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ABSTRACT 

 

The effects of dicumyl peroxide/vinyltriethoxysilane (DCP/VTES) treatment, nanoclay 

content and the nature of the nanoclay were investigated for low-density polyethylene 

(LDPE)/clay and high-density polyethylene (HDPE)/clay nanocomposites. LDPE was treated 

with 0.1 phr of DCP with respectively 1 phr and 3 phr VTES (System A), and with 0.2 phr of 

DCP with the same amounts of VTES, and then mixed with different contents (1, 3, and 5 wt. 

%) of modified (Cloisite 15A) and unmodified (calcium montmorillonite) clay. The HDPE 

nanocomposites were prepared according to System A, using Cloisite 15A. The polymer-clay 

nanocomposites were prepared through melt mixing in a Brabender Plastograph internal 

mixer, and were characterized for their morphology, thermal properties, mechanical 

properties, thermomechanical properties and the extent of grafting/crosslinking. FTIR 

analysis clearly showed that grafting in System A was not very effective, and that the 

‘grafted’ LDPE contained an appreciable amount of ungrafted (pure or hydrolysed) VTES. 

However, sufficient grafting was achieved in System B, but there was also a higher extent of 

crosslinking. The XRD and TEM results showed that C15A was more intercalated than 

Ca2+MMT showed, and also slightly exfoliated. Nanocomposites prepared according to 

System A showed intercalated structures, while those prepared according to System B 

showed partially exfoliated structures. The DSC results showed that the presence of 

DCP/VTES decreased the melting temperature and crystallinity of both the polymer matrices 

due to a decrease in lamellar thickness as a result of crosslinking between the polymer chains, 

in addition to VTES grafting. The addition of clay and its nature had no significant influence 

on the melting temperature and crystallinity of both polymers. The TGA results showed an 

improvement in the thermal stability of all the nanocomposites, but the silane treated C15A 

nanocomposites showed a higher degradation rate at higher clay contents. The mechanical 

and thermomechanical properties of the untreated nanocomposites were better than those of 

the treated nanocomposites at the same clay loading. 
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Chapter 1: General introduction 

 

1.1 Background 

 

The beginning of research on nanotechnology and nanoscience can be traced back over 40 

years [1]. However, during the past decade nanotechnology went through a variety of 

disciplines, from chemistry to biology and from materials science to electrical engineering. 

Scientists are now creating the tools and developing the expertise to bring nanotechnology 

out of the research labs and into the market place [1,2]. Nanotechnology is regarded as a very 

promising field for industrial applications. One of the first applications of nanotechnology 

was the production of nanofillers. Nanofillers are materials added to plastic materials, in most 

cases polymers, in order to improve their strength, working properties and sometimes to 

reduce the cost [2]. 

 

The interest of producing composite materials with nanosized fillers or reinforcement i.e. 

nanocomposites has grown tremendously in recent years [2]. Nanocomposites are a new 

generation of composite materials made up of a polymer matrix and filler. However, at least 

one of the constituent phases of the filler must have one dimension of less than 100 nm. 

Nanocomposites were first reported in the patent literature as early as 1950 and have attracted 

much attention because of the remarkable improvement in their material properties when 

compared to virgin polymers [3,4]. Nanocomposites are applicable to a wide range of 

polymer matrices including thermoplastics, thermosets, elastomers, and natural and 

biodegradable polymers [5]. 

 

1.2 Polymer based nanocomposites 

 

Polymers are used for a number of applications, but they often require certain properties in 

order to satisfy their numerous application needs. Nanofillers have been used to improve 

properties of polymers without any impact on density, transparency and processability of the 

polymer. Nanofillers are dispersed in polymer matrices at low loadings (< 10 wt. %), because 

they are small and have high aspect ratios [2,6-8]. Another aspect of nanoparticles that sets 

them apart is their enormous surface area, which increases the interaction with the polymer 

matrix. Nanofillers include nanoclays, nanofibres, carbon nanotubes (single-walled 
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(SWCNT) and multi-walled (MWCNT)), metal oxide nanoparticles, cellulose nanowhiskers, 

and polyhedral oligomeric silsesquioxanes (POSS). When compared to conventional 

polymers, nanofiller-containing polymers exhibit improved properties [2,7,9]. These 

improved properties include increased tensile strength, high modulus, improved electrical and 

optical properties, good thermal stability, decreased gas permeability, improved flammability 

resistance, decreased water absorbtion, and increased biodegradability of biodegradable 

polymers [2,8-10,16]. 

 

1.3 Polymer-clay nanocomposites 

 

Polymer-clay nanocomposites (PCNs) are composites where nanoscale silicate layers are 

molecularly dispersed within a polymer matrix [5]. Clay-based polymer nanocomposites have 

attracted considerable attention in the past decade from the field of research and in various 

applications. This is due to the capacity of clay to improve nanocomposite properties and the 

strong synergistic effects between the polymer and the silicate platelets on both molecular or 

nanometric scale [11]. Polymer-clay nanocomposites have several advantages: (a) they are 

lighter in weight than the same polymers filled with other types of fillers; (b) they have 

enhanced flame retardance and thermal stability; and (c) they exhibit enhanced barrier 

properties [6,7,8]. This system was first studied in the early 1980s by the Toyota Central 

Research Laboratories. They used an in situ polymerization method (explained in section 1.5) 

to synthesise nylon-6-clay nanocomposites using caprolactam [12]. With the addition of only 

5% clay, these nanocomposites gave greatly enhanced mechanical properties along with a 

large increase in heat distortion temperature. Their success has created a lot of attention in the 

use of clay as a reinforcement material for polymers [3,4,13,14]. 

 

1.4 Clay minerals 

 

Clay minerals are normally called layered silicates because of their stacked structure of 1 nm 

silicate sheets which are in nanoscale with a variable basal distance. Nanoclays are grouped 

into different classes i.e. montmorillonites, hallosides, bentonites, hectorites and kaolirites 

[15]. Amongst them the most commonly used layered silicates for the preparation of polymer 

layered silicates nanocomposites belongs to the general family of layered silicates or 

phyllosilicates called montmorillonites [2]. There are two natural varieties of 

montmorillonite: sodium montmorillonite having a high swelling capacity in water, and 
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calcium montmorillonite with a low swelling capacity. The growing interest in using 

montmorillonites as reinforcement in polymer based nanocomposites is mainly due to their 

high cation exchange capacity (CEC), the degree to which the clay can absorb and exchange 

cations, their large surface area, their high aspect ratio, their platelets’ morphology, as well as 

their low cost and natural availability [2,16,17]. Depending on their chemical composition 

and the nanoparticle morphology, the layered silicates can be divided into two phyllosilicate 

families: 

 

 1:1 phyllosilicates (non-swelling clay) are made up of one tetrahedral layer and one 

octahedral layer. They are not commonly used because they cannot expand, hence the 

forces that hold the adjacent clay layers in place are strong. As a result the silicate 

layers cannot be separated in order to allow polymer chains between them. Examples 

are kaolinite and the halloysites [18]. 

 

  2:1 phyllosilicates (swelling clay) have a crystal structure with layers made up of two 

tetrahedrally coordinated silicon atoms fused to an edged-shared octahedral sheet of 

either aluminium or magnesium hydroxide. The layered thickness is around 1 nm, and 

the lateral dimension of these layers may differ from 30 nm to several microns or 

larger. Layers organize themselves to form stacks with regular van der Waals gaps in 

between them, called the interlayers or the gallery [19,20]. These types of clays are 

mostly used because of their ability to expand or swell, allowing polymer chains to 

penetrate between the layers. Examples are the montmorillonites (MMT), hectorite, 

and saponite [21]. Details of the structure and chemical composition of the layered 

silicates are shown in Table 1.1 and Figure 1.1. 

 

Table 1.1 Formulae of commonly used 2:1 phylosilicates 

2:1 phylosilicate General formula CEC / 

mequiv/100 g 

Particle length / 

nm 

Montmorillonite Mx(Al4-xMgx)Si8O20(OH)4 110 100-150 

Hectorite Mx(Mg6-xLix)Si8O20(OH)4 120 200-300 

Saponite MxMg6(Si8-xAlx)Si8O20(OH)4 87 50-60 
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initiated by heat, radiation or an organic initiator. The growing polymer chains have the 

ability to push the silicate layers apart leading to an exfoliated or intercalated structure [19, 

25]. Melt blending involves mixing the layered silicates with the polymer above the softening 

point of the polymer. The applied shear causes the destruction of the clay stacking resulting 

in an intercalated or exfoliated structure [19,24]. 

 

Amongst the methods described above, melt blending is the most industrially valuable 

method to produce PCNs because of its low cost, high productivity, and environmental 

friendliness (due to the absence of organic solvents). Furthermore, it is compatible with 

current polymer processing techniques such as extrusion (co-extrusion twin-screw extruder) 

and injection moulding [24]. Although the use of solution mixing and in situ polymerization 

gives better results, their use is limited because of the unavailability of compatible solvents or 

suitable monomers, hence the preparation of nanocomposites via melt blending has been 

more explored [24,25]. 

 

1.6 Polymer-clay nanocomposite structures 

 

The physical mixture of polymers and layered silicates does not necessarily form 

nanocomposites, because the compatibility and interaction between the two phases are very 

important [5]. The structures of PCNs are influenced by a number of factors which include 

(a) the nature of the components used (layered silicate, organic cation and polymer matrix), 

(b) the exchange capacity of the clay, (c) the chemical nature of the interlayer cations, (d) the 

polarity of the reaction medium, (e) the preparation method, (f) the clay loading, and (g) the 

interfacial adhesion between the polymer matrix and the clay layers [2,19,25]. 

 

Three structures of polymer clay nanocomposites can be achieved when nanoclays are 

dispersed into polymer matrices i.e. phase separated microcomposites, intercalated and 

exfoliated nanocomposites (Figure 1.2). Phase separated macrocomposites show no 

interaction between the polymer and clay layers and hence there is no separation of clay 

layers. In this case there is very little improvement in polymer properties [23, 26]. In 

intercalated nanocomposites one or more polymer chains penetrate the clay layers such that 

the interlayer spacing is expanded. However, the clay layers still retain their regular stacking 

arrangement and only certain polymer properties are improved. In exfoliated nanocomposites 

the clay layers are completely separated and individual layers are dispersed throughout the 
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done through ion-exchange reactions. Ion-exchange reactions involve the replacement of 

interlayer cations (Na+, Ca2+, K+) with cationic surfactants. Typical cations used include 

primary, secondary, tertiary and quaternary alkyammonium or alkylphosphonium cations 

[19,23]. Cationic surfactants render the naturally hydrophilic silicate surface organophilic, 

thus expanding the basal spacing between the silicate layers [21,29]. They also lower the 

surface energy of the inorganic component and improve the wetting characteristics of the 

polymer. Furthermore, they can provide functional groups that can react with the polymer 

and even initiate polymerization [23]. A comprehensive discussion on clay modification will 

follow in section 2.2.2. 

 

In its pristine state, layered silicates are only miscible with polar polymers and surface 

modification increases their interaction even further. However, organically modified clay do 

not disperse well in nonpolar polymers such as polypropylene (PP) and polyethylene (PE) 

because of their strong hydrophobicity [19,30]. In order to facilitate the interaction between 

organophilic layered silicates and non-polar polymers, the introduction of a polymer modified 

with maleic anhydride or hydroxyl group as a compatabilizer is often employed to mediate 

the polarity between the polymer and the modified montmorillonite [31]. Another alternative 

in improving the clay and polymer interaction is the use of vinylalkoxysilanes as coupling 

agents. The most widely used vinylsilanes are vinyltriethoxysilane (VTES) and 

vinyltrimethoxysilane (VTMS). Both the silane compounds contain two functional groups in 

their chemical structure: one is the C=C group that can be grafted onto the backbone of the 

polymer through the initiation of radicals from the decomposition of DCP; the other is the 

≡Si-OR (R: CH3 or CH2CH3) that can be hydrolysed to form silanols (Si-OH) [30,32]. 

 

1.8 Applications of polymer clay nanocomposites 

 

Since the addition of clay improves the mechanical, thermal, barrier and decreases flammable 

properties of polymers, their applications have increased tremendously [10,16]. The most 

common use of PCNs has been in mechanical reinforcement of thermoplastics like nylon-6 

and polypropylene. Toyota was the first company to commercialise these nanocomposites 

and use them in one of their popular models [12]. They produced polyamide-clay 

nanocomposites and used them to replace a metal component near the engine block that 

caused some weight savings. Clay in this application improved the heat distortion 

temperature of the material and allowed it to be used in high temperature applications. 
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Polypropylene-clay nanocomposites have also been used for automotive applications (fuel 

tanks, bumpers, interior and exterior panels) were the presence of the clay results in an 

increase in flexural and modulus while maintaining impact performance [33,34]. PCNs were 

found to improve the flame-retardancy of polymers without degrading their properties. In 

actual fact, in addition to acting as a flame retardant, it can also improve other properties of 

the polymer. Organoclays are also much cheaper than the flame retardants they are replacing. 

Another common application of clay nanocomposites is for gas-barrier materials. The clay 

nanoparticles create a complex network in the polymer matrix such that various gases either 

diffuse very slowly or not at all through the polymer chains. The success of clay 

nanocomposites for decreased diffusion of oxygen and water resulted in their application in 

food/liquid packaging in order to keep foods fresher for longer [34]. 

 

1.9 Aims and objectives 

 

The overall objective of the study was to investigate the influence of organically modified 

nanoclay and pure Cloisite Ca2+MMT on the morphology, as well as thermal and mechanical 

properties of low-density and high-density polyethylenes (LDPE and HDPE). In order to 

improve the interfacial adhesion and the dispersion of nanoclay into the polymer matrix, 

vinyltriethoxysilane (VTES) was used as a coupling agent. Various contents of clay (1, 3, and 

5 wt. %) and VTES (1 and 3 phr) were used for both the PE matrices. The samples were 

characterized using transmission electron microscopy (TEM), X-ray diffractometry (XRD), 

thermogravimetric analysis (TGA), differential scanning calorimetry (DSC), tensile testing, 

dynamic mechanical analysis (DMA), Fourier-transform infrared spectroscopy (FTIR) and 

gel content analysis (to determine the extent of crosslinking or grafting in the 

nanocomposites). 

 

1.10 Thesis outline 

 

 Chapter 1. General introduction 

 Chapter 2. Literature review 

 Chapter 3. Materials and methods 

 Chapter 4. Results and discussion 

 Chapter 5. Conclusions 
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Chapter 2: Literature review 

 

2.1 Introduction 

 

Polymer layered silicates (PLS) nanocomposites have generated considerable interest over 

the past decade because of their improved properties at very low loading levels compared to 

conventional filler composites. Improved properties include mechanical, physical, thermal 

stability, gas barrier properties, and reduced flammability [1,2]. These improved properties 

cause PLS nanocomposites to be widely used in various fields such as food packaging, safety 

equipment, automotive, aerospace, electronics and optical devices [3,4]. PLS nanocomposites 

can be prepared by different methods i.e. melt mixing, solution mixing and in situ 

polymerization [5]. Melt mixing is the most industrially valuable method because of its high 

productivity, low cost, environmental friendliness (does not require the use of solvent), and 

compatibility with current polymer processing techniques such as extrusion and injection 

moulding. For most technologically important polymers, solution mixing and in situ 

polymerization are limited since neither a suitable monomer nor a solvent are available [5-7]. 

 

2.2 Layered silicate 

 

Layered silicates are natural or synthetic minerals consisting of extremely thin layers that are 

generally bound together with counter ions [8]. There are different types of layered silicates 

i.e. montmorillonite, saponite, and hectorite. The most commonly used layered silicate for the 

preparation of PLS nanocomposites is montmorillonite which belongs to the general family 

of 2:1 phylosillicates. Montmorillonites are mostly preferred because of their high cation 

exchange capacity (CEC), the degree to which the clay can absorb and exchange cations, 

large surface area, surface reactivity, adsorptive properties, high aspect ratio, their platelets’ 

morphology, as well as their low cost and natural availability [8,9]. 

 

2.2.1 Structure and properties of layered silicates 

 

Layered silicates are built from tetrahedral sheets in which a silicon atom is surrounded by 

four oxygen atoms (Figure 2.1 (a)) and octahedral sheets in which a metal like aluminium or 

magnesium is surrounded by eight oxygen atoms (Figure 2.1(b)). The crystal structure of 
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2.2.2.1 Ion-exchange modification  

 

Ion-exchange reactions have traditionally been exploited as an effective method to replace 

inorganic ions with organic cationic surfactant molecules which intercalate into the clay 

gallery [24]. An ion exchange reaction depends on the type of organic surfactants and the 

cationic exchange capacity (CEC) of the clay. This reaction simply replaces the sodium or 

calcium cations situated in the gallery with alkylammonium or alkylphosphonium cations. 

The clay is swelled in an aqueous alkylammonium solution which increases the interlayer 

gallery due to the hydration of the inorganic cations (Na+, Ca2+) situated in the gallery, 

allowing alkylammonium ions to intercalate between the clay platelets. Since the cations 

(Na+ and Ca2+) are not strongly bound to the clay surface, they can be easily replaced. The 

most common cationic surfactants used in ion-exchange reactions are primary, secondary and 

quaternary alkyammonium or alkyphosphonium cations. The insertion of alkylammonium or 

alkylphosphonium cations into the galleries increases the interlayer spacing and creates more 

room for the polymer chains to enter and also increases the hydrophobicity of the clay layers. 

Furthermore, they can provide functional groups which can interact with polymer chains or 

initiate polymerization. Figure 2.3 shows the surface modification of an MMT clay via ion-

exchange reaction using alkylammonium cations [16,25-28]. 

 

The affinity of monovalent sodium cations to hydration promotes the ion exchange process 

and increases the efficiency of the organic modification. However, clays with divalent 

counter cations such as calcium cannot be easily hydrated and therefore their replacement by 

an ion exchange process is not efficient [26]. The efficiency of organic modification by ion 

exchange also depends on the surface charge density of the clay layers. When the charge 

density of the clay is as high as 1 equiv mol-1 for mica, the electrostatic force between the 

layers is also high. Therefore, the interlayer cations cannot be hydrated or swollen and as a 

result ion exchange cannot be carried out. The lower charge density (0.25-0.5 equiv mol-1) in 

montmorillonite causes weak electrostatic forces between the clay layers which makes them 

swell more easily. A couple of studies showed that the structure of the organoclay and its 

basal spacing depends on the alkyl chain length and its configuration in the inter layer 

spacing after modification [9,29]. 
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layer. The functionalization of clay with organosilane can take place at three different sites: 

(1) at the interlayer spacing which results in a significant increase in the clay basal spacing, 

(2) at the external surface with no change in basal spacing, and (3) at the broken edges 

resulting in a less pronounced increase in basal spacing. Several organosilanes with different 

functionalities have been used to modify layered silicate such as MMT. Figure 2.4 shows the 

interaction between silane and the clay surface [30,31,34]. 
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Figure 2.4  Schematic representation of the coupling reaction of trifunctional silane 

molecules on clay [33] 

 

 

2.3 Techniques used to characterize polymer-clay nanocomposites (PCNs) 

 

During the analysis of polymer-clay nanocomposites it is important to study the degree of 

dispersion of clay layers (intercalation/exfoliation), because it affect the final properties of 

the nanocomposites. Several techniques have been used to study the nanostructure of PCNs 

and clay, and they include neutron magnetic resonance (NMR) spectroscopy, neutron 

scattering methods, X-ray diffractometry (XRD) and transmission electron microscopy 

(TEM). However, XRD and TEM are the most commonly used techniques. Figure 2.5 shows 

the relation between different states of dispersion of organoclays in a polymer matrix and 

typical XRD and TEM results [35-37]. The darker lines in the brighter matrix in the TEM 

pictures show the clay layers in the polymer matrix. The description of the different states of 

dispersion is given in the next paragraph. 
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A number of studies found that one cannot study the dispersion of clay in a polymer with 

only TEM or XRD, because the two techniques complement each other. In most studies TEM 

was found to be an excellent method to characterize the clay dispersion in PCNs. XRD is 

mostly used to measure the d-spacing of ordered immiscible and ordered intercalated PCNs. 

However, it may be insufficient for the confirmation of exfoliated structures, since the 

absence of a peak can be misinterpreted, especially where mixed intercalated and exfoliated 

structures exist, because XRD is not sensitive enough to measure low concentrations of clay 

crystallinity in a polymer matrix [29,35-38]. 

 

2.4 Factors affecting the extent of clay modification 

 

The extent of ion exchange modification depends on a number of factors which needs to be 

taken into consideration when preparing PCNs, i.e. the type of surfactant, the length of the 

surfactant chain, the type of organic modifier, the concentration of the modifier, the charge 

density of clay and also the preparation method of PCNs. Several authors found that 

alkylammonium ions are easily intercalated between the clay layers and offer better 

interfacial interaction compared to amino acids. Clays have different cationic exchange 

capacities ranging from 80-125 meq/100 g of clay. A few studies showed that the longer the 

chain length of the surfactants, the further apart the clay layers will be forced. A number of 

authors studied the factors affecting the extent of clay modifications, and a few are discussed 

below. Modification of clay with silane compounds has also been studied by a number of 

authors and is discussed below. 

 

Lei et al. [39] studied the effect of clay type on the processing and properties of 

polypropylene (PP) nanocomposites prepared using a Brabender Plasticorder. The 

nanocomposites were prepared using different types of commercial clays, i.e. Na (non-

modified montmorillonite clay), Cloisite (modified with long-chain alkyl ammonium 

compounds), and Nanomer (modified with long alkyl amines) at a constant clay loading of 3 

wt%. SEM images of the nanocomposites without modification showed aggregates and poor 

interfacial bonding between the matrix and the aggregates. However, modified clay 

nanocomposites showed a significant reduction in agglomerates size. The authors attributed 

this to the ability of surface treatment to reduce particle-particle attraction and promote the 

expansion of the gallery distance between the clay sheets. DMA analysis showed that all the 

nanocomposites had higher storage modulus than pure PP over the complete temperature 
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range of the analysis. Nanocomposites with alkyl ammonium salt had higher storage moduli 

than the alkyl amine nanocomposites. 

 

Nakas et al. [40] studied the influence of alkyammonium salts on epoxy-clay nanocomposites 

prepared by in situ intercalative polymerization. Raw Na-montmorillonites was first purified 

and then the surface was modified with five alkylammonium salts: tetramethyl ammonium 

bromide (TMAB), dodecyl trimethyl ammonium bromide (DDTMAB), hexadecyl trimethyl 

ammonium bromide (HDTMAB), octadecyl trimethyl ammonium bromide (ODTMAB), to 

investigate the effect of increasing chain length, and benzyl triethyl ammonium bromide 

(BTEAB), to investigate the effect of the benzene ring. X-ray diffractograms showed that by 

increasing the chain length of the modifier the interlayer spacing also increases by pushing 

the layers further apart. The interlayer spacing of TMAB, BTEAB, DDTMAB, HDTMAB 

and ODTMAB modified clay was 13.9, 14.7, 16.1, 17.9, 20.3 Å respectively. The flexural 

strength and fracture toughness increased with an increase in chain length of the modifier. 

The flexural strength improved in the order TMAB < BTEAB < DDTMAB < HDTMAB < 

ODTMAB. However, the fracture toughness value of the BTEAB modified clay was lower 

than that of the clay modified with TMAB. The presence of the benzene ring in the BTEAB 

made it difficult for the clay layers to be thoroughly dispersed in polymer matrix. 

 

Ryznarova et al. [41] studied the effect of four different clay surface modifiers on the 

structure of epoxy-clay nanocomposites. The nanocomposites were prepared by in situ 

intercalation polymerization. The Na+ montmorillonites was modified with bis(2-

hydroxyethy) methyloctadecyl ammonium chloride (A), dimethyloctadecylphenyl 

ammonium chloride (B), dimethyloctadecyloctyl ammonium chloride (C) and 

methyldioctadecyl ammonium chloride (D). The degree of clay surface coverage was 78, 87, 

70, and 66 % for A, B, C, and D respectively. XRD showed an exfoliated structure for 

organoclay A nanocomposites, and the authors attributed this behaviour to the presence of the 

hydroxyl functionalities. Organoclay D nanocomposites showed an intercalated structure due 

to the high hydrophobicity of the modifier. TEM pictures of the organoclay A 

nanocomposites showed exfoliated individual clay platelets at higher magnifications, but the 

organoclay C nanocomposites showed poor dispersion. A slight decrease in the Young’s 

modulus was observed for the organoclay 8A nanocomposites, which was attributed to the 

plasticizing effect of the modifier. This observation was consistent with the decrease in the Tg 

observed in the DMA results. 
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Greesh et al. [42,70] studied the effect of four different organic modifiers and different clay 

loadings on the properties of poly(styrene-co-butyl acrylate) (poly(S-co-BA))-clay 

nanocomposites prepared by in situ free-radical polymerization in emulsion. Na-MMT was 

modified with sodium 1-allyloxy-2-hydroxypropyl (Cops), 2-acrylamido-2-methyl-1-

propanesulfonic acid (AMPS), N-isopropylacrylamide (NIPA) and sodium 11-

methyacryloyxy-undecan-1-yl sulphate (MET). At 10% loading of clay the XRD and TEM 

results showed intercalated to partially exfoliated structures with Cops-, NIPS-, and MET-

modified clay, while AMPS-modified clay showed fully exfoliated structures. This was 

because the sulphate and amino groups in the AMPS structure allowed it to interact easily 

with clay by forming hydrogen bonds between the sulphates and the amino groups of AMPS 

and the hydroxyl groups situated on the edges of the clay sheets. The XRD results of the 

AMPS modified clay nanocomposites showed intercalated structures with 1-5 % of clay and 

a partially exfoliated structure with 7 % of clay. The nanocomposites with 10% of clay 

showed an exfoliated structure, which was unusual since it is known that it becomes more 

difficult to obtain exfoliated structures at higher clay contents. This behaviour was attributed 

to thermodynamic factors. At high clay loadings the clay platelets were close to each other 

and as a result they generated energy by friction. This energy could lead to more free 

movement of platelets thus randomizing their orientation. 

 

Wilson et al. [43] studied the influence of clay content and amount of organic modifier on the 

morphology of EVA-clay nanocomposites. The nanocomposites were prepared using Cloisite 

15A and 20A with the same organic modifier but different modifier concentrations (125 and 

90 meg/100gclay respectively) at varying loadings. The morphology of the nanocomposites 

was evaluated using small-angle X-ray diffraction spectroscopy (SAXS), TEM, and scanning 

electron microscopy (SEM). The SAXS results of the EVA-clay nanocomposites containing 

organo-modified clay showed an intercalated morphology at low loadings and an immiscible 

morphology at high loadings. The SEM images showed smooth surfaces at low loadings and 

rough surfaces at high loadings. This behaviour was attributed to the formation of 

agglomerates due to poor interfacial adhesion between the polymer and clay at high loadings. 

The TEM images showed the same trend as SEM, with homogenous dispersion of individual 

clay layers at low loadings and inhomogeneous dispersion due to agglomerates at higher 

loadings. The Cloisite 15A nanocomposites showed better dispersion than the Cloisite 20A 

nanocomposites, because more of the modifier was intercalated between the clay layers 

resulting in further expansion of the gallery and better interaction with the polymer chains. 
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Choi et al. [33] investigated the influence of ammonium salt functionalized MMT (O-MMT) 

and silane functionalized MMT (S-MMT) on the morphology, thermomechanical and 

mechanical properties of epoxy. Various concentrations (2, 6, and 10 wt%) of pure-MMT, O-

MMT, and S-MMT were incorporated. XRD analysis showed the interlayer spacing of pure 

MMT, O-MMT, and S-MMT to be 12.8, 32.1, 20.8 Å respectively. After adding 6 wt% of P-

MMT, O-MMT, S-MMT into epoxy, the (001) peak shifted to lower angles with interlayer 

spacings of 14.4, 38.3, and 28.0 Å respectively. TEM micrographs showed individual layers 

uniformly dispersed for the O-MMT nanocomposites, while few MMT stacks were observed 

for the S-MMT nanocomposites. The grafted silane between the platelets and the edges 

restricted the separation of the platelets, while in O-MMT the platelets could separate without 

restriction. However, the S-MMT nanocomposites showed better mechanical properties than 

the O-MMT nanocomposites due to the better chemical interaction between the amine group 

of the grafted silane on the MMT and the polymer matrix compared to the physical 

interactions between O-MMT and the polymer matrix. The DMA results showed that the 

chemical interactions in the S-MMT/epoxy nanocomposite restricted the molecular motion 

and increased Tg. 

 

Park et al. [34] investigated the effect of silane treatment on the mechanical interfacial 

properties of MMT/epoxy nanocomposites. MMT was modified with various silane coupling 

agents (SCAs) i.e. γ-amino propyl triethoxy silane, γ-glycidoxy propyl methoxy silane, and γ-

methacyloxy propyl trimethoxy silane. XRD showed that after modification with SCAs there 

were no diffraction peaks, which indicated that the silicate layers were totally dispersed or 

exfoliated in the polymer matrix. The exfoliation of the MMT layers was further conformed 

by TEM as individual silicate layers were seen to be well dispersed in the polymer matrix. 

The mechanical interfacial properties showed that the critical stress intensity of the surface 

modified MMT/epoxy composites was higher than those of the Na MMT/epoxy composites. 

This was due to the silane treatment which increased the interfacial adhesion between the 

MMT and the polymer matrix. 

 

2.5 Polyethylenes 

 

Polyethylenes are commodity plastics and account for more than 70% of the total plastics 

market [44]. Polyethylenes are mostly used because of their light weight, low cost, high 

chemical resistance, and good processability. It is the most versatile thermoplastic and is used 
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in a variety of applications such as packaging, household items, flexible lids, bottles, net 

ropes, pipes, and wires. Due to their easy processability PE is used in the insulation and 

sheathing of both telecommunication and power cable systems [44-46]. All these applications 

are important, but the fact that LDPE is a thermoplastic polymer with low melting 

temperature, limits its service temperature [47]. It also has a low resistance to tensile and 

creep forces, low strength, low stiffness, highly flammability, poor UV resistance and high 

gas permeability, particularly for CO2. In order to overcome these limitations and improve the 

quality of PE for high temperature applications, modification is necessary [48,49]. 

 

2.5.1 Modification of polyethylene 

 

The method mostly used to modify PE is crosslinking. Crosslinking leads to the formation of 

insoluble and infusible polymers in which the polymer chains are joined together to form a 

three-dimensional network structure. Crosslinking of polyethylene has been used 

commercially since the 1950s [44,50,51]. During crosslinking, molecules are joined together 

chemically by covalent bonds. Generally, crosslinking increases the maximum operating 

temperature and improves the environmental stress cracking resistance of polymers. It also 

reduces their flow, and enhances their chemical resistance, mechanical properties, and to a 

certain extent retards their flammability [44,52,53]. Currently there are three commercial 

methods used for crosslinking low density polyethylene: (a) peroxide crosslinking; (b) 

radiation crosslinking; and (c) crosslinking through silane grafting followed by moisture 

crosslinking [50,52,54,55]. 

 

Peroxide crosslinking is initiated by heating a peroxide above its decomposition temperature. 

The decomposition of the peroxide initiates free radicals capable of extracting hydrogen 

atoms from the polyethylene backbone, thus transferring a free radical site to the 

polyethylene backbone. Crosslinking can occur thorough the combination of two radicals 

[44,46]. During radiation crosslinking the free radicals are generated in the polymer backbone 

by using high energy radiation. The free radicals can also recombine to form crosslinks. 

Crosslinking by radiation depends upon the photon energy of the radiation source. The higher 

the photon energy, the more the penetration takes place and more effective crosslinking is 

obtained [44]. 
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content analysis showed that by increasing the silane concentration, crosslinking also 

increased. The elongation at break decreased while the tensile strength showed an initial 

increase and then decreased. Increases in silane content above 4.56 phr caused further 

crosslinking, which reduced the average length segment between the crosslinking nodes to 

such an extent that the chains did not have enough capacity for orientation during extension, 

and hence the ability to sustain external stress failed. Crosslinking of PE with silane is 

believed to perform two functions. First, it ties the chains to one another through covalent 

bonds; this causes tightness of the polymer network and so that the performance of PE 

increases at higher temperatures. Secondly, it results in the formation of Si-O-Si bonds and 

gives rise to flame retardancy of the polymer network. 

 

Shieh et al. [53] studied the effect of silane grafting reactions on the thermal properties of 

low-density polyethylene. The reagents used for the grafting reactions were vinyl 

trimethoxysilane (VTMS) and dicumyl peroxide (DCP) at contents of 7 phr and 0.2 phr 

respectively. The thermal stability of pure LDPE, LDPE grafted with silane and LDPE 

grafted with silane followed by crosslinking with boiling water were studied. The thermal 

stability of LDPE increased after silane grafting and crosslinking reactions. However, the 

thermal stability of crosslinked LDPE was higher than that of grafted LDPE. This suggested 

that crosslinking reactions of LDPE can increase its upper temperature limit. 

 

2.5.2 Polyethylene reinforced nanocomposites  

 

Apart from crosslinking, the properties of polyethylene can be improved with the addition of 

nanofillers. Nano-filled polymer composites have received considerable attention in the past 

few years [1]. The potential of this new class of materials is outstanding. Even small filler 

contents (<6 wt %) result in effective enhancement of several properties, which is unique and 

quite different from conventional composites. Conventional fillers like talc, calcium 

carbonate, and fibres require high loadings in order to improve polymer properties, which 

results in undesirable properties like brittleness or loss of opacity [2,6]. It has been observed 

that the addition of small quantities of nano-sized layered silicates greatly improved the 

properties of virgin polymers without affecting their processability. One of the challenges 

faced when working with polyethylene is their incompatibility with most fillers due to their 

high hydrophobicity. In order to improve the compatibility between the organic and inorganic 

components the addition of compatibilizers is necessary [1,5,10,36,40]. 
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2.6 Properties of polymer-clay nanocomposites 

 

A number of studies showed that in order to obtain optimal properties for polymer-clay 

nanocomposites, the clay layers should be thoroughly dispersed as single platelets throughout 

the polymer matrix, i.e. exfoliation, in order for the clay to have a larger contact area with the 

polymer matrix [41,43]. To attain such dispersion, the polymer chains should first penetrate 

the clay layers (intercalation). Intercalation is possible if both the polymer and the clay layers 

have polar groups and are compatible with each other. If the polymer and clay are 

incompatible, the clay platelets remain as large stacks without any polymer chains entering 

the gallery of the clay platelets, resulting in little improvement in polymer properties 

[8,43,56]. 

 

2.6.1 Morphology 

 

The most commonly used techniques to study the dispersion of clay layers within the 

polymer matrix are X-ray diffraction (XRD) and transmission electron microscopy (TEM) 

[40-41]. These techniques were earlier discussed in section 2.3. The interfacial adhesion 

between the clay and polymer matrix can be studied by using scanning electron microscopy 

(SEM). 

 

Zhang et al. [57] studied the morphology of PE/clay and PP/clay nanocomposites prepared by 

direct melt blending. The nanocomposites were prepared using a novel oligomerically-

modified clay that contained styrene, lauryl acrylate and vinylbenzyl chloride. XRD showed a 

strong peak for all the nanocomposites at 2.4° corresponding to the clay. The lack of change 

in peak position was due to no insertion of polymer chains into the gallery (immiscible 

morphology), and the clay layers were already well-expanded by the oligomeric surfactant. 

TEM images at low magnification for 5% inorganic clay loading showed less uniform 

distribution of the clay layers for PE, while for PP they only showed tactoids. The poor 

dispersion of the clay in the PP and PE matrices was due to a lack of compatibility between 

the polymers and the clay. 

 

Castel et al. [58] studied the influence of interfacial agent on the morphology of PP/MMT 

nanocomposites. The nanocomposites were prepared by an intermesh screw extruder with 

ethylene-vinyl acetate (EVA) and ethylene-vinyl alcohol (EVOH) copolymers as 
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compatibilizers. XRD showed the interlayer spacing of Cloisite 15A to be 3.3 nm before 

compounding. The uncompatibilized system exhibited no increase in interlayer spacing. This 

was due to the immiscibility between the clay and the polymer matrix, even after 

modification of the MMT with alkylammonium ions. The addition of 3 wt. % of EVA or 

EVOH increased the interlayer spacing to 3.7 and 4.5 nm respectively. This was due to the 

intercalation of polymer chains into the clay galleries through the interaction between the 

polar groups of the functionalized polymer and the clay. TEM micrographs of all the 

compatibilized samples showed some degree of intercalation and exfoliation. Surprisingly, 

the EVOH-compatibilized samples, which showed larger interlayer spacings, presented poor 

dispersion in the polymer matrix. The EVA-compatibilized samples showed a more 

homogenous morphology. 

 

Kar et al. [59] studied the morphology of chlorinated polyethylene nanocomposites (CPE) 

prepared with natural and organically treated montmorillonite through solution mixing with 

varying clay contents (5,10, and 20wt. %). The XRD results of Na+ MMT showed a strong 

peak at 2θ = 7.2° which corresponded to a basal spacing d001 = 1.2 nm. When mixed with 

CPE, the peak moved to lower angles and the basal spacing increased due to the penetration 

of the polymer chains in between the clay layers. The basal spacings at 5, 10, and 20 wt% 

clay loadings were 3.5, 2.5, and 1.8 nm respectively. The authors attributed this behaviour to 

the lack of polymer penetration into the clay layers due to the formation of agglomerates at 

high clay loadings. The clay peak of CPE/Cloisite 30B broadened and shifted towards a 

slightly lower angle of 2θ = 1.8° (4.8 nm) compared to that of pure Cloisite 30B (1.90 nm). 

However, CPE/Cloisite 15A showed no peak due to the total exfoliation of the clay layers in 

the polymer matrix. The TEM micrographs of the nanocomposites with 5 and 10 wt% of Na+ 

MMT clay showed an intercalated morphology, and with 20 wt% clay loading the clay layers 

were almost stacked together. However, 5 wt% loading of Cloisite 30B and Cloisite 15A 

respectively showed highly intercalated and fully exfoliated structures. This was due to better 

compatibilities of these clays with CPE, with Cloisite 15A being the best because it is 

modified with an excess amount of onium. 

 

Mohaddespour et al. [60] studied the morphology of HDPE/clay nanocomposites with and 

without a compatibilizer using XRD and SEM. Polyethylene glycol was used as 

compatibilizer. The XRD results showed intercalated structures in the absence of 

compatibilizer, and exfoliated structures in the presence of compatibilizer. SEM images 
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showed poor dispersion with agglomerates without compatibilizer, but in the presence of 

compatibilizer it showed a homogenous dispersion of the clay layers. 

 

2.6.2 Mechanical and thermomechanical properties 

 

Generally, the incorporation of nanoclay into a polymer matrix may cause improvement in 

the mechanical properties of the nanocomposites such as tensile strength, modulus or 

stiffness [4]. Fillers, including nanoclays, are commonly called reinforcing agents. The 

reinforcing effect of clay depends on its interfacial interaction and its dispersion in the 

polymer matrix. Most authors found that at low loadings, clay layers are exfoliated and well 

dispersed in the polymer matrix, resulting in improved mechanical properties. However, at 

high clay loadings the mechanical properties decrease due to poor dispersion and the 

formation of agglomerates [3,61,62]. Non-polar polymers like PE and PP normally give poor 

dispersion and interfacial adhesion, even with organically modified clay. The introduction of 

a compatibilizer is necessary, but a few studies showed that large contents of compatibilizer 

can decrease the mechanical properties of the nanocomposites. The authors attributed this 

behaviour to the plasticizing effect of the compatibilizer due to its low molecular weight 

[60,63]. 

 

A number of authors reported that the addition of clay into a polymer improves the tensile 

strength and increases the tensile modulus. However, the tensile strength and tensile modulus 

are influenced by the final morphology of the nanocomposites. Some studies found that high 

clay loadings (>5 wt %) reduces the tensile strength and tensile modulus due to the formation 

of agglomerates [9,10,23,56,60]. The effect of clay on the stress at break in PCNs depends on 

the interfacial interaction between the polymer and the clay layers. Stronger interfacial 

interaction causes an increase in stress at break, while weak interfacial interaction decreases 

stress at break due to the lack of stress transfer between the polymer and the clay [34,63]. 

Elongation at break similarly depends on the interfacial interactions of the polymer/clay 

system, with both increasing and decreasing values reported for PCNs [63]. Dynamic 

mechanical analysis studies on PCNs have shown that storage modulus and glass transition 

temperature (Tg) increases with the addition of nanoclay due to its reinforcing effect and its 

restricting effect on the mobility of polymer chains [10,42,64,65]. 
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Supri et al. [66] studied the mechanical properties of LDPE-clay nanocomposites with and 

without poly(acrylic acid) (PAA) as a compatibilizer. Nanocomposites were prepared by a 

melt compounding technique in an internal Z-blade mixer with different contents of clay (2.5, 

5, 7, and 10 phr). The tensile strength increased at 2.5 and 5 phr clay loading, while at higher 

contents (7 and 10 phr) it showed a gradual decrease. This behaviour was observed for both 

treated and untreated nanocomposites, but the tensile strength was higher for the treated 

nanocomposites. The authors attributed this behaviour to the fact that the modified 

nanocomposites had good interfacial interaction between the filler and the matrix. The 

modulus of elasticity of the treated nanocomposites increased at all compositions compared 

to the untreated nanocomposites and pure LDPE due to the reinforcing effect of the clay. 

Elongation at break decreased with an increase in clay loading for both the treated and 

untreated nanocomposites. This was attributed to the increasing stiffness of the 

nanocomposites with the addition of clay which is in agreement with the increasing tensile 

modulus. 

 

Ha et al. [67] studied the mechanical properties of epoxy-clay nanocomposites. The 

nanocomposites were fabricated by mixing 2, 6, and 10 wt. % of unmodified and silane 

modified MMT with epoxy resins. The results showed that the tensile strength increased with 

increasing concentration of clay for the silane modified MMT, while in the case of the un-

modified MMT the tensile strength was almost unaffected by the clay concentration. The 

elastic modulus increased with the concentration of MMT in both cases, but was higher for 

the silane modified MMT. The difference in the mechanical properties was attributed to the 

interfacial strength between the clay and the epoxy due to silane modification. The hardness 

of the nanocomposites increased with the addition of clay in both cases, but the silane 

modified MMT nanocomposites were harder. This was due to the adhesion strength and the 

good dispersion of the clay in the epoxy matrix in the presence of silane. 

 

Ansari et al. [68] studied the mechanical properties of polypropylene composites filled with 

silane treated and untreated feldspar. The tensile strength of the composites with untreated 

feldspar was reduced as the loading increased from 10 to 40 wt%. However, at similar filler 

loadings the treated feldspar showed an increase in tensile strength. Silane treatment 

improved the adhesion and interfacial strength between the PP and feldspar, causing the 

stress to be transferred from PP to feldspar. The elongation at break of the composites 

decreased with the addition of untreated feldspar, but the composites with silane treated 
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feldspar showed a slight improvement. At similar filler loadings the silane treated feldspar/PP 

composites also showed higher Young’s modulus values than the untreated feldspar/PP 

composites. This was also attributed to good interfacial adhesion between the silane treated 

feldspar and the matrix. 

 

Rezanejad et al. [69] investigated the thermomechanical properties of crosslinked 

polyethylene-clay nanocomposites. The nanocomposites were prepared by melt blending with 

varying clay loadings. The storage modulus, loss modulus, and loss factor were determined 

by dynamic mechanical analysis (DMA). The storage and loss modulus increased with about 

300% with the incorporation of clay. The authors attributed this behaviour to an increase in 

both the elasticity and plasticity characteristics of the nanocomposites. Further increase in 

clay loading showed slight increases in storage and loss modulus due to the reinforcing effect 

of the clay. The Tg decreased with the addition of clay. 

 

Greesh et al. [42,70] also studied the thermomechanical properties of poly(S-co-BA)-clay 

nanocomposites prepared with four different organic modifiers and different clay contents. 

With different organic modifiers, nanocomposites with exfoliated and partially exfoliated 

structures showed higher storage modulus values and glass transition temperatures compared 

to the intercalated nanocomposites. The authors ascribed this to the fact that the highly 

dispersed clay layers had reinforcing effect and inhibited the mobility of the polymer chains. 

The DMA results of the AMPS modified clay nanocomposites with different clay loadings 

showed that below the glass transition temperature the nanocomposites had higher storage 

modulus values compared to the pure copolymer. The storage modulus increased slightly 

with increasing clay loading. This was due to the reinforcing effect of the clay and the 

interfacial interaction between the copolymer and silicate layers. The exfoliated 

nanocomposites showed higher storage modulus values than the intercalated nanocomposites. 

The nanocomposites also showed higher Tg than the pure copolymer, and it increased linearly 

with clay loading due to the restriction of the molecular chain motions of the polymer. 

 

Dong et al. [71] studied the thermomechanical properties of polypropylene/organoclay 

nanocomposites. The nanocomposites were prepared by melt compounding in a Brabender 

co-rotating intermesh twin screw extruder with varying content of clay (1,3,5 and 10 wt%, 

respectively indicated by NCI, NC3, NC5 and NC10) with maleated polypropylene as 

compatibilizer. The Tg of the neat polymer and NC1 remained almost the same at about 22 
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°C, but increased to 27.9 and 31.4 °C for NC3 and NC5, respectively. It was slightly lower at 

30.7 °C for N10. The decrease in Tg was attributed to the formation of agglomerates due to 

poor dispersion. Furthermore, the addition of organoclay showed an increase in elastic 

modulus below Tg due to the reinforcing effect of the organoclay. The storage modulus of the 

nanocomposites was higher than that of pure PP over the whole temperature range. Since the 

polymer chains are intercalated into the interlayer galleries of the clay platelets, the chain 

mobility of the PP was restricted by the layered structure of the organoclay, which resulted in 

higher Tg and E’ values for the nanocomposites. 

 

2.6.3 Thermal properties 

 

Generally, it has been reported that polymer-clay nanocomposites are more thermally stable 

than pure polymers. The improvement in thermal stability is attributed to the formation of 

char that acts as a mass transport barrier and an insulator between the bulk polymer and the 

surface where combustion takes place [33,72]. Clay also hinders the diffusion of volatile 

products within the nanocomposites during decomposition. Some authors attributed the 

enhancement in thermal stability to the restricted thermal motion of polymer chains inside the 

clay galleries [30,70,72]. A number of studies showed that the improvement in thermal 

stability is not simply a function of clay loading. In some cases polymers with low clay 

loadings showed better thermal stability than those with higher clay loadings [73,74]. The 

thermal stability of PCNs is normally studied by thermogravimetric analysis (TGA), while 

differential scanning calorimetry (DSC) is used to study the influence of fillers on the thermal 

transitions of the polymers in the nanocomposites. 

 

Lepoittevin et al. [75] studied the thermal properties of poly(ε-caprolactone) (PCL)-clay 

nanocomposites prepared by melt intercalation. TGA was performed under air flow at a 

heating rate of 20 K min-1. The PCL nanocomposites showed better thermal stability than 

neat PCL. The authors attributed this behaviour to the decrease in the diffusion of oxygen and 

volatile products through the composites. Furthermore, the temperature at 50% weight loss 

increased by 60 °C with the addition of 1 wt% of clay compared to that for pure PCL. 

However, at 10 wt% clay loading the temperature increased by only 30 °C. A number of 

other studies found the same behaviour, which was attributed to the fact that exfoliated 

structures restricted the thermal motions of the polymer chains near the clay surface 

[2,70,74]. Greesh et al. [42], on the other hand, observed that intercalated nanocomposites 
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had higher thermal stabilities than exfoliated and partially exfoliated nanocomposites. They 

concluded that intercalated structures have several closely parked layers of clay, which 

provide a more efficient barrier between the burning zone and the underlying flammable 

material that is being gasified. DSC measurements showed that the clay had no effect on the 

Tg of PCL, which was observed at -60 °C. Similarly, the melting temperature of the 

nanocomposite was very close to that of the neat PCL at 57 °C. However, the melting 

enthalpy (∆Hm) was clearly affected by the presence of clay. ∆Hm and the degree of 

crystallinity decreased with the addition of clay and with increasing clay content. ∆Hm 

decreased from 71.2 to 40.6 J g-1 and the crystallinity decreased from 52.4 to 35.5%. 

 

Teymouri et al. [76] studied the thermal properties of LDPE/organo-montmorillonite clay 

nanocomposites. The nanocomposites were prepared by a melt intercalation method using 

polypropylene-g-maleic anhydride (PP-g-MA) as a compatibilizer with varying content of 

org-MMT (2.5 and 5% denoted as LDCN 2.5 and LDCN 5 respectively). There was no 

significant difference in the melting temperature and amount of crystallinity between LDCN 

2.5, LDCN 5 and neat LDPE. The behaviour indicated no nucleation activity of org-MMT in 

LDPE based system. Zhou et al. [77] also studied the thermal properties of LDPE-clay 

nanocomposites with maleic anhydride-styrene cografted polyethylene (PE-g-MAH-St) used 

as a compatibilizer. The addition of compatibilizer increased the crystallization peak 

temperature of LDPE from 117 to 119 °C. The grafted chains on PE can act as nucleating 

agent and promote nucleation of PE. This behaviour increases the crystallisation rate and 

make crystallization occur at a higher temperature. The addition of clay (1, 3, and 5 %), 

however, had no effect on the crystallization temperature of LDPE. 

 

Greesh et al. [70] studied the thermal properties of poly(styrene-co-butyl acrylate)-clay 

nanocomposites prepared by batch emulsion polymerization at different clay loadings (1, 3, 

5, 7 and 10%). All the nanocomposites were found to be thermally more stable than the neat 

polymer, but the improvement was not a function of clay loading. The increase in thermal 

stability was attributed to the formation of char that acts as a mass transport barrier and an 

insulator between the bulk polymer and the surface where combustion takes place. The 

nanocomposites with 3 and 5 clay loading showed the best thermal stability. The 

nanocomposites with 10% clay loading showed poor thermal stability due to the highly 

dispersed state of the clay layers. 
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Lu et al. [78] studied the thermal properties of linear low-density polyethylene (LLDPE)-clay 

nanocomposites. The addition of vinyltrimethoxysilane (VTMS) increased the thermal 

stability of LLDPE. Mixing of the clay into the grafted LLDPE even further improved the 

thermal stability. The authors attributed the improvement in thermal-oxidative stability to the 

chemical bonds formed between the polymer matrix and the clay surface during both the 

extrusion process and the thermal-oxidation degradation process. Minkova et al. [79] studied 

the thermal properties of HDPE/Cloisite 15A (C15A) nanocomposites. The nanocomposites 

were compatibilized by different functionalized polyethylenes i.e. ethylene-acrylic acid 

copolymer (EAA), acrylic acid grafted HDPE (HDAA), and maleic anhydride grafted HDPE 

(HDMA). TGA was performed in air atmosphere and showed an increase in thermal stability 

for the HDPE/HDAA/C15A and HDPE/HDMA/C15A nanocomposites. However, the 

thermal stability of the HDPE/EAA/15A nanocomposites showed only a small increase 

compared to neat HDPE. The increase in thermal stability was due to the improved barrier to 

diffusion of oxygen in the material. The dispersion of the residue in the HDAA and HDMA 

nanocomposites led to larger improvement in barrier properties, but the residue in the EAA 

nanocomposites could not provide sufficient barrier to hinder the diffusion of oxygen. 

 

2.7 Properties of other polyethylene reinforced nanocomposites  

 

2.7.1 Morphology 

 

Kontou et al. [80] studied the properties of an LLDPE matrix and nanocomposites containing 

2, 4, 6, 8, and 10 wt% of SiO2. Two types of commercial LLDPE, one prepared by traditional 

Ziegler-Natta catalysis (zLLDPE) and the other by metallocene catalysis (mLLDPE) were 

used. The surfaces of the silica nanoparticles were treated with dimethyldichlorosilane. 

Scanning electron microscopy (SEM) was used to study the morphology of the 

nanocomposites. The SEM images showed agglomerates in all the samples, which varied in 

size with the silica content. At silica contents higher than 4% the agglomerates formed in 

mLLDPE were smaller than those formed in zLLDPE, and increases in silica content resulted 

in larger agglomerates. 

 

Jeziorska et al. [81] studied the properties of LDPE/spherical silica nanocomposites 

containing 1, 2, and 6 wt% of neat and modified silica particles. The nanocomposites were 

prepared by melt mixing, and to improve the degree of dispersion, glicydyl methacrylate 
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grafted ethylene/n-octene copolymer (EOR-g-GMA) was used as a compatibilizer. The 

fractured surface was examined using SEM. The SEM images of pure LDPE showed a 

relatively smooth surface. In the case of the nanocomposite with neat silica and without 

EOR-g-GMA, a rougher surface was observed at all silica contents. In contrast, the 

nanocomposites with modified silica and 2 wt% of EOR-g-GMA showed smoother surfaces. 

This was due to better interfacial adhesion between the silica and LDPE which reduced the 

nanoparticle agglomeration. However, the tendency to form agglomerates increased with 

increasing silica content. 

 

2.7.2 Thermal properties 

 

Beta et al. [82] studied the thermal properties of polystyrene (PS)/silica nanocomposites 

containing 2, 5, 10, 15 and 30 wt% of SiO2. The surface of the silica nanoparticles were 

treated with hexamethyldisilazane. The thermal stability of the polystyrene was improved 

with the addition of clay. This improvement was attributed to the restricted thermal motions 

of PS and the hindered diffusion of the volatile decomposition products due to the finely 

dispersed silica particles. The best thermal stability was achieved at 15 wt% of silica – higher 

contents decreased the thermal stability. This was due to the formation of agglomerates at 

higher filler loadings. 

 

Kontou et al. [80] also studied the thermal properties of LLDPE/silica nanocomposites. Their 

DSC results showed that Tgs of the LLDPE/SiO2 composites were higher than the Tg of the 

corresponding LLDPE. This was due to the silica nanoparticles restricting the segmental and 

long-range chain mobility of the LLDPE phase. However, there was no relationship between 

the Tg and the silica content. Furthermore, the melting peak of both types of composites, 

mentioned in section 2.6.1, was not affected by the changes in silica content. Moreover, the 

melting enthalpy of mLLDPE/SiO2 increased up to a silica content 4%, and then decreased. A 

similar but less pronounced trend was observed for the zLLDPE/SiO2 composites. 

 

2.7.3 Mechanical and thermomechanical properties  

 

Jeziorska et al. [81] also studied the mechanical properties of LDPE/spherical silica 

nanocomposites. The tensile and impact strengths increased with the addition of modified 

silica and compatibilizer, but at high silica loadings the strength decreased due the formation 
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of agglomerates. The addition of both modified silica and compatibilizer increased the 

elongation at break, but only at lower silica contents. This behaviour was attributed to the 

good dispersion of the nanoparticles and the strong adhesion between the filler and the 

matrix, thus transferring the applied stress between the two materials. Young’s modulus 

increased with the addition of modified silica and EOR-g-GMA, so the silica acted as a 

reinforcing agent. The authors concluded that the addition of modified silica and 

compatibilizer resulted in a finer dispersion of the individual silica nanoparticles in the LDPE 

matrix, as was verified by SEM, which enhanced the mechanical properties. 

 

In their analysis of LLDPE/SiO2 nanocomposites, Kontou et al. [80] observed that the storage 

moduli of the composites were higher than that of the corresponding LLDPE, particularly at 

lower loadings. Moreover, the storage modulus of the composites increased with increasing 

silicate content and at 8% SiO2 this trend was reversed above the main transition temperature 

around -40 °C. The loss moduli of the composites were higher than those of the 

corresponding LLDPE. All the LLDPE-based materials exhibited a γ-transition in the 

temperature range of -145 to -135 °C. The position of the γ-transition peak was not affected 

by changes in silica content, but its intensity increased with silica content and reached its 

maximum at 4% silica content. All the samples exhibited a β-transition in the temperature 

range -40 to -20 °C. The β-transition of the mLLDPE /SiO2 nanocomposites shifted to higher 

temperatures and increased in intensity with increasing silica content, and its intensity 

reached a maximum at 4% silica. This behaviour was due to the increase in the size of the 

interphase and a decrease in the polymer chain mobility at loadings smaller than or equal to 

4%. However, the β-transition of the zLLDPE/SiO2 nanocomposites was not affected by the 

filler content. The addition of nanofiller resulted in an increase in the elastic modulus and in 

the tensile strength of the LLDPE, accompanied by a slight increase in elongation at break. 
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Chapter 3: Materials and methods 

 
3.1 Materials 

 

3.1.1 High-density polyethylene (HDPE) 

 

HDPE was supplied in powder form by Safripol, Sasolburg, South Africa. It has a melt flow 

index of 3 g/10 min (ISO 1133), a molecular weight of 230489 g mol-1, a melting point of 

130 °C, and a density of 0.949 g cm-3. 

 

3.1.2  Low-density polyethylene (LDPE) 

 

LDPE was supplied in pellet form by Sasol Polymers, Johannesburg, South Africa. It has a 

melt flow index of 7 g/10 min (ASTM D-1238) and a molecular weight of 96 000 g mol-1. It 

has a density of 0.918 g cm-3 and the melting point of 108 °C. The granules were powderized 

before further use. 

 

3.1.3  Nanoclays 

 

Calcium montmorillonite (Ca2+MMT) and Cloisite 15A (C15A) were supplied as cream 

white powders by Southern Clay Products Inc. (Taxes, USA). Their specifications are 

summarized in Table 3.1. The structure of the organic modifier used is shown in Figure 3.1, 

with HT a hydrogenated tallow (~65 wt. % C18; ~30 wt. % C16; ~5 wt. % C14). 

 

Table 3.1 Properties of nanoclays 

Nanoclays Organic modifier Modifier 

concentration 

(meg/100g clay) 

XRD d-spacing 

(001) / Å 

Cloisite 15A Dimethyl, dehydrogenated tallow, 

quaternary ammonium chloride 

125 33.7 

Cloisite 

Ca2+MMT 

None None 15.2 
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To confirm whether grafting has actually taken place, Fourier-transform infrared analysis 

(FTIR) was performed. Figures 3.2 and 3.3 show the FTIR spectra of LDPE and silane 

grafted LDPE for systems A and B respectively, while Table 3.2 summarizes the new bands 

that developed in the ‘grafted’ LDPE. 
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Figure 3.2 FTIR spectrum of pure LDPE and vinyltriethoxysilane grafted LDPE 

(System A) 
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Figure 3.3 FTIR spectrum of pure LDPE and vinyltriethoxysilane grafted LDPE 

(System B) 
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Table 3.2 New peaks observed in the FTIR spectrum of vinyltriethoxysilane treated 

LDPE 

Wavenumber / cm-1 Assigned vibrations 

776, 974 Si-C stretching 

956 CH2 wagging of vinyl group 

1033 Stretching vibration of Si-O-Si 

1079, 1106 Si-O out-of-plane stretching, in-plane 

stretching  

1168 C-C stretching 

1263 C-O stretching 

1594-1653, 1723 C=C stretching 

3392 Stretching vibration of -OH 

 

In the silane grafted LDPE, the broad band at 989-1195 cm-1 is attributed to the Si-O-C 

stretching of silane. The intensity of this band increases with increase in silane concentration. 

The strong absorption bands at 1083 and 1107 cm-1 belong to Si-O out-of-plane stretching 

and in-plane stretching respectively of Si-O-C. The peak at 1168 cm-1 is attributed to the C-C 

stretching of –CH2-CH3. The peak observed at 1263 cm-1 belongs to the C-O stretching of Si-

O-C, while the peak at 956 cm-1 is attributed to the CH2 wagging vibration of the vinyl group. 

The peak at 794 cm-1 is attributed to the Si-C stretching and with increase in VTES it 

broadens and shifts towards lower wavenumber, with the development of a new peak at 777 

cm-1. The C=C stretching peak is observed in the range of 1590-1660 cm-1, and the peak 

becomes more intense with an increase in VTES content, which is probably the result of the 

unreacted vinyl group of silane. In the presence of moisture Si-O-C can be hydrolysed to 

form silanols (Si-OH) with a broad band around 3388 cm-1, which arises from the O-H 

stretching of the silanol group. The silanols can condense with each other and form the Si-O-

Si peak at 1033 cm-1 which appears as a shoulder on the larger band of Si-O-C [15,16]. From 

these results it is clear that the grafting in system A was not very effective, and that the 

‘grafted’ LDPE contained an appreciable amount of ungrafted (pure or hydrolysed) VTES. 

However, sufficient grafting was achieved in system B. 
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3.2.2 Preparation of PE-g-VTES /clay nanocomposites 

 

The nanoclays were first dried in an oven at 80 °C for 12 hrs to remove any adsorbed 

moisture. Different amounts of nanoclay (1, 3 and 5 wt. %) were added to the molten PE-g-

VTES in the Brabender after the initial 10 min. mixing, and the mixing continued for another 

8 min. The samples were then melt pressed into 1 mm thick sheets between aluminium plates 

at 170 °C for 10 min at 50 bar, and samples were cut from these sheets for the various 

analyses. 

 

3.2.3 Preparation of PE/clay nanocomposites 

 

The PE was put into a Brabender Platostograph 50 ml internal mixer set at 170 °C and 60 

r.p.m. After 10 min of mixing, different contents of the nanoclays as shown in Table 3.2 were 

added. The mixing process was continued for another 8 minutes. The samples were melt 

pressed into 1 mm thick sheets between aluminium plates at 170 °C for 10 min at 50 bar, and 

samples were cut from these sheets for various analyses. 

 

Table 3.3 Sample ratios used to prepare the nanocomposites 

LDPE-g-VTES 

(1phr)/C15A (w/w) 

LDPE-g-VTES 

(3phr)/C15A (w/w) 

LDPE/C15A 

(w/w) 

LDPE/Ca2+ 

MMT (w/w) 

100/0 100/0 100/0 100/0 

99/1 99/1 99/1 99/1 

97/3 97/3 97/3 97/3 

95/5 95/5 95/5 95/5 

LDPE-g-VTES (1 phr)/Ca2+MMT (w/w) LDPE-g-VTES (3 phr)/Ca2+MMT (w/w) 

97/3 97/3 

HDPE-g-VTES (1 phr)/C15A (w/w) HDPE-g-VTES (3 phr)/C15A (w/w) 

100/0 100/0 

99/1 99/1 

97/3 97/3 

95/5 95/5 
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3.3 Characterization techniques 

 

3.3.1 X-ray diffraction (XRD) 

 

X-ray diffraction observes the scattered intensity of an X-ray beam hitting a sample as a 

function of incident and scattered angle, polarization and wavelength or energy. XRD 

provides detailed information about the crystallographic structure, chemical composition, and 

physical properties of materials and thin films. In the case of polymer-clay nanocomposites 

(PCNs) XRD is used to study the dispersion of layered silicates (immiscible, intercalated or 

exfoliated morphology) in a polymer matrix by monitoring the position, shape and intensity 

of the diffraction peak. The space between the layered silicates can be calculated by using 

Bragg’s law (Equation 3.1). 

 

   n = 2d sin       (3.1) 

 

where λ is the wavelength of the X-ray radiation used in the diffraction experiment. Copper is 

the most common target material used for single-crystal diffraction with the wavelength of 

CuKα radiation 1.5418 Å. The spacing between the diffraction lattice planes is denoted as d 

and θ is the measured diffraction angle [1,2]. 

 

XRD measurements were performed using a D8 Advance diffractometer. The diffractometer 

was equipped with Cu-Kα radiation at 40 kV and 40 mA. The scanning range in 2θ was 0.2 – 

10° with a speed of 0.01 deg sec-1. 

 

3.3.2 Transmission electron microscopy (TEM) 

 

Transmission electron microscopy allows a qualitative understanding of the internal structure, 

distribution of the various phases, and views of the defect structure through direct 

visualization. During the analysis a beam of electrons is transmitted through an ultra-thin 

specimen and interacts with the specimen as it passes through it. An image appears on a 

screen, and can be magnified from 100 to approximately 500 000 times. In the case of 

polymer-clay nanocomposites, TEM is used to study the dispersion of the layered silicate 

(immiscible, intercalated or exfoliated morphology) in the polymer matrices [2,3,4]. 
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The transmission electron microscopy images were obtained using a 200 kV FEI Tecnai20 

transmission electron microscope fitted with Gatan Tridiem. The LDPE samples were 

mounted oncryo-pins and frozen in liquid nitrogen. 100-150 nm sections were cut at -100 °C 

using a Reichert Ultracut S ultramicrotome chuck and collected on copper grids and viewed. 

The HDPE samples were trimmed and sectioned to fit the ultramicrotome, since they were 

hard enough to cut without cooling. 100-150 nm thin sections were also collected on copper 

grids and viewed. 

 

3.3.3 Differential scanning calorimetry (DSC) 

 

Differential scanning calorimetry is the most popular thermal analysis technique, the 

“workhorse” of thermal analysis. DSC measures the heat required to maintain the same 

temperature in the sample and an appropriate reference material (or an empty sample pan) 

during controlled heating. DSC can be used to study thermal transitions in polymers. These 

transitions include the glass transition, melting, crystallization, and degradation or 

decomposition [5,6]. 

 

DSC analyses were performed using a Perkin Elmer Pyris-1 differential scanning calorimeter 

under nitrogen atmosphere (flowing rate of 20 ml min-1). The instrument was calibrated using 

the onset temperatures of zinc and indium standard and the enthalpy of indium. Samples with 

masses between 5 and 10 mg were sealed in aluminium pans and heated from 25 to 170 °C at 

a rate of 10 °C min-1 and cooled to 25 °C at the same rate. For the second scan, the samples 

were heated and cooled under the same conditions. The onset and peak temperatures of 

melting and crystallization, as well as the melting and crystallization enthalpies were 

determined from the second scans. The normalized enthalpy (∆Hn) was determined using 

Equation 3.2. 

 

 

   ∆Hm
norm = 

ெ௘௔௦௨௥௘ௗ	∆ு

ெ௔௦௦	௙௥௔௖௧௜௢௡	௢௙	௣௢௟௬௠௘௥
   (3.2) 
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3.3.4 Thermogravimetric analysis (TGA) 

 

Thermogravimetric analysis is a technique where the mass of a sample is measured as a 

function of temperature or time while the sample is subjected to a controlled temperature 

program in a controlled atmosphere. The heart of the thermogravimetric analyser is the 

thermobalance, which is capable of measuring the sample mass as a function of temperature 

or time. A purge gas, such as nitrogen, flowing through the balance creates an inert 

atmosphere. TGA can directly record the changes in mass due to dehydration, decomposition, 

or oxidation of a sample as function of time and temperature. TGA is mostly used to study 

the decomposition, thermal stability and ash content of polymer-clay nanocomposites 

[2,5,6,8]. 

 

TGA analyses were performed using a Perkin Elmer TGA7 thermogravimetric analyser, 

under nitrogen atmosphere at a flow rate of 20 ml min-1. Samples with masses ranging 

between 5 and 10 mg were heated from 30 to 600 °C at a rate of 10 °C min-1. 

 

3.3.5 Dynamic mechanical analysis (DMA) 

 

Polymers are viscoelastic materials. Viscoelasticity describes the time-dependent mechanical 

properties which in limiting cases can behave as either elastic solids or viscous liquids. 

Dynamic mechanical techniques are used to characterize the viscoelastic properties of 

polymers, because they are readily adapted to study both polymeric solids and liquids. 

Dynamic mechanical analysis involves imposing a small cyclic strain on a sample and 

measuring the resulting stress response, or equivalently, imposing a cyclic stress on a sample 

and measuring the resulting strain response. DMA can be used to study elastic modulus 

(storage modulus, E'), viscous modulus (loss modulus, E''), and damping coefficient (tan δ) as 

a function of time, temperature or frequency [2,5,6,9]. 

 

The dynamic mechanical properties of the polymer-clay nanocomposites were studied using a 

Perkin Elmer Diamond DMA. The conditions for the analysis were as follows: 
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3.3.7 Fourier-transform infrared (FTIR)spectroscopy 

 

Fourier-transform infrared spectroscopy is a technique that is used to identify types of 

chemical bonds or functional groups in a molecule. During the analysis, IR radiation passes 

through a sample and produces an infrared absorption spectrum like a molecular ‘fingerprint’. 

FTIR can be used to identify components of unknown mixtures including solids, liquids, 

gasses, semi-solids, powders, polymers, organics, inorganics and more. Advantages of an 

FTIR analysis include its high speed, sensitivity, mechanical simplicity and inexpensiveness 

[6,12,13]. 

 

FTIR spectroscopy was performed using a Perkin Elmer Spectrum 100 Fourier-transform 

infrared spectrophotometer. The polymer-clay nanocomposites were analysed in an 

attenuated total reflectance (ATR) detector in a 400 – 4000 cm-1 wavenumber range at a 

resolution of 4 cm-1. 

 

3.3.8 Gel content 

 

Gel content analysis is a technique to determine the extent of crosslinking in the composites. 

The gel content in a crosslinked polyolefin can be determined by solvent extraction with 

toluene or xylene [14]. 

 

The gel content of the composites was determined through xylene extraction of the uncross-

linked parts of the sample. Small samples of 10 x 10 mm were weighed and wrapped in 

stainless steel mesh with pore sizes of 43 microns, supplied by Meshcape Industries, 

Johannesburg, South Africa. The wrapped samples were tied with a string and then placed in 

a 250 ml round-bottom flask with 100 ml of xylene in the presence of an antioxidant, and 

refluxed for 24 hours. The samples were suspended just above the level of xylene throughout 

the experimental period. The solvent was changed after 12 hours of extraction. After the 

extraction, the wrapped samples were washed with acetone, air-dried at ambient temperature 

for 12 hours and then dried at 80 °C in a vacuum oven for 24 hours. The gel content was 

determined using the following equations [14]. 
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Chapter 4: Results and discussion 

 

4.1 Attenuated total reflectance Fourier-transform infrared (ATR-FTIR) 

spectroscopy 

 

The ATR-FTIR spectra of calcium montmorillonite (Ca2+MMT) and Cloisite 15A (C15A) are 

shown in Figure 4.1, while Figure 4.2 and Figure 4.3 show the spectra of LDPE-g-

VTES/C15A and LDPE-g-VTES/Ca2+MMT nanocomposites prepared using systems A and 

B respectively. Some band assignments are shown in Table 4.1. 

 

Table 4.1 Some important peaks in the FTIR spectra of LDPE, LDPE-g-VTES, the 

two clays and the different nanocomposites 

Wavenumber / cm-1 Assigned vibrations  Visible in 

623 Si-O-Al C15A 

718 CH2 rocking All composites 

774 Si-O stretching All samples except LDPE 

788 Fe3+-OH-Mg C15A, Ca2+MMT 

845 Al-OH-Mg deformation C15A, Ca2+MMT 

917 Al-O/Al-OH stretching C15A, Ca2+MMT 

1116 Si-O in-plane stretching All samples except LDPE 

794, 999-1019 Si-O stretching All samples except LDPE 

1043 Si-O-Si stretching C15A nanocomposites 

1081 Si-O-C stretching All sample except LDPE 

1377 Weak C-H stretching All samples exceptC15A, 

Ca2+MMT 

1472 Strong C-H stretching All samples except Ca2+MMT 

3402, 1633 -OH stretching, bending of 

water molecule 

Ca2+MMT 

2918, 2849 C-H asymmetric, symmetric 

stretching 

All samples exceptCa2+MMT 

3628  -OH stretching All samples exceptLDPE and 

LDPE-g-VTES (1 phr) (system B) 
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Figure 4.1 FTIR spectra of Ca2+MMT and C15A  

 

The FTIR spectra of Ca2+MMT and C15A in Figure 4.1 are dominated by peaks at 3622, 

1116, 999-1019, 915 and 841 cm-1, that are respectively due to the O-H stretching, Si-O in-

plane stretching, Si-O stretching, Al-Al-OH stretching vibrations and Al-Mg-OH 

deformation. The clay structure has an oxygen atom bonded to a hydrogen atom forming OH 

group. The two peaks observed at 3402 and 1632 cm-1 for Ca2+MMT are respectively 

attributed to -OH stretching and bending of absorbed water molecules. However, after 

modification the two peaks disappear in C15A and this behaviour can be due to the effect of 

organophilic transformation of the Ca2+MMT caused by the alkylammonium salt. This 

behaviour was also observed by Kusmono et.al [1]. The organic modifier can be intercalated 

between clay sheets through hydrogen bonds and ionic interaction generated by end 

functional groups of the organic modifier with oxygen on interlayer clay sheets [2]. 

Compared to Ca2+MMT, C15A exhibits new peaks at 2917, 2849 and 1467 cm-1 that can be 

associated with the –CH3, –CH2 and C-H stretching, respectively. This indicates the organic 

groups of the modifier that are intercalated into the clay galleries [2-4]. 
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Figure 4.2 FTIR spectra of LDPE, VTES grafted LDPE (system A) and the different 

clay nanocomposites 
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Figure 4.3 FTIR spectra of LDPE, VTES grafted LDPE (system B) and the different 

clay nanocomposites 
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The grafted LDPE shown in Figures 4.2 and 4.3 shows a broad peak at 3404 cm-1. This peak 

is attributed to the -OH stretching of silanols formed by hydrolysis of the grafted VTES. The 

silanols (Si-OH) undergo a condensation reaction with the hydroxyl groups on the clay. 

Figure 4.4 shows the typical coupling mechanism between the clay surface and silane, which 

also includes the silane condensation mechanism [5]. In the presence of clay the -OH peak 

intensity is reduced due to the ability of the silanols to condense with the -OH group in the 

clay, forming stable covalent bonds in both systems. The interaction is more effective at high 

VTES content in both systems. The presence of the Si-O-Si peak at 1042 cm-1 shows that 

silane was successfully adsorbed on the clay surface. However, the Ca2+MMT 

nanocomposites show a less intense Si-O-Si peak in both systems. Figure 4.3 shows a better 

improvement in the interaction between the clay and LDPE, hence VTES was successfully 

grafted onto the polymer and through hydrolysis and condensation the clay was chemically 

bonded with the polymer through VTES. This behaviour can improve the interaction between 

the polymer and clay and can also result in a good dispersion of the clay layers in the polymer 

matrix. Lu et al. [6] studied the effect of vinyltrimethoxysilane (VTMS) on the interfacial 

properties of LLDPE-clay nanocomposites. They observed that the LLDPE was chemically 

bonded with the clay surface through VTMS and this interaction enhanced the interfacial 

adhesion between the two dissimilar components. 

 



 

Figure 

 

 

 

 

 

 

 

 

 

4.4 Couupling mechanism bettween the ssilica surfacce and silan

 

ne [5] 

62 



63 
 

4.2 X-ray diffraction (XRD) and transmission electron microscopy (TEM) 

 

The degree of dispersion (intercalation and/or exfoliation) of the nanoclays in the LDPE and 

HDPE nanocomposites was studied using X-ray diffractometry (XRD) and transmission 

electron microscopy (TEM). The distance between the clay platelets in both the clay powder 

and nanocomposites was determined from the 2θ position of the diffraction peak of each 

sample using Bragg’s law given in Equation 4.1. 

 

n = 2d sin       (4.1) 

 

where n = 1 and λ = 1.5418 Å or 0.15418 nm 

 

Clay and organoclays show a characteristic peak in XRD due to their regular layered 

structures. The peak is indicative of the platelet separation or d-spacing in the clay structure 

and the nanocomposite structure (intercalated and exfoliated) can be identified by monitoring 

the position, shape, and intensity of the characteristic peaks in the XRD spectra. These 

changes can be caused by either organic modification of the clay or penetration of the 

polymer chains into the clay gallery [7]. Table 4.2 summarizes the peak positions and the 

calculated d-spacing for the pure clays and the clays in the LDPE and HDPE 

nanocomposites. TEM was used to visually observe the morphology of the clay in the 

nanocomposites. 

 

Figure 4.5 shows the XRD diffractograms of pure clay, organically modified clay and their 

untreated nanocomposites. Ca2+MMT has a characteristic diffraction peak at 2θ = 5.8° with 

an interlayer spacing of 1.5 nm. The diffraction peak of the modified clay appears at a lower 

angle of 2θ = 2.6°, indicating a larger basal spacing of 3.4 nm (Table 4.2). The larger basal 

spacing indicates that alkylammonium chains are successfully intercalated between the clay 

layers. The same results were observed by Xie et al. [8] who investigated the influence of 

montmorillonite modification on the morphology of LDPE/clay nanocomposites. MMT was 

modified with octadecyl trimethyl ammonium (OTA) salt and dodecyl dimethylbenzyl 

ammonium (DDA). OTA-MMT and DDA-MMT showed a larger interlayer spacing than 

MMT. The increase in interlayer spacing indicated that the DDA and OTA had intercalated in 
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the MMT layers. OTA showed a larger gallery spacing than DDA due to its longer molecular 

chains. The same were observed by other authors [9,10]. 

 

Table 4.2 The basal spacings of the clays determined from the d001 peaks and 2θ in the 

XRD spectra 

Sample  2θ d001/ nm 

System A 

C15A 2.6 3.4 

97/3 w/w LDPE/C15A 2.5 3.5 

97/3 w/w LDPE-g-VTES (1 phr)/C15A 2.4 3.7 

95/5 w/w LDPE-g-VTES (1 phr)/C15A 2.4 3.7 

97/3 w/w LDPE-g-VTES (3 phr)/C15A 2.3 3.8 

97/3 w/w HDPE-g-VTES (1 phr)/C15A 2.3 3.8 

97/3 w/w HDPE-g-VTES (3 phr)/C15A 2.4 3.7 

Ca2+MMT 5.8 1.5 

97/3 w/w LDPE/Ca2+MMT 5.8 1.5 

97/3 w/w LDPE-g-VTES (1 phr)/Ca2+MMT 5.8 1.5 

97/3 w/w LDPE-g-VTES (3 phr)/Ca2+MMT 5.8 1.5 

System B 

97/3 w/w LDPE-g-VTES (1 phr)/C15A 2.2 4.0 

97/3 w/w LDPE-g-VTES (3 phr)/C15A 2.1 4.3 

97/3 w/w LDPE-g-VTES (1 phr)/Ca2+MMT 5.8 1.5 

97/3 w/w LDPE-g-VTES (3 phr)/Ca2+MMT 5.8 1.5 

 

The dispersion of C15A into LDPE increased the interlayer spacing of clay and the 

diffraction peak slightly shifted towards lower angle. It seems as if very little intercalation 

and no exfoliation took place. Figure 4.6(a) confirms this observation, where the clay tactoids 

are clearly visible in the matrix (arrows A). The poor clay dispersion is due to the lack of 

interaction between the hydrophobic LDPE and the hydrophilic clay, and the clay 

modification did not seem to make much difference. Similar results were also observed by 

Xia et al [8]. The XRD diffractogram of the LDPE/Ca2+MMT nanocomposite in Figure 4.5 

shows a weak diffraction peak at the same position as that of the pure clay, which indicates 

the absence of intercalation or exfoliation in this case. Figure 4.6(b) also shows mostly clay 
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Figure 4.7 XRD diffractograms of C15A and its VTES treated LDPE nanocomposites 

(System A) 

 

Figure 4.7 shows the XRD diffractograms of LDPE/C15A, treated with different VTES 

contents and having different clay loadings, using System A. The presence of VTES had very 

little influence on the interlayer spacing of the clay (Table 4.2). VTES (which in System A 

was not completely grafted onto the polymer) did not significantly improve the interaction 

between the polymer and C15A, and only a small extent of intercalation is visible in Figure 

4.8(a,b). The observed intercalation may also be due to the free vinyl silane molecules 

(observed in FTIR) that are mobile and short enough to penetrate the clay layers. The 

increase in clay loading did not change the observed interlayer spacing (Figure 4.7), which 

was expected because of the preferred face to face stacking of clay layers at high loadings 

[12]. Figures 4.9 and Table 4.2 (for System B samples) show a more significant increase in 

interlayer spacing. This is due to more polymer chains intercalating into the clay layers. The 

diffraction peak also broadens and the intensity is reduced, which can be due to partially 

exfoliated clay layers. This is to some extent supported by the images in Figure 4.8 (c,d), 

which show evidence of single clay platelets. Choi et al. [13] studied the effect of MMT 

modification with silane on the morphology of epoxy nanocomposites. They observed that 

when silane is grafted onto the edges of the clay, the separation of the clay platelets can be 
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Figure 4.12 XRD diffractograms of Ca2+MMT and its VTES treated LDPE 

nanocomposites (System A) 
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Figure 4.13 XRD diffractograms of Ca2+MMT and its VTES treated LDPE 

nanocomposites (System B) 
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Figure 4.14 XRD diffractograms of Cloisite 15A, 97/3 HDPE-g-VTES (1 phr)/C15A 

and HDPE-g-VTES (3 phr)/C15A (System A) 

 

Figure 4.14 shows the XRD diffractograms of the HDPE/clay treated nanocomposites 

(System A). The addition of C15A into the silane treated HDPE shifted the diffraction peak 

towards lower angles and the interlayer spacing increased (Table 4.2). The increase in 

interlayer spacing indicates that the polymer chains are intercalated in between the clay 

layers. Figure 4.15 shows some evidence of exfoliated clay platelets, which is an indication 

that this system may exhibit a mixed morphology. There is no difference in the d-spacing of 

LDPE-g-VTES/C15A and HDPE-g-VTES/C15A nanocomposites prepared with system A. 
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Table 4.3 Summary of the TGA results for the LDPE, LDPE-g-VTES and the 

different nanocomposites (System A and System B) 

Sample Tonset / 
oC Tmax / 

oC 

LDPE 444.3 474.6 

LDPE/C15A (w/w)   

99/1 446.7 479.4 

97/3 448.0 483.4 

95/5 450.1 485.4 

LDPE/Ca2+MMT (w/w)   

99/1 445.2 475.4 

97/3 442.3 480.4 

95/5 444.2 480.7 

System A 

LDPE-g-VTES (1 phr) 450.3 475.5 

LDPE-g-VTES (1 phr)/C15A (w/w)   

99/1 455.7 483.4 

97/3 456.1 483.4 

95/5 457.2 473.4 

97/3 (w/w) LDPE-g-VTES (1 phr)/Ca2+MMT 449.5 475.3 

LDPE-g-VTES (3 phr) 441.2 465.4 

LDPE-g-VTES (3 phr)/C15A (w/w)   

99/1 449.9 478.4 

97/3 451.8 478.4 

95/5 460.3 478.4 

97/3 (w/w) LDPE-g-VTES (3 phr)/Ca2+MMT 447.6 469.1 

System B 

LDPE-g-VTES (1 phr) 450.7 456.1 

97/3 w/w LDPE-g-VTES (1 phr)/C15A 457.3 481.5 

97/3 w/w LDPE-g-VTES (1 phr)/Ca2+MMT 447.4 472.6 

LDPE-g-VTES (3 phr) 443.0 463.7 

97/3 w/w LDPE-g-VTES (3 phr)/C15A 455.4 480.0 

97/3 w/w LDPE-g-VTES (3 phr)/Ca2+MMT 449.5 468.7 
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Figure 4.16 TGA curves of Ca2+MMT and Cloisite 15A 

 

Figures 4.17 and 4.18 show the TGA curves of the LDPE/C15A and LDPE/Ca2+MMT 

nanocomposites. Thermal degradation of polymers is simply the molecular deterioration as a 

result of overheating. At high temperatures, the long chain backbone of the polymer begins to 

break up (molecular scission) and form free radicals. The free radicals react with each other 

and with other polymer chains and release volatile products causing a mass loss of the LDPE 

starting around 400 °C (Table 4.3) [15]. Figure 4.17 shows that all the nanocomposites are 

more thermally stable than the neat LDPE. The onset temperature of decomposition shifts 

towards higher temperatures as the clay loading increases. This is because the presence of the 

clay either immobilizes the polymer chains and free radicals formed during the degradation 

process, thus slowing down this process, or hinders the diffusion of volatile products through 

the nanocomposites, thus retarding the mass loss from the nanocomposites during 

degradation [16]. The increase in thermal stability can also be attributed to the restricted 

thermal motions of polymer chains inside the clay galleries [17]. The correlation between the 

% residue observed in Figure 4.17 and the amounts of clay initially mixed into the samples is 

not too good, which is an indication of a lack of homogeneity in the nanocomposites. Figure 

4.18 shows that Ca2+MMT had very little effect on the thermal stability of LDPE. This is 

probably due to the lack of interaction between LDPE and Ca2+MMT. The same behaviour 

was observed by Dun et al. [11]. 
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Figure 4.17 TGA curves of LDPE and the LDPE/C15A nanocomposites 
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Figure 4.18 TGA curves of LDPE and the LDPE/Ca2+MMT nanocomposites 
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The TGA curves of LDPE, VTES grafted LDPE, and the LDPE-g-VTES/C15A 

nanocomposites with different VTES content are shown in Figures 4.19 and 4.20. LDPE 

(Figure 4.19, Table 4.3) shows a significant increase in thermal stability with VTES 

treatment. This behaviour can be attributed to the crosslinking reaction due to the silane 

grafts. The thermal stability of treated LDPE also increases with the addition of clay, for the 

same reasons discussed in the previous paragraph. The presence of clay in polymers can have 

two effects: (i) it can catalyse the degradation of a polymer and decreases its thermal stability, 

or (ii) it can act as a barrier and increase the thermal stability [18,19]. At the highest clay 

loading the rate of degradation was higher than those of the other samples. Zhao et al. [18] 

observed that at low loading the clay layers were well dispersed in the polymer matrix and 

the barrier effect was dominant, but with increasing clay loading the catalysing effect was 

more dominant and decreased the thermal stability of the nanocomposites. This explanation 

fits our own observation. Figure 4.20 shows a decrease in thermal stability of LDPE when 

treated with a higher VTES content. This behaviour can be due to ungrafted VTES which 

forms free radicals at high temperatures and attack the polymer chains, initiating chain 

scission. This is possible, because Onischuk et al. [20] observed the formation of silyl 

radicals during silane decomposition. However, the addition of clay and increase in clay 

loading increased the thermal stability of LDPE. The reasons for this have already been 

discussed. 

 

System B (Figures 4.21 and 4.22, Table 4.3) shows that the treated LDPE and 

nanocomposites have better thermal stabilities than the pure LDPE. However, the LDPE-g-

VTES/Ca2+MMT nanocomposites have worse thermal stabilities than the LDPE-g-

VTES/C15A nanocomposites at the same clay loading. This behaviour is due to the poor 

interaction between the grafted LDPE and Ca2+MMT. The thermal stabilities of the System B 

samples, with their partially exfoliated structures, did not differ much from those of System A 

with their intercalated structures. Nese et al. [21] observed that exfoliated PMMA 

nanocomposites had better thermal stability than the intercalated nanocomposites. This 

behaviour was attributed to the stronger interaction between the clay and polymer in the 

exfoliated samples. However, contradictory results were reported by Rezanavaz et al. [22], 

who observed that the intercalated LDPE nanocomposites had better thermal stabilities than 

the exfoliated and partially exfoliated nanocomposites. 
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Figure 4.19 TGA curves of LDPE, VTES grafted LDPE (1 phr, System A) and the 

different nanocomposites 
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Figure 4.20 TGA curves of LDPE, VTES grafted LDPE (3 phr, System A) and the 

different nanocomposites 
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Figure 4.21 TGA curves of LDPE, VTES grafted LDPE (1 phr, System B) and the 

different nanocomposites 
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Figure 4.22 TGA curves of LDPE, VTES grafted LDPE (3 phr, System B) and the 

different nanocomposites 
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Table 4.4 Summary of the TGA results for the HDPE, HDPE-g-VTES and the 

different nanocomposites (Systems A) 

Sample Tonset / 
oC Tmax / 

oC 

System A 

HDPE 445.8 478.6 

HDPE/C15A (w/w)   

97/3 450.4 487.9 

95/5 450.8 485.6 

HDPE-g-VTES (1 phr) 452.4 474.3 

HDPE-g-VTES (1 phr)/C15A (w/w)   

99/1 454.5 484.7 

97/3 457.9 456.2 

95/5 458.2 478.2 

HDPE-g-VTES (3 phr) 450.6 471.6 

HDPE-g-VTES (3 phr)/C15A (w/w)   

99/1 452.7 479.3 

97/3 451.9 489.9 

 

The TGA curves of HDPE, VTES grafted HDPE, and HDPE-g-VTES/C15A nanocomposites 

with different VTES content are shown in Figures 4.23 and 4.24. These figures show a mass 

loss of the VTES treated samples in the temperature range 200-400 °C. This can be due to the 

side-group elimination of VTES that was grafted onto the backbone of HDPE. The thermal 

stability of HDPE increased with increasing clay content at low VTES content, but it was 

lower at high VTES content (Table 4.4). This behaviour has been explained earlier in this 

section. The addition of clay in the treated HDPE results in a mass loss of the 

nanocomposites in the temperature range 200-418 °C. This mass loss may have been due to 

the degradation of the organic modifier in the clay combined with side-group elimination of 

the VTES [1,18,19]. Olad et al. [23] studied the thermal stability of polystyrene/Cloisite 30B 

nanocomposites. They attributed the mass loss around 220-312 °C to the decomposition of 

the modifying agent of Cloisite 30B. In our case the thermal stability of the nanocomposites 

increased at temperatures above 420 °C, and the explanation for this should be the same as 

that given for the LDPE degradation. The thermal stability of modified HDPE increased with 

an increase in clay loading (Table 4.4), which is probably due to the improved interaction 
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between HDPE and clay after VTES treatment. The well dispersed silicate layers in HDPE 

seem to be effective in immobilizing the free radicals formed during the initial stages of the 

degradation, and in hindering the diffusion of volatile decomposition products. There is very 

little difference between the thermal stabilities of the comparable nanocomposites of LDPE 

and HDPE. 
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Figure 4.23 TGA curves of HDPE, VTES grafted HDPE (1 phr, System A) and the 

different nanocomposites 
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Figure 4.24 TGA curves of HDPE, VTES grafted HDPE (3 phr, System A) and the 

different nanocomposites 

 

 

4.4 Gel content 

 

Gel content is an important parameter indicating the extent of crosslinking in polyethylene, 

because many properties of the material will be affected by the extent of crosslinking. Figures 

4.25 and 4.26 show the variation in gel content with different clay loadings in VTES treated 

LDPE and HDPE nanocomposites prepared with System A. The silane and peroxide 

concentrations can have a significant influence on the gel content. A few authors found that, 

besides external parameters such as processing conditions and grafting additives, there are 

number of factors that influence the receptiveness of polyethylene to grafting and 

crosslinking. These factors include the molecular weight, the presence of vinyl groups, as 

well as the branch content and branch length [24-27]. The gel contents of the different 

polyethylene samples differ considerably. The silane treated LDPE and HDPE in the absence 

of clay show high gel content values, indicating the presence of crosslinking. Generally the 

gel content increases with an increase in VTES content in both polyethylenes (Table 4.5). 

The grafting reaction can be accompanied by side reactions such as direct crosslinking of 

macroradicals and chain scissions. In this case the most probable side reaction is crosslinking. 
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Figure 4.25 Gel content of VTES treated LDPE/C15A and its different 

nanocomposites (System A) 
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Figure 4.26 Gel content of VTES treated HDPE/C15A and its different 

nanocomposites (System A) 
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Table 4.5 Gel content of all the samples 

Sample Gel content / % 

System A 

LDPE 

LDPE-g-VTES (1 phr) 54.1 ± 0.6 

99/1 w/w LDPE-g-VTES (1 phr)/C15A 50.0 ± 1.3 

97/3 w/w LDPE-g-VTES (1 phr)/C15A 48.2 ± 0.1 

97/3 w/w LDPE-g-VTES (1 phr)/Ca2+MMT 40.0 ± 0.3 

LDPE-g-VTES (3 phr) 58.3 ± 2.0 

99/1 w/w LDPE-g-VTES (3 phr)/C15A 53.2 ± 0.8 

97/3 w/w LDPE-g-VTES (3 phr)/C15A  46.0 ± 1.1 

97/3 w/w LDPE-g-VTES (3 phr)/ Ca2+MMT 31.1 ± 3.4 

HDPE 

HDPE-g-VTES (1 phr) 35.2 ± 1.8 

99/1 w/w HDPE-g-VTES (1 phr)/C15A 30.2 ± 2.6 

97/3 w/w HDPE-g-VTES (1 phr)/C15A 15.5 ± 1.1 

95/5 w/w HDPE-g-VTES (1 phr)/C15A 10.1 ± 1.9 

HDPE-g-VTES (3 phr) 45.0 ± 4.0 

99/1 w/w HDPE-g-VTES (3 phr)/C15A 40.0 ± 1.3 

97/3 w/w HDPE-g-VTES (3 phr)/C15A 35.0 ± 0.3 

95/5 w/w HDPE-g-VTES (3 phr)/C15A 31.0 ± 0.7 

System B 

LDPE-g-VTES (1 phr) 67.0 ± 0.5 

97/3 w/w LDPE-g-VTES (1 phr)/C15A 54.0 ± 2.3 

97/3 w/w LDPE-g-VTES (1 phr)/Ca2+MMT 64.0 ± 0.7 

LDPE-g-VTES (3 phr) 70.0 ± 0.9 

97/3 w/w LDPE-g-VTES (3 phr)/C15A 67.0 ± 0.7 

97/3 w/w LDPE-g-VTES (3 phr)/Ca2+MMT 66.1 ± 0.5 

 

Generally the addition of clay reduced the gel content in both polymers. The decrease in the 

gel content for the clay nanocomposites might have been due to the interaction of grafted 

silane with clay, which probably inhibited the crosslinking efficiency of the silane. System B 

shows the same trend as system A with the increase in VTES content and the addition of clay, 
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but the addition of clay does not have much influence on the gel content. It seems as if the 

higher DCP content causes more crosslinking (direct and through silane links), maybe in 

addition to silane grafting. The grafted silane groups will still interact with the clay, but it will 

have no influence on the already crosslinked polymer. When comparing the samples prepared 

with System A and System B at the same VTES content, System B samples show 

significantly higher gel contents (Table 4.5). This behaviour is probably due to the higher 

DCP contents which resulted in more free radicals that favoured direct crosslinking reactions. 

 

4.5 Differential scanning calorimetry 

 

The DSC results for the LDPE/clay and HDPE/clay nanocomposites are summarized in 

Figures 4.27 to 4.40. The peak temperatures of melting and crystallization together with the 

melting and crystallization enthalpies of all the samples are shown in Tables 4.6 to 4.10. All 

the reported DSC heating results were obtained from the second scan to eliminate the effect 

of thermal history. The normalized melting enthalpy (∆Hm
norm) of all the samples was 

determined using Equation 4.2. 

 

   ∆Hm
norm = 

ெ௘௔௦௨௥௘ௗ	∆ு

ெ௔௦௦	௙௥௔௖௧௜௢௡	௢௙	௣௢௟௬௠௘௥
   (4.2) 

 

The DSC curves of pure LDPE, as well as the LDPE/C15A and LDPE/Ca2+MMT 

nanocomposites, are shown in Figure 4.27. One endotherm is observed for the pure LDPE 

and the nanocomposites. Figure 4.27 shows a slight decrease in the melting peak temperature 

of LDPE after the addition of C15A and Ca2+MMT. The clay might have influenced the 

crystal packing structure of LDPE, changing the crystallite size and/or lamellar thickness. 

The increase in clay content and the nature of clay had no effect on the melting temperature. 

D’Amico et al. [28] explained this behaviour as being the result of the clay predominately 

confined to the amorphous phase, without significantly affecting the development of crystals 

in the polymer matrix. They observed decreasing melting enthalpies with increasing clay 

content. This behaviour was related to a decrease in the quality of the LDPE matrix. The 

addition of clay had no significant influence on the melting enthalpy of LDPE. Figure 4.28 

shows the DSC cooling curves of pure LDPE, and the LDPE/C15A and LDPE/Ca2+MMT 

nanocomposites. The crystallization peak temperature of LDPE was not significantly affected 

by the addition of C15A and Ca2+MMT (Table 4.8). This is probably because of the fairly 
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weak interaction between LDPE and the two clays in the absence of a compatibilizer. This 

lack in interaction was observed and discussed in Section 4.2. The nature of the clay also did 

not influence the crystallization peak temperature of LDPE. 
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Figure 4.27 DSC heating curves of LDPE and its clay nanocomposites 

40 60 80 100 120
0.0

0.5

1.0

1.5

2.0

2.5

3.0

 

 

N
or

m
al

is
ed

 h
ea

t f
lo

w
 / 

W
 g

-1
 (

ex
o

 d
o

w
n)

Temperature / oC

 LDPE
 97/3 w/w LDPE/C15A
 95/5 w/w LDPE/C15A

 97/3 w/w LDPE/Ca2+MMT

 95/5 w/w LDPE/Ca2+MMT

 

Figure 4.28 DSC cooling curves of LDPE and its clay nanocomposites 
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Table 4.6 Summary of the DSC heating results for all the investigated LDPE-based 

samples  

Composition Tp,m / °C ∆Hm
obs / J g-1 ∆Hm

norm / J g-1

LDPE 107.7 ± 0.4 81.9 ± 0.5 81.9 

LDPE/C15A (w/w)     

97/3 105.9 ± 0.4 79.1 ± 0.8 81.5 

95/5 105.8 ± 0.2 79.3 ± 1.8 83.4 

LDPE/Ca2+MMT (w/w)    

97/3 105.8 ± 0.3 81.8 ± 0.8 84.3 

95/5 106.0 ± 0.7 78.0 ± 1.1 82.1 

System A 

LDPE-g-VTES (1phr) 104.9 ± 0.5 74.7 ± 5.8 74.7 

LDPE-g-VTES (1 phr)/C15A (w/w)    

99/1 104.5 ± 0.5 73.0 ± 1.6 74.0 

97/3 104.1 ± 0.3 71.5 ± 0.9 73.7 

95/5 103.9 ± 0.6 69.1 ± 0.8 72.7 

97/3 w/w LDPE-g-VTES (1 phr)/ 

Ca2+MMT  

104.1 ± 0.4 72.7 ± 3.4 74.9 

LDPE-g-VTES (3 phr) 103.4 ± 0.4 67.0 ± 0.4 67.0 

LDPE-g-VTES (3 phr)/C15A (w/w)    

99/1 103.3 ± 0.9 67.8 ± 1.8 68.5 

97/3 105.2 ± 0.2 68.6 ± 1.1 70.7 

95/5 104.0 ± 0.2 63.1 ± 0.3 66.4 

97/3 w/w LDPE-g-VTES (3 phr)/ 

Ca2+MMT  

103.8 ± 0.4 69.1 ± 1.9 71.2 

Tp,m, ΔHm
obs, and ΔHn

norm are respectively the peak temperature of melting, observed melting 

enthalpy, and the normalised melting enthalpy 

 

Figure 4.29 shows the DSC curves of LDPE and LDPE treated with different contents of 

VTES, and the melting temperatures and enthalpies are summarized in Table 4.6. The 

melting temperature and enthalpy of LDPE decreased when treated with VTES and with an 

increase in VTES content. Treatment of LDPE with VTES and DCP obviously gave rise to 

crosslinking in addition to VTES grafting onto the polymer chains. This crosslinking is clear 
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from the already discussed gel content results. The decrease in melting temperature shows 

that the VTES/DCP initiated crosslinking did not only reduce the total crystallinity, but also 

the crystallite size and/or lamellar thickness. Figure 4.30 shows that the presence of different 

amounts of C15A had very little influence on the melting temperature and enthalpy of the 1 

phr VTES treated LDPE. It is clear that the effect of crosslinking on the polymer 

crystallization is much more significant than that of the presence of C15A clay. The nature of 

the clay also has very little influence on the thermal behaviour of the VTES treated LDPE 

(Table 4.6). Figure 4.31 and Table 4.6 show no significant change in the melting temperature 

and melting enthalpy of VTES treated LDPE with increasing clay loading, and there is no 

real trend. 
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Figure 4.29 DSC heating curves of LDPE and LDPE treated different VTES contents 

(System A) 
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Figure 4.30 DSC heating curves of LDPE, VTES (1 phr) treated LDPE and the 

different nanocomposites (System A) 
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Figure 4.31 DSC heating curves of LDPE, VTES (3 phr) treated LDPE and the 

different nanocomposites (System A) 
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Table 4.7 Summary of the DSC heating results for all the investigated LDPE-based 

samples (System B) 

Composition Tp,m / °C ∆Hm
obs / J g-1 ∆Hm

norm / J g-1

LDPE 107.7 ± 0.4 81.9 ± 0.5 81.9 

LDPE-g-VTES (1 phr) 105.2  ± 0.6 71.5  ± 1.0 71.5 

97/3 w/w LDPE-g-VTES (1 phr)/C15A 104.1  ± 0.1 70.1  ± 1.9 72.3 

97/3 w/w LDPE-g-VTES (1 

phr)/Ca2+MMT 

104.2  ± 0.7 67.4  ± 1.2 69.5  

LDPE-g-VTES (3 phr) 103.6  ± 0.5 62.8  ± 2.5 64.7 

97/3 w/w LDPE-g-VTES (3 phr)/C15A 103.1  ± 0.6 62.6  ± 0.7 64.5 

97/3 w/w LDPE-g-VTES (3 

phr)/Ca2+MMT 

103.8  ± 0.5 63.7  ± 0.1 65.7 

Tp,m, ΔHm
obs, and ΔHn

norm are respectively the peak temperature of melting, observed melting 

enthalpy, and the normalised melting enthalpy 

 

Figure 4.32 shows the DSC heating curves of LDPE, and LDPE treated with different 

contents of VTES, prepared using System B. The melting temperatures and enthalpies are 

summarized in Table 4.7. As was the case with System A, the melting peak temperature of 

LDPE observably decreased for samples treated with VTES and with increasing VTES 

content. The explanation is the same as that given for System A earlier in this section. 

However, the melting enthalpies of similar samples of System B are lower than those of 

System A. This is probably due to more crosslinking as a result of the higher DCP content 

which reduced the total crystallinity of the polymer. The addition of clay had no significant 

influence on the melting temperature and melting enthalpy of LDPE treated with VTES in 

System B. 
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Figure 4.32 DSC heating curves of LDPE, and LDPE treated with different VTES 

contents (System B) 
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Figure 4.33 DSC heating curves of LDPE, VTES (1 phr) treated LDPE and the 

different nanocomposites (System B) 
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Figure 4.34 DSC heating curves of LDPE, VTES (3 phr) treated LDPE and the 

different nanocomposites (System B) 

 

Figures 4.35 and 4.36 show the DSC cooling results for the LDPE/C15A nanocomposites 

treated with different VTES contents. The corresponding crystallization temperatures and 

enthalpies are summarized in Table 4.8. The treatment of LDPE with VTES slightly 

decreased the crystallization temperature, but observably decreased the crystallization 

enthalpy, of LDPE. The crystallization peaks of the VTES treated samples are also 

observably broader. The decrease in enthalpy as well as the peak broadening is due to the 

presence of crosslinking. Zhang et al. [27] attributed the decrease in crystallization 

temperature to crosslinking that occurs in the amorphous region of polyolefins, which 

restrained the movement of the polymer chains, making the crystallization of the polymer 

difficult. Figure 4.35 shows that the addition of clay had no effect on the crystallization 

temperature of VTES treated LDPE, which again shows that the crosslinking has the largest 

effect on LDPE crystallization. Figures 4.36 show little change and no trend in the 

crystallization enthalpy with the addition of clay. 
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Figure 4.35 DSC cooling curves of LDPE, VTES (1 phr) treated LDPE and the 

different nanocomposites (System A) 
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Figure 4.36 DSC cooling curves of LDPE, VTES (3 phr) treated LDPE and the 

different nanocomposites (System A) 
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Table 4.8 Summary of the DSC cooling results for all the investigated LDPE-based 

samples 

Composition Tp,c / °C ∆Hc
obs / J g-1 ∆Hc

norm / J g-1

LDPE 93.5 ± 0.2 -67.3 ± 2.9 -67.3 

LDPE/C15A (w/w)     

97/3 92.7 ± 0.2 -66.9 ± 0.1 -69.0 

95/5 92.3 ± 0.1 -66.1 ± 0.4 -69.6 

LDPE/Ca2+MMT (w/w)    

97/3 92.6 ± 0.2 -72.8 ± 0.7 -75.1 

95/5 92.8 ± 0.5 -68.7 ± 0.8 -72.3 

System A 

LDPE-g-VTES (1 phr) 91.1 ± 0.1 -64.5 ± 2.6 -64.5 

LDPE-g-VTES (1 phr)/C15A (w/w)    

99/1 91.0 ± 0.2 -64.0 ± 1.4 -64.6 

97/3 91.2 ± 0.8 -61.9 ± 1.3 -63.8 

95/5 91.2 ± 0.5 -58.0 ± 4.2 -61.1 

97/3 w/w LDPE-g-VTES (1 phr)/ 

Ca2+MMT  

91.8 ± 0.5 -59.3 ± 1.0 -61.1 

LDPE-g-VTES (3 phr) 91.3 ± 0.3 -57.1 ± 0.2 -57.1 

LDPE-g-VTES (3 phr)/C15A (w/w)    

99/1 91.1 ± 1.5 -58.3 ± 1.1 -59.0 

97/3 92.7 ± 0.2 -55.8 ± 1.1 -57.5 

95/5 92.3 ± 0.3 -50.7 ± 1.4 -53.4 

97/3 w/w LDPE-g-VTES (3 phr)/ 

Ca2+MMT  

91.8 ± 0.4 -57.8 ± 0.9 -59.6 

Tp,c, ΔHc
obs, and ΔHc

norm are respectively the peak temperature of crystallization, observed 

crystallization enthalpy, and the calculated normalised crystallization enthalpy 

 

Figures 4.37 and 4.38 show the DSC heating curves of HDPE, VTES treated HDPE and the 

different nanocomposites. The results from the DSC curves are summarized in Table 4.9. The 

melting temperatures slightly decrease, and the melting enthalpies significantly decrease, in 

the presence of and with an increase in VTES content. The presence of VTES/DCP initiates 

crosslinking. The formation of crosslinks while the polymer is in the molten state disrupts the 
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reorientation and chain folding during crystallization and this results in lower crystallinity, 

and the formation of smaller and more imperfect crystallites. Figures 4.37 and 4.38 show no 

influence on the melting temperature and melting enthalpy of VTES treated HDPE with the 

addition of clay. Pakdaman et al. [29], who studied the same system, observed that the 

melting temperature of the samples did not change considerably with grafting of the matrix or 

with the incorporation of clay. Hence, increasing interaction between the nanoclay and the 

grafted matrix were likely to occur in the amorphous phase and did not change the melting 

behaviour of treated HDPE. Figures 4.39 and 4.40 show the cooling curves of the 

HDPE/C15A nanocomposites treated with different VTES contents, and the results are 

summarized in Table 4.10. The VTES treatment and the addition of clay had little effect on 

the crystallization temperature of VTES treated HDPE. However, there is a significant 

decrease in the crystallization enthalpy of HDPE treated with VTES. This is due to 

crosslinking of the HDPE matrix. Since HDPE is much more crystalline than LDPE, 

crosslinking of the molten polymer in the presence of VTES/DCP will have a much more 

significant influence on the polymer crystallinity. The increase in clay loading had no 

significant influence on the crystallization enthalpy. 

 

Table 4.9 Summary of the DSC heating results for all the investigated HDPE-based 

samples 

Sample Tp,m / °C ∆Hm
obs / J g-1 ∆Hn

norm / J g-1 

System A  

HDPE 127.8 ± 0.1 173.9  ± 2.0 173.9 

HDPE-g-VTES (1 phr) 126.7 ± 0.8 140.4  ± 2.7 140.4 

HDPE-g-VTES (1 phr)/C15A (w/w)    

99/1 126.5  ± 1.3 141.5  ± 2.0 142.9 

97/3 126.2  ± 0.5 138.6  ± 7.0 142.8 

95/5 125.0  ± 0.8 130.6  ± 2.7 137.5 

HDPE-g-VTES (3 phr) 125.4  ± 0.3 136.0  ± 3.6 136.0 

HDPE-g-VTES (3 phr)/C15A (w/w)    

99/1 125.4  ± 0.4 131.1  ± 2.1 132.4 

97/3 125.6  ± 0.3 130.1  ± 2.4 134.1 

95/5 125.5  ± 1.7 125.4  ± 1.7 132.0 

Tp,m, ΔHm
obs, and ΔHm

norm are respectively the peak temperature of melting, observed melting 

enthalpy, and the calculated normalised melting enthalpy. 
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Figure 4.37 DSC heating curves of HDPE, VTES treated LDPE (1 phr) and the 

different nanocomposites (System A) 
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Figure 4.38 DSC heating curves of HDPE, VTES treated LDPE (3 phr) and the 

different nanocomposites (System A) 
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Table 4.10 Summary of the DSC cooling results for all the investigated HDPE-based 

samples 

Sample Tp,c / °C ∆Hc
obs / J g-1 ∆Hc

norm / J g-1

System A  

HDPE 113.4 ± 0.4 -160.8  ± 2.3 -160.8 

HDPE-g-VTES (1 phr) 112.7 ± 0.2 -129.1  ± 2.6 -129.1 

HDPE-g-VTES (1 phr)/C15A (w/w)    

99/1 112.2  ± 0.8 -130.6  ± 0.5 -132.0 

97/3 112.9  ± 0.6 -131.3  ± 6.0 -135.4 

95/5 112.8  ± 0.9 -120.4  ± 6.2 -126.7 

HDPE-g-VTES (3 phr) 112.6  ± 0.5 -124.1  ± 2.9 -124.1 

HDPE-g-VTES (3 phr)/C15A (w/w)    

99/1 112.7  ± 0.5 -122.8  ± 3.0 -124.0 

97/3 111.8  ± 0.8 -124.6  ± 3.0 -128.5 

95/5 112.1  ± 0.7 -120.1  ± 3.0 -126.4 

Tp,c, ΔHc
obs, and ΔHc

norm are respectively the peak temperature of melting, observed melting 

enthalpy, and the calculated normalised crystallization enthalpy 
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Figure 4.39 DSC cooling curves of HDPE, VTES treated LDPE (1 phr) and the 

different nanocomposites (System A) 
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Figure 4.40 DSC cooling curves of HDPE, VTES treated LDPE (3 phr) and different 

nanocomposites (System A) 

 

 

4.6 Dynamic mechanical analysis (DMA) 

 

The dynamic mechanical behaviour of all the samples is shown in Figures 4.41 to 4.62. 

Figure 4.1 shows the storage modulus versus temperature curves of LDPE, and the 

LDPE/C15A and LDPE/Ca2+MMT nanocomposites. The storage modulus increases with the 

addition of clay, and all the nanocomposites show higher values than the neat LDPE. This 

increase in storage modulus is because of the higher modulus of the clay, which contributes 

to the increase in stiffness of the nanocomposites. This is a common observation for most 

polymer composites. The increase in clay loading for both C15A and Ca2+MMT results in a 

decrease in storage modulus, which is probably due to the formation of clay tactoids in the 

polymer. The enhancement of the storage modulus in polymer-clay nanocomposites normally 

depends on the aspect ratio of the dispersed clay particles, and on the clay dispersion 

(intercalation or exfoliation) [30]. The LDPE/C15A nanocomposites have higher storage 

moduli than the LDPE/Ca2+MMT nanocomposites at the same clay loadings. The modified 

clay had a slightly better interaction with the polymer which improved the reinforcing effect 

of the clay. This was observed in the XRD and TEM results that showed more intercalated 



98 
 

structures for LDPE/C15A, while LDPE/Ca2+MMT showed more agglomerates. Chow et al. 

[31] observed that modified MMT-polymer nanocomposites show higher storage moduli than 

the unmodified nanocomposites. The improvement was associated with the stiffness of the 

modified MMT, the constraining effect of the clay layers on the molecular motions of the 

polymer chains, the aspect ratio of the clay platelets, and the degree of dispersion of the 

modified MMT in the matrix. The storage modulus curves of our pure LDPE and its 

nanocomposites show a peak around 49 oC, which can be associated with the melting of 

thinner lamellae [32]. 

 

Figure 4.42 shows the storage modulus curves of LDPE treated with different VTES 

contents. The treated LDPE shows higher storage modulus values than pure LDPE. This 

behaviour is probably due to the crosslinking of the polymer (discussed in section 4.4), which 

contributes to the increase in stiffness of LDPE. However, there is virtually no difference 

between the E’ curves for LDPE and LDPE-g-VTES (3 phr). This is possibly caused by two 

competing effects, crosslinking by the VTES/DCP combination, which would increase the 

modulus, and plasticization by the unreacted VTES which would decrease the modulus. The 

two effects probably balance each other for LDPE-g-VTES (3 phr). McCorimick et al. [33] 

studied the dynamic rheological behaviour of a metallocene copolymer. They observed a 

decrease in the complex viscosity with addition of VTMS. This behaviour was attributed to 

the unreacted residual silane which remained in the matrix and acted as a plasticizing agent. 

Figure 4.43 shows a decrease in the storage modulus with the addition of clay below the glass 

transition temperature. Ngu et al. [34] attributed this behaviour to the development of voids 

and pores that were formed by nanoparticles agglomeration and to a decrease in crystallinity 

of the matrix. However, at higher temperatures the storage modulus increases with an 

increase in clay loading. This behaviour is due to the reinforcing effect of the clay which 

increases the stiffness of the nanocomposites. Figure 4.44 shows that the addition of clay had 

very little effect on the storage modulus, and only the 5% clay loading increased the storage 

modulus. Figure 4.45 clearly shows that the VTES treated nanocomposites have lower 

storage moduli than the untreated nanocomposites. This observation is in line with the 

Young’s modulus values, which will be discussed in the next section. This behaviour is 

probably due to the decrease in the crystallinity of the polymer matrix after VTES treatment, 

which was observed previously in the DSC results (section 4.5). 
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Figure 4.41 Storage modulus of the LDPE/C15A and LDPE/Ca2+MMT 

nanocomposites 
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Figure 4.42 Storage modulus of LDPE and LDPE with different VTES contents 
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Figure 4.43 Storage modulus of LDPE, LDPE-g-VTES (1 phr)/C15A and the different 

nanocomposites 
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Figure 4.44 Storage modulus of LDPE, LDPE-g-VTES (3 phr)/C15A and the different 

nanocomposites 
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Figure 4.45 Storage modulus of LDPE and the different LDPE/clay nanocomposites 

containing 3 wt. % of clay 

 

The loss modulus of polyethylene generally shows three transitions in the order of decreasing 

temperature below the melting temperature. These transitions or relaxations have been 

designated α, β and γ. The γ transition is usually observed around – 120 °C, the β transition in 

the range -50 to +20 °C, and the α transition is found between 30 and 120°C. In Figure 4.46, 

the loss modulus curve of pure LDPE shows two well-defined peaks around -25 °C and 60 

°C. These transitions are attributed to the - and α-relaxations. The β- relaxation is attributed 

to the main dispersion of the amorphous portion and is mostly referred to as the glass 

transition temperature, and the α-relaxation is attributed to crystal relaxations [32,35,36]. 

Contradictory results were reported by different authors on the influence of clay on the glass 

transition temperature of different polymer matrices. Some found that the presence of clay 

had no effect on the glass transition temperature [37], others observed a shift to lower 

temperature [38] or a strong shift to higher temperature [39-40], whereas some observed an 

increase at low clay content (1-5 wt %) and a decrease at higher contents [41,42]. Figure 4.46 

shows that the addition of clay increased the loss modulus of LDPE due to the increasing 

stiffness of the nanocomposites. However, the presence of clay had no effect on the glass 

transition temperature and the α-relaxation of LDPE. The α-transition is related to the 

lamellar thickness, and our DSC results show that the addition of clay had no significant 
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influence on the lamellar thickness of LDPE. This behaviour can be attributed to the lack of 

interaction between the polymer and the clay. The nature of the clay had no effect in the glass 

transition temperature. 

 

Figure 4.47 shows the effect of different VTES contents on the loss modulus of LDPE. The 

treatment of LDPE with VTES increased the loss modulus, and the glass transition shifted to 

lower temperatures. The increase in modulus may have been due to increased crosslinking in 

the presence of higher amounts of VTES, but there was also unreacted VTES which may 

have played a plasticizing role and decreased the glass transition temperature. There was little 

effect and no trend of the presence of clay on the glass transition temperature of treated 

LDPE, as shown in Figures 4.48 and 4.49. This shows that the presence of clay did not 

significantly influence the chain mobility of the polymer. Figure 4.50 confirms that VTES 

treatment and the addition of clay had very little influence on the glass transition temperature 

of LDPE. 
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Figure 4.46 Loss modulus of LDPE/C15A and LDPE/Ca2+MMT nanocomposites 
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Figure 4.47 Loss modulus of LDPE and LDPE-g-VTES prepared with different VTES 

contents 
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Figure 4.48 Loss modulus of LDPE, LDPE-g-VTES (1 phr)/C15A and the different 

nanocomposites 



104 
 

-100 -80 -60 -40 -20 0 20 40 60 80 100

1E7

1E8

 

 

E
'' 

/ 
P

a

Temperature / oC

 LDPE
 LDPE-g-VTES (3 phr)
 99/1 LDPE-g-VTES (3 phr)/C15A
 97/3 LDPE-g-VTES (3 phr)/C15A
 95/5 LDPE-g-VTES (3 phr)/C15A

 

Figure 4.49 Loss modulus of LDPE, LDPE-g-VTES (3 phr)/C15A and the different 

nanocomposites 
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Figure 4.50 Loss modulus of LDPE and the different LDPE/clay nanocomposites 

containing 3 wt. % of clay 
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Figure 4.51 tan δ of LDPE treated with different contents of VTES 

 

Figure 4.51, 4.52 and 4.53 show the damping factor (tan δ) of LDPE, LDPE treated with 

different contents of VTES and the LDPE-g-VTES/C15A nanocomposites. Pure LDPE 

shows a small peak around -25 – 0°C and is due to the β-relaxation or glass transition. Figure 

4.52 and 4.53 show that the glass transition temperature is not significantly affected by the 

addition of and increase in clay loading. LDPE shows two overlapping peaks around 47 and 

67 °C. The peaks can be assigned to the α- transition and the melting of thinner 

lamellae/smaller crystallites [32,47]. The positions of these peaks changed, and in some cases 

they merged into a single peak with observable differences in the tan δ maximum. Since there 

is no trend, it is almost impossible to relate these differences to changes in the morphology as 

a result of VTES treatment and/or clay loading. 
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Figure 4.52 tan δ of LDPE, LDPE-g-VTES (1 phr)/C15A and the different 

nanocomposites 

 

 

Figure 4.54 shows the storage modulus of VTES treated LDPE clay nanocomposites prepared 

using System A and System B. The System B samples show lower storage moduli than the 

System A samples above the glass transition temperature of LDPE. The same behaviour was 

also observed for the Young’s modulus, which will be discussed in the next section. In both 

systems, the storage modulus decreased with the addition of clay below the glass transition 

temperature. This observation was discussed earlier in this section. Above the glass transition 

temperature the presence of clay slightly increased the storage modulus. This is due to the 

reinforcing effect of the clay layers intercalated into the polymer matrix, and possibly to the 

immobilization of polymer chains [42]. Figure 4.55 shows a slight decrease in the glass 

transition temperature of LDPE with VTES treatment in both systems. Mark and colleagues 

[35] reported that the Tg depends, inter alia, on the crystallinity of a polymer. They observed 

that there is less constraint on the non-crystalline chain segments which increases the entropy, 

causing Tg to decrease. In our case, the addition of clay had no significant influence on the 

glass transition temperature. The relaxation resulting from the melting of thinner 

lamellae/smaller crystallites disappeared for the clay-containing samples. The crystallization 
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of the polymer around the clay particles probably led to more effective crystal growth and a 

reduction in the number of small crystallites. 
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Figure 4.53 tan δ of LDPE, LDPE-g-VTES (3 phr)/C15A and the different 

nanocomposites 

 

 

Figures 4.56 to 4.62 show the dynamic mechanical behaviour of HDPE, HDPE treated with 

different contents of VTES, and the HDPE-g-VTES/C15A nanocomposites. HDPE has the 

highest storage modulus over the whole investigated temperature range. Around -25 °C there 

is an increase in the storage modulus of the 1 phr VTES treated nanocomposites (Figure 

4.56). This is probably due to a cold crystallization effect where the clay platelets acted as 

nucleation sites for further crystallization of the HDPE above its glass transition temperature. 
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Figure 4.54 Storage modulus of LDPE and the different LDPE/clay nanocomposites 
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Figure 4.55 Loss modulus of LDPE and the different LDPE/clay nanocomposites 
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Figure 4.56 Storage modulus of HDPE and the HDPE-g-VTES (1 phr)/C15A 

nanocomposites 
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Figure 4.57 Storage modulus of HDPE and the HDPE-g-VTES (3 phr)/C15A 

nanocomposites 
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Figure 4.58 shows the loss modulus of HDPE and HDPE treated with different VTES 

contents. HDPE normally shows only two transitions, a γ- and an α-transition. The transition 

at about 49 °C is attributed to the α-transition, which is related to chain motions within the 

crystalline phase. It has been shown that the intensity of the transition increases as the 

lamellar thickness increases [43]. This transition slightly shifted to lower temperatures after 

treatment with VTES and with increasing VTES content. This behaviour can be due to the 

reduced lamellar thickness of HDPE as observed in DSC. The β-transition is absent in HDPE, 

since it is due to a relaxation in the amorphous or interfacial phase of especially branched 

polyethylenes [32,43,44], and its magnitude has been shown to decrease as the crystallinity 

increases. Djoković et al. [44] reported that the amount of interfacial content that can produce 

a visible β-peak in the DMA curve of polyethylene is about 10% of the semicrystalline 

material. In LPE the interfacial content is about 3-4%, whereas in BPE (with only 0.6 mol % 

branches) it is about 11%. Long branches affect this relaxation more than shorter ones. An 

increase in the VTES content results in the development of a peak at -50 °C, which can be 

associated to a β- transition. This is probably the result of an increase in the amount of the 

interfacial amorphous content as the VTES content increases. The addition of clay and 

increase in clay loading also cause the appearance of a β-transition (Figure 4.59 and 4.60). 

This behaviour can be attributed to the presence of more amorphous material in the polymer 

due to the decrease in crystallinity (earlier observed in DSC, section 4.5). Figures 4.61 and 

4.62 show the tan δ curves of HDPE, HDPE treated with different VTES contents, and the 

clay containing samples. These curves show the same transitions and trends as the loss 

modulus curves. 
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Figure 4.58 Loss modulus of HDPE and HDPE treated with different VTES contents  

 

 

-100 -50 0 50

6E7

8E7

1E8

1.2E8

1.4E8

1.6E8

1.8E8

 

 

E
'' 

/ P
a

Temperature / oC

 HDPE
 HDPE-g-VTES (1 phr)
 99/1 HDPE-g-VTES (1 phr)/C15A
 95/5 HDPE-g-VTES (1 phr)/C15A

 

 

Figure 4.59 Loss modulus of HDPE and the HDPE-g-VTES (1 phr)/C15A 

nanocomposites 
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Figure 4.60 Loss modulus of HDPE and the HDPE-g-VTES (3 phr)/C15A 

nanocomposites 
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Figure 4.61 tan δ of HDPE and the HDPE-g-VTES (1 phr)/C15A nanocomposites 
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Figure 4.62  tan δ of HDPE and the HDPE-g-VTES (3 phr)/C15A nanocomposites 

 

 

4.7 Tensile testing 

 

The tensile properties of all the investigated samples are shown in Figures 4.63 to 4.68. The 

actual values of these properties are summarized in Tables 4.11 and 4.12. All the stress-strain 

curves are presented in the Appendix. Figure 4.63 shows that the stress at break of LDPE 

slightly increased with the addition of clay and increase in clay loading. LDPE/C15A 

nanocomposites show higher stress at break values than LDPE/Ca2+MMT at the same clay 

loading. The presence of modifier slightly improved the interfacial interaction between LDPE 

and C15A (XRD and TEM showed a more intercalated structure, section 4.2). The treatment 

of LDPE with VTES significantly increased the stress at break of LDPE, which is due to the 

crosslinking of the polymer chains. Zhang et al. [27] studied the effect of VTMS 

concentration (0, 0.5, 1, 1.5, and 2 phr) on the mechanical properties of silane-crosslinked 

polyethylene-octene elastomer (POE), where DCP content remained constant at 0.1 phr. The 

tensile strength increased slowly with increase in VTMS content and reached a maximum at 

1.5 phr, and then sharply decreased at 2.0 phr. This was due to the excess unreacted VTMS 

which remained in the polymer, and acted as a plasticizing reagent. In our case the addition of 

clay had no effect or decreased the stress at break. Mohanty et al. [10] observed a decrease in 
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tensile strength at high clay loadings. They attributed this behaviour to more filler-filler 

interaction which results in agglomerates and induces local stress concentrations in the 

nanocomposites, because of a reduction in clay aspect ratio and resultant reduction in the 

contact surface between the organoclay and the polymer matrix. The VTES treated LDPE 

nanocomposites still show higher stress at break values than the untreated nanocomposites at 

the same clay loading. This is due to a weaker interaction between the clay and the polymer 

in the case of untreated nanocomposites, although the interaction is still strong enough to 

allow an increase in stress at break with increasing clay content for the untreated samples. 

 

The elongation at break of LDPE decreased with the addition of clay and increase in clay 

loading (Figure 4.64). This behaviour is common for (nano)composites and is the result of 

filler particles forming defect centres for the formation and development of crazes and cracks. 

The treatment of LDPE with VTES increases the elongation at break of LDPE. Contrary to 

our results, Hidalgo et al. [45] observed an initial increase in elongation at break, which 

decreased as the concentration of organosilane increased. This behaviour was explained 

through the formation of a very weak crosslinked network at low VTES concentrations that 

allows the polymer chains to slip without breaking the sample, leading to higher elongation. 

At high organosilane concentration, the dense network formed prevented the chains from 

slipping, leading to a decrease in the elongation at break. In our case the VTES content was 

probably not high enough to form such a dense crosslinked network. The addition of and 

increase in clay loading reduced the elongation at break. This is probably due to a reduction 

in the number of crosslinks because of a higher extent of grafting in the presence of the clay, 

and to the clay particles acting as defect centres where crazes and cracks were initiated. 

Figure 4.65 shows that the incorporation of both modified and unmodified clay significantly 

increases the tensile modulus of the LDPE. This increase in tensile modulus is due to the 

reinforcing effect of the clay on the nanocomposites. The LDPE/C15A nanocomposites have 

higher tensile modulus values than the LDPE/Ca2+MMT nanocomposites at the same clay 

loading. Kusmono et al. [9] also observed that modified clay nanocomposites showed high 

tensile modulus values than unmodified clay nanocomposites. The improvement was 

attributed to the presence of immobilized or partially mobilized polymer chains as a 

consequence of interaction of the polymer chains with the organic modification of the clay. 

Although this is possible, in our case it is more probably the result of the more effective 

intercalation of the modified clay in LDPE. 
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Figure 4.65 also shows a decrease in tensile modulus of LDPE with the addition and increase 

in VTES content. The presence of VTES decreases the stiffness of LDPE, probably because 

of a plasticizing effect of the unreacted VTES. The addition of clay increases the tensile 

modulus of the VTES treated LDPE. This is due to the reinforcement of the dispersed clay 

which increases the stiffness of the polymer matrix. However, the tensile moduli of the 

untreated LDPE/C15A nanocomposites are higher than those of the VTES treated 

LDPE/C15A nanocomposites at the same clay loading. This is probably due to the competing 

effect of the presence of the VTES and that of the clay. The presence of VTES decreases the 

stiffness and that of C15A increases the stiffness of the nanocomposites. Morawiec et al. [46] 

also observed that untreated LDPE/MMT-ODA showed higher tensile modulus values than 

the PE-g-MA treated nanocomposites at the same clay loading. They concluded that the 

presence of MMT-ODA clay causes an increase in tensile modulus, while the presence of the 

relatively soft compatabilizer caused a decrease in the tensile modulus. 
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Figure 4.63 Stress at break of LDPE/C15A, LDPE/Ca2+MMT and the LDPE-g-

VTES/C15A nanocomposites 
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Figure 4.64 Elongation at break of LDPE/C15A, LDPE/Ca2+MMT and the LDPE-g-

VTES/C15A nanocomposites 
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Figure 4.65 Tensile modulus of LDPE/C15A, LDPE/Ca2+MMT and the LDPE-g-

VTES/C15A nanocomposites 
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Table 4.11 Summary of the tensile results of LDPE samples 

Sample ε
b
/ % σ

b
 / MPa E / MPa 

LDPE 213 ± 20 8.2 ± 0.4 165 ± 2 

System A 

99/1 w/w LDPE/C15A 172 ± 22 8.2 ± 0.3 183 ± 9 

97/3 w/w LDPE/C15A 126 ± 20 9.1 ± 0.2 227 ± 6 

95/5 w/w LDPE/C15A 117 ± 17 9.3 ± 0.4 251 ± 0 

99/1 w/w LDPE/Ca2+MMT 138 ± 37 7.6  ± 1.1 164 ± 7 

97/3 w/w LDPE/Ca2+MMT 119 ± 6 8.5 ± 0.1 208 ± 1 

95/5 w/w LDPE/Ca2+MMT 50 ± 7 9.0 ± 0.2 215 ± 6 

LDPE-g-VTES (1 phr) 352 ± 7 10.8 ± 0.2 145 ± 8 

99/1 w/w LDPE-g-VTES (1 phr)/C15A 224 ± 34 11.1 ± 0.2 181 ± 2 

97/3 w/w LDPE-g-VTES (1 phr)/C15A 72 ± 0 11.3 ± 0.3 185 ± 2 

95/5 w/w LDPE-g-VTES (1 phr)/C15A 40 ± 6 9.4 ± 1.0 197 ± 3 

97/3 w/w LDPE-g-VTES (1 phr)/Ca2+MMT 339  ± 8 12.4 ± 0.5 161 ± 5 

LDPE-g-VTES (3 phr) 403 ± 7 11.9 ± 0.2 121 ± 2 

99/1 w/w LDPE-g-VTES (3 phr)/C15A 120 ± 12 9.1 ± 1.0 127 ± 4 

97/3 w/w LDPE-g-VTES (3 phr)/C15A 118 ± 5 9.6 ± 0.1 133 ± 3 

95/5 w/w LDPE-g-VTES (3 phr)/C15A 81 ± 7 10.7 ± 0.1 152 ± 7 

97/3 w/w LDPE-g-VTES (3 phr)/Ca2+MMT 379 ± 19 11.0 ± 0.8 139 ± 3 

System B 

LDPE-g-VTES (1 phr) 253 ± 15 11.3 ± 0.3 110 ± 4 

97/3 w/w LDPE-g-VTES (1 phr)/C15A 233 ± 19 11.4 ± 0.3 137 ± 3 

97/3 w/w LDPE-g-VTES (1 phr)/ Ca2+MMT 259 ± 43 11.3 ± 0.1 106 ± 1 

LDPE-g-VTES (3 phr) 333 ± 32 11.2 ± 0.2 93 ± 4 

97/3 w/w LDPE-g-VTES (3 phr)/C15A 170 ± 14 11.0 ± 0.4 111 ± 6 

97/3 w/w LDPE-g-VTES (3 phr)/ Ca2+MMT 299 ± 40 11.1 ± 0.6 104 ± 4 
εb, σb and E are elongation at break, stress at break, and Young’s modulus of elasticity. 

 

Table 4.11 shows that the stress at break values of LDPE treated according to System A and 

System B do not differ much within experimental error, but the values are significantly 

higher than that of untreated LDPE. These higher values are probably the result of the 

crosslinking of the polymer chains. The addition of clay did not significantly influence the 
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tensile strength of VTES treated LDPE in both systems. However, the elongation at break 

decreased with increasing DCP concentration because the crosslinks restricted the polymer 

chain motion during extension. Jiao et al. [47] observed an increase in tensile strength and a 

decrease in elongation at break with increasing DCP concentration. Their explanation was 

that, after crosslinking, ethylene-octene copolymer formed three-dimensional network, 

leading to an increase in strength and a decrease in elongation resulting in a restriction of 

molecular chain movement caused by the crosslinked network. No trend could be observed in 

the elongation at break values when comparing the nanocomposites prepared according to 

Systems A and B. This is probably due to a balance between a number of factors that will 

influence the elongation at break, e.g. extent of crosslinking of the polymer chains, nature and 

dispersion of the clay, interaction between the clay and the polymer, etc. The tensile moduli 

of the LDPE nanocomposites treated according to System B are observably lower than those 

treated according to System A at the same VTES content and clay loading. This is surprising, 

because one would expect the modulus to be higher because of the higher crosslink densities 

of the System B samples. This observation may be explained as being the result of the lower 

crystallinity of the System B samples (see discussion in section 4.5). 

 

Table 4.12 Summary of the tensile results of HDPE samples 

Sample ε
b
 / % σ

b
 / MPa E / MPa 

HDPE 953 ±12 16.6 ± 0.9 361 ± 9 

HDPE-g-VTES (1 phr) 432 ± 3 14.4 ± 1.0 491 ± 84 

99/1 w/w HDPE-g-VTES (1 phr)/C15A 364 ± 5 15.3 ± 1.3 526 ± 42 

97/3 w/w HDPE-g-VTES (1 phr)/C15A 201 ± 49 16.3 ± 0.3 563 ± 35 

95/5 w/w HDPE-g-VTES (1 phr)/C15A 90 ± 13 15.8 ± 1.4 535 ± 23 

HDPE-g-VTES (3 phr) 578 ± 4 18.2 ± 0.4 421 ± 0 

99/1 w/w HDPE-g-VTES (3 phr)/C15A 220 ± 3 14.7 ± 0.6 493 ± 7 

97/3 w/w HDPE-g-VTES (3 phr)/C15A 232 ± 4 13.4 ± 2.5 500 ± 16 

95/5 w/w HDPE-g-VTES (3 phr)/C15A 81 ± 12 10.8 ± 0.2 495 ± 2 

εb, σb and E are elongation at break, stress at break, and Young’s modulus of elasticity. 

 

Table 4.12 shows the tensile properties of HDPE and the HDPE-g-VTES/C15A 

nanocomposites. Figure 4.66 shows that the tensile strength values decreased after 1 phr 

VTES treatment, and increased with the addition of clay and an increase in clay loading. The 
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increase in tensile strength is directly attributed to the dispersion of the clay layers in the 

HDPE matrix and the strong interaction between the HDPE and the clay. The tensile strength 

increased with increasing VTES content, but the addition of and increase in clay loading 

decreased the tensile strength. The increase with increasing VTES content is probably due to 

the formation of crosslinks between the polymer chains, while the decrease with increasing 

clay content is probably the result of several factors, amongst which are the decreasing 

crystallinity and crosslink density of the samples, and the fact that the clay may have formed 

defect centres for the formation and propagation of crazes and cracks. As can be seen in 

Table 4.12 and Figure 4.67, the tensile modulus increased with VTES treatment, but 

decreased at the higher VTES content. This will also be due to the increased crosslinking in 

the VTES treated samples. The addition of and increase in clay loading increased the tensile 

modulus, but only up to about 2% clay loading. This is due to the reinforcement of the 

polymer by the dispersed clay which. The levelling off at higher clay contents is probably due 

to the formation of agglomerates as a result of more filler-filler interaction, which was also 

observed in the TEM micrographs. Mohan et al. [28] stated that the possible reasons for the 

development of agglomerates in nanocomposites are the high concentration of clay, improper 

processing methods, and particle-particle interaction. According to them the agglomerates act 

as crack initiators and reduce the properties of the polymer. Generally the elongation at break 

decreases with VTES treatment and with increasing clay content (Figure 4.68 and Table 

4.12). The reasons will be the same as discussed for the LDPE samples. 
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Figure 4.66 Stress at break of HDPE-g-VTES and the HDPE-g-VTES/C15A 

nanocomposites 
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Figure 4.67 Tensile modulus of HDPE-g-VTES and the HDPE-g-VTES/C15A 

nanocomposites 
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Figure 4.68 Elongation at break of HDPE and HDPE-g-VTES/C15A nanocomposites 
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Chapter 5: Conclusions 

 

The purpose of this study was to improve the thermal and mechanical properties of low-

density polyethylene (LDPE) and high-density polyethylene (HDPE) by filling both matrices 

with nanoclays, and by modifying the polymer with an organic silane. The properties of the 

polymer-clay nanocomposites strongly depend on the morphology and level of clay 

dispersion in the polymer matrix. The effect of clay modifier and vinyltriethoxysilane 

(VTES) grafting/crosslinking treatment was investigated as means to improve the interfacial 

interaction and clay dispersion in both matrices. 

 

The extent of grafting was controlled by the amounts of DCP and VTES. FTIR analysis 

clearly showed that grafting in System A (where a lower amount of DCP was used) was not 

very effective, and that the ‘grafted’ LDPE contained an appreciable amount of ungrafted 

(pure or hydrolysed) VTES. However, sufficient grafting was achieved in System B (where a 

higher amount of DCP was used), but here the extent of crosslinking was also higher. Despite 

these treatments, complete dispersion (exfoliation) of the clay layers in the polymer matrices 

was not achieved, and only mixed morphologies (exfoliated and intercalated structures) 

where successfully produced. 

 

Although complete exfoliation was not achieved in the different systems that we investigated, 

there were observable improvements in the mechanical properties and thermal stability of 

LDPE. The presence of both modified and unmodified clay increased the storage modulus, 

loss modulus and tensile modulus of LDPE. This was due to the reinforcement of the clay 

which increased the stiffness of the polymer. The thermal stability of LDPE was significantly 

improved by the introduction of modified clay, but the unmodified clay did not have a 

significant influence on the thermal stability. An increase in stress at break was observed with 

the addition of both modified and unmodified clay. The presence of both clays did not 

significantly influence the melting temperature and melting enthalpy of LDPE. This showed 

that the crystallization of the polymer was not influenced by the presence of the clay. 

 

The results obtained from most techniques indicated that the presence of DCP/VTES did not 

significantly improve the interfacial interaction in the LDPE/C15A and HDPE/C15A 

nanocomposites to the extent of achieving fully exfoliated structures. The presence of 
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DCP/VTES initiated crosslinking between the polymer chains. Since HDPE is more 

crystalline than LDPE, the crosslinking had a more significant influence on its crystallinity. 

The presence of VTES grafting/crosslinking significantly decreased the melting temperature 

and the crystallinity of LDPE and HDPE, but the presence of clay reduced this influence for 

both matrices. This is probably because silane grafting was more prevalent in the presence of 

clay. Crosslinking increased the thermal stability of LDPE and HDPE, and the addition of 

and increase in clay loading further increased the thermal stability of the polymers. The 

presence of clay in the DCP/VTES treated matrices improved the tensile modulus due to the 

reinforcing effect and fairly good interaction between the treated polymers and the clay. In 

both polymer matrices the thermal stability, storage modulus and tensile modulus decreased 

at higher VTES contents, and the addition of and increase in clay loading slightly improve 

these properties. The thermal stability of the LDPE nanocomposites prepared according to 

Systems A and B did not differ much, but the mechanical and thermomechanical properties 

of the nanocomposites prepared according to System B where significantly lower, probably 

because of the reduced crystallinity of the polymer after being crosslinked. It is expected that 

the difference in properties will be even more prevalent in HDPE, because of the significantly 

higher crystallinity of this polymer. 

 

Overall it was found that VTES treatment slightly improved the interaction between the 

polymer and the clay, and the clay modification did not play a significant role in this case. In 

the absence of clay VTES treatment led to grafting onto and crosslinking between the 

polymer chains, with crosslinking being more prevalent. However, in the presence of clay the 

grafting seemed to have been more prevalent, although there was still some crosslinking. This 

crosslinking had a stronger influence on the HDPE properties because of its higher 

crystallinity than the presence of the clay. It is therefore clear that a more detailed study will 

be needed where the influence of each of several parameters can be quantified. These 

parameters are the morphology of the polymer, the type of clay used, the extent of grafting 

and/or crosslinking, and the extent of interaction between the different types of clay and the 

silane grafted chains of the polymer(s). 

 

 

 

  



129 
 

ACKNOWLEDGEMENTS 

 

I would like to pass my sincere gratitude to the Lord Almighty for seeing me through this 

journey and giving me the strength, wisdom, patience, and courage to persevere throughout 

this project. 

 

My gratitude and appreciation to my supervisor Prof. Adriaan Stephanus Luyt, for his 

consistent supervision, guidance, encouragement and patience during all stages of this 

project. His overly enthusiasm and integral view on research and his mission for providing 

'only high-quality work and not less', has made a deep impression on me. Throughout my 

thesis-writing period, he provided encouragement, very good advice, good teaching and lots 

of good ideas. 

 

Special thanks to Puseletso Julia Mofokeng, who has been a friend, sister, mother and a 

mentor. For her support, advice, encouragement and most for being there in times of troubles 

through the course of this project. You have been a pillar of my strength and always a 

shoulder to cry on. Cheryl-Anne (Zanele), I am happy I got to know someone so warm and 

down to earth. Your door was always open, you inspired me and encouraged me to believe in 

myself and do my best all the time. Mr Tsietsi Tsotetsi and Mrs Malimabe thank you for 

believing in me and giving me the chance to expand my horizon and reach for the stars.  

 

I am also grateful to my mentors Dr Mohammad Essah Ahmad and Dr Maithufi Nora for 

giving valuable advice and providing technical guidance and valuable contributions 

throughout the research program. To my best friend Mohanuwa Mofokeng thank you for 

always supporting and encouraging me to further my studies and for helping me get through 

the tough times, and for all the good ideas shared. 

 

I am also grateful to the staff and colleagues in the Faculty of Natural and Agricultural 

sciences for their assistance in every aspect of my project. To the entire polymer research 

team (PhD, M.Sc and Honours). Special thanks to Dr. He Wei, Dr. Nagi Greesh, Mr. Mfiso 

Mngomezulu, Mr. Tshwafo Motaung, Mr Shale Sefadi, Mr. Thabang Mokhothu, Mr. Teboho 

Motsoeneng. Mr. Teboho Mokhena, Mr. Jonas Mochane, Mr. Tladi Mofokeng, Mrs 

Nomampondomise Molefe, for all their help, support, interest and valuable inputs. 



130 
 

And last but definitely not least, thanks to my parents (Mr Matebesi Daniel Sibeko and Mrs 

Mantseke Marie Sibeko) for raising me with their love, guidance, support, responsibility and 

a lot of encouragement. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



131 
 

APPENDIX 
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Figure A.1 DTGA curves of LDPE and LDPE/Ca2+MMT nanocomposites 
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Figure A.2 DTGA curves of LDPE and LDPE/C15A nanocomposites 
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Figure A.3 DTGA curves of LDPE, VTES grafted LDPE (1 phr, System A) and the 

different nanocomposites 
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Figure A.4 DTGA curves of LDPE, VTES grafted LDPE (3 phr, System A) and the 

different nanocomposites 
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Figure A.5 DTGA curves of HDPE and HDPE/C15A nanocomposites 
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Figure A.6 DTGA curves of HDPE, VTES grafted HDPE (3 phr, System A) and the 

different nanocomposites 
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Figure A.7 DTGA curves of LDPE, VTES grafted LDPE (1 phr, System B) and the 

different nanocomposites 
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Figure A.8 DTGA curves of LDPE, VTES grafted LDPE (3 phr, System B) and the 

different nanocomposites 
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Figure A.9 Stress-strain curves for the LDPE 
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Figure A.10 Stress-strain curves for the LDPE-g-VTES (1 phr) 
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Figure A.11 Stress-strain curves for the 99/1 w/w LDPE-g-VTES (1 phr)/C15A 

nanocomposite 
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Figure A.12 Stress-strain curves for the 97/3 w/w LDPE-g-VTES (1 phr)/C15A 

nanocomposite 
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Figure A.13 Stress-strain curves for the 95/5 w/w LDPE-g-VTES (1 phr)/C15A 

nanocomposite 
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Figure A.14 Stress-strain curves for the 97/3 w/w LDPE-g-VTES (1 phr)/Ca2+MMT 

nanocomposite 
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Figure A.15 Stress-strain curves for the LDPE-g-VTES (3 phr) 
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Figure A.16 Stress-strain curves for the 99/1 w/w LDPE-g-VTES (3 phr)/C15A 

nanocomposite 
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Figure A.17 Stress-strain curves for the 97/3 w/w LDPE-g-VTES (3 phr)/C15A 

nanocomposite 
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Figure A.18 Stress-strain curves for the 95/5 w/w LDPE-g-VTES (3 phr)/C15A 

nanocomposite 
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Figure A.19 Stress-strain curves for the 97/3 w/w LDPE-g-VTES (3 phr)/Ca2+MMT 

nanocomposite 
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Figure A.20 Stress-strain curves for the HDPE 
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Figure A.21 Stress-strain curves for the HDPE-g-VTES (3 phr) 
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Figure A.22 Stress-strain curves for the 99/1 w/w HDPE-g-VTES (1 phr)/C15A 

nanocomposite 
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Figure A.23 Stress-strain curves for the 97/3 w/w HDPE-g-VTES (1 phr)/C15A 

nanocomposite 
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Figure A.24 Stress-strain curves for the 95/5 w/w HDPE-g-VTES (1 phr)/C15A 

nanocomposite 
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Figure A.25 Stress-strain curves for the HDPE-g-VTES (3 phr) 
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Figure A.26 Stress-strain curves for the 99/1 w/w HDPE-g-VTES (3 phr)/C15A 

nanocomposite 
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Figure A.27 Stress-strain curves for the 97/3 w/w HDPE-g-VTES (3 phr)/C15A 

nanocomposite 
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Figure A.28 Stress-strain curves for the 95/5 w/w HDPE-g-VTES (3 phr)/C15A 

nanocomposite 

 

 


