melting point: 219 oC 

Melt viscosity at 260 oC, 1 

Hz frequency with 0.1% 

strain, parallel plate 

geometry 25 mm diameter: 

114.6 Pa.s 

 

Organoclay Cloisite 

30B, 

Southern 

Clay 

Organic modifier: Bis-2-

hydroxyethyl quaternary 

ammonium chloride 

((HE)2M1T1) 

Cation Exchange Capacity: 

90 meq/100g clay  

Density: 1.98 g/cm3 

 

Chain 

extender 

Joncryl 

ADR 

3400, 

BASF 

Molecular weight: 10,000 

g/mol 

Density: 600 kg/m3 

Tg: 133 oC 
 

Chain 

extender 

Joncryl 

ADR 

4300, 

BASF 

Molecular weight: 6800 

g/mol 

Density: 1080 kg/m3 

Tg: 54 oC 
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Figure 3.1 SEM images of materials used in the study: (a) High viscosity PA-6, 

(b) Low viscosity PA-6, (c) Joncryl ADR 3400, (d) Ground Joncryl ADR 3400, 

(e) Joncryl ADR 4300, (f) Ground Joncryl ADR 4300 and (g) Organoclay 

 

a)                                                         b) 

c)                                                         d) 

g)                                                      

e)                                                        f) 
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3.3 Methods  

The experimental method in this study is presented in this section. It starts with 

sample preparation using a twin-screw extruder and different laboratory scale 

mixers. Following that, different characterisation techniques used for sample 

analyses are described. 

3.3.1 Processing  

3.3.1.1 Twin -Screw Extrusion  

These experiments were carried out to assess effects of organoclay content 

and chain extender on PA-6 and PA-6/organoclay nanocomposites at different 

processing conditions such as screw speed and temperature profile using a 

twin-screw extruder which enables large scale production, being more suitable 

to industrial capabilities. Essentially, the expectation is that with such a large 

extruder, a nanocomposite will be produced and chain extension hypothesis will 

be tested. In this section, the equipment and experimental conditions used for 

compounding nanocomposites are given together with details of post extrusion 

processing-moulding. The obtained samples were characterised using 

rheological, mechanical, thermal, FTIR and morphological analyses.  

Twin-screw extrusion experiments were carried out using a 19 mm diameter 

APV MP19TC (L/D=28) co-rotating linear twin-screw extruder from Baker 

Perkins (see Figure 3.2).  
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Figure 3.2 APV twin-screw extruder 

The extruder is equipped with a screw configuration recommended by the 

manufacturer which is shown in Table 3.2 and Figure 3.3.  

Table 3.2 Configuration of the APV twin-screw extruder employed (D= screw 

diameter) 

Cumulative elements  Element type  

1-6 Forward feed (4 x 1.5 D) 

7 Forward feed (1 x 1 D) 

8 �����ƒ���S�D�G�G�O�H���������[���ó���'�� 

8.5 �����ƒ���S�D�G�G�O�H���������[���ó���'�� 

11.5 �����ƒ���S�D�G�G�O�H�����������[���ó���'�� 

15.5 Forward feed (4 x 1 D) 

16.5 �����ƒ���S�D�G�G�O�H���������[���ó���'�� 

17.5 �����ƒ���S�D�G�G�O�H���������[���ó���'���� 

23.5 Forward feed (6 x 1 D)  

25 Metering (1 x 1.5 D) 
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Figure 3.3 APV twin-screw extruder screw arrangement  

The APV twin-screw extruder compounding process is illustrated in Figure 3.4. 

 

Figure 3.4 Linear twin screw extruder compounding process 

It can be seen from studies in the literature that the masterbatch approach is a 

very common method to prepare polymer/nanoclay nanocomposites in order to 

obtain a better dispersion of nanoclay into matrix (Ghanbari et al. 2013, Najafi 

et al. 2012b). However, this approach requires multiple thermal processing 

cycles which leads to thermal degradation of polymer. In addition to that, the 

feeding of powders into extruders is a challenging experimental issue. The 

nanoclays are very fine powders which have limitations such as electrostatic 

charging and agglomerate formation therefore they cannot be accurately fed 

with polymer pellets into hopper. The preliminary extrusion trials with the dried 

nanoclay-polymer mixture using a single feeder showed that the polymer pellets 
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fed into extruder, however the most of nanoclays left in the feeder due to low 

bulk density. This led to find alternative methods for feeding all materials 

(nanoclay, chain extender and polymer) in the proper ratio directly to the 

extruder. Therefore, in this study, three seperate feeders were used. Two screw 

feeders, Feeder 1 and Feeder 2 were used to feed polymer pellets and 

organoclay powder whereas a grinder (Feeder 3) was used to feed Joncryl 

granules simultaneously at constant feed rates directly to the compounding 

screws in order to achieve good dispersion of nanoclay in the PA-6 matrix 

(Figure 3.5). The feeder 2 was equipped with a vibrator which enabled uniform, 

continuous feeding and conveyance of the nanoclay into the extruder. The idea 

modifying a grinder into a feeder for chain extender is to make the particle size 

distrubution narrower thus more uniform and in similar particle size with other 

component nanoclay for a better mixing of the components. Another advantage 

of the use of the grinder is providing accurate feeding of very small amounts of 

the materials into the extruder which is not possible using conventional feeders 

such as feeders 1 and 2 in this study. In order to feed accurate amount of the 

materials into extruder, all feeders were calibrated according to desired 

concentrations of the components. The feeder voltage was linked to rotation 

speed of the motors in the feeders and it was used to run the feeders at 

different speeds. While the feeders was running at different speeds using the 

materials, a scale was placed at the outlet of the feeders and the weight change 

was recorded five times per second for 5 minutes. After that, the desired 

nanoclay and chain extender content were calculated and corresponding feed 

rates were selected. The measurements were consistent (2.1-8.3% standard 

error). The extruded samples were cooled in water and chopped by a pelletiser. 
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Figure 3.5 Feeders used in this study 

To examine the effect of processing conditions, two different temperature profile 

and screw speeds were used. In order to understand effect of temperature 

clearly, the minimum and maximum processing temperatures were investigated. 

After several trials, temperature profiles with 260 and 300 oC, the minimum and 

maximum processing temperatures for extrusion in this study were chosen. Set 

temperatures below 260 oC led to over-torque problems with the extruder and 

above 300 oC, very low viscosity of polymer limited the extrusion temperature 

ranges. To measure residence time, a colour tracer of carbon black was fed to 

the extruder after steady state conditions were reached and the time was 

recorded when the tracer first became evident at the die of the extruder. 

Processing parameters are listed in Table 3.3 and experimental conditions for 

each run are given in Table 3.4. 
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Table 3.3 Processing parameters for the compounding process in linear twin 

screw extruder 

Screw 
speed (rpm)  

Output 
capacity 
(kg/hr)  

Residence time 
(sec.)  

Zone temperature ( oC) 

1 2 3 4 5 

�)�H�H�G���������������������������������:�������������������������������������'�L�H 

100 3000 63 230 260  260 260 260 

100 3000 62 230 300 300 300 300 

200 4500 50 230 260 260 260 260 
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       Table 3.4 Experimental conditions for runs with linear twin screw extruder 

Run PA6 C30B JC Screw speed  

(rpm)  

Zone temperature ( oC) 

 (wt%) (wt%) (wt%) 1 2 3 4 5 

�)�H�H�G�����������������������������������������������������������������������������:������������������������������������������������������ Die 

1 100 0 0 100 230 260 260 260 260 

2 100 0 0 200 230 260 260 260 260 

3 100 0 0 100 230 300 300 300 300 

4 99 0 1 100 230 260 260 260 260 

5 99 0 1 200 230 260 260 260 260 

6 99 0 1 100 230 300 300 300 300 

7 98 2 0 100 230 260 260 260 260 

8 98 2 0 200 230 260 260 260 260 

9 98 2 0 100 230 300 300 300 300 

10 97 2 1 100 230 260 260 260 260 

11 97 2 1 200 230 260 260 260 260 

12 97 2 1 100 230 300 300 300 300 
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        �7�D�E�O�H�����������(�[�S�H�U�L�P�H�Q�W�D�O���F�R�Q�G�L�W�L�R�Q�V���I�R�U���U�X�Q�V���Z�L�W�K���O�L�Q�H�D�U���W�Z�L�Q���V�F�U�H�Z���H�[�W�U�X�G�H�U�����F�R�Q�W�¶�G�� 

Run PA6 C30B JC Screw speed  

(rpm)  

Zone temperature ( oC) 

 (wt%) (wt%) (wt%) 1 2 3 4 5 

Feed                                     �:������������������������������������������������������  Die 

13 95 5 0 100 230 260 260 260 260 

14 95 5 0 200 230 260 260 260 260 

15 95 5 0 100 230 300 300 300 300 

16 94 5 1 100 230 260 260 260 260 

17 94 5 1 200 230 260 260 260 260 

18 94 5 1 100 230 300 300 300 300 

19 92 8 0 100 230 260 260 260 260 

20 92 8 0 200 230 260 260 260 260 

21 92 8 0 100 230 300 300 300 300 

22 91 8 1 100 230 260 260 260 260 

23 91 8 1 200 230 260 260 260 260 

24 91 8 1 100 230 300 300 300 300 
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3.3.1.1.1 Hot Plate Press M oulding  

In hot plate press moulding, a pre-weighed polymer is placed on a plate and the 

molten polymer melts and flows onto the plate under a specific heat and 

pressure (Ebewele 2000). After an adequate time, the equipment is cooled by 

water and allowed the polymer sheet to be ejected. The important advantages 

of this method is it is simple and less expensive than injection moulding.  

In this study, the samples moulded by hot plate press moulding were used for 

video extensometry tensile test. In this regard, a hydraulic press (Moore Ltd., 

UK) (Figure 3.6) consisting of a fixed upper plate and movable lower plate was 

used to prepare the polymer sample sheets.  

 

Figure 3.6 Hot plate press  

The process for sample preparation (see Figure 3.7) started with the heating the 

equipment to 240 oC. After this temperature was reached, 37 g of extruded 

sample pellets were loaded into the metal frame of 24x25 cm dimensions with a 

thickness of 0.85 mm between two polished brass plates. Following that, it was 

pressed at 50 MPa for 2 min and then moulded under 300 MPa for 2 min. The 

equipment was cooled to 30 oC with water allowing the polymer to solidify and 

the sheet was removed.  
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Figure 3.7 Hot plate press moulding process (Al-Shehri 2010) 

Dumbbell shaped testing specimens using Metaserv Instrument press (Figure 

3.8) were cut from the moulded sheets and used for video extensometry tensile 

test according to ISO 37_4 test standard.  

 

Figure 3.8 Metaserv Instrument 
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The dimensions of the test specimens are illustrated in Figure 3.9. The 

produced average thickness was 0.80 mm. 

 

Figure 3.9 Tensile test specimen 

3.3.1.2 Laboratory Scale Compounding  

Laboratory scale compounding experiments were carried out using Haake 

Minilab Micro Compounder, Xplore Micro Compounder and Bradford University 

Minimixer. 

3.3.1.2.1 Haake Minilab Micro Compounder  

These experiments were carried out to understand thermal degradation and 

chain extension of PA-6 and PA-6/organoclay nanocomposites using a 

commercially available laboratory scale mixer, Haake Minilab Micro 

Compounder from Thermo Scientific (see Figure 3.10). Detailed information 

about the equipment was given in section 2.5.3.1.  The obtained samples were 

then compared to samples from the linear twin screw extruder in terms of 

rheological properties. 

 

Figure 3.10 Haake Minilab Micro Compounder with barrel view 
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For sample preparation, the following procedure was used. Dried PA-6 was 

hand-mixed in small containers with 5 wt% dried clay or/and 1 wt% chain 

extender. The mixture (4 g) was processed at 260 oC and 100 rpm, mixed for 1 

and 2 minutes. In the laboratory scale compounding experiments, mixing time 

was chosen as 2 minutes according to the studies in the literature (Kim et al. 

2009, Villacorta and Ogale 2016). However; all samples processed for 2 

minutes in Haake Minilab Micro Compounder showed lower viscosity values 

than virgin PA-6, therefore 1 min mixing time was also used in the Haake Micro 

Compounder experiments. The flow rate measured was 5.89 x 10-8 g/min. 

Samples were collected and pelletised for the rheological characterisation. 

Experimental conditions for each run are given in Table 3.5. 

Table 3.5 Experimental conditions for runs with Haake Minilab Micro 

Compunder 

Run PA6 

(wt%) 

C30B 

(wt%) 

JC 

(wt%) 

Mixing time  

(min)  

Mixing spee d 

(rpm)  

1 100 0 0 1 100 

2 100 0 0 2 100 

3 99 0 1 1 100 

4 99 0 1 2 100 

5 95 5 0 1 100 

6 95 5 0 2 100 

7 94 5 1 1 100 

8 94 5 1 2 100 

 
3.3.1.2.2 Xplore 15 ml Micro Compounder  

These experiments were carried out to understand thermal degradation and 

chain extension of PA-6 and PA-6/organoclay nanocomposites using a recently 

developed laboratory scale mixer, the Xplore 15 ml Micro Compounder (see 
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Figure 3.11). The obtained samples were compared to samples from the Haake 

Minilab Micro Compounder and the linear twin screw extruder in terms of 

rheology. 

 

Figure 3.11 Xplore 15 ml Micro Compounder 

For sample preparation, the following procedure was used. Dried PA-6 was 

hand-mixed in small cups with 5 wt% dried clay or/and 1 wt% chain extender. 

Organoclay loading was fixed at 5 wt% after obtaining the highest exfoliation 

degree of nanocomposites at this organoclay loading from twin-screw extrusion. 

The mixture (12 g) was processed at 260 oC and 100 rpm, mixed for 2 minutes. 

The flow rate measured was 1.76 x 10-7 g/min. The samples were collected and 

pelletised for rheological characterisation. Experimental conditions for each run 

are given in Table 3.6. 
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Table 3.6 Experimental conditions for runs with Xplore Micro Compounder 

Run PA6 

(wt%) 

C30B 

(wt%) 

JC 

(wt%) 

Mixing time  

(min)  

Mixing speed  

(rpm)  

1 100 0 0 2 100 

2 99 0 1 2 100 

3 95 5 0 2 100 

4 94 5 1 2 100 

3.3.1.2.3 Minimixer at University of Bradford  

The studies on thermal degradation and chain extension of PA-6 and PA-

6/organoclay nanocomposites were carried out using a novel laboratory scale 

mixer, the Bradford University Minimixer, which enables the mixing of polymer 

and nanoclay intensely at higher amounts (10-30 g capacity) and less thermal 

degradation during processing based on an original screw design (see Figure 

3.12). Detailed information about the equipment was given in section 2.5.3.2. 

Initial compounding trials with this mixer using high viscosity grade PA-6 

(Akulon F136) failed due to an over torque problem. Hence, in contrast to 

former experimental parts, a lower viscosity grade PA-6 was used to determine 

effect of this novel compounder on the rheological properties of samples. 

 

Figure 3.12 Minimixer at University of Bradford 
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For sample preparation, the following procedure was used. Dried PA-6 was 

hand-mixed in small cups with 2, 5 and 8 wt% dried clay or/and 1wt% chain 

extender. The mixture (15 g) was processed at 245 oC and 100 rpm, mixed for 2 

minutes. The flow rate measured was 2.21 x 10-7 g/min. The samples were 

collected and pelletised for rheological characterisation. Experimental 

conditions for each run are given in Table 3.7. 

Table 3.7 Experimental conditions for runs with Minimixer at University of 

Bradford 

Run PA6 

(wt%) 

C30B 

(wt%) 

JC 

(wt%) 

Mixing time  

(min)  

Mixing speed  

(rpm)  

1 100 0 0 2 100 

2 98 2 0 2 100 

3 97 2 1 2 100 

4 95 5 0 2 100 

5 94 5 1 2 100 

6 92 8 0 2 100 

7 91 8 1 2 100 

 
3.3.2 Characterisation  

Different characterisation techniques were used to investigate rheological, 

thermal, mechanical, morphological and chemical properties of the obtained 

samples. In order to assess thermal degradation and effect of chain extender on 

the molecular weight of samples; rheological, thermal and mechanical 

properties were studied extensively in the study. 

3.3.2.1 Rheology  

The rheological behaviour of polymeric systems is influenced by their molecular 

weight and molecular weight distribution remarkably (Pearson and Garfield 

1978). Therefore, to follow quantitatively the change in molecular weight by 

thermal degradation and chain extension in terms of modulus and viscosity, 

rheological characterisation methods were mainly used in this research. 
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Moreover, rheology may entirely reflect the structure of nanocomposites 

compared to microscopic observations such as SEM and TEM as the amount of 

sample measured is larger therefore more representative of the whole material. 

In the study, rheological tests were carried out using a Bohlin CVO120 

rheometer from Malvern (see Figure 3.13). This instrument is a standard plate 

and plate device, the main parts of which were shown in Figure 3.14. 

 

Figure 3.13 Bohlin CVO120 Rheometer 

 

Figure 3.14 Main parts of Bohlin CVO120 rheometer (Malvern Instruments 

2010) 
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The operation of the instrument began with turning on compressed air line, 

computer, temperature unit box, the instrument and then the software, Bohlin. 

Thereafter, selecting correct geometry for experiments was needed. Parallel 

plate geometry with 25 mm diameter which is more suitable for polymer 

rheology measurements and widely used in the previous studies literature was 

selected. Before inserting the upper geometry, the catch in the air bearing was 

shifted to lock the chuck. After the geometry had fitted, the chuck was tighten 

and the lock was released. Setting correct gap for experiments is important for 

accurate measurements therefore Zero on the control panel was pressed to 

adjust zero position where the plates touch each other (Malvern Instruments 

2010). Following that, the upper geometry was moved up by pressing up on the 

control panel and then sample was loaded. It should also be noted that all 

samples, in pellet form were dried at 80 oC for 12 hours before tests. In the 

Bohlin Software, oscillation test was selected and the test variables were 

entered. After reaching the test temperature, 260 oC, the gap was set at 1 mm 

and the upper geometry was moved down. Before running tests, the sample 

was allowed to melt completely and the excess sample was trimmed off 

between upper and lower geometries in order to get accurate measurement. 

Three samples were tested for each measurement and the results were 

repeatable (0.2-5.7% standard error). For each experiment, a new sample was 

used.   

In the first step of rheological characterisation, an amplitude sweep test was 

applied in order to determine the linear viscoelastic region (LVR) of the 

materials. Basically, during this test the strain applied to the material is 

gradually increased and the maximum strain which the material can resist being 

determined. The linear viscoelastic region is observed at the lower strain 

ranges, beyond a critical strain level, viscoelastic properties begin to drop as a 

result of structural changes in the material. In the research, the strain values 

were set within a range of 0.001 to 5% and the frequency fixed at a constant 

value of 0.1 Hz as a desirable setting after several trials. Two important 

�S�D�U�D�P�H�W�H�U�V���� �V�W�R�U�D�J�H���H�O�D�V�W�L�F�� �P�R�G�X�O�X�V�� ���*�•���� �D�Q�G�� �O�R�V�V���Y�L�V�F�R�X�V�� �P�R�G�X�O�X�V�����*�•�•���� �Z�H�U�H��

obtained. Figure 3.15 shows typical results from an amplitude sweep test. In 

this figure, the PA-6 sample indicated plateau at lower strain ranges which is 
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called as linear viscoelastic region.  The small deformations on the polymer did 

not disturb entangled state of the molecules and therefore polymer structure 

remains unchanged in this region. The G' in the linear viscoelastic region 

describes the rigidity of the sample at rest, whereas G'' in this region is a 

measure for the viscosity of the unsheared sample. The PA-6 sample showed 

higher G'' than G' indicating that the sample has properties of a viscoelastic 

fluid. After a critical strain level, the structure destroyed with larger deformation 

and the modulus began to drop. The strain value (0.1%) in the linear 

viscoelastic region was determined and used in the frequency tests in order not 

to destroy the structure of sample during the test. It is also important that the 

length of the linear viscoelastic region of G' with respect to the applied strain 

can be used as a measurement of the stability of the sample's structure, as 

structural properties are closely related to elasticity prior to structural breakdown 

(Durairaj 2013). 

 

Figure 3.15 Graph showing typical storage modulus and loss modulus results 

obtained from an amplitude sweep test of neat PA-6 at 0.1 Hz frequency and 

260 oC using parallel-plate geometry 

Frequency sweep enables the determination of the viscoelastic properties of the 

materials and their change over a frequency range.  In this research, frequency 

sweep tests were conducted across a frequency range of 0.1 to 100 Hz at 0.1% 

strain, which was obtained from amplitude sweep tests to determine the linear 

viscoelastic region. �6�W�R�U�D�J�H���P�R�G�X�O�X�V�����*�•�������O�R�V�V���P�R�G�X�O�X�V�����*�•�•�������F�R�P�S�O�H�[���Y�L�V�F�R�V�L�W�\��

���¦*) and phase or �O�R�V�V�� �D�Q�J�O�H�� ���/���� �D�V�� �I�X�Q�F�W�L�R�Q�V�� �R�I�� �I�U�H�Tuency were measured. 



 

89 
 

 

Figure 3.16 displays a set of typical results obtained from the frequency sweep 

tests. The storage and loss modulus values showed time dependent shear 

behaviour of the sample. The loss modulus showed higher values than the 

storage modulus at lower frequencies, whereas the storage modulus showed 

larger increase at higher frequencies as elastic behaviour was prominent in 

short time response. The phase angle which is the phase shift between the 

deformation and response indicated phase angle of 90o at 0.1 Hz frequency due 

to ideal viscous behaviour. As elastic behaviour becomes more dominant at 

higher frequencies, the phase angle showed a decreasing trend with frequency. 

Complex viscosity of the sample showed a typical shear thinning behaviour of 

the polymers that clearly indicated structural changes in the sample with 

frequency. 

 

Figure 3.16 Graph showing typical storage modulus, loss modulus, complex 

viscosity and loss angle results obtained from a frequency sweep test of neat 

PA-6 at 0.1% strain and 260 oC using parallel-plate geometry 

Time sweep tests were also performed to determine the thermal stability of the 

samples over time. The tests were carried out at 1 Hz frequency over 1000 s. 

Figure 3.17 shows a typical result from a time sweep test.  
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Figure 3.17 Graph showing a typical complex viscosity result obtained from a 

time sweep test of neat PA-6 at 1 Hz frequency and 260 oC using parallel-plate 

geometry 

3.3.2.2 Differential Scanning Calorimetry (DSC) Analysis  

Differential Scanning Calorimetry (DSC) tests were performed using a 

Discovery DSC from TA Instruments (see Figure 3.18) under a nitrogen 

atmosphere. The instrument has 50 samples and 5 reference pan carousel 

trays with two robotic arms that enable users to run multiple samples at the 

temperatures between -90 and 725 oC. The autolid arm shields the DSC cell, 

ensuring thermal isolation, while the other arm loads sample and reference 

pans in a sequence or randomly in the carousel tray with the help of an optical 

sensor (TA Instruments 2016). 

In the study, the materials, no more than 10 mg and TA standard aluminum 

pans and lids were weighted carefully using a precision balance then 

encapsulated by a Tzero Press. After loading the samples and reference into 

the carousel tray, the experimental procedure was set using Trios software. The 

experiments carried out in heat/cool/heat cycles, heated from 25 oC to 260 oC 

with 10 oC/min then cooled to 25 oC with 10 oC/min and heated again to 260 oC 

at 10 oC/min under nitrogen purge at a flow rate of 50 mL/min. 
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Figure 3.18 Differential Scanning Calorimeter, Discovery DSC 

DSC analysis were performed to assess the glass transition temperature (Tg), 

crystallisation temperature (Tc), melting temperature (Tm) and enthalpy values of 

samples ( H�' ) (see Figure 3.19). The areas coloured blue under the curves in 

Figure 3.19 represent enthalpy values of samples which were determined by 

software. The degree of crystallinity of the samples was calculated by using the 

following equation (Navarro-Pardo et al. 2013, Logakis et al. 2009): 

m
c o

m

H
H

�F
�Z
�'

� 
�'

                                                                                                     (3.1) 

Here �Fc represents degree of crystallinity, �Z  is weight fraction of PA-6, �' mH  is 

the enthalpy of fusion for samples and �' o
mH  is the enthalpy of fusion for 100% 

crystalline PA-6, which was taken to be 240 J/g (Logakis et al. 2009). To erase 
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thermal history, the second heating run was used to determine Tg, Tm and �' mH  

(Burke and Mather 2012).  

 

Figure 3.19 Graph showing typical DSC curves of neat PA-6 (heat/cool/heat 

cycles, heated from 25 oC to 260 oC with 10 oC/min then cooled to 25 oC with 10 
oC/min and heated again to 260 oC at 10 oC/min under nitrogen purge at a flow 

rate of 50 mL/min) 

3.3.2.3 Thermogravimetric Analysis (TGA)  

The degradation and thermal decomposition behaviour of the samples were 

studied by using Discovery TGA from TA Instruments, shown in Figure 3.20. 

TGA can accommodate 25 pans and an auto-sampler feature to enable users to 

run multiple samples in a wide range of temperatures, from ambient to 1200 oC 

(TA Instruments 2011). In the study, platinum pans were used and cleaned by a 

propane torch before the experiments in order to get accurate gravimetric 

measurements. The pans were loaded into carousel trays and then a tare of 

each pan was weighted. Trios software was used to set experimental procedure 

and process the data after tests. Approximately 10 mg of each material was 
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tested in the temperature range from 25 to 600 oC, with a heating rate of 10 
oC/min under nitrogen purge at a flow rate of 50 mL/min. 

 

Figure 3.20 Thermogravimetric Analyser, Discovery TGA 

Figure 3.21 shows a typical TGA curve for neat PA-6. Tonset (onset temperature) 

is the temperature in which the material decomposition starts and defined by 

intersecting point of two extrapolated lines in a thermogravimetric analysis. In 

this study, onset temperature of the samples was determined by using the 

software. 
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Figure 3.21 Graph showing a typical TGA curve of neat PA-6 (from 25 to 600 
oC, with a heating rate of 10 oC/min under nitrogen purge at a flow rate of 50 

mL/min) 

3.3.2.4 Video Extensometry Tensile T est 

The accurate measurement of strain has been a critical task in tensile tests 

(Wolverton et al. 2009). Determining very small changes in the strain 

measurements is generally not possible with conventional methods like 

mechanical coupling of a measurement tool on the specimen. In this regard, the 

video extensometry technique can be considered as an efficient and flexible 

technique that enables accurate strain measurements. Motivated by the need of 

recording accurate strain values during tensile testing, video extensometry 

technique was used for strain measurements and thus modulus in this research. 

Tensile tests were carried out at room temperature using Messphysik Beta �± 20 

kN tensile machine and a video extensometer (see Figure 3.22). 7 target marks 

(strips with black-white contrast) have been made on the specimens by using a 

marker pen (see Figure 3.23) and prepared for measurements. 
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Figure 3.22 Messphysik Beta-20 kN tensile test machine with video camera  

 

Figure 3.23 Sample used for video extensometry tensile test 

In principle, a video extensometer measures the change in the distance 

between marked targets (�û�/) after applying a mechanical strain to sample. The 

measured value is then divided to initial distance between the targets (Lo) in 

order to calculate strain using equation 2.12. 

A schematic representation of video extensometry tensile test is given in Figure 

3.24. Before starting the measurements, setting a test method and keeping the 

variables constant for each measurement are extremely important for accurate 

and reliable results. Any movement in sample or instrument possibly causes a 

change in the strain. Hence in this study, the distance between the specimen 
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and camera remained the same during the measurements and aligned samples 

had been fixed to grips of the tensile test machine (Coimbra et al. 2000). In 

order to enable black-white contrast of the targets on the specimen, a light 

source with a constant intensity was placed in the background. 

 

Figure 3.24 Schematic representation of video extensometry tensile test 

(Coimbra et al. 2000) 

After the camera had been focused on the targets of the specimen, the image 

recorded by camera was digitised. The brightness of each pixel was examined 

on a 256 level grey scale and stored in a frame buffer. The targets resulted in a 

remarkable contrast in the grey scale which were represented as distinct peaks 

after processing by software (Messphysik). These peaks enabled to software 

determine the targets and track them automatically over the test. A 20 kN load 

cell was attached to the tensometer and load was recorded concurrently with 

strain by a 16 bit analogue/digital interface. Finally, the software processed the 

data obtained from test (Coimbra et al. 2000).  

In the tests, the crosshead speed used was 5 mm/min. At least five samples 

were tested and average results with standard deviations were reported for 

each material. A typical stress-strain curve obtained from tensile test is shown 

in Figure 3.25. It should be noted that elongation at break values cannot be 
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recorded as the polymer elongated larger than record field of camera. Hence; 

tensile modulus, ultimate tensile strength, yield strength and strain values were 

obtained and discussed in the next chapter.  

 

Figure 3.25 Graph showing a typical stress-strain curve from tensile test result 

of neat PA-6 according to ISO 37_4 test standard at 5 mm/min crosshead 

speed 

3.3.2.5 Fourier Transformed Infrared Spectroscopy (FTIR)  

In order to understand the chain extension reaction between PA-6 end groups 

and Joncryl, the samples were analysed in attenuated total reflectance (ATR) 

mode using a Nicolet iS-50 FTIR spectrometer from Thermo Scientific (see 

Figure 3.26). The instrument has two tips; one flat and one concave which are 

usually used for powders and polymer pellets, respectively. After fitting the 

concave tip end of swivel pressure tower, the tip and diamond plate were gently 

wiped using acetone to avoid any contamination. Then, the software, Omnic 

was launched at set experimental parameters; a resolution of 2 cm-1, 32 scans 

with wavelength range of 600 - 4000 cm-1. Before placing any sample on the 

plate, the background was collected to subtract any undesirable residual peaks 

from the sample spectrum. After that, the polymer pellet was placed on the 

diamond plate, tightened with swivel pressure tower. Ultimately, the infrared 

Tensile modulus 

  Yield strain 

Yield strength 

Ultimate tensile strength 
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spectrum which is the plot of percent transmittance (%T, the measured percent 

of infrared radiation passes through the sample) vs. wavenumber was obtained. 

 

Figure 3.26 Nicolet iS-50 FT-IR spectrometer 

3.3.2.6 Transmission Electron Microscopy (TEM)  

Transmission electron microscopy (TEM) analysis was applied on two 

experimental sample sets (run 13 and 16) to assess the morphological 

properties of the nanocomposites and the effect of the chain extender on the 

dispersion of nanoclay in the PA-6 matrix. Ultra-sections were cryogenically cut 

with a diamond polymer knife at a temperature of -100 oC using a LEICA EM 

UC6 Ultramicrotome (see Figure 3.27). These samples were examined by a FEI 

TECNAI F30 Transmission Electron Microscope (see Figure 3.28). 

 

Figure 3.27 LEICA EM UC6 Ultramicrotome 
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Figure 3.28 FEI TECNAI F30 Transmission Electron Microscope 
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CHAPTER 4 

 

RESULTS and  DISCUSSION 

4.1 Introduction  

In this chapter, the results of the experiments carried out during this research 

are presented. The main objective of this research is finding out the effect of 

chain extender, therefore the chapter describes the results of the experiments 

on the effects of Joncryl on the structure of PA-6 and PA-6/organoclay.  

Structural changes are here measured using essentially rheology and 

mechanical properties with some further experiments; thermal (DSC), chemical 

(FTIR), microscopic (TEM) and degradation (TGA). The programme of 

experiment was carried out at two scales: one mimicking large scale using a 

linear twin-screw extruder and various mixers at small scale, the Haake Minilab 

Micro Compounder, Xplore 15 ml Micro Compounder and Bradford University 

Minimixer. The emphasis was on the use of the linear twin-screw extruder. 

4.2 Twin -Screw Extrusion  

It is well known that extruders are convenient for large scale production and 

usually preferred in the plastics industry. For compounding applications such as 

production of polymer nanocomposites twin-screw extruders are typically used 

owing to fact that they provide better mixing of nanoparticles within the polymer 

matrix. However, a twin-screw extruder can be used not only for compounding 

but also as a reactor which enables a desired reaction temperature and time to 

carry out a chemical reaction in a viscous media. Starting from this point of 

view, this section presents results of experiments using by a linear twin-screw 

extruder. 

These experiments were carried out to assess primary the effects of 

organoclay, chain extender separately and organoclay and chain extender 

together. Moreover, process conditions such as screw speed and temperature 

profile were considered within each sections.  The storage of selected samples 

under ambient conditions was also investigated. Rheological, mechanical and 
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thermal properties of obtained samples were studied comprehensively and 

classified into four sections: 

i. The effect of organoclay addition on the rheological, mechanical and 

thermal properties of PA-6. 

ii. The effect of chain extender addition on the rheological, mechanical and 

thermal properties of PA-6. 

iii. The effect of chain extender addition on the rheological, mechanical and 

thermal properties of PA-6/organoclay nanocomposites. 

iv. The effect of storage time on the rheological, mechanical and thermal 

properties of samples 

In addition to the rheological, mechanical and thermal characterisation, FTIR 

analysis was used to identify possible reactions between chain extender and 

the end groups of PA-6. TEM was also employed to provide visual information 

regarding the morphology of the selected samples. 

4.2.1 Rheological Properties  

In this part of the research, rheology was used to understand structural changes 

that occur following nanocomposition, thermal degradation, chain extension and 

storage. Initially, strain sweep tests were carried out to determine the strain 

values within the linear viscoelastic region. Subsequently, time sweep tests 

were carried out to verify the thermal stability of the samples at low frequencies 

and frequency sweep tests were performed to understand the viscoelastic 

response of the samples over an angular frequency range at fixed strain 

amplitude. Test specifications were described previously in section 3.3.2.1. 

4.2.1.1 Effect of Organoclay on the Rheological Properties of PA -6 

The composites that consist of dispersion of solid particles in the polymer matrix 

have an important place in the plastics industry due to their enhanced 

properties such as mechanical, rheological and barrier. Examination of 

rheological properties of the polymer nanocomposites have become crucial to 

obtain microstructural information on the dispersion state and orientation of the 
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particles in melt processing, such extrusion. As rheological properties are 

related to the structure and the interfacial properties, rheology is a very useful 

tool to determine the degree of polymer-clay interfacial interactions and the 

structure-property relations in the polymer/clay nanocomposites (Ray 2013). 

Time sweep experiments were carried out to understand changes in the 

viscoelastic properties of samples over time as it is believed that thermal 

degradation and chain extension reactions are time dependent behaviour. 

Figures 4.1-3 show the complex viscosity of PA-6 and PA-6 nanocomposites at 

2, 5 and 8 wt% organoclay loadings as a function of time respectively. As can 

be seen from these figures, all samples indicated reductions in complex 

viscosity over time. Such a behaviour was more significant with the 

nanocomposites due to the accelerated thermal degradation effect of 

organomodifier on the clay under high temperature and shear during rheological 

tests. Similar observations were made by Najafi et al. (2012a), Meng et al. 

(2012) and Ghanbari et al. (2013). This reduction is consistent with increasing 

organoclay content as a result of having a higher amount of organomodifier. 

Although thermal instability of nanocomposites was observed over time, it can 

be seen that incorporation of organoclay into the PA-6 matrix increased the 

magnitude of the complex viscosity due to polymer-filler interactions. 

It is also noteworthy to mention that frequency sweep test were performed over 

10 minutes. Therefore possible thermal degradation of samples during these 

tests should also be taken into account. For PA-6 samples, the decrease in 

complex viscosity within that time was lower than 5%, while the 

nanocomposites presented a 6-9% drop in the viscosity depending on 

organoclay loadings and processing conditions. 
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Figure 4.1 Complex viscosity as a function of time for PA-6 and PA-6/2 wt% 

C30B nanocomposites at different processing conditions (260 oC test 

temperature) 

 

Figure 4.2 Complex viscosity as a function of time for PA-6 and PA-6/5 wt% 

C30B nanocomposites at different processing conditions (260 oC test 

temperature) 
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Figure 4.3 Complex viscosity as a function of time for PA-6 and PA-6/8 wt% 

C30B nanocomposites at different processing conditions (260 oC test 

temperature) 

It is known that an oscillation frequency sweep test gives important information 

about structural conditions of the materials. From this point of view, Figures 4.4-

6 show complex viscosity of PA-6 and PA-6 nanocomposites at 2, 5 and 8% 

organoclay contents as a function of frequency. As can be seen from the 

graphs, the complex viscosity decreased with increasing frequency for all 

samples which indicated a typical shear thinning behaviour of polymers. PA-6 

samples showed a pseudo-Newtonian behaviour at low frequencies while all 

nanocomposites showed a marked shear thinning behaviour with increasing 

organoclay content.  

In the graphs, all extruded PA-6 samples presented process induced 

degradation with significantly lower viscosities than non-extruded PA-6.  

Amongst extruded samples, PA-6 processed at higher temperature showed the 

lowest viscosity at all frequencies due to the accelerated effect of high 

temperature on chain scission of the polymer. For samples processed at lower 

temperature, PA-6 extruded at 100 rpm screw speed demonstrated higher 

viscosities than at 200 rpm. This can be explained that at higher shear rates 

during extrusion, the physical bonds between the macromolecules were partially 

destroyed by the shear flow and thus viscosity decreased. At all organoclay 
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contents, nanocomposites showed higher viscosity values than extruded and 

non-extruded PA-6 samples. The increase in viscosity with incorporation of 

organoclay especially at low frequencies indicated polymer-particle, particle-

particle interactions and possible changes of the molecular structure of the 

polymer molecules. Increasing organoclay content led to an increase in 

viscosity values and shear thinning behaviour of the nanocomposites. Similar 

observations on the effect of organoclay were made by several researchers 

(Incarnato et al. 2002, Shah and Paul 2004, Huynh et al. 2011, Entezam et al. 

2015)  

With regard to the effect of processing conditions on the nanocomposites, 

nanocomposites including 2 wt% organoclay content were not affected while at 

higher organoclay contents such as 5 and 8 wt% concentrations, screw speed 

influenced complex viscosity remarkably. As can be seen from Figures 4.5 and 

4.6, nanocomposites processed at higher screw speed showed the highest 

viscosity values. This can be explained that higher shear led to a better 

dispersion of nanoclays when these were present in high amounts in the 

polymer matrix.  

 

Figure 4.4 Complex viscosity as a function of frequency for PA-6 and PA-6/2 

wt% C30B nanocomposites at different processing conditions (260 oC test 

temperature) 
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Figure 4.5 Complex viscosity as a function of frequency for PA-6 and PA-6/5 

wt% C30B nanocomposites at different processing conditions (260 oC test 

temperature) 

 

Figure 4.6 Complex viscosity as a function of frequency for PA-6 and PA-6/8 

wt% C30B nanocomposites at different processing conditions (260 oC test 

temperature) 

Complex viscosity vs. frequency curves are used to quantitatively explain the 

shear thinning behaviour of samples at low frequencies based on the power law 

given as follows:  
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nA� K � Z�
 �                                                                                                       (4.1) 

where A  is the sample pre exponential factor and n is the shear thinning 

exponent. A  and n values can be obtained from the slope and intercept of log 

(�K) vs. log( �Z) plot as follows: 

�� �� �� �� �� ��log log logk n� K � Z�  � �                                                                                  (4.2) 

Wagener and Reisinger (2003) proposed use of the shear thinning exponent to 

determine exfoliation degree of nanoclays within the polymer matrix. The 

magnitude of the shear thinning exponent is between 0 and 1, the higher 

degree of exfoliation results in higher n values. Once again, it should be noted 

this equation is only valid in the low frequency domain. This was explained that 

the rheological response represents unperturbed, unoriented platelet structures 

in the nanocomposites better at lower frequencies, while shear induced 

disturbance cannot be observed at higher frequencies empirically due to the 

solid like structure of nanocomposites at higher frequencies (Wagener and 

Reisinger 2003). 

Table 4.1 shows the shear thinning exponent values of PA-6 and organoclay 

nanocomposites. These results were calculated from the slope of log plots of 

complex viscosity vs frequency at 0.5-0.8 Hz frequency range and each plots 

are presented in Appendix A. As can be seen, PA-6 samples exhibited the 

lowest values, in most cases nearly zero and nanocomposites showed higher 

values due to the partially exfoliated structure. Amongst nanocomposites, 

values of shear thinning exponent increased with organoclay suggesting that 

increased organoclay amount led to the formation of interconnected network of 

nanoclays. 
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Table 4.1 Values of shear thinning exponent n for PA-6 and PA-6/C30B 

nanocomposites at different loadings and processing conditions 

Sample n 

Neat PA6 non-extruded -0.201 

PA6-ext 260 oC 100rpm -0.036 

PA6-ext 260 oC 200rpm -0.083 

PA6-ext 300 oC 100rpm -0.010 

PA6/2 C30B 260 oC 100rpm -0.245 

PA6/2 C30B 260 oC 200rpm -0.317 

PA6/2 C30B 300 oC 100rpm -0.300 

PA6/5 C30B 260 oC 100rpm -0.436 

PA6/5 C30B 260 oC 200rpm -0.500 

PA6/5 C30B 300 oC 100rpm -0.395 

PA6/8 C30B 260 oC 100rpm -0.428 

PA6/8 C30B 260 oC 200rpm -0.506 

PA6/8 C30B 300 oC 100rpm -0.475 

Figures 4.7-9 show storage modulus of PA-6 and PA-6 nanocomposites at 2, 5 

and 8 wt% organoclay contents as a function of frequency. It should be noted 

that the loss modulus vs. frequency plots of the corresponding samples are 

given in Appendix A. From Figures 4.7-9, it is observed that the storage 

modulus of all samples increased over the frequency as a function of elastic 

properties. The high frequencies which do not allow time for polymer chains to 

relax during oscillation resulted in increasing storage modulus trend of polymer 

samples over the frequency (Han 2007). As expected, extruded samples 

showed lower values than non-extruded PA-6 confirming decrease in molecular 

weight due to chain scission. Nanocomposites demonstrated pronounced 

changes in the storage modulus as a result of filler-polymer interactions. The 

effect of processing conditions on storage modulus of the samples showed 

similar trends with the complex viscosity results.  
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Figure 4.7 Storage modulus as a function of frequency for PA-6 and PA-6/2 

wt% C30B nanocomposites at different processing conditions (260 oC test 

temperature) 

 

Figure 4.8 Storage modulus as a function of frequency for PA-6 and PA-6/5 

wt% C30B nanocomposites at different processing conditions (260 oC test 

temperature) 
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Figure 4.9 Storage modulus as a function of frequency for PA-6 and PA-6/8 

wt% C30B nanocomposites at different processing conditions (260 oC test 

temperature) 

It should be noted that the viscosity and modulus curves tended to converge at 

higher frequencies. The converging behaviour showed that the data at high 

frequency are influenced by the resonance of the instrument and/or the physical 

bonds between the macromolecules are partially destroyed with increasing 

frequency. 

A better comparison of the storage modulus of samples can be made from 

Figures 4.10-12. These values were taken from the low frequency domain, 

selected as 1 Hz frequency to better represent the elastic properties of samples. 

As can be seen from these figures, process induced degradation led to a 

decrease in the storage modulus of PA-6 samples by more than half (around 

55% drop for PA6 samples extruded at 260 oC 100 rpm and 63% processed at 

300 oC 100 rpm) compared to non-extruded PA-6. At this frequency, 

nanocomposites processed at 260 oC and 200 rpm showed the highest values 

for all organoclay contents. When non-extuded PA-6 is taken as a base polymer 

for comparison with nanocomposites at the processing condition (260 oC and 

200 rpm), nanocomposites at 2, 5 and 8 wt% organoclay loadings indicated 

111, 395 and 772% increase in elastic modulus respectively. These results 

suggest a larger extent of exfoliation occurred in nanocomposites with 
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increasing organoclay concentration which results in a higher number of 

particle-polymer interactions. 

 

Figure 4.10 Comparison of storage modulus at a frequency of 1 Hz from 

frequency sweep test data for PA-6 and PA-6/2 wt% C30B nanocomposites at 

different processing conditions  

 

Figure 4.11 Comparison of storage modulus at a frequency of 1 Hz from 

frequency sweep test data for PA-6 and PA-6/5 wt% C30B nanocomposites at 

different processing conditions 
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Figure 4.12 Comparison of storage modulus at a frequency of 1 Hz from 

frequency sweep test data for PA-6 and PA-6/8 wt% C30B nanocomposites at 

different processing conditions 

4.2.1.2 Effect of Chain E xtender on the Rheological P roperties of PA -6 

Before studying chain extension of PA-6 and PA-6/organoclay nanocomposites, 

a careful examination should be made to identify the optimum chain extender(s) 

type for the chain extension reaction of PA-6. Therefore, the experiments in this 

study started with commercially available chain extenders, Joncryl ADR 3400 

and 4300.  

The efficiency of these chain extenders was presented in terms of rheology in 

Figures 4.13-15. From these results, it is obvious that Joncryl ADR 3400 

showed a significant increase in viscoelastic properties of PA6, even higher 

than the non-extruded PA-6. As can be seen from Figure 4.15, Joncryl ADR 

3400 increased the elastic modulus by 429% compared to extruded PA-6 and 

138% in comparison with the non-extruded PA-6, whilst Joncryl ADR 4300 

showed only a 30% increase compared to extruded PA6.   
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Figure 4.13 Complex viscosity as a function of frequency for PA-6 and PA-6/1 

wt% chain extenders (Joncryl ADR 4300 and 3400) processed at 260 oC and 

100 rpm (260 oC test temperature) 

 

 

Figure 4.14 Storage modulus as a function of frequency for PA-6 and PA-6/1 

wt% chain extenders (Joncryl ADR 4300 and 3400) processed at 260 oC and 

100 rpm (260 oC test temperature) 
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Figure 4.15 Comparison of storage modulus at a frequency of 1 Hz from 

frequency sweep test data for PA-6 and PA-6/1 wt% chain extenders (Joncryl 

ADR 4300 and 3400) processed at 260 oC and 100 rpm  

Once again, these results emphasised the importance of understanding thermal 

degradation mechanisms of PA-6 before studying chain extension. As 

described in section 2.8.1, chain scission of PA-6 starts from the thermally 

weakest bond, the alkyl-amide linkage bond (NH-CH2) and generates a terminal 

unsaturation and amine group (see Figure 2.27a). However, in the presence of 

water, chain scission of PA-6 results in the formation of carboxyl and amine end 

groups (see Figure 2.27b). Accordingly, chain extension of PA-6 via reactive 

extrusion is expected to occur from amine end groups when samples are dried 

before feeding to the extruder and nitrogen is used during extrusion. In this 

study, it is believed that careful sample drying and an inert atmosphere with 

nitrogen flow during extrusion considerably restricted the latter degradation 

reaction and thus formation of carboxyl groups. Therefore, Joncryl ADR 3400 

showed superior results than 4300. According to further thermal processing 

during extrusion, the samples containing Joncryl 4300 showed lower viscosity 

and modulus than non-extruded PA-6. These findings confirm that Joncryl ADR 

3400 is a more suitable chain extender to consider for PA-6 and was chosen as 

the chain extender of this study to use in rest of experiments. 
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After deciding optimum chain extender for the study, the limit in the use of the 

chain extender needs to be clarified. According to recommended use range (0-1 

wt%) of Joncryl 3400 by manufacturer, the chain extender concentration in this 

study was fixed at 1 wt%. To crosscheck the optimum amount and understand 

the effect of excess chain extender concentration on the reactive extrusion of 

PA-6, 1.5 wt% chain extender content was also used in compounding trials. 

Figures 4.16 and 17 demonstrate the effect of chain extender concentration on 

complex viscosity and elastic modulus respectively. It can be seen that the 

lower Joncryl concentration (1 wt%) revealed higher values which are apparent 

at lower frequencies. The significant differences between elastic modulus 

values of both chain extender concentrations at 1 Hz frequency can be 

observed clearly from Figure 4.18. The effect of chain extender concentration 

can be explained by the condensation mechanism of PA-6, the equation of 

which was given in equation 4.3. 

[RNH2�@�������>�í�&�2�2�+�@���<���>�5�1�+�&�2�í�@�������>�+2O]                                                      (4.3) 

Based on this equilibrium reaction, when an optimum amount of Joncryl is 

added to PA-6, amine end groups of PA-6 and anhydride groups of Joncryl 

react and result in a decrease in active chain end concentration of PA-6. On the 

other hand in the case of excess amount of Joncryl, Joncryl starts to react with 

all amine end groups of PA-6 and leads to a large displacement away from the 

condensation equilibrium. In order to put the system back into equilibrium, 

amine groups are released by chain scission of PA-6, which resulting in a 

molecular weight decrease. After these observations, the chain extender 

concentration was used as 1 wt% in the rest of experiments. 
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Figure 4.16 Complex viscosity as a function of frequency for PA-6 and PA-6 

with different chain extender concentrations processed at 260 oC and 100 rpm 

(260 oC test temperature) 

 

Figure 4.17 Storage modulus as a function of frequency for PA-6 and PA-6 with 

different chain extender concentrations processed at 260 oC and 100 rpm (260 
oC test temperature) 



 

117 
 

 

 

Figure 4.18 Comparison of storage modulus at a frequency of 1 Hz from 

frequency sweep test data for PA-6 and PA-6 with different chain extender 

concentrations processed at 260 oC and 100 rpm 

The rheology of PA-6 was found to be highly affected by chain extension. From 

Figure 4.19, it is evident that the chain extender had a significant effect in the 

control of thermal degradation of PA-6 over time. Moreover, the addition of 

Joncryl led to an increase in the magnitude of viscosity which indicated a 

molecular weight increase. One interesting fact about the samples containing 

chain extender is the increasing trend of complex viscosity over time and similar 

observations were reported previously for multifunctional chain extender-

polymer systems by Ghanbari et al. (2013) and Meng et al. (2012). This 

behaviour can be explained by an on-going chain extension reaction between 

anhydride groups of Joncryl and amine end groups of PA-6 in the rheometer. As 

described before, Joncryl is a multifunctional chain extender and therefore may 

need longer time to complete the chain extension reaction with PA-6. When the 

residence time in the extruder (ca. 1 min) is not sufficient to complete this 

reaction, the chain extension reaction may proceed during the rheological tests. 

With this point of view, the effect of residence time on the chain extension 

reaction can also be observed from samples processed at higher screw speed 

(PA6/1 JC 260 oC 200 rpm) indicating a greater increase over time in 

comparison with samples processed at lower screw speed. This confirms that 

Joncryl requires longer time to complete the chain extension reaction with PA-6.  
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Figure 4.19 Complex viscosity as a function of time for PA-6 with and without 

chain extender at different processing conditions (260 oC test temperature) 

In Figure 4.20, all samples showed shear thinning behaviour, as expected. With 

addition of Joncryl, the viscosity of the samples increased considerably 

compared to extruded PA-6, and the samples containing Joncryl at low 

processing temperature exhibited higher viscosities than non-extruded PA-6. 

These results suggest a molecular weight increase due to chain recoupling after 

the reaction of Joncryl and amine end groups of PA-6. Amongst the samples 

containing Joncryl, the sample processed at higher temperature showed the 

lowest viscosity. This could be explained that chain scission is higher than chain 

recoupling/extension at this high temperature and leads to such a viscosity 

decrease. One should note for this sample that, chain scission could be 

triggered by temperature during the rheological test. For samples processed at 

lower temperature, PA6/1 JC 260 oC 100 rpm showed higher viscosities at low 

frequencies. The effect of screw speed on the viscosity of chain extended 

samples can be explained by the residence time in the extruder, in other words 

chain extension reaction time. As indicated in the time sweep test, these results 

confirm that the chain extension reaction between Joncryl and PA-6 needs 

more time and residence time in the extruder may not be enough to complete 

this reaction.  
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Figure 4.20 Complex viscosity as a function of frequency for PA-6 with and 

without chain extender at different processing conditions (260 oC test 

temperature) 

It is known that the storage modulus is sensitive to the melt elasticity of a 

polymer network. Therefore, the investigation of the storage modulus is 

necessary to acquire an understanding of polymer molecular structure after the 

addition of the chain extender (Corre et al. 2011). Figure 4.21 shows that the 

samples containing chain extender result in higher storage modulus values 

compared to PA-6 samples especially at low frequencies. A better comparison 

can be made from Figure 4.22. All samples with chain extender showed 

significant improvement in comparison with extruded PA-6 at the same 

processing conditions. PA6/1 JC 260 oC 100 rpm and PA6/1 JC 260 oC 200 rpm 

indicated 137% and 40% increase in the storage modulus respectively 

compared to non-extruded PA-6. 
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Figure 4.21 Storage modulus as a function of frequency for PA-6 with and 

without chain extender at different processing conditions (260 oC test 

temperature) 

 

Figure 4.22 Comparison of storage modulus at a frequency of 1 Hz from 

frequency sweep test data for PA-6 with and without chain extender at different 

processing conditions 

Such remarkable increase in modulus and viscosity can be linked to cross-

linking/gelation or chain branching structure in addition to linear ones (Ghanbari 

et al. 2013). In order to investigate the gelation, a gel content test was carried 

out at 55 oC by dissolving 0.8 g of samples containing Joncryl in 20 mL of 2,2,2 
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trifluoroethanol (TFE). In half an hour, all samples were completely dissolved, 

confirming no gel formation in the samples. This observation points out the 

presence of a long chain branched structure in the samples containing Joncryl. 

The long chain branching structure was also observed for multifunctional chain 

extender-polymer systems in previous studies by Corre et al. (2011), Najafi et 

al. (2012a), Najafi et al. (2012b), Al-Itry et al. (2012), Meng et al. (2012), 

Ghanbari et al. (2013), Al-Itry et al. (2014), Carrasco et al. (2014) and Al-Itry et 

al. (2015). 

It is known that one of the most challenging molecular structure-rheology 

relationships to investigate empirically is the effect of long chain branching 

(Wood-Adams et al. 2000). Although there are many studies on model 

branched polymers with known topologies like stars or combs, to obtain a 

reliable data for randomly branched polymers is difficult due to their complicated 

and different structures from industrial materials (Levine and Milner 1998).  

Studying long chain branched structures becomes more complex for several 

reasons such as degree, length and architecture of the branching. In the 

literature, several experimental techniques have been used to investigate the 

effect of long chain branching on the linear viscoelastic properties of polymers 

particularly polyethylene (Wood-Adams et al. 2000, Delgadillo-Velazquez et al. 

2008). In this study, the effect of long chain branching was studied using a 

rheological approach, the success or failure in application of time-temperature 

superposition principle. 

The rheology is related to temperature and therefore experiments should be 

done at different temperatures to understand behaviour completely. The data 

(G' and G") taken at several temperatures can be superimposed on a master 

curve by the way of time-temperature superposition which explains the effect of 

temperature in principle (Dealy and Wissbrun 1990). The principle behind time-

temperature superposition can be described in the following assumption. For a 

thermorheologically simple material, change in temperature leads to change in 

molecular motion rate while sequence of molecular relaxation is unchanged. 

Therefore, the relaxation times are presumed to be equally influenced by 

temperature changes. However, molecular motion rate and sequence of 
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molecular processes are effected with change in temperature for a 

thermorheologically complex material. The data curves cannot be 

superimposed and the shift factor is valid for this type of material which 

depends on temperature and frequency (Al-Itry et al. 2014).  

In the light of this information, Wood-Adams and Costeux (2001) proposed a 

useful rheological approach to investigate the thermorheological behaviour of 

polymer melts based on the plot of magnitude of the complex modulus vs the 

multiplying of zero shear viscosity and frequency. As can be seen in Figure 

4.23, the plots are superimposed which exhibited temperature independent 

behaviour of simple materials, whilst the samples show temperature dependent 

behaviour of complex materials in Figure 4.24. Based on this consideration, the 

neat PA-6 samples with a linear chain structure are thermorheologically simple 

and the samples PA-6 containing Joncryl are thermorheologically complex due 

to the branched structure. 

 

Figure 4.23 An example of simple behaviour (neat PA6-non extruded) at three 

different rheological test temperatures (260, 270 and 280 oC) 
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Figure 4.24 An example of complex behaviour (PA6/1 wt% JC 260 oC 100 rpm) 

at three different rheological test temperatures (260, 270 and 280 oC) 

It is also noteworthy to mention that, the samples containing Joncryl in this 

study are a mixture of linear and randomly-branched chains. Therefore, a better 

determination can be obtained when the branching structure is identified by 

modelling of the branching reactions.  

As another approach to consider the effect of long chain branching, Wood-

Adams et al. (2000) proposed a plot of loss angle ���/� �D�U�F�W�D�Q���*�����*�
��) vs. 

frequency. The loss angle instead of storage modulus and complex viscosity 

was used in several studies on understand chain structure due to its higher 

sensitivity to structures (Al-Itry et al. 2014). Accordingly, samples in this study 

are divided into two classes in Figure 4.25. The first class, including neat PA-6 

samples (extruded and non-extruded). These show a plateau region at low 

frequency with a mild bend and loss angle values close to 90o at low frequency. 

The second class consists of Joncryl samples with a steeper plot and lower loss 

angle values. The differences between the plots clearly show differences in the 

samples, linear and branched structures in regard to this study. The patterns of 

the plots are consistent with previous studies of the effect of chain branching on 

linear viscoelastic properties by Najafi et al. (2012a) and Ghanbari et al. (2013).  
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Figure 4.25 Loss angle as a function of frequency for PA-6 with and without 

chain extender at different processing conditions (260 oC test temperature) 

4.2.1.3 Effect of Chain Extender on the Rheological P roperties of PA -

6/Organoclay N anocomposites  

In earlier rheological experiments, it was observed that PA-6 and PA-

6/organoclay nanocomposites were exposed to thermal degradation during melt 

compounding. When considering the presence of organoclays which 

accelerates degradation, it is then necessary to investigate the effect of chain 

extender on the rheological properties of PA-6/organoclay nanocomposites. 

Figures 4.26-28 show the variation of complex viscosity with time for PA6 

organoclay nanocomposites with and without chain extender at 2, 5 and 8 wt% 

organoclay loadings respectively. It can be observed that Joncryl aided control 

of thermal degradation of nanocomposites over time during tests. However, 

when these results are compared with PA-6/Joncryl systems, Joncryl did not 

have such an influence on the nanocomposites in the presence of the 

organomodifier. Similar observations were made by Najafi et al. (2012b). For 

nanocomposites processed at higher temperature (300 oC), the effect of Joncryl 

on thermal stability is less than for samples processed at 260 oC due to having 

a greater number of chain end groups which accelerates thermal degradation 

further during rheological tests. 
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Figure 4.26 Complex viscosity as a function of time for PA-6/2 wt% C30B 

nanocomposites with and without chain extender at different processing 

conditions (260 oC test temperature) 

 

Figure 4.27 Complex viscosity as a function of time for PA-6/5 wt% C30B 

nanocomposites with and without chain extender at different processing 

conditions (260 oC test temperature) 
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Figure 4.28 Complex viscosity as a function of time for PA-6/8 wt% C30B 

nanocomposites with and without chain extender at different processing 

conditions (260 oC test temperature) 

The complex viscosity of PA-6 nanocomposites with and without chain extender 

at 2, 5 and 8 wt% organoclay contents as a function of frequency are shown in 

Figures 4.29-31 respectively. As seen from Figures 4.29 and 30, the 

nanocomposites containing Joncryl showed higher viscosities than those 

without Joncryl, confirming the control of thermal degradation of 

nanocomposites. These results may be attributed to a molecular weight 

increase due to chain extension and/or branching or an increase in the extent of 

nanoclay exfoliation within the PA-6 matrix which will be investigated in the 

following discussion. For the effect of processing conditions on nanocomposites 

containing Joncryl, the sample processed at higher extrusion temperature 

showed the lowest viscosity values at all organoclay contents which indicating 

that process induced degradation increased with processing temperature, as 

expected. High processing temperatures such as 300 oC accelerate thermal 

degradation of the clay organomodifier thus chain scission dominates chain 

recoupling and leads to a decrease in efficiency of the chain extension reaction. 

For the highest organoclay content (see Figure 4.31), the effect of processing 

temperature on the Joncryl based nanocomposite was observed remarkably. 

This may be attributed to increasing thermal degradation with high organoclay 

content which Joncryl cannot overcome. The Joncryl based nanocomposites 
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processed at a lower temperature and screw speed (260 oC and 100 rpm) 

indicated slightly higher viscosity values at all organoclay contents, and this 

increase was more profound at 5 wt%. These results are consistent with the 

findings from PA-6/Joncryl samples from the previous section-4.2.1.2 (see 

Figure 4.19) leading to conclude that the residence time at higher screw speed 

is not enough to complete chain extension reaction of Joncryl with PA-6 or PA-

6/organoclay nanocomposites. 

 

Figure 4.29 Complex viscosity as a function of frequency for PA-6/2 wt% C30B 

nanocomposites with and without chain extender at different processing 

conditions (260 oC test temperature) 

 

Figure 4.30 Complex viscosity as a function of frequency for PA-6/5 wt% C30B 

nanocomposites with and without chain extender at different processing 

conditions (260 oC test temperature) 
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Figure 4.31 Complex viscosity as a function of frequency for PA-6/8 wt% C30B 

nanocomposites with and without chain extender at different processing 

conditions (260 oC test temperature) 

Table 4.2 presents shear thinning exponents for nanocomposites with and 

without chain extender. Essentially, this table explains by means of using a 

numerical rheological approach that the effect of Joncryl on the clay exfoliation. 

In this table, it is obvious that Joncryl caused an increase in values for 

nanocomposites. The higher level of exfoliation of Joncryl based 

nanocomposites can be explained by a higher viscosity matrix in the presence 

of Joncryl which generates higher shear stresses enabling the breakdown of 

large clay tactoids breakdown into individual layers (Ghanbari et al. 2013). 
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Table 4.2 Values of shear thinning exponent n for PA-6/C30B nanocomposites 

with and without chain extender at different loadings and processing conditions 

Sample n 

PA6/2 C30B 260 oC 100rpm -0.245 

PA6/2 C30B 260 oC 200rpm -0.317 

PA6/2 C30B 300 oC 100rpm -0.300 

PA6/5 C30B 260 oC 100rpm -0.436 

PA6/5 C30B 260 oC 200rpm -0.500 

PA6/5 C30B 300 oC 100rpm -0.395 

PA6/8 C30B 260 oC 100rpm -0.428 

PA6/8 C30B 260 oC 200rpm -0.506 

PA6/8 C30B 300 oC 100rpm -0.475 

PA6/1 JC/2 C30B 260 oC 100rpm -0.510 

PA6/1 JC/2 C30B 260 oC 200rpm -0.522 

PA6/1 JC/2 C30B 300 oC 100rpm -0.439 

PA6/1 JC/5 C30B 260 oC 100rpm -0.650 

PA6/1 JC/5 C30B 260 oC 200rpm -0.577 

PA6/1 JC/5 C30B 300 oC 100rpm -0.545 

PA6/1 JC/8 C30B 260 oC 100rpm -0.671 

PA6/1 JC/8 C30B 260 oC 200rpm -0.568 

PA6/1 JC/8 C30B 300 oC 100rpm -0.663 

The storage modulus as a function of frequency for PA-6 nanocomposites with 

and without chain extender at 2, 5 and 8 wt% organoclay concentrations are 

shown in Figures 4.32-34. Joncryl based nanocomposites showed higher elastic 

modulus values compared to those without Joncryl as a result of chain 

extension/branching and improved clay exfoliation. The trend for the effect of 

processing conditions on the storage modulus of samples containing Joncryl 

are consistent with those for complex viscosity.  
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Figure 4.32 Storage modulus as a function of frequency for PA-6/2 wt% C30B 

nanocomposites with and without chain extender at different processing 

conditions (260 oC test temperature) 

 

Figure 4.33 Storage modulus as a function of frequency for PA-6/5 wt% C30B 

nanocomposites with and without chain extender at different processing 

conditions (260 oC test temperature) 
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Figure 4.34 Storage modulus as a function of frequency for PA-6/8 wt% C30B 

nanocomposites with and without chain extender at different processing 

conditions (260 oC test temperature) 

For comparison, the elastic modulus values of samples at 1 Hz frequency taken 

from frequency sweep tests are shown in Figures 4.35-37 at 2, 5 and 8 wt% 

organoclay contents respectively. A remarkable increase can be observed with 

incorporation of Joncryl to nanocomposites in all figures. Amongst the Joncryl 

based nanocomposites, the samples extruded at 260 oC and 100 rpm showed 

the highest values. For this processing condition, Joncryl based 

nanocomposites at 2, 5 and 8 wt% organoclay contents showed 144, 132 and 

156% increase in elastic modulus respectively compared to those without 

Joncryl. 
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Figure 4.35 Comparison of storage modulus at a frequency of 1 Hz from 

frequency sweep test data for PA-6/2 wt% C30B nanocomposites with and 

without chain extender at different processing conditions 

Figure 4.36 Comparison of storage modulus at a frequency of 1 Hz from 

frequency sweep test data for PA-6/5 wt% C30B nanocomposites with and 

without chain extender at different processing conditions 
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Figure 4.37 Comparison of storage modulus at a frequency of 1 Hz from 

frequency sweep test data for PA-6/8 wt% C30B nanocomposites with and 

without chain extender at different processing conditions 

4.2.1.4 Effect of Storage Time  on Rheological Properties  

Beside thermal degradation during melt processing, it is important to investigate 

other possible degradation cases of PA-6. PA-6 is known for its hydrophilic 

character absorbing moisture from the atmosphere during its use and storage. 

According to Raghavalu et al. (2011), moisture absorption of polyamide at 

standard conditions (�������ƒ�&���D�Q�G�����������U�H�O�D�W�L�Y�H���K�X�P�L�G�L�W�\) takes time and changes 

according to the specification of the polyamide. Samples thinner than 3 mm can 

reach equilibrium in one year, while it can take years for thicker samples. Such 

effects of moisture can influence properties of PA-6. In this regard, this part of 

the research deals with the effect of storage time (6 months) on the properties 

of selected samples stored under ambient conditions (20 �r 2 oC and 64 �r 2% 

relative humidity). Rheological properties of the samples; PA-6 non-extruded 

and PA6/1 JC, PA6/5 C30B, PA6/1 JC/5 C30B extruded at 260 oC 100 rpm 

were investigated. The same test procedures used in the previous sections 

were applied to characterise samples. 

Figures 4.38 and 39 show that the storage time led to a significant decrease in 

the viscosity of samples. This decrease in complex viscosity may be attributed 

moisture absorption of PA-6 which leads to hydrolytic degradation and thus 
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chain scission. The degradation reaction which was given in Figure 2.27b can 

be considered for this degradation. In this proposed reaction; although the 

temperature is much higher than ambient conditions, it should be noted that 

higher temperatures lead to more rapid hydrolytic degradation but degradation 

can still occur over longer times for ambient conditions (Raby 2010). Thus, it 

can be concluded that moisture absorption of PA-6 at longer storage time 

results in the hydrolytic degradation of polyamide-6 and a significant decrease 

in the viscoelastic properties. In Figure 4.38, the thermal degradation of PA-6 

and organoclay nanocomposites can be observed with test time, where it is 

more pronounced for nanocomposites due to the accelerated effect of the 

organomodifier on chain scission. Incorporation of chain extender restricted the 

decrease in viscosity of samples over time. As it has been mentioned before, 

the increasing viscosity trend of PA-6 containing chain extender over time 

indicates an on-going chain extension reaction during the tests in the rheometer 

as a result of insufficient time during extrusion to complete such reaction. The 

trends in the complex viscosity of samples showed similarity with the data from 

frequency sweep test which is shown in Figure 4.39. 

 

Figure 4.38 Complex viscosity as a function of time for selected samples with 

six months storage time (260 oC test temperature) 
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Figure 4.39 Complex viscosity as a function of frequency for selected samples 

with six months storage time (260 oC test temperature) 

The storage modulus of samples as a function of frequency is presented in 

Figure 4.40 and a better comparison of these results is made in Figure 4.41. In 

Figure 4.41; 48, 53, 56 and 42% decrease in elastic modulus were observed 

after 6 months storage for PA6 non-extruded and PA6/1 JC, PA6/5 C30B, 

PA6/1 JC/5 C30B extruded at 260 oC 100 rpm, respectively. Based on the 

findings above, it can be concluded that the storage time negatively influences 

the viscoelastic properties of PA-6 based samples with as a result of hydrolytic 

degradation. 

 

Figure 4.40 Storage modulus as a function of frequency for selected samples 

with six months storage time (260 oC test temperature) 



 

136 
 

 

 

Figure 4.41 Comparison of storage modulus at a frequency of 1 Hz from 

frequency sweep test data for selected samples with six months storage time 

4.2.2 Mechanical Properties  

In general, polymer/clay (modified or unmodified) nanocomposites showed 

enhanced mechanical properties in comparison with neat polymers. The main 

reason for such improvement is believed from the interaction of clay and 

polymer matrix at the nanoscale level. The mechanical properties of a polymer 

matrix can change in several ways with addition of pristine or organically clay 

particles. The clay itself can exert high toughness and strength by means of its 

own mechanical properties. Alternatively, the clay platelets can hinder failure by 

blocking craze formation (Ray 2013). For polymer/clay nanocomposites, the 

extent of clay exfoliation and the degree of interfacial interaction between clay 

and polymer matrix are two important factors that directly influence the 

mechanical properties of resulting nanocomposites. On the other hand, 

mechanical properties are sensitive to the molecular weight of samples 

therefore any change in the molecular weight due to degradation or chain 

extension can be observed by examination of mechanical properties. In this 

regard, this part of research investigates the mechanical properties of the 

samples using by video extensometry tensile test method, the test 

specifications of which were described in section 3.3.2.4. 
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4.2.2.1 Effect of Organoclay on the Mechanical P roperties of PA -6 

Tensile modulus data of PA-6 and PA-6/organoclay nanocomposites at different 

processing conditions for 2, 5 and 8 wt% organoclay loadings are shown in 

Figures 4.42-44 respectively. It is obvious that all extruded PA-6 samples 

showed lower tensile modulus than the non-extruded PA-6. This indicates that 

thermal degradation of PA-6 occurred during extrusion and decrease in 

molecular weight due to chain scission of PA-6. At higher extrusion temperature 

(300 oC), the sample showed a 40% decrease in tensile modulus compared to 

non-extruded PA-6. As described earlier in section 2.8.1, several degradation 

reactions of PA-6 at high temperatures can be the reason for such a distinct 

reduction. Regardless of processing conditions and organoclay content, 

nanocomposites showed higher tensile modulus than extruded or non-extruded 

PA-6.  

The increase in the modulus of nanocomposites can be explained by high 

resistance imparted by the clay itself, larger extent of nanoclay dispersion and 

improved interaction between PA-6 matrix and the modifier of clay which 

decreased the interlayer adhesion and enhanced the compatibility with PA-6 via 

strong polar interactions (Phang et al. 2005, Isik et al. 2008). As described in 

the study by Mallakpour and Dinari (2013), the degree in the enhancement of 

the modulus is directly related to the aspect ratio and dispersion of the silicate 

layers. In Figure 4.42, as expected, the nanocomposite produced at higher 

extrusion temperature (PA6/2 C30B 300 oC 100 rpm) showed the lowest tensile 

modulus a 2% increase compared to non-extruded PA-6. This may be attributed 

to extent of exfoliation due to lower matrix melt viscosity and/or the thermal 

degradation reaction of organoclay surfactant at high temperatures, the 

proposed reaction which was presented in section 2.8.2. It is seen that the 

sample produced at higher screw speed (PA6/2 C30B 260 oC 200 rpm) showed 

the highest tensile modulus value with 39% increase compared to non-extruded 

PA-6. Higher shear rate during extrusion enables to break clay agglomerates 

and promote clay dispersion in the PA-6 matrix can be result of such modulus 

increase. It can also be considered that lower residence time may be affect 

modulus as nanocomposites are sensitive to thermal exposure time which was 
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observed by time sweep measurements in the rheological tests (see Figure 

4.1). 

 

Figure 4.42 Tensile modulus data of PA-6 and PA-6/2 wt% C30B 

nanocomposites at different processing conditions 

From Figures 4.43 and 44, it can be seen that nanocomposites showed 

significant increase in tensile modulus with increased organoclay content. 

Similar observations were made by for PA-6/organoclay nanocomposites by 

Fornes et al. (2004), Shah and Paul (2004), Gonzalez et al. (2008). Unlike 

nanocomposites at 2 wt% organoclay concentration, processing temperature 

did not influence tensile modulus significantly for those at 5 and 8 wt% 

concentrations. This behaviour may be related to higher exfoliation of 

nanocomposites extruded at 300 oC for 5 and 8 wt% organoclay loadings which 

were calculated by using shear thinning exponent in the rheological tests. 

Amongst the nanocomposites, PA-6/5 C30B 260 oC 100 rpm showed a 53% 

increase in modulus compared to non-extruded PA-6. TEM observations on this 

sample confirmed that excellent exfoliation of nanoclay is the most important 

reason of such an increase (will be presented in section 4.2.4).  

In addition, PA-6/8 C30B 260 oC 200 rpm had the highest modulus at 8 wt% 

loading with a 66% increase comparison with non-extruded PA-6.  
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Figure 4.43 Tensile modulus data of PA-6 and PA-6/5 wt% C30B 

nanocomposites at different processing conditions 

 

Figure 4.44 Tensile modulus data of PA-6 and PA-6/8 wt% C30B 

nanocomposites at different processing conditions 

Yield strength data of PA-6 and PA-6/organoclay nanocomposites at different 

processing conditions for 2, 5 and 8 wt% organoclay loadings are shown in 

Figures 4.45-47 respectively. Extruded PA-6 samples demonstrated a reduction 

in yield strength suggesting decreased molecular weight due to thermal 

degradation during processing. In all organoclay loadings, nanocomposites 

showed higher yield strength values than extruded PA-6 samples due to strong 

interactions between polymer chains and organoclay. The increase in yield 

strength with organoclay loading for PA-6 was also observed by Chow and 
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Mohd Ishak (2007), Gonzalez et al. (2008) and Araujo et al. (2011). In Figure 

4.46, nanocomposites demonstrated higher yield strength values than not 

extruded PA-6 which may be attributed to increased levels of organoclay 

exfoliation. Higher organoclay exfoliation increases polymer/organoclay contact 

area (interfacial area) and results in higher yield strength. 

 

Figure 4.45 Yield strength data of PA-6 and PA-6/2 wt% C30B nanocomposites 

at different processing conditions 

 

Figure 4.46 Yield strength data of PA-6 and PA-6/5 wt% C30B nanocomposites 

at different processing conditions 
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Figure 4.47 Yield strength data of PA-6 and PA-6/8 wt% C30B nanocomposites 

at different processing conditions 

Ultimate tensile strength data of PA-6 and PA-6/organoclay nanocomposites at 

different processing conditions for 2, 5 and 8 wt% organoclay loadings are 

shown in Figures 4.48-50. Ultimate tensile strength of extruded PA-6 samples 

decreased as a result of thermal degradation of polymer during extrusion. As 

before, in all organoclay loadings, nanocomposites showed higher tensile 

strength values as extruded PA-6 samples. The presence of clay particles into 

PA-6 matrix increases tensile strength as a significant portion of applied load 

may be carried by the clay particles (Ghanbari et al. 2013). Also, the higher 

tensile modulus of nanocomposites can be attributed to polar interactions 

between PA-6 matrix and the modifier of clay which decreased the interlayer 

adhesion and enhanced the compatibility of PA-6 and clay. With increased 

organoclay loading and possible increased exfoliation of layered silicates which 

was observed by rheological tests, the nanocomposites at 5 and 8 wt% 

concentrations showed enhanced tensile strength values compared to non-

extruded PA-6. At both loadings, nanocomposites at 5 wt% organoclay 

concentration showed slightly higher results than those at 8 wt% loading despite 

lower organoclay concentration suggesting that higher exfoliation of 

nanocomposites at 5 wt% loading which was obtained by rheological tests. 
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Figure 4.48 Ultimate tensile strength data of PA-6 and PA-6/2 wt% C30B 

nanocomposites at different processing conditions 

 

Figure 4.49 Ultimate tensile strength data of PA-6 and PA-6/5 wt% C30B 

nanocomposites at different processing conditions 
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Figure 4.50 Ultimate tensile strength data of PA-6 and PA-6/8 wt% C30B 

nanocomposites at different processing conditions 

Yield strain data of PA-6 and PA-6/organoclay nanocomposites at different 

processing conditions for 2, 5 and 8 wt% organoclay loadings are shown in 

Figures 4.51-53. Amongst the PA-6 samples, PA-6 processed at 300 oC 

showed the highest yield strain due to shorter chains which lead to an increase 

in mobility of polymer chains. As expected, the introduction of clay particles to 

PA-6 matrix results in a reduction of the yield strain and more brittleness. In all 

organoclay loadings, nanocomposites showed lower yield strain values than 

PA-6 and the yield strain decreased monotonously with increased organoclay 

loading. Ghanbari et al. (2013) indicated that; lower elongation at break values 

of organoclay nanocomposites can be attributed to presence of clay 

agglomerates which resulted in formation of microvoids thus triggered the crack 

propagation throughout the matrix. Coalescence of such microvoids and 

formation of large cracks caused brittle behaviour of the nanocomposites. The 

study on PA-6/organoclay nanocomposites by He et al. (2008) reported similar 

behaviour on mechanical properties of nanocomposites. Accordingly, one of the 

main reasons of brittle behaviour of PA-6/organoclay nanocomposites can be 

thermal degradation of organoclay nanocomposites due to high processing 

temperatures which would favour the formation of cracks in the polymer matrix. 

Microdeformation mechanisms such as crazing and microcracking can be 

considered as significant deformation incidents for this behaviour of 

nanocomposites. Basically, crazing may occur in many crystalline polymers 
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when exposed to deformation. Crazing is an energy absorption which causes 

failure of polymers. In the mechanical properties of polymers, craze formation 

and concentration are important factors to be considered. A large number of 

crazes during deformation can result in a tough polymer as whilst few crazes 

can cause early and low failure resulting in a brittle structure (He et al. 2008). 

The latter situation may clarify decreased yield strain values of nanocomposites 

in this study. 

 

Figure 4.51 Yield strain data of PA-6 and PA-6/2 wt% C30B nanocomposites at 

different processing conditions 

 

Figure 4.52 Yield strain data of PA-6 and PA-6/5 wt% C30B nanocomposites at 

different processing conditions 
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Figure 4.53 Yield strain data of PA-6 and PA-6/8 wt% C30B nanocomposites at 

different processing conditions 

4.2.2.2 Effect of Chain extender on the Mechanical P roperties of PA -6 

Effect of chain extender on the tensile modulus of PA-6 is illustrated in Figure 

4.54. For all processing conditions, the chain extender increased the tensile 

modulus of extruded PA-6 and also resulted in higher values than non-extruded 

PA-6. The increase in modulus for Joncryl/PA-6 systems may be attributed to 

an increased molecular weight and formation of long chain branching structure 

as confirmed by rheology. Amongst the samples containing chain extender, the 

sample processed at higher temperature (see PA6/1 JC 300 oC 100 rpm) 

showed a 10% increase compared to the non-extruded PA-6. For the same 

processing condition, it is also seen that addition of Joncryl resulted a 

remarkable increase from 1685,78 MPa to 3092,8 MPa with 85% improvement 

in modulus. Such increased tensile modulus for higher processing temperature 

can be attributed to chain extension reaction of Joncryl and PA-6. This reaction 

is highly dependent on temperature which favours high reaction temperature 

and having more end groups as a result of chain scission at higher extrusion 

temperature, Joncryl reacts with more PA-6 amine end groups which leads to 

an increase in chain extension and molecular weight. A similar conclusion was 

also made by Meng et al. (2012) for PLA-chain extender systems. Accordingly, 

higher compounding temperature enables chain extender to react with more 

polymer end groups, which results in an increase of viscosity. For reactive 
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extrusion at 260 oC, the sample which was produced at lower screw speed 

(PA6/1 JC 260 oC 100 rpm) showed slightly higher tensile modulus than the 

processed at 200 rpm. This suggests that chain extension reaction in extruder 

needs longer residence time at higher screw speed which was confirmed by 

time sweep measurements in the rheological tests. Awaja et al. (2004) reported 

similar behaviour that higher residence times increase chain extension reaction 

conversion, resulting in an increase in molecular weight and thus higher tensile 

modulus.  

 

Figure 4.54 Tensile modulus data of PA-6 with and without chain extender at 

different processing conditions 

Figures 4.55 and 56 show yield strength and ultimate tensile strength results 

respectively. As seen from both graphs, the strength values decreased for 

extruded PA-6 samples compared to non-extruded PA-6 suggesting decreased 

molecular weight. This again emphasised the chain scission of PA-6 as a result 

of thermal degradation during extrusion. Moreover the sample extruded at 

higher temperature (300 oC) showed the lowest strength due to larger thermal 

exposure of PA-6 during extrusion caused degradation. PA-6 containing Joncryl 

showed higher yield and ultimate tensile strength than those without Joncryl at 

all processing conditions and comparable values with non-extruded PA-6. 

Samples, PA-6/1 JC 300 oC 100 rpm and PA-6/1 JC 260 oC 100 rpm, showed 

larger strength values than PA-6/1 JC 260 oC 200 rpm due to the enhanced 

effect of high temperature and residence time on the chain extension reaction. 
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Figure 4.55 Yield strength data of PA-6 with and without chain extender at 

different processing conditions 

 

Figure 4.56 Ultimate tensile strength data of PA-6 with and without chain 

extender at different processing conditions 

Yield strain data of PA-6 with and without chain extender at different processing 

conditions is illustrated in Figure 4.57. The samples containing Joncryl showed 

lower yield strain values than those without Joncryl. A similar behaviour was 

reported by Najafi et al. (2012b), Al-Itry et al. (2012) and Ghanbari et al. (2013). 

Accordingly, long chain branching increases entanglement density of the 

polymer structure and restricts orientation of polymer chains upon elongation 

which results in a decrease in strain values. For PA-6 without Joncryl, higher 

extrusion temperatures led to an increase in yield strain due to chain scission. 
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The formation of shorter chains after thermal degradation results in larger 

mobility of polymer chains thus elongation increases.  

 

Figure 4.57 Yield strain data of PA-6 with and without chain extender at different 

processing conditions 

4.2.2.3 Effect of Chain E xtender on the Mechanical P roperties of PA -

6/Organoclay N anocomposites  

Tensile modulus data of PA-6/organoclay nanocomposites with and without 

chain extender at different processing conditions and organoclay loadings are 

shown in Figures 4.58-60. The addition of Joncryl led to an increased tensile 

modulus of nanocomposites in all cases indicating higher molecular weight of 

nanocomposites due to chain extension. Besides, the higher modulus of 

nanocomposites containing Joncryl may be attributed to a better dispersion of 

silicate nanolayers into the PA-6 matrix as confirmed by rheology. From Figure 

4.58, PA-6/1 JC/2 C30B 260 oC 100 rpm showed a 38% increase compared to 

the nanocomposite without chain extender processed at the same extrusion 

conditions. This remarkable increase at such a low chain extender content (1 

wt%) clearly indicates that Joncryl leads to an increase in exfoliation of layered 

silicates into the polymer matrix. This may be attributed to increased shear force 

by the higher molecular weight matrix during extrusion. 
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Figure 4.58 Tensile modulus data of PA-6/2 wt% C30B nanocomposites with 

and without chain extender at different processing conditions 

 

Figure 4.59 Tensile modulus data of PA-6/5 wt% C30B nanocomposites with 

and without chain extender at different processing conditions 
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Figure 4.60 Tensile modulus data of PA-6/8 wt% C30B nanocomposites with 

and without chain extender at different processing conditions 

Yield strength data of PA-6/organoclay nanocomposites with and without chain 

extender at different processing conditions and organoclay loadings are shown 

in Figures 4.61-63. As expected, Joncryl based nanocomposites showed higher 

yield strength than nanocomposites containing no chain extender. This 

suggests increased molecular weight and/or exfoliation of nanoclays into the 

polymer matrix due to chain extension. 

 

Figure 4.61 Yield strength data of PA-6/2 wt% C30B nanocomposites with and 

without chain extender at different processing conditions 
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Figure 4.62 Yield strength data of PA-6/5 wt% C30B nanocomposites with and 

without chain extender at different processing conditions 

 

Figure 4.63 Yield strength data of PA-6/8 wt% C30B nanocomposites with and 

without chain extender at different processing conditions 

Ultimate tensile strength data of PA-6/organoclay nanocomposites with and 

without chain extender at different processing conditions and organoclay 

loadings are shown in Figures 4.64-66. Nanocomposites containing Joncryl 

showed an increase in tensile strength compared the nanocomposites 

containing no chain extender. This may be attributed to increased molecular 

weight and the formation of long chain branching structure. Increased molecular 

weight of the matrix in the case of Joncryl based nanocomposites, the 

increased degree of clay dispersion promotes the formation of a larger 
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interfacial area and subsequent interfacial interaction between clay and 

polymer. Thus, the stress transfer from the polymer to the inorganic phase 

increases, leading to a high tensile strength for the Joncryl based 

nanocomposites (Najafi et al. 2012b). 

 

Figure 4.64 Ultimate tensile strength data of PA-6/2 wt% C30B nanocomposites 

with and without chain extender at different processing conditions 

 

Figure 4.65 Ultimate tensile strength data of PA-6/5 wt% C30B nanocomposites 

with and without chain extender at different processing conditions 
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Figure 4.66 Ultimate tensile strength data of PA-6/8 wt% C30B nanocomposites 

with and without chain extender at different processing conditions 

Yield strain data of PA-6/organoclay nanocomposites with and without chain 

extender at different processing conditions and organoclay loadings are shown 

in Figures 4.67-69. Yield strain values of Joncryl based nanocomposites slightly 

decreased compared to those without chain extender. This can be related to 

long chain branching structure. With long chain branching, the mobility of 

polymer chains is restricted thus hindering orientation of the chain upon 

elongation. 

 

Figure 4.67 Yield strain data of PA-6/2 wt% C30B nanocomposites with and 

without chain extender at different processing conditions 
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Figure 4.68 Yield strain data of PA-6/5 wt% C30B nanocomposites with and 

without chain extender at different processing conditions 

 

Figure 4.69 Yield strain data of PA-6/8 wt% C30B nanocomposites with and 

without chain extender at different processing conditions 

4.2.2.4 Effect of Storage Time on Mechanical P roperties  

As indicated in section 4.2.1.4, the storage time had significant effect on the 

samples suggesting a hydrolytic degradation in the structure of samples. 

Therefore, it is believed that investigating such effect on the mechanical 

properties of samples is a necessity. From Figure 4.70, a significant decrease in 

tensile modulus was observed samples stored for six months. This decrease in 

tensile modulus may be attributed to moisture absorption of PA-6 which leads to 

hydrolytic degradation and thus chain scission. For neat PA6, the tensile 
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modulus decreased 46% after six months storage, while decrease for PA6/5 

C30B and PA6/1 JC/5 C30B were 29% and 17% respectively. The decreasing 

drop in tensile modulus with increasing filler contents can suggest that addition 

of fillers reduces the effect of moisture. The fillers can decrease available gaps 

for water molecules and share interaction of molecules which leads decrease in 

polarity. In addition, gas impermeable silicate layers within the polymer matrix 

result in tortuous pathways which reduce the effect of the moisture in the 

nanocomposites (Heinrich 2011). 

 

Figure 4.70 Tensile modulus data of selected samples with six months store 

time 

Figures 4.71 and 4.72 show yield strength and ultimate tensile strength of 

selected samples with six months store time. As expected, strength values 

decreased remarkably due to decrease in molecular weight with hydrolytic 

degradation. 
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Figure 4.71 Yield strength data of selected samples with six months store time 

 

Figure 4.72 Ultimate tensile strength data of selected samples with six months 

store time 

In Figure 4.73, the samples stored for six months showed higher yield strain 

values in general. Considering drying process before moulding, plasticiser effect 

of water was eliminated by drying. So, the increase in yield strain values may be 

attributed increasing mobility of shorter polymer chains after hydrolytic 

degradation. This result is in good agreement with higher yield strain values of 

extruded PA-6 samples compared to non-extruded PA-6 (see Figure 4.51) due 

to chain scission via thermal degradation. 
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Figure 4.73 Yield strain data of selected samples with six months store time 

4.2.3 Thermal P roperties  

Thermal analysis methods are widely used to examine changes in the structure 

of polymeric materials with temperature. As DSC and TGA techniques offer an 

opportunity to understand better melting, crystallisation and degradation 

characteristics of samples, it is aimed in this part of the study to understand how 

chain extender, organoclay and processing conditions affect thermal properties 

of polyamide-6 formed by melt processing. 

4.2.3.1. Effect of Organoclay on the Thermal P roperties of PA -6 

Thermal properties of PA-6 and PA-6 nanocomposites at different organoclay 

loadings and processing conditions are summarised in Table 4.3. Except for 

Figure 4.74, all DSC thermograms are presented in Appendix B. The glass 

transition and melting temperatures were obtained from the second heating 

scan of DSC analysis as described in section 3.3.2.2, and the degree of 

crystallinity was calculated according to Equation 3.1 in the same section. For 

the samples having two melting peaks, the degree of crystallinity was calculated 

the method proposed by Logakis et al. (2009) which is based on the calculation 

of the both crystal types in total. Accordingly, the entire area of the endothermic 

peaks was used to calculate enthalpy value of sample and divided to weight 

fraction of PA-6 (nanoclay and chain extender are not included) and the 
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enthalpy of fusion for 100% crystalline PA-6, which was taken to be 240 J/g. 

Each test is repeated twice and the results are consistent. 

In order to better explain the melting and cooling behaviour of PA-6, Figure 4.74 

shows DSC thermograms of PA-6 and PA-6/2 C30B nanocomposites 

compounded at various conditions. In Figure 4.74b, analysed nanocomposites 

demonstrated a shoulder in the melting endotherm, corresponding to the 

melting of ����(at around 207 oC) and �. crystalline (at around 221 oC) phases 

(Bilotti 2009, Garcia-Lopez et al. 2010). These two major crystalline forms are 

known as a typical polymorphism feature of PA-6 and incorporation of nanoclay 

into PA-6 promotes the formation of the �� crystalline phase (Tung 1993, Russo 

2004, Fornes and Paul 2003, Xie et al. 2005). Accordingly, the lower melting 

peak is possibly associated with the presence of the �� phase which is a less 

perfect crystalline form of PA-6. In the case of the �. crystalline form, a higher 

melting peak can be observed due to the more thermodynamically stable phase 

which could therefore enable improved mechanical properties compared to the 

����crystalline phases (Logakis et al. 2009). 
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Figure 4.74 DSC thermograms for PA-6 and PA-6/2 wt% C30B nanocomposites 

at different processing conditions: (a) Cooling and (b) Second heating 

From the overall view of the results summarised in Table 4.3, thermal properties 

of the samples were found to be less affected by processing conditions and the 

amount of organoclay compared to rheological and mechanical test results. 

Regarding Tg values of samples, extruded PA-6 samples indicated a slight 

decrease in comparison with non-extruded PA-6. This situation can be 

explained by the Fox-Flory equation (see Equation 4.4), a well-known equation 

that describes the relationship between molecular weight and glass transition 

temperature of a polymeric system: 

                                                                                                  (4.4) 

(a) 

(b) 
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where T�J�’��the glass transition temperature of the polymer with infinite molecular 

weight, K is a constant and Mn is the number average molecular weight (Fox 

and Flory 1950, Mark et al. 2003). Basically, this equation is based on free 

volume term expressing that the polymer chains locate in different 

conformations (Koleske 1995, Bower 2002). As chain ends have a larger free 

volume, it is expected that low molecular polymers exhibit an increased 

segmental mobility and therefore a lower Tg (Bower 2002). Chain scission by 

the virtue of thermal degradation during melt processing of PA-6 resulted in 

shorter polymer chains and more end groups that may explain the lower Tg 

values of the extruded PA-6 samples. In accordance with this, the increase in Tg 

with organoclay loading can be ascribed to a restriction in the polymer chain 

mobility when there is an excess amount of organoclay.  

As discussed earlier, all nanocomposites presented two melting peaks in the 

presence of nanoclay. The study by Liu et al. (1999) reported similar findings on 

melt compounded PA-6 and PA-6/organoclay nanocomposites having one and 

double melting peaks, respectively. The melting temperature (peak 

corresponding to �. crystalline form where at around 221 oC) of nanocomposites 

slightly increased compared to those without nanoclay suggesting that the 

incorporation of nanoclay restricted polymer chain mobility. PA-6 crystallises in 

the �� phase when the thickness of separate clay platelets is about 1 nanometer 

(Fornes and Paul 2003). This could explain the decrease in the lower melting 

peak temperature of nanocomposites after a critical organoclay amount. At 8 

wt% organoclay loading, formation of clay agglomerates as a result of high 

loading retarded �� crystalline growth and led to such a decrease. 

Nanoclays are commonly known to serve as nucleating agents for polymer 

crystallisation (Maiti et al. 2002). The nanoscale dispersion of clay enhances the 

growth of spherulites and therefore increase the crystallisation of the polymer 

(Sharma et al. 2012, Morales et al. 2012). In Table 4.3, the nanocomposites 

showed a higher degree of crystallinity and higher crystallisation temperature 

compared to PA-6 due to the nucleating effect of the nanoclay. With increased 

organoclay loading, the crystallinity of nanocomposites gradually decreased. 

The reason of this behaviour may be attributed to the retarding on crystal 
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growth when the nanoclay loading was increased (Bilotti 2009). At high clay 

loadings, the clay platelets restrict chain mobility and space for crystalline 

growth (Fornes and Paul 2003, Garcia-Lopez et al. 2010). 

Figure 4.75 shows TGA curves of neat PA-6, Joncryl and organoclay. The onset 

temperatures (Tonset) of neat PA-6, Joncryl and organoclay were determined at 

416.6, 347.6 and 243.5 oC respectively. It was found that 70% of the nanoclay 

was inorganic and left as residue after thermal decomposition. A slight decrease 

at lower tempratures (at 100 oC) can be attributed to evaporation of the water 

from the clay. 

 

Figure 4.75 TGA curves for neat PA-6, organoclay and Joncryl  

TGA curves of PA-6 and PA-6/organoclay nanocomposites at different 

processing conditions for 2, 5 and 8 wt% organoclay loadings are shown in 

Figures 4.76-78. The effect of process induced degradation can also be 

observed from the onset temperature of non-extruded PA-6 and extruded ones. 

In addition to that, the onset temperature was found to decrease with 

processing temperature for all samples as a result of increased chain scission. 

Screw speed did not influence the onset temperature significantly and higher 

screw speed caused a slight drop in the onset temperature which may be 

attributed to a relatively destroyed structure under high shear. Another point to 

be considered is the descending trend in the onset temperature of the 

nanocomposites. Nanocomposites are prone to more thermal degradation in the 
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presence of organomodifier on the clay, therefore the decomposition of the 

compound showed consistency with organoclay loading. 

 

Figure 4.76 TGA curves for PA-6 and PA-6/2 wt% C30B nanocomposites at 

different processing conditions  

 

Figure 4.77 TGA curves for PA-6 and PA-6/5 wt% C30B nanocomposites at 

different processing conditions 
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Figure 4.78 TGA curves for PA-6 and PA-6/8 wt% C30B nanocomposites at 

different processing conditions 

Table 4.3 Thermal properties of PA-6 and PA-6 based nanocomposites at 2, 5 

and 8 wt% C30B loadings for different processing conditions 

Sample  Tg 

(oC) 

Tm (oC) Tc (oC) Xc (%) Tonset  

(oC) 

Neat PA6 non-extruded 53.7 221.1 188.4 20.2 416.6 

PA6-ext 260 oC 100 rpm 51.8 221.5 187.9 19.7 395.9 

PA6-ext 260 oC 200 rpm 51.8 221.3 188.4 20.5 389.2 

PA6-ext 300 oC 100 rpm 51.6 221.3 187.9 20.2 378.5 

PA6/2 C30B 260 oC 100 rpm 53.7 207.5/222.1 189.5 23.1 387.9 

PA6/2 C30B 260 oC 200 rpm 53.8 207.2/221.4 189.6 23.6 387.0 

PA6/2 C30B 300 oC 100 rpm 53.8 207.9/221.3 188.6 23.1 385.4 

PA6/5 C30B 260 oC 100 rpm 54.3 208.8/222.6 189.2 22.4 379.8 

PA6/5 C30B 260 oC 200 rpm 54.4 208.1/221.9 188.6 21.7 375.6 

PA6/5 C30B 300 oC 100 rpm 53.7 208.7/222.2 188.3 21.3 374.8 

PA6/8 C30B 260 oC 100 rpm 54.4 206.6/222.4 186.8 21.3 373.5 

PA6/8 C30B 260 oC 200 rpm 54.3 206.8/222.3 186.9 20.9 373.4 

PA6/8 C30B 300 oC 100 rpm 54.7 206.9/222.1 186.3 20.5 367.3 
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4.2.3.2 Effect of Chain E xtender on  the Thermal P roperties of PA -6 

The thermal properties of PA-6 with and without chain extender for different 

processing conditions are shown in Table 4.4. The samples containing Joncryl 

were found to have an increased glass transition temperature due to small 

amounts of chain ends after chain extension reaction. 

As with nanocomposites, samples containing Joncryl showed double melting 

peaks which pointed to the presence of two different crystalline forms. The 

melting peak was at around 209 oC is believed to have arisen from the 

formation of ����crystal structure. Such effect of chain extender on the crystal 

structure of polymer with the formation of a different crystalline phase has not 

been reported before and can be considered as an interesting outcome of this 

study. This important effect of Joncryl on the crystallisation of PA-6 should be 

taken into account when the physical and mechanical properties of the samples 

are evaluated. On the other hand, Joncryl led to an increased in the 

temperature of melting peak at around 221 oC which corresponded to the �.��

crystal form. Limitations in chain mobility with long chain branching could be a 

possible reason why such behaviour was observed.  

Incorporation of Joncryl decreased the crystallinity of PA-6. Similar observations 

regarding the effect of chain extender on the crystallisation behaviour of 

polymers were made by Najafi et al. (2012b), Ghanbari et al. (2013), Buccella et 

al. (2014), Lu et al. (2015). Long chain branching with Joncryl hindered 

significantly the packing of PA-6 chains to form a crystal lattice and resulted in 

such decrease in Xc and Tc though �� crystallites were formed. 

TGA curves of PA-6 with and without chain extender at different processing 

conditions are shown in Figure 4.79. The results clarified that Joncryl improved 

the thermal stability of PA-6 reflecting a slightly enhanced onset temperature of 

the samples. 
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Figure 4.79 TGA curves for PA-6 with and without chain extender at different 

processing conditions 

Table 4.4 Thermal properties of PA-6 with and without chain extender for 

different processing conditions 

Sample  Tg (oC) Tm (oC) Tc (oC) Xc (%) Tonset  (oC) 

Neat PA6 non-extruded 53.7 221.1 188.4 20.2 416.6 

PA6-ext 260 oC 100 rpm 51.8 221.5 187.9 19.7 395.9 

PA6-ext 260 oC 200 rpm 51.8 221.3 188.4 20.5 389.2 

PA6-ext 300 oC 100 rpm 51.6 221.3 187.9 20.2 378.5 

PA6/1 JC 260 oC 100 rpm 55.5 209.1/222.6 187.7 18.6 396.1 

PA6/1 JC 260 oC 200 rpm 54.4 209.2/221.2 187.4 19.0 390.3 

PA6/1 JC 300 oC 100 rpm 55.0 209.4/223.0 186.5 17.8 386.1 

4.2.3.3 Effect of Chain E xtender on th e Thermal P roperties of PA -

6/Organoclay N anocomposites  

Table 4.5 shows the thermal properties of nanocomposites at different 

organoclay loadings and processing conditions with and without chain extender. 

It can be seen from Tg and Tm values that Joncryl could not influence the 

melting behaviour of nanocomposites. However, for nanocomposites with 2 wt% 

organoclay loading, Joncryl led to a slight decrease in the second melting peak 



 

166 
 

 

temperature which may be attributed to the effect of chain extender on the �. 

crystalline structure at low nanoclay loading. It is proposed that the branching 

effect of Joncryl is more dominant than the nucleating effect of clay due to low 

concentration of clay which could have hindered the folding of polymer chains to 

form crystalline lamellae. This could therefore explain the decrease in the 

degree of crystallinity and crystallisation temperature for nanocomposites with 

Joncryl. 

TGA curves of PA-6/organoclay nanocomposites with and without chain 

extender at different processing conditions for 2, 5 and 8 wt% organoclay 

loadings are shown in Figures 4.80-82. Joncryl was not found to affect the onset 

temperature of nanocomposites. Similar observations for the effect of chain 

extender on the onset temperature of nanocomposites were made by Najafi et 

al. (2012a).  Here, it is important to note that TGA measurements do not reflect 

real degradation experience during processing as processing conditions such 

as high shear and residence times are not achieved in a thermogravimetric 

analysis (Al-Itry et al. 2012).  

 

Figure 4.80 TGA curves for PA-6/2 wt% C30B nanocomposites with and without 

chain extender at different processing conditions 
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Figure 4.81 TGA curves for PA-6/5 wt% C30B nanocomposites with and without 

chain extender at different processing conditions 

 

Figure 4.82 TGA curves for PA-6/8 wt% C30B nanocomposites with and without 

chain extender at different processing conditions 
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Table 4.5 Thermal properties of PA-6 based nanocomposites at 2, 5 and 8 wt% 

C30B loadings for different processing conditions with and without chain 

extender 

Sample  Tg 

(oC) 

Tm              

(oC) 

Tc 

(oC) 

Xc 

(%) 

Tonset  

(oC) 

PA6/2 C30B 260 oC 100 rpm 53.7 207.5/222.1 189.5 23.1 387.9 

PA6/2 C30B 260 oC 200 rpm 53.8 207.2/221.4 189.6 23.6 387.0 

PA6/2 C30B 300 oC 100 rpm 53.8 207.9/221.3 188.6 23.1 385.4 

PA6/5 C30B 260 oC 100 rpm 54.3 208.8/222.6 189.2 22.4 379.8 

PA6/5 C30B 260 oC 200 rpm 54.4 208.1/221.9 188.6 21.7 375.6 

PA6/5 C30B 300 oC 100 rpm 53.7 208.7/222.2 188.3 21.3 374.8 

PA6/8 C30B 260 oC 100 rpm 54.4 206.6/222.4 186.8 21.3 373.5 

PA6/8 C30B 260 oC 200 rpm 54.3 206.8/222.3 186.9 20.9 373.4 

PA6/8 C30B 300 oC 100 rpm 54.7 206.9/222.1 186.3 20.5 367.3 

PA6/2 C30B/1 JC 260 oC 100 rpm 53.8 207.5/220.4 183.5 18.6 386.6 

PA6/2 C30B/1 JC 260 oC 200 rpm 53.7 207.0/220.2 182.6 18.1 385.5 

PA6/2 C30B/1 JC 300 oC 100 rpm 53.9 206.9/220.6 183.2 18.4 385.4 

PA6/5 C30B/1 JC 260 oC 100 rpm 53.9 209.8/222.2 184.9 16.6 384.9 

PA6/5 C30B/1 JC 260 oC 200 rpm 53.8 208.7/222.5 185.1 17.6 374.1 

PA6/5 C30B/1 JC 300 oC 100 rpm 53.9 208.2/221.9 185.0 16.5 375.7 

PA6/8 C30B/1 JC 260 oC 100 rpm 54.4 206.9/222.4 186.2 17.6 371.7 

PA6/8 C30B/1 JC 260 oC 200 rpm 54.8 206.7/222.2 185.5 18.5 370.8 

PA6/8 C30B/1 JC 300 oC 100 rpm 54.6 207.6/222.3 184.6 17.2 367.4 

4.2.3.4 Effect of Storage Time on Thermal Properties  

The experiments undertaken here were aimed at investigating the effect of 

moisture or in other words water absorption on the thermal properties of PA-6 

samples during its storage under ambient conditions. DSC analysis was used to 

quantify melting and crystallisation behaviour of samples. 
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The thermal properties of selected samples are summarised in Table 4.6 and 

and DSC thermograms of samples are shown in Figure 4.83. Glass transition 

temperatures and melting temperatures of the all samples stored for six months 

were found to be slightly decreased as a result of chain scission with hydrolytic 

degradation. Interestingly, the stored non-extruded PA-6 resulted in a double 

melting peak (see Figure 4.83b) which clearly shows the effect of moisture 

absorption on crystallisation. These double peaks cannot be attributed to result 

of chain scission with hydrolytic degradation as the extruded PA-6 samples did 

not present such behaviour when chain scission with thermal degradation was 

taken into account. The presence of water molecules between the polyamide 

chains can cause the formation of �.��and ����crystals with water plasticisation 

effect and this behaviour explains the general increase in Xc and Tc (Okajima 

and Inoue 1964). From the stored samples, only nanocomposite without chain 

extender demonstrated lower crystallinity due to the impermeable silicate layers 

in the structure which increase diffusion pathway through PA-6 (Abacha et al. 

2009). 

Table 4.6 Thermal properties for selected samples with six months storage time  

Sample  Tg 

(oC) 

Tm  

(oC) 

Tc 

(oC) 

Xc 

(%) 

Neat PA6 non-extruded 53.7 221.1 188.4 20.2 

PA6/1 JC 260 oC 100 rpm 55.5 209.1/222.6 187.7 18.6 

PA6/5 C30B 260 oC 100 rpm 54.3 208.8/222.6 189.2 22.4 

PA6/5 C30B/1 JC 260 oC 100 rpm 53.9 209.8/222.2 184.9 16.6 

Neat PA6 non-extruded-after 6 months 49.7 213.5/221.7 188.3 21.7 

PA6/1 JC 260 oC 100 rpm-after 6 months 51.9 208.4/221.1 187.0 20.2 

PA6/5 C30B 260 oC 100 rpm-after 6 months 51.8 207.4/221.0 184.9 18.0 

PA6/5 C30B/1 JC 260 oC 100 rpm-after 6 

months 

50.9 205.2/220.9 184.2 17.8 
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Figure 4.83 DSC thermograms for selected samples with six months storage 

time (a) Cooling and (b) Second heating 

4.2.4 Morphological Observations  

The morphology of nanocomposites with and without chain extender was 

investigated using TEM. As indicated earlier, TEM images provide qualitative 

information of the internal structure of nanocomposites and the degree of 

exfoliation via direct visualisation. Besides these advantages, TEM has some 

restrictions such as being time consuming and giving qualitative information on 

a very small area, which is not able to represent entire structure of the 

nanocomposites (Nguyen and Baird 2007). Therefore, in this study, rheological 

and mechanical techniques were preferred to provide information about the 

structure of nanocomposites. The nanocomposites (PA-6/5 C30B/ 260 oC 100 

rpm and PA-6/1 JC/5 C30B 260 oC 100 rpm) which have higher shear thinning 

exponents were analysed by using TEM to determine the extent of exfoliation. 

(a) 

(b) 
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Figure 4.84 shows TEM images of PA-6/5 wt% C30B nanocomposites with and 

without chain extender at 260 oC and 100 rpm processing conditions. The 

images are arranged from low to high magnification and dark lines correspond 

to clay sheets. For the nanocomposites without Joncryl, exfoliated silicate layers 

and a few intercalated tactoids are observed in both sets of images suggesting 

that the reaction between hydroxyl groups of the clay and carboxyl groups of 

the PA-6 promotes dispersion of the clay. Addition of Joncryl to nanocomposites 

increased clay dispersion leading to a mainly exfoliated structure as a result of 

increased shear force by the higher molecular weight matrix during extrusion. In 

the case of Joncryl, higher molecular weight nanocomposite, due to its higher 

melt viscosity, transfers more stress or energy to achieve seperation of 

platelets. Such influence of chain extender on the dispersion of organoclay was 

reported previously by Najafi et al. (2012b) and Ghanbari et al. (2013). The 

images of the nanocomposites containing Joncryl (see Figure 4.84 b and d) 

showed the alignment of the clay which was also observed in Figure 2.43. This 

could be attributed to a significant flow orientiation during extrusion due to 

higher viscosity matrix in the presence of Joncryl. 
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Figure 4.84 TEM images of PA-6/5 wt% C30B nanocomposites with and without 

chain extender at 260 oC and 100 rpm processing conditions: (a&c) without 

Joncryl; (b&d) 1 wt% Joncryl, the top and the bottom images are related to low 

and high images respectively 

4.2.5 FTIR Analysis  

In PA-6/Joncryl systems, possible chain extension reactions influence the final 

structure and therefore physical properties due to the interactions between 

maleic anhydride with amine end-group of the PA-6. The proposed reaction is 

shown in Figure 4.85 and was investigated by performing FTIR spectroscopy 

analysis.  

The reaction between amine end group of PA-6 and anhydride group of maleic 

anhydride proposed by Thomas and Groeninckx (1999) is divided according to 

reaction temperature. At low temperatures (lower than 120 oC) amidic linkages 

a)                                                                  b) 

c)                                                                 d) 
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occur, whereas high temperature results in formation of imidic bonds. Due to 

the high extrusion temperatures in this research, imide linkage between amine 

end group and Joncryl is expected after the chain extension reaction.  

 

Figure 4.85 Proposed reaction between amine end group of PA-6 and 

anhydride group maleic anhydride which leads to the formation of amide or 

imide linkage (Thomas and Groeninckx 1999) 

Based on this reaction, FTIR analysis was performed for PA-6, Joncryl and PA-

6/Joncryl systems in an attempt to observe evidence of the chain extension 

reaction. As can be seen from Figure 4.86, Joncryl exhibited anhydride 

characteristic peaks at 1774.22 and 1856.18 cm-1 (C=O stretch vibration) which 

could not be observed for spectra of PA-6/Joncryl. PA-6/Joncryl showed the 

same spectra as PA-6 due to very low Joncryl concentration in PA-6 (1 wt%) 

that makes it difficult to detect. This may attributed to PA-6 (major component) 

overlays the bands from Joncryl (minor component). Chang and Hwu (1991) 

reported that infrared spectroscopic analysis to confirm imide or amide 

formation after the reaction of polyamide end groups with anhydride groups of 

styrene maleic anhydride under melt conditions is very difficult as low 

concentration of styrene maleic anhydride. The FTIR peaks seen in spectra of 

PA-6, Joncryl and PA-6/Joncryl are explained in Tables C.1 C.2 and C.3, 

respectively.
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Figure 4.86 FTIR spectrum of (a) Neat PA6 non-extruded (b) PA6/1 JC 260 oC 100 rpm (c) Joncryl
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4.2.6 Conclusion s 

In section 4.2, results of experiments using by a linear twin-screw extruder were 

presented and discussed. These experiments were carried out to assess 

primary the effects of organoclay, chain extender separately and organoclay 

and chain extender together. Moreover, process conditions such as screw 

speed and temperature profile were considered within each sections.  The 

storage of selected samples under ambient conditions was also investigated. 

Rheological, mechanical and thermal properties of obtained samples were 

studied comprehensively with FTIR and morphological analyses. The time 

sweep rheological experiments showed that PA-6 and PA-6/organoclay 

nanocomposite samples indicated reductions in complex viscosity over time. 

Such a behaviour was more significant with the nanocomposites due to the 

accelerated thermal degradation effect of organomodifier on the clay under high 

temperature and shear during rheological tests. In the frequency sweep 

experiments, all extruded PA-6 samples presented process induced 

degradation with significantly lower viscosity and modulus than non-extruded 

PA-6.  Amongst extruded samples, PA-6 processed at higher temperature 

showed the lowest viscosity and modulus at all frequencies due to the 

accelerated effect of high temperature on chain scission of the polymer. For 

samples processed at lower temperature, PA-6 extruded at 100 rpm screw 

speed demonstrated higher viscosity and modulus than at 200 rpm. This can be 

explained that at higher shear rates during extrusion, the physical bonds 

between the macromolecules were partially destroyed by the shear flow and 

thus viscosity and modulus decreased. At all organoclay contents, 

nanocomposites showed higher viscosity and modulus values than extruded 

and non-extruded PA-6 samples. The increase in viscosity and modulus with 

incorporation of organoclay especially at low frequencies indicated polymer-

particle, particle-particle interactions and possible changes of the molecular 

structure of the polymer molecules. Increasing organoclay content led to an 

increase in modulus and viscosity with a more remarkable shear thinning 

behaviour of the nanocomposites. The shear thinning exponents were used to 

quantitatively determine exfoliation degree of nanoclays within the polymer 

matrix. The values of shear thinning exponent were found increased with
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organoclay suggesting that increased organoclay amount led to the formation of 

interconnected network of nanoclays. Amongst these nanocomposites, the 

sample PA-6/5 C30B 260 oC 100 rpm were morphologically analysed using 

TEM and confirmed a larger extent of exfoliation. 

It was found from frequency sweep measurements that Joncryl ADR-4300 (an 

epoxy based chain extender) is not adequate to use in chain extension of PA-6. 

Also, the rheological experiments showed that 1 wt% Joncryl loading is 

optimum for such reaction. Time sweep experiments showed that the chain 

extender had a significant effect in the control of thermal degradation of PA-6 

over time. Moreover, the addition of Joncryl led to an increase in the magnitude 

of viscosity which indicated a molecular weight increase. Another important 

finding from these experiments was increasing complex viscosity trend of the 

samples containing chain extender over time. Joncryl is a multifunctional chain 

extender and therefore may need longer time to complete the chain extension 

reaction with PA-6. When the residence time in the extruder (ca. 1 min) is not 

sufficient to complete this reaction, the chain extension reaction may proceed 

during the rheological tests.  

The frequency sweep tests showed that with addition of Joncryl, the viscosity 

and modulus of the samples increased considerably compared to extruded PA-

6, and the samples containing Joncryl at low processing temperature exhibited 

higher viscosity and modulus than non-extruded PA-6. These results suggest a 

molecular weight increase due to chain recoupling of after the reaction of 

Joncryl and amine end groups of PA-6. Amongst the samples containing 

Joncryl, the sample processed at higher temperature showed the lowest 

viscosity and modulus. This could be explained that chain scission is higher 

than chain recoupling/extension at this high temperature and leads to such 

viscosity and modulus decreases. In addition to that, chain scission could be 

triggered by temperature during the rheological test. The sample processed at 

lower temperature and screw speed (PA6/1 JC 260 oC 100 rpm) showed higher 

viscosity and modulus at low frequencies. The effect of screw speed on the 

viscosity and modulus of chain extended samples can be explained by the 

residence time in the extruder, in other words chain extension reaction time 
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which was confirmed by time sweep experiment. Different rheological 

approaches were used to determine structure of PA-6/Joncryl systems. It was 

concluded from these findings that PA-6/Joncryl systems thermorheologically 

complex materials and having long chain branched structure.  

It was found from time sweep tests that Joncryl controlled thermal degradation 

of the nanocomposites. However, the effect of Joncryl on the control of thermal 

degradation of nanocomposites was less than PA-6 that could be explained by 

the degradation of the organomodifier. The frequency sweep tests confirmed 

such effect of Joncryl on the control of thermal degradation. Shear thinning 

exponents and TEM images revealed that Joncryl improved clay exfoliation 

within the PA-6 matrix. The high melt viscosity of the nanocomposite containing 

Joncryl generated higher shear stressess during extrusion and therefore 

increased the separation of platelets and clay exfoliation. For the effect of 

processing conditions on the nanocomposites containing Joncryl, the sample 

processed at higher extrusion temperature showed the lowest viscosity and 

modulus at all organoclay contents. The Joncryl based nanocomposites 

processed at lower temperature and screw speed (260 oC and 100 rpm) 

showed slightly higher viscosity and modulus values at all organoclay contents. 

These results were consistent with the findings from PA-6/Joncryl samples and 

indicated that the residence time at higher screw speed (200 rpm) is not enough 

to complete chain extension reaction of Joncryl with PA-6 or PA-6/organoclay 

nanocomposites. 

The samples after 6 months storage showed significant decreases in the 

viscosity and modulus.  This can be explained that the moisture absorption of 

PA-6 samples at longer store times results in hydrolytic degradation of PA-6 

and such decreases in the viscoelastic properties. 

In the mechanical test results, all extruded PA-6 samples showed lower tensile 

modulus than the non-extruded PA-6. This indicates that thermal degradation of 

PA-6 occurred during extrusion and decrease in molecular weight due to chain 

scission of PA-6. At higher extrusion temperature (300 oC), the sample showed 

a 40% decrease in tensile modulus compared to non-extruded PA-6. 

Nanocomposites showed higher tensile modulus than extruded or non-extruded 
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PA-6 and tensile modulus of nanocomposites increased with organoclay 

content. The nanocomposites processed at higher extrusion temperature 

showed the lowest tensile modulus for all organoclay loadings. Extruded PA-6 

samples showed a reduction in yield and tensile strength suggesting decreased 

molecular weight due to thermal degradation during processing. In all 

organoclay loadings, nanocomposites showed higher yield strength and tensile 

values than extruded PA-6 samples due to strong interactions between polymer 

chains and organoclay. Nanocomposites at 5 wt% organoclay concentration 

showed the highest yield and tensile strength results suggesting that higher 

exfoliation of nanocomposites at 5 wt% loading which was obtained by 

rheological tests. Amongst the PA-6 samples, PA-6 processed at 300 oC 

showed the highest yield strain due to shorter chains which lead to an increase 

in mobility of polymer chains. The introduction of clay particles to PA-6 matrix 

results in a brittle structure and reduction of the yield strain.  

For all processing conditions, the chain extender increased the tensile modulus 

of extruded PA-6 and also resulted in higher values than non-extruded PA-6. 

The increase in modulus for Joncryl/PA-6 systems may be attributed to an 

increased molecular weight and formation of long chain branching structure as 

confirmed by rheology. PA-6/Joncryl processed at higher extrusion temperature 

showed the highest tensile modulus with an 85% improvement compared to PA-

6 extruded at the same temperature. This shows that the chain extension 

reaction is dependent on temperature and having more end groups as a result 

of chain scission at higher extrusion temperature, Joncryl reacts with more PA-6 

amine end groups which leads to an increase in chain extension and molecular 

weight. For lower processing temperature, the sample which was produced at 

lower screw speed (PA6/1 JC 260 oC 100 rpm) showed slightly higher tensile 

modulus than the processed at 200 rpm. This suggests that chain extension 

reaction in extruder needs longer residence time at higher screw speed which 

was confirmed by time sweep measurements in the rheological tests. PA-6 

containing Joncryl showed higher yield and ultimate tensile strength than those 

without Joncryl at all processing conditions and comparable values with non-

extruded PA-6 that can be attributed to increased molecular weight. The 

samples containing Joncryl showed lower yield strain values than those without 
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Joncryl. It can be explained that long chain branching increased entanglement 

density of the polymer structure and restricted orientation of polymer chains 

upon elongation which resulted in a decrease in strain values. 

The addition of Joncryl led to an increased tensile modulus, yield and tensile 

strength of nanocomposites in all cases suggesting higher molecular weight of 

nanocomposites due to chain extension and a better dispersion of silicate 

nanolayers into the PA-6 matrix as confirmed by rheology. Yield strain values of 

nanocomposites containing Joncryl slightly decreased compared to those 

without chain extender. This can be related to long chain branching structure. 

With long chain branching, the mobility of polymer chains is restricted thus 

hindering orientation of the chain upon elongation. 

The samples stored for six months showed a significant decrease in tensile 

modulus. This decrease may be attributed to moisture absorption of PA-6 which 

leads to hydrolytic degradation and thus chain scission. For neat PA-6, the 

tensile modulus decreased 46% after six months storage, while decrease for 

PA6/5 C30B and PA6/1 JC/5 C30B were 29% and 17% respectively. The 

decreasing drop in tensile modulus with increasing filler contents can suggest 

that addition of fillers reduces the effect of moisture. The fillers can decrease 

available gaps for water molecules and share interaction of molecules which 

leads decrease in polarity. In addition, gas impermeable silicate layers within 

the polymer matrix result in tortuous pathways which reduce the effect of the 

moisture in the nanocomposites. 

Thermal properties of the all samples were found to be less affected by 

processing conditions. Regarding Tg values of samples, extruded PA-6 samples 

indicated a slight decrease in comparison with non-extruded PA-6. Chain 

scission in consequence of thermal degradation during melt processing of PA-6 

resulted in shorter polymer chains and more end groups that may explain the 

lower Tg values of the extruded PA-6 samples. On the other hand, the increase 

in Tg was observed in the samples containing organoclay and/or Joncryl. This 

can be explained by restriction in the chain mobility. Extruded PA-6 samples 

showed the lower onset temperatures than non-extruded PA-6 confirming 

process induced degradation of the samples. 
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The samples containing nanoclay and/or Joncryl demonstrated a shoulder in 

the melting endotherm, corresponded to the melting of �� (at around 207 oC) and 

�. crystalline (at around 221 oC) phases. These two major crystalline forms are 

known as a typical polymorphism feature of PA-6 and incorporation of nanoclay 

or Joncryl into PA-6 promoted the formation of the �� crystalline phase. PA-

6/Joncryl and PA-6/organoclay nanocomposites showed melting temperatures 

(peak corresponding to �. crystalline form where at around 221 oC) compared to 

PA-6 samples suggesting a restricted chain mobility with incorporation of 

nanoclay and chain extender. 

The nanocomposites showed a higher degree of crystallinity and crystallisation 

temperature compared to PA-6 due to nucleating agent effect of nanoclays. An 

opposite effect was observed with incorporation of Joncryl into PA-6 suggesting 

that long chain branching with Joncryl hindered significantly the packing of PA-6 

chains to form a crystal lattice and resulted in lower degree of crystallinity and 

crystallisation temperature compared to PA-6. The similar effect of Joncryl on 

the crystallinity of nanocomposites was also observed. It was proposed that 

long chain branching effect of Joncryl is more dominant than the nucleating 

effect of nanoclays therefore the nanocomposites containing Joncryl indicated 

the lower Xc and Tc than those of without Jocnryl. The nanocomposites showed 

lower the onset temperatures than PA-6 samples due to thermal degradation of 

the matrix, whilst incorporation of Joncryl into PA-6 increased the onset 

temperature suggesting improved thermal stability of samples. 

Glass transition temperatures and melting temperatures of the all samples 

stored for six months were found to be slightly decreased as a result of chain 

scission with hydrolytic degradation. The stored non-extruded PA-6 resulted in a 

double melting peak suggesting that the presence of water molecules between 

the polyamide chains can cause the formation of �. and �� crystals with water 

plasticisation effect and this behaviour explains the general increase in Xc and 

Tc all samples except nanocomposite without chain extender. Lower crystallinity 

of this sample can be attributed to the impermeable silicate layers in the 

structure. 
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4.3 Laboratory Scale Compounding  

Laboratory scale mixers enable researchers to develop new polymer 

formulations in the laboratory using low amounts of material at shorter times 

before implementing these at an industrial scale. Since these mixers can be 

considered as a simulation of industrial processes in the research laboratories, 

they present a convenient, time and cost efficient solution. Once the laboratory 

trials are accomplished, scale-up studies can be done for industrial scale 

production.  

The sample production in this research began with a typical production method 

using twin-screw extrusion contrary to the approach described above. The 

reason behind this is that the primary aim of this study is to apply the proposed 

idea (chain extension method) for large scale production so that its application 

can be assessed for industry. After this was studied comprehensively, the 

practice of this method in a laboratory environment was investigated. This 

section describes results obtained using different laboratory mixers: the Haake 

Minilab Micro Compounder, the Xplore Micro Compounder and the Bradford 

University Minimixer. Rheology was the main method used to characterise 

samples and infer results. The results were analysed with a critical discussion 

and compared with findings from the twin-screw extrusion experiments.  

4.3.1 Haake Minilab Micro  Compounder  

The experiments with laboratory scale mixers started with the Haake Minilab 

Micro Compounder the technical data and experimental method of which were 

given in sections 2.5.3.1 and 3.3.1.2.1. The results are presented and 

discussed in three subsections.  

4.3.1.1 Effect of Organoclay on the Rheological P roperties of PA -6 

Figure 4.87 shows the complex viscosity as a function of frequency for PA-6 

and PA6/5 wt% C30B nanocomposites processed at different mixing times in 

the compounder. It is seen that non-extruded PA-6 indicated the highest 

complex viscosity values all frequency range. Lower viscosity values of 

extruded samples can be attributed to insufficiency in temperature control of 
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instrument as the extruded PA-6 samples showed a deepness in the colour due 

to thermal degradation which is shown in Figure 4.88. A decreasing trend in 

viscosity with mixing time was observed for PA-6 and nanocomposite samples 

both as an indication of process induced degradation with longer times in the 

compounder. When comparing these results with those obtained using the APV 

twin-screw extruder, it can be concluded that the discrepancy may be attributed 

to a limited temperature control in the Haake Minilab Micro Compounder where 

the temperature cannot be stabilised at a fixed value during compounding. 

 

Figure 4.87 Complex viscosity as a function of frequency for PA-6 and PA-6/5 

wt% C30B nanocomposites for different mixing times (260 oC test temperature) 

               

Figure 4.88 Colour formation in (a) Neat PA-6 non-extruded (b) PA-6 mixed for 

1 minute (c) PA-6 mixed for 2 minutes 

From Table 4.7, the shear thinning exponents increases with organoclay 

addition due to the partially exfoliated structure. These results are significantly 

lower than those obtained with samples at the same organoclay composition 

(a) (b) (c) 
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using the twin-screw extruder. Therefore, it can be concluded that Haake 

Minilab Micro Compounder does not show promising results in terms of 

compounding efficiency due to less intensive mixing geometry and temperature 

control which leads to more thermal degradation during compounding. 

Table 4.7 Values of shear thinning exponent n for PA-6 and PA-6/5 C30B 

nanocomposites at different mixing times  

Sample n 

Neat PA6 non-extruded -0.201 

PA6-ext 1 min -0.27 

PA6-ext 2 min -0.196 

PA6/5 C30B 1 min -0.334 

PA6/5 C30B 2 min -0.346 

The elastic modulus data of samples obtained from frequency sweep 

measurements are given in Figure 4.89. The comparison of elastic modulus at 1 

Hz frequency and loss modulus plots were presented in Appendix D. As seen 

from Figure 4.89, the curves for the nanocomposites converged with non- 

extruded PA-6 at lower frequencies whilst nanocomposites showed lower 

values with increasing frequencies. Similar observations were made by Najafi et 

al. (2012a) and Dini (2013). Accordingly, this behaviour can be explained that at 

higher frequencies the matrix properties become more dominant and influence 

the response of nanocomposites. Organomodifiers in the clay accelerate 

thermal degradation and result in such a decrease in the matrix molecular 

weight. 
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Figure 4.89 Storage modulus as a function of frequency for PA-6 and PA-6/5 

wt% C30B nanocomposites for different mixing times (260 oC test temperature) 

4.3.1.2 Effect of Chain Extender on the Rheological P roperties of PA -6 

Complex viscosity and elastic modulus as functions of frequency for PA-6 with 

and without chain extender were given in Figures 4.90 and 4.91, respectively. 

Like with previous results, all processed samples showed lower values than 

non-extruded PA-6 confirming thermal degradation during compounding. As 

expected, the samples containing Joncryl indicate higher viscosity and modulus 

values than those without chain extender. For PA-6/Joncryl samples, higher 

compounding time (2 min) exhibited slightly larger values indicating that the 

chain extension reaction requires time longer than 1 min. As observed from 

twin-screw extrusion experiments, the residence time in the extruder (ca. 1 min) 

was also not adequate to complete the chain extension reaction between PA-6 

and Joncryl. 
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Figure 4.90 Complex viscosity as a function of frequency for PA-6 with and 

without chain extender for different mixing times (260 oC test temperature) 

 

Figure 4.91 Storage modulus as a function of frequency for PA-6 with and 

without chain extender for different mixing times (260 oC test temperature) 

4.3.1.3 Effect of Chain Extender on the R heological P roperties of PA -

6/Organoclay N anocomposites  

The complex viscosity as a function of frequency for nanocomposites with and 

without Joncryl is given in Figure 4.92. Whether compounded 1 min or 2 min, 

the samples containing Joncryl showed higher results than those without chain 
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extender suggesting a molecular weight increase after chain extension reaction 

and/or larger level of organoclay exfoliation. For both nanocomposites types, 

the samples compounded at shorter time (1 min) indicated higher results 

verifying that longer mixing times in the compounder aggravate process induced 

degradation. Remarkable shear thinning behaviour of nanocomposite-Joncryl 

systems possibly indicated increased organoclay exfoliation. 

 

Figure 4.92 Complex viscosity as a function of frequency for PA-6/5 wt% C30B 

nanocomposites with and without chain extender for different mixing times (260 
oC test temperature) 

To examine the effect of Joncryl on the exfoliation of organoclay within the 

polymer matrix, shear thinning exponents for nanocomposites are given in 

Table 4.8. Incorporation of Joncryl to nanocomposites enables a better 

dispersion of organoclay by means of increased shear. As discussed before, 

chain extender enhanced molecular weight of the matrix therefore nanoplatelets 

were exposed to higher shear which may break down into single layers. When 

the exponents here are compared with those of nanocomposites obtained by 

twin-screw extrusion at the same conditions and composition, lower values 

were observed using this compounder. This indicates insufficient mixing ability 

of the compounder compared to the twin-screw extruder. 
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Table 4.8 Values of shear thinning exponent n for PA-6/5 C30B 

nanocomposites with and without chain extender at different mixing times  

Sample n 

PA6/5 C30B 1 min -0.334 

PA6/5 C30B 2 min -0.346 

PA6/1 JC/5 C30B 1 min -0.557 

PA6/1 JC/5 C30B 2 min -0.465 

Storage modulus data of samples taken from frequency sweep test showed 

consistent trends with complex viscosity results in Figure 4.93.  

 

Figure 4.93 Storage modulus as a function of frequency for PA-6/5 wt% C30B 

nanocomposites with and without chain extender for different mixing times (260 
oC test temperature) 

4.3.2 Xplore Micro Compounder  

The experiments using this micro compounder investigated rheological 

properties of the following samples; extruded and non-extruded PA-6, PA-6 

containing 1 wt% Joncryl and PA-6 nanocomposites at 5 wt% C30B 

concentration with and without Joncryl. The samples were chosen to assess the 

effects of further processing, nanocomposition and chain extension at same 
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processing temperature (260 oC) and screw speed (100 rpm) and 2 min. mixing 

time used in the experiments with the twin-screw extruder and the Haake 

Minilab Micro Compounder. Therefore, an overall comparison can be made on 

the efficiency of these processing instruments at the end of this section. 

In Figure 4.94, Joncryl addition shows an increase in the viscosity of PA-6 and 

PA-6 nanocomposites due to enhanced molecular weight. Joncryl based 

nanocomposite showed the highest viscosity and a significant shear thinning 

behaviour. As expected, PA-6 showed process induced degradation which has 

the lowest viscosity value. The nanocomposite without chain extender exhibited 

a lower viscosity value compared to non-extruded PA-6 where is more 

significant at higher frequencies. This can be explained as the thermal 

degradation of the matrix being more profound in the presence of organoclays. 

This can be observed clearly at higher frequencies as the matrix properties are 

more dominant in these frequency domains. Besides, it can be concluded that 

the temperature control of this compounder is slightly better than that in the 

Haake Minilab Micro Compounder as PA-6/Joncryl systems showed higher 

viscosity values than non-extruded PA-6. This may be related to having three 

temperature control zones which enables to keep the temperature at a constant 

value in different areas of the compounder.  

 

Figure 4.94 Complex viscosity as a function of frequency for PA-6 and PA-6/5 

wt% C30B nanocomposites with and without chain extender (260 oC test 

temperature) 
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In order to understand the ability of the compounder to disperse the nanoclays 

within PA-6, Table 4.9 shows shear thinning exponents to find out exfoliation of 

organoclays. Nanocomposites containing Joncryl showed higher values as a 

result of increasing exfoliation of organoclays and confirmed remarkable shear 

thinning behaviour of the samples in Figure 4.93. These results indicated that 

mixing efficiency of this compounder showed similarity with the Haake Minilab 

Micro Compounder and lower than twin-screw extruder. The similar mixing 

efficiency of the micro compounders is not unexpected as they have similar 

conical screw design. 

Table 4.9 Values of shear thinning exponent n for PA-6 and PA-6/5 C30B 

nanocomposites with and without chain extender  

Sample n 

Neat PA6 non-extruded -0.201 

PA6-ext -0.104 

PA6/1 JC -0.157 

PA6/5 C30B -0.397 

PA6/1 JC/5 C30B -0.573 

As with complex viscosity, the samples containing Joncryl showed higher 

modulus values than PA-6 in Figure 4.95. At low frequencies, nanocomposite 

without chain extender demonstrated larger modulus than non-extruded PA-6, 

whilst an opposite trend was observed with increasing frequency. As described 

earlier, this can be explained as the matrix properties become more pronounced 

at higher frequencies for nanocomposites leading an accelerated thermal 

degradation in the presence of organoclay. 
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Figure 4.95 Storage modulus as a function of frequency for PA-6 and PA-6/5 

wt% C30B nanocomposites with and without chain extender (260 oC test 

temperature) 

To sum up, both micro compounders did not present comparable results in 

terms of rheology as those measured using the twin-screw extruder. These 

results can be arise from several reasons, gathered here into two main factors: 

thermal degradation and poor dispersion of organoclay during compounding. 

Insufficient temperature control and the recirculation channel in the compounder 

may increase thermal exposure of the polymer. As explained by Benkreira et al. 

(2008), during recirculation, the polymer melt in the wall channel is stationary 

and thus more exposed to thermal degradation. Beside the thermal degradation 

consideration, specific mixing segments on the screws of the twin-screw 

extruder which were designed for intensive mixing particularly can enhance 

dispersion of the nanoclay within the polymer matrix. These were not present in 

the two conical screw designs of the micro compounders so the lower mixing 

ability in the micro compounders was observed. 

4.3.3 Bradford University Minimixer  

The Bradford University Minimixer was used to overcome the problems 

encountered with other compounders discussed above. The unique design and 

housing of screws in the minimixer offers, in principle, less thermal degradation 

of molten polymers during compounding and high mixing efficiency of 
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nanomaterials within the polymer matrix (Benkreira et al. 2008). The 

experiments using this minimixer were initially started with the base PA-6 grade 

of this study (Akulon F-136) however, the high viscosity of this grade caused 

over torque problems with the instrument which inevitably stopped the 

compounding process. For this reason, a lower viscosity grade PA-6 

(Schulamid 6NV12) was chosen to find out the suitability of this minimixer for 

this study. This section is divided into three subsections presenting and 

discussing these results. 

4.3.3.1 Effect of Organoclay on the Rheological P roperties of PA -6 

The complex viscosity of PA-6 and nanocomposites at different organoclay 

contents obtained from the frequency sweep experiments is shown in Figure 

4.96. All nanocomposites showed higher viscosity values than the PA-6 

samples as a result of filler-filler and polymer-filler interactions. With increasing 

organoclay content, the complex viscosity of nanocomposites increased 

monotonously. This can be explained as the increasing interconnection 

between nanoclay particles leads to a network through the polymer matrix. 

Besides, while PA-6 samples demonstrated a wide plateau region at lower 

frequencies, nanocomposites at high clay loadings (5 and 8 wt%) showed a 

notable shear thinning which may be explained by exfoliation of organoclays 

into the matrix. Shear thinning index results shown in Table 4.10 confirmed an 

increasing exfoliation with organoclay loading. It should also be noted that the 

values of exponents are lower than those obtained by other compounders. This 

can be explained as being due to the effect of the molecular weight of the PA-6 

grade used. 

As given in detail Chapter 2, many researchers are confronted with the dilemma 

of deciding on an optimum polymer grade for producing nanocomposites 

whether high molecular weight or low. It was indicated in this research that, high 

viscosity PA-6 grade provides a better dispersion of nanoclays within the 

polymer matrix due to increased levels of shear by the higher viscosity matrix. 

However, the processing of a high viscosity grade polymer may not be 

economical due to requiring more energy for compounding. For instance, in this 

research, the minimum processing temperature for the high viscosity grade PA-
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6 used was 260 oC, whilst this was 245 oC for the lower viscosity grade. 

Besides, generating excessively high torque which exceed the limitations of 

compounders is another disadvantage of high viscosity grade that was 

observed for the experiments with the minimixer in this study.  

Consequently, there are pros and cons for using both PA-6 grade. The 

determination of the optimum PA-6 grade is quite subjective and differs from 

expectations from work (i.e. a developed mixing for nanomaterials or 

masterbatch preparation), instrument specifications (limitations) and budget.  

 

Figure 4.96 Complex viscosity as a function of frequency for PA-6 and 

nanocomposites at different C30B loadings (260 oC test temperature) 

Table 4.10 Values of shear thinning exponent n for PA-6 and PA-6/C30B 

nanocomposites at different organoclay loadings obtained from the Bradford 

University Minimixer 

Sample n 

Neat PA6 non-extruded -0.069 

PA6-ext -0.069 

PA6/2 C30B -0.115 

PA6/5 C30B -0.166 

PA6/8 C30B -0.212 
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Elastic modulus values of samples showed similar trends as complex viscosity 

results in Figure 4.97. From both the complex viscosity and elastic modulus 

results, it can be concluded that, thermal degradation and ineffective mixing of 

organoclay within the matrix (problems experienced with other micro 

compounders) improved. As can be seen, extruded PA-6 showed a slight 

decrease in viscosity and modulus and nanocomposites exhibited higher values 

than non-extruded PA-6. The housing of third screw in the minimixer decreased 

thermal degradation with allowing a continuous high flow of molten polymer 

during processing. It also helped better mixing of organoclays in the matrix with 

intensive mixing elements on the screws. 

 

Figure 4.97 Storage modulus as a function of frequency for PA-6 and 

nanocomposites at different C30B loadings (260 oC test temperature) 

4.3.3.2 Effect of Chain Extender on the Rheological P roperties of PA -6 

Figures 4.98 and 99 show the complex viscosity and storage modulus as a 

function of frequency for PA-6 with and without chain extender. From both 

figures, the effect of Joncryl can be observed as a result of chain 

extension/branching.  
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Figure 4.98 Complex viscosity as a function of frequency for PA-6 with and 

without chain extender (260 oC test temperature) 

 

Figure 4.99 Storage modulus as a function of frequency for PA-6 with and 

without chain extender (260 oC test temperature) 

4.3.3.3 Effect of Chain Extender on the Rheological P roperties of PA -

6/Organoclay N anocomposites  

Figure 4.100 shows the complex viscosity values of nanocomposite with and 

without chain extender from frequency sweep experiments. All nanocomposites 

containing Joncryl showed higher values than those without chain extender 

confirming a molecular weight increase of nanocomposites with incorporation of 

Joncryl. As described before, Joncryl compensates thermal degradation of PA-

6/organoclay nanocomposites with recoupling and branching of polymer chains. 
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Nanocomposites containing Joncryl also showed slightly more shear thinning 

behaviour as a result of increased levels of nanoclay exfoliation, as presented in 

Table 4.11.  

 

Figure 4.100 Complex viscosity as a function of frequency for PA-6 

nanocomposites at different C30B loadings with and without chain extender 

(260 oC test temperature) 

Table 4.11 Values of shear thinning exponent n for PA-6/C30B nanocomposites 

with and without chain extender at different organoclay loadings obtained from 

the Bradford University Minimixer 

Sample n 

PA6/2 C30B -0.115 

PA6/5 C30B -0.166 

PA6/8 C30B -0.212 

PA6/1 JC/2 C30B -0.236 

PA6/1 JC/5 C30B -0.229 

PA6/1 JC/8 C30B -0.279 

Figure 4.101 confirms the effect of Joncryl to offset thermal degradation of PA-

6/organoclay nanocomposites. The trends between samples showed 

consistency with complex viscosity results. 
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Figure 4.101 Storage modulus as a function of frequency for PA-6 

nanocomposites at different C30B loadings with and without chain extender 

(260 oC test temperature) 

4.3.4 Conclusions  

In section 4.3, the results of the samples obtained from different laboratory 

scale mixers (the Haake Minilab Micro Compounder, the Xplore Micro 

Compounder and the Bradford University Minimixer) were presented and 

discussed. The effects of further processing, nanocomposition and chain 

extension on PA-6 were investigated. The samples were characterised using 

rheology and the results were compared to findings from the twin-screw 

extrusion experiments.  

The experiments performed in the Haake Micro Compounder revealed that non-

extruded PA-6 had the highest viscosity and modulus compared to PA-6, PA-

6/Joncryl, PA-6/organoclay and PA-6/organoclay/Joncryl samples compounded 

at different mixing times (1 and 2 min.). The lower viscosity and modulus values 

and deepness in the colour with mixing time for PA-6 and nanocomposite 

samples indicated a process induced degradation in the compounder. On the 

other hand, PA-6/Joncryl samples showed enhanced viscosity and modulus 

with time confirmed the finding from twin-screw extrusion experiments that 

chain extension reaction requires time longer than 1 min. When comparing 

these results with those obtained by using twin-screw extruder, lower viscosity 

and modulus of the compounds than non-extruded PA-6 can be attributed to a 
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limited temperature control in the Haake Micro Compounder where the 

temperature cannot be fixed during compounding as having only one 

temperature control zone. Unlike twin-screw extruder, the mixing elements for 

intensive mixing are not present in the conical screw design of this compounder 

and this can be reason of poor dispersion of organoclays that reflected lower 

shear thinning exponents of the nanocomposites than those prepared using 

twin-screw extrusion. The incorporation of Joncryl enhanced the viscosity and 

modulus of the nanocomposites suggesting a moleculer weight increase after 

chain extension and/or larger level of exfoliation which was confirmed by higher 

shear thinning exponents of the samples. 

The rheological test results of the samples obtained from Xplore Micro 

Compounder showed a lesser thermal degradation that can be explained by 

having three temperature control zones. As expected, Joncryl resulted in 

increased viscosity and modulus of PA-6 and nanocomposites due to 

recoupling of degraded PA-6 chains. The shear exponents of the 

nanocomposites showed similarity with the nanocomposites obtained from the 

Haake Micro Compounder and lower than from the twin-screw extruder. These 

results are attributed to similar conical screw designs of the micro compounders 

(lack of intensive mixing segments). 

A novel laboratory scale mixer developed at University of Bradford was used 

after insufficient temperature control and poor mixing ability of the Haake Micro 

Compounder and the Xplore Micro Compounder. The experiments using this 

minimixer were carried out using a lower viscosity grade PA-6 due to over 

torque problems in the instrument with the base PA-6 grade of this study (high 

viscosity grade PA-6). It was found that addition of organoclay into PA-6 

increased the viscosity and modulus suggesting a better mixing ability than 

Haake Micro Compounder and Xplore Micro Compounder. Besides, the 

extruded PA-6 indicated slightly lower viscosity and modulus than non-extruded 

PA-6 that can be attributed lesser thermal degradation of the matrix. From these 

results, it can be concluded that the housing of the third screw in the minimixer 

decreased thermal degradation allowing a continuous high flow of molten 
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polymer during processing and it also helped better mixing of organoclays in the 

matrix with intensive mixing elements on the screws. 
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CHAPTER 5 

 

GENERAL CONCLUSIONS AND RECOMMENDATIONS  

5.1 General Conclusions  

The aim of this research was to examine possible solutions to offset the thermal 

degradation of PA-6 and PA-6/organoclay nanocomposites during melt 

compounding. To this effect in this study, a novel chain extender to be used in 

the melt compounding has been proposed to control thermal degradation.  

Experiments were divided into two main categories: one using a linear twin-

screw extruder mimicking large operation and one using laboratory scale 

mixers. In both categories, the experiments were performed to assess the the 

primary effects of the organoclay on its own, the chain extender on its own and 

the organoclay and chain extender together. The main emphasis of the 

research was on the processing with the linear twin-screw extruder to replicate 

industrial scale production. In this regard, a comprehensive experimental work 

was performed under different processing conditions varying the extrusion 

temperature and screw speed and the organoclay and chain extender loadings. 

Different characterisation techniques such as rheological, mechanical and 

thermal were used extensively with analyses of selected samples by TEM and 

FTIR. The experiments with the laboratory scale compounders were performed 

using two commercial microcompounders (Haake Minilab Micro Compounder 

and Xplore 15 ml Micro Compounder) and a novel minimixer developed at 

Bradford University. Samples obtained by these mixers were then examined by 

rheology and the outcomes compared within each other and the twin-screw 

extruder results. 

The following conclusions can be drawn from the experiments undertaken: 

1. Rheology and tensile test measurements were found to reflect structural 

changes in the samples with thermal degradation, chain extension, and 

dispersion state of nanoclays in the PA-6 matrix.  
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2. Process induced degradation of neat PA-6 was observed clearly from 

rheology and tensile test results. PA-6 processed at higher extrusion 

temperature (300 oC) showed a 40% decrease in tensile modulus 

compared to non-extruded PA-6. 

3. PA-6/Joncryl (Joncryl ADR-3400) samples indicated higher modulus and 

complex viscosity values than PA-6/epoxy based chain extender (Joncryl 

ADR-4300) in the rheological tests. 

4. Addition of Joncryl to PA-6 resulted in a long chain branched structure 

and different rheological approaches had confirmed such structure 

change. 

5. From the rheological and tensile test results, it is suggested that Joncryl 

led to an increase molecular weight of PA-6 with chain extension and/or 

chain branching and high residence times in the reactive extrusion 

needed for completing such reaction. 

6. Incorporation of organoclay improved rheological and mechanical 

properties with a lesser effect of processing conditions. At 8 wt% 

organoclay loading, nanocomposite processed at 260 oC and 200 rpm 

indicated a 66% increase in comparison with non-extruded PA-6. 

Contrary to improvements in tensile modulus and strength, yield strain 

decreased as a result of increasing brittleness of nanocomposites.  

7. Joncryl enhanced the rheological and mechanical properties of 

nanocomposites confirming that it controlled the thermal degradation of 

the nanocomposites. This improvement was significant for 

nanocomposites at low organoclay loading (2 wt%) as the thermal 

degradation of the matrix became more profound at higher organoclay 

loadings. 

8. TEM images revealed a high degree of exfoliation of nanoclays within the 

PA-6 matrix for selected samples and Joncryl slightly increased the 

exfoliation further. A rheological method proposed by Wagener and 

Reisinger (2003) also confirmed this increment numerically. 
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9. It was found from the time sweep tests that both PA-6 and PA-6 

nanocomposites underwent thermal degradation during rheological tests 

while Joncryl improved thermal stability of samples. 

10. Incorporation of nanoclay and chain extender influenced the thermal 

decomposition temperature and crystallinity of samples slightly. Based 

on TGA data, thermal decomposition temperatures of extruded PA-6 and 

nanocomposite sample decreased as a result of thermal degradation, 

whilst the incorporation of Joncryl enhanced the decomposition 

temperature of the samples. The nanocomposites indicated a higher 

degree of crystallinity as a result of nucleating agent effect of silicate 

layers within polymer matrix. On the other hand, the samples containing 

Joncryl were found in two crystal forms of PA-6 (�. and �� phases) and 

lower degree of crystallinity compared the samples without Joncryl. The 

long chain branched structure of the samples containing Joncryl hindered 

the packing of polymer chains to form �. crystal lattice and resulted in 

such decrease.  

11. The rheological test results obtained from the linear twin-screw extruder 

and laboratory scale mixers indicated that the laboratory scale mixers 

were not able to provide comparable mixing and temperature control 

during compounding. Amongst these mixers, the Bradford University 

minimixer presented better results in terms of improved mixing and 

temperature control during processing. However, more work is needed 

for a better comparison with linear twin-screw extruder. 

12. Storing of PA-6 samples under ambient conditions for six months 

deteriorated the rheological and mechanical properties due to hydrolytic 

degradation. This reduction was the maximum for neat PA-6 samples 

suggesting that the chain extender and nanoclay improved barrier 

properties of the samples. Also, the crystallinity of the samples was 

influenced by the storage time. The higher degree of the crystallinity of 

the neat PA-6 and PA-6 containing Joncryl samples with storage time 

suggested that hydrolytic degradation resulted in shorter polymer chains 

and therefore polymer chains easily incorporated into crystal growing 
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sites. However, such effect cannot be observed for stored 

nanocomposites due to presence of impermeable silicate layers. 

5.2 Original Contributions  

The original contributions to knowledge had been highlighted by this PhD thesis 

as follows: 

1. The chain extender used in this study, Joncryl ADR-3400, has not been 

used in previous research. 

2. Although there are reported studies on chain extension of PA-6, these 

did not attempt to explain the relationship between degradation and 

chain extension mechanisms of PA-6 clearly. In this research, it was 

found that this phenomenon is extremely important when deciding on the 

type of chain extender to be used.  In this regard, it was demonstrated in 

this study that, Joncryl (Joncryl ADR-3400) is more suitable for chain 

extension of PA-6 rather than an epoxy based chain extender (Joncryl 

ADR-4300) which has been used in several studies in the literature. 

Moreover, a comparison between Joncryl and other chain extenders that 

have been reported chain extension of PA-6, (2,2-bis(2-oxazoline), 1,1�±

carbonyl-bis-caprolactam, 1,3-phenylene bis(2-oxazoline-2), could not be 

made as these are no longer produced.  Hence, it is believed that this 

study presents a key update for the production of chain extended PA-6 

materials. 

3. In this research, a novel technology has been developed to offset 

thermal degradation of PA-6/organoclay nanocomposites during melt 

compounding using a chain extender. PA-6/organoclay nanocomposites 

have been known as the first commercialised nanocomposites and used 

in fundamental applications such as automotive, textile and packaging. 

Therefore the method described here would be useful to produce high 

performance PA-6/organoclay nanocomposites via melt processing 

techniques in fast, economical and uncomplicated way.  
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4. Reactive extrusion of polymers using chain extenders has not been 

studied extensively in the literature before. One of the important 

outcomes from this study was that to use a wide range of melt 

compounders to understand the effect of melt compounder type on the 

reactive extrusion of PA-6 with chain extender and find out the most 

suitable one for such process. In view of the findings, the type of melt 

compounder is a considerable factor particularly for practice of the chain 

extension method and a fundamental gap in the literature. To our 

knowledge, a systematic study on chain extension of PA-6, investigating 

processing conditions, organoclay and chain extender loading has not 

been reported before. 

5. An extensive rheological and mechanical study has not been previously 

performed on PA-6/chain extender and PA-6/organoclay nanocomposite 

systems before.  

6. In this study it is the first time that a chain extender has been reported to 

improve nanoclay exfoliation within a PA-6 matrix but comprehensive 

microscopy studies are required to shed more light on the state of the 

nanoclays. 

7. Joncryl influenced crystallisation behaviour of PA-6 resulting in another 

crystal form of PA-6, �� phase. Such influence of chain extender on PA-6 

has not been reported in the literature before. This is a critical finding as 

many physical and mechanical properties are known to be dependent on 

crystallinity. 

8. Storage of PA-6 under ambient conditions was investigated and 

significant effect of storage on the various properties of PA-6 samples 

was reported for the first time. 

5.3 Recommendations for Further Work  

This PhD study has made an original and significant contribution to the control 

of thermal degradation of PA-6 and PA-6/organoclay nanocomposites during 
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melt compounding. From the outcomes of this study, the following issues are 

recommended for further study: 

1. The microscopy studies could be expanded to investigate the state of 

nanoclays within PA-6 matrix thoroughly. Due to the lack of instrument 

facility, TEM studies on the samples were done in Middle East Technical 

University (METU, Turkey) and therefore were limited in this research. 

2. An effect of chain extender on the crystallinity of PA-6 has been found in 

this study. A comprehensive study to determine crystal morphology and 

ratio of alpha and gamma crystalline phases would be interesting. 

3. Supplementary twin-screw extrusion experiments can be carried out 

using the low viscosity PA-6 grade processed in the Bradford University 

Minimixer. Then, the rheological properties of the samples produced from 

twin-screw extrusion can be studied and compared with rheological test 

results of the samples Bradford University Minimixer. 

4. It was found that processing conditions influence the dispersion of 

nanoclays in the polymer matrix, thermal degradation and chain 

extension of PA-6 and nanocomposites. Hence, further studies are highly 

recommended to investigate the effect of screw configuration on 

nanoclay compounding with chain extension. 

5. NIR spectroscopy can be used to investigate and monitor the reaction of 

chain extender with PA-6, understand the rate of reaction and the end of 

the reaction. 
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APPENDICES 

APPENDIX A 

  

RHEOLOGICAL PROPERTIES  of SAMPLES OBTAINED FROM LINEAR 

TWIN-SCREW EXTRUDER 

 

Figure A.1 Low frequency dependence of the complex viscosity for PA-6 and 

PA-6/2 wt% C30B nanocomposites at different processing conditions with 

power law fitting equations (260 oC test temperature)  

 

Figure A.2 Low frequency dependence of the complex viscosity for PA-6 and 

PA-6/5 wt% C30B nanocomposites at different processing conditions with 

power law fitting equations (260 oC test temperature) 
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Figure A.3 Low frequency dependence of the complex viscosity for PA-6 and 

PA-6/8 wt% C30B nanocomposites at different processing conditions with 

power law fitting equations (260 oC test temperature) 

 

Figure A.4 Low frequency dependence of the complex viscosity for PA-6/2 wt% 

C30B nanocomposites with and without chain extender at different processing 

conditions with power law fitting equations (260 oC test temperature) 
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Figure A.5 Low frequency dependence of the complex viscosity for PA-6/5 wt% 

C30B nanocomposites with and without chain extender at different processing 

conditions with power law fitting equations (260 oC test temperature) 

 

Figure A.6 Low frequency dependence of the complex viscosity for PA-6/8 wt% 

C30B nanocomposites with and without chain extender at different processing 

conditions with power law fitting equations (260 oC test temperature) 
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Figure A.7 Loss modulus as a function of frequency for PA-6 and PA-6/2 wt% 

C30B nanocomposites at different processing conditions (260 oC test 

temperature) 

Figure A.8 Loss modulus as a function of frequency for PA-6 and PA-6/5 wt% 

C30B nanocomposites at different processing conditions (260 oC test 

temperature) 
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Figure A.9 Loss modulus as a function of frequency for PA-6 and PA-6/8 wt% 

C30B nanocomposites at different processing conditions (260 oC test 

temperature) 

 

Figure A.10 Loss modulus as a function of frequency for PA-6 and PA-6/1 wt% 

chain extenders (Joncryl ADR 4300 and 3400) processed at 260 oC and 100 

rpm (260 oC test temperature) 
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Figure A.11 Loss modulus as a function of frequency for PA-6 and PA-6 with 

different chain extender concentrations (1 and 1.5 wt%) processed at 260 oC 

and 100 rpm (260 oC test temperature) 

 

Figure A.12 Loss modulus as a function of frequency for PA-6 with and without 

chain extender at different processing conditions (260 oC test temperature) 
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Figure A.13 Loss modulus as a function of frequency for PA-6/2 wt% C30B 

nanocomposites with and without chain extender at different processing 

conditions (260 oC test temperature) 

 

Figure A.14 Loss modulus as a function of frequency for PA-6/5 wt% C30B 

nanocomposites with and without chain extender at different processing 

conditions (260 oC test temperature) 
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Figure A.15 Loss modulus as a function of frequency for PA-6/8 wt% C30B 

nanocomposites with and without chain extender at different processing 

conditions (260 oC test temperature) 

 

Figure A.16 Loss modulus as a function of frequency for selected samples with 

six months storage time (260 oC test temperature) 
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APPENDIX B 

 

DSC THERMOGRAMS of SAMPLES OBTAINED FROM LINEAR TWIN -

SCREW EXTRUDER 

  

Figure B.1 DSC thermograms for PA-6 and PA-6/5 wt% C30B nanocomposites 

at different processing conditions: (a) Cooling and (b) Second heating 

 

 

(a) 

(b) 
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Figure B.2 DSC thermograms for PA-6 and PA-6/8 wt% C30B nanocomposites 

at different processing conditions: (a) Cooling and (b) Second heating 

 

(a) 

(b) 
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Figure B.3 DSC thermograms for PA-6 with and without chain extender at 

different processing conditions: (a) Cooling and (b) Second heating 

 

(a) 

(b) 
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Figure B.4 DSC thermograms for PA-6/2 wt% C30B nanocomposites with and 

without chain extender at different processing conditions: (a) Cooling and (b) 

Second heating 

(a) 

(b) 

(a) 

(b) 
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Figure B.5 DSC thermograms for PA-6/5 wt% C30B nanocomposites with and 

without chain extender at different processing conditions: (a) Cooling and (b) 

Second heating 

 

(a) 

(b) 
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Figure B.6 DSC thermograms for PA-6/8 wt% C30B nanocomposites with and 

without chain extender at different processing conditions: (a) Cooling and (b) 

Second heating 

 

(a) 

(b) 
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Figure B.7 DSC thermogram for Joncryl ADR 3400 (heating scan from 25 oC to 

150 oC) 
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APPENDIX C 

 

REPRESENTATION of FTIR SPECTRA  

Table C.1 FTIR band assignments of non extruded PA-6 

Wavenumber (cm-1) Comment 

3291.95 Hydrogen bonded N-H stretch 

3078.85 Aromatic C-H stretch and Fermi-resonance of N-H 

stretching with the overtone of Amide II 

2931.32 Asymmetric CH2 stretch 

2855.62 Symmetric CH2 stretch 

1632.96 Amide I and C=O stretching 

1538.94 Amide II and C-N stretching 

1462.28 CH2 scissors vibration 

1416.00 CH2 scissors vibration 

1372.13 Amide III and C-N stretching 

1263.65 N-H bending and C-N stretching 

1200.49 CH2 twist wagging vibration 

1169.15 C-N stretching vibrations in �±R-NH-CO- 

1119.98 C-N stretching vibrations in �±CH-NH- 

959.43 CO-NH in plane vibration 

929.05 CO-NH in plane vibration 

687.03 C-H wagging vibration 
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Table C.2 FTIR band assignments of PA-6/1 wt% Joncryl processed at 260 oC 

100 rpm 

Wavenumber (cm-1) Comment 

3295.32 Hydrogen bonded N-H stretch 

3079.33 Aromatic C-H stretch and Fermi-resonance of NH 

stretching with the overtone of Amide II 

2931.80 Asymmetric CH2 stretch 

2860.45 Symmetric CH2 stretch 

1634.40 Amide I and C=O stretching 

1537.98 Amide II and C-N stretching 

1462.77 CH2 scissors vibration 

1416.96 CH2 scissors vibration 

1372.61 Amide III and C-N stretching 

1261.72 N-H bending and C-N stretching 

1200.01 CH2 twist wagging vibration 

1169.63 C-N stretching vibrations in �±R-NH-CO- 

1121.42 C-N stretching vibrations in �±CH-NH- 

959.91 CO-NH in plane vibration 

929.05 CO-NH in plane vibration 

684.62 C-H wagging vibration 
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Table C.3 FTIR band assignments of Joncryl 

Wavenumber (cm-1) Comment 

3027.26 C-H stretching of aromatic fragments 

2922.64 C-H asymmetrical stretching vibration 

1856.18 C=O symmetrical stretching vibration in anhydride 

1774.22 C=O symmetrical stretching vibration in anhydride 

1601.62 C=C vinyl stretching vibration in styrene 

1493.62 C=C vinyl stretching of aromatic ring 

1453.12 C-C stretching vibration of aromatic fragments 

1217.85 C-O-C stretching vibration in ether 

1076.10 C-H bending 

1029.34 C=O stretching vibration in ester 

915.07 C-H deformation vibration 

757.90 C-H out of plane bending vibrations of monosubstituted 

benzene 

698.12 C-H out of plane bending vibrations of monosubstituted 

benzene 
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APPENDIX D 

 

RHEOLOGICAL PROPERTIES of SAMPLES OBTAINED FROM HAAKE 

MINILAB MICRO COMPOUNDER  

 

Figure D.1 Low frequency dependence of the complex viscosity for PA-6 and 

PA-6/5 wt% C30B nanocomposites for different mixing times with power law 

fitting equations (260 oC test temperature) 

 

Figure D.2 Comparison of storage modulus at a frequency of 1 Hz from 

frequency sweep test data for PA-6 and PA-6/5 wt% C30B nanocomposites for 

different mixing times 
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Figure D.3 Loss modulus as a function of frequency for PA-6 and PA-6/5 wt% 

C30B nanocomposites for different mixing times (260 oC test temperature) 

Figure D.4 Comparison of storage modulus at a frequency of 1 Hz from 

frequency sweep test data for PA-6 with and without chain extender for different 

mixing times 



 

240 
 

 

Figure D.5 Loss modulus as a function of frequency for PA-6 with and without 

chain extender for different mixing times (260 oC test temperature) 

 

Figure D.6 Low frequency dependence of the complex viscosity for PA-6/5 wt% 

C30B nanocomposites with and without chain extender for different mixing 

times with power law fitting equations (260 oC test temperature) 
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Figure D.7 Comparison of storage modulus at a frequency of 1 Hz from 

frequency sweep test data for PA-6/5 wt% C30B nanocomposites with and 

without chain extender for different mixing times 

 

Figure D.8 Loss modulus as a function of frequency for PA-6/5 wt% C30B 

nanocomposites with and without chain extender for different mixing times (260 
oC test temperature) 
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APPENDIX E 

 

RHEOLOGICAL PROPERTIES  of SAMPLES OBTAINED FROM XPLORE 

MICRO COMPOUNDER 

 

Figure E.1 Low frequency dependence of the complex viscosity for PA-6 and 

PA-6/5wt% C30B nanocomposites with and without chain extender with power 

law fitting equations (260 oC test temperature) 

 

Figure E.2 Comparison of storage modulus at a frequency of 1 Hz from 

frequency sweep test data for PA-6 and PA-6/5 wt% C30B nanocomposites 

with and without chain extender 
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Figure E.3 Loss modulus as a function of frequency for PA-6 and PA-6/5 wt% 

C30B nanocomposites with and without chain extender (260 oC test 

temperature) 
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APPENDIX F 

 

RHEOLOGICAL PROPERTIES  of SAMPLES OBTAINED FROM BRADFORD 

UNIVERSITY MINIMIXER 

 

Figure F.1 Low frequency dependence of the complex viscosity for PA-6 and 

nanocomposites at different C30B loadings with power law fitting equations 

(260 oC test temperature) 

 

Figure F.2 Comparison of storage modulus at a frequency of 1 Hz from 

frequency sweep test data for PA-6 and nanocomposites at different C30B 

loadings  
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Figure F.3 Loss modulus as a function of frequency for PA-6 and 

nanocomposites at different C30B loadings (260 oC test temperature) 

 

Figure F.4 Comparison of storage modulus at a frequency of 1 Hz from 

frequency sweep test data for PA-6 with and without chain extender 
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Figure F.5 Loss modulus as a function of frequency for PA-6 with and without 

chain extender (260 oC test temperature) 

 

Figure F.6 Low frequency dependence of the complex viscosity for PA-6 

nanocomposites at different C30B loadings with and without chain extender with 

power law fitting equations (260 oC test temperature) 
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Figure F.7 Comparison of storage modulus at a frequency of 1 Hz from 

frequency sweep test data for PA-6 nanocomposites at different C30B loadings 

with and without chain extender 

 

Figure F.8 Loss modulus as a function of frequency for PA-6 nanocomposites at 

different C30B loadings with and without chain extender (260 oC test 

temperature) 
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