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The topic of polymer nanocomposites remains an active area of research in the 
dielectrics community, due to the unique electrical properties that these materials could 
exhibit. To explain the behaviour of these materials, the importance of clarifying the 
interfaces between nanoparticles and polymer matrices has been emphasised. However, 
understanding of the interface in nanocomposites is unsatisfactory and, consequently, 
many experimental results remain unexplained. This thesis reports on an investigation 
into a polyethylene nanocomposite system that contains varying amounts of nanosilica 
that differ with respect to their surface chemistry. The addition of nanosilica, even with 
different surface chemistries, was found to enhance the nucleation density of 
polyethylene and perturb the spherulitic development. While less organised lamellar 
structures would be expected to lead to a lower breakdown strength, this does not appear 
to be the case for the material systems considered here under alternating current (AC) 
fields. In addition, nanosilica filled polyethylene was found to absorb significantly more 
water than unfilled polyethylene, with the consequence that both the permittivity and the 
loss tangent increase with increasing duration of water immersion. However, appropriate 
surface treatment of nanosilica reduces the water absorption effect and modifies the 
dielectric response of the nanocomposites compared with those containing an equivalent 
amount of untreated nanosilica. Although water absorption may not be a technologically 
desirable characteristic, the results indicate that water molecules can act as effective 
dielectric probes of interfacial factors. Meanwhile, the direct current (DC) breakdown 
strength reduces with the inclusion of increasing amount of nanosilica in the 
polyethylene, but surface treatment of nanosilica improves the DC breakdown strength 
with respect to equivalent nanocomposites containing untreated nanosilica. Results from 
space charge studies reveal increased space charge accumulation in the presence of the 
untreated nanosilica and, upon surface treatment of the nanosilica, the charge 
development was suppressed in comparison with nanocomposites containing an 
equivalent amount of untreated nanosilica. This observation suggests that space charge 
accumulation and DC failure are related in these systems and it would seem that control 
of surface chemistry is particularly critical in connection with the use of nanocomposites 
in DC applications. Finally, the mechanisms underpinning the concept of filler 
functionalisation in nanocomposites were investigated via the use of different aliphatic 
chain length silane coupling agents, and the results show that long silane chains enhance 
the DC breakdown strength of the resulting nanocomposites. The possible further 
enhancement in DC breakdown strength is also highlighted. Overall, this thesis 
demonstrates how a nanoparticle’s interface chemistry can affect both the structure and 
the electrical properties of the resulting nanocomposites, and serves as an important 
foundation towards the engineering of nanocomposites as the reliable electrical 
insulation materials of the future, through the understanding of the interface.  
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1.2 Research Background and Motivation 

 

The emergence of synthetic polymers has exerted a massive influence on the world 

of electrical insulation in that polymeric insulators now largely dominate the market. 

Although half a century has passed, today, polymeric insulators are still widely used 

as standard materials in many power delivery systems. No new materials have been 

introduced since the era of polymers. Most of the “new” materials, if available, are 

still largely based on polymers (e.g. microfilled polymers). While these materials 

enhance mechanical and thermal properties, they rarely improve, and in most case 

worsen, many electrical properties (e.g. breakdown strength). This results in design 

difficulties especially when dealing with increasing voltage levels. 

 

In the early 1990s, polymer nanocomposites commercially emerged when the Toyota 

Motor Corporation successfully implemented nylon-6/clay nanocomposites as 

engineering plastics for timing belt covers in their cars (Usuki et al., 1993a; Usuki et 

al., 1993b; Hussain et al., 2006; Li et al., 2010a). This success initiated the use of 

polymer nanocomposites in automotive industries. For example, Mitsubishi 

introduced nylon-6/clay nanocomposites for engine covers on Gasoline Direct 

Injection engines while General Motor and Basell incorporated polyolefin/clay 

nanocomposites for application in a step assistant component for GMC Safari and 

Chevrolet Astro vans (Hussain et al., 2006; Bhattacharya et al., 2008). Later, 

research on polymer nanocomposites extended to various industries, including optics, 

electronics and food packaging. Some examples of such applications can be found in 

the publication by Bhattacharya et al. (2008). 

 

Although research on polymer nanocomposites has sparked widespread attention 

across various industries since the early 1990s, their application was not emphasised 

in electrical insulating industries at that time. It was not until 1994 that Lewis (1994) 

inspired the future of such newly emerging materials into the world of electrical 

insulation by anticipating the potential property changes that would benefit electrical 

insulation due to the introduction of nanometre-sized inclusions. While polymer 

nanocomposites concern polymers within which nanometre-sized fillers are 

homogeneously dispersed at just a few weight percentage (wt%), the term 

“nanometric dielectrics” (Lewis, 1994) or “nanodielectrics” (Fréchette et al., 2004; 



3 
 

Psarras, 2008) was introduced into the dielectrics community to refer to 

nanocomposites of specific interest in connection with their dielectric characteristics. 

However, for the scope of electrical insulation research, the terms “nanocomposite” 

and “nanodielectric” are used interchangeably to refer to polymer/nanoparticle 

mixtures of dielectric interest. 

 

In the late 20th century, early experimental studies of nanocomposites as dielectric 

materials (Henk et al., 1999; Henk et al., 2001) were published, but these studies did 

not attract significant attention in the dielectrics community. It was not until 2002 

that researchers began to shift their attention to the potential deployment of such 

newly emerging materials, when the promising application of nanodielectrics as 

electrical insulating materials was experimentally demonstrated by Nelson et al. 

(2002). While conventional microfilled materials come with reduced dielectric 

strength due to bulk charge accumulation, Nelson et al. (2002) reported mitigated 

space charge accumulation and enhanced charge decay in nanofilled system 

compared with microcomposites, which could lead to improved dielectric strength. 

 

Following Nelson’s studies (Nelson et al., 2002), numerous publications have 

emerged, exploring various combinations of polymers with different inorganic 

nanofillers. Electrical insulating properties such as partial discharge resistance, 

treeing progression, space charge formation and dielectric breakdown performance 

of nanocomposites have been compared with the unfilled and microfilled 

counterparts, and promising improvement in these properties has been reported with 

the addition of nanofillers (Yin et al., 2003; Zilg et al., 2003; Kozako et al., 2004; 

Nelson and Fothergill, 2004; Tanaka et al., 2004; Roy et al. 2005a; Roy et al., 2005b; 

Montanari et al., 2006; Green et al., 2008). The emerging trend of nanodielectrics 

research is shown in Figure 1.2, which shows how the number of publications has 

increased dramatically since 2002 (Nelson, 2010). 

 

As previously mentioned, many current electrical insulation systems come with the 

compromise of reduced electrical performance, as a consequence of the need to 

address thermal, mechanical and economic requirements. For example, in order to 

produce mechanically strong insulation systems, microfillers are added to polymers 

to give a combination of properties that reflects both the filler and the polymer. The 
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gap still exists in today’s nanodielectrics research and, consequently, many 

experimental results remain unexplained.  

 

The difficulty in obtaining a complete picture of the material structure and 

composition due to nanostructuration constitutes a major obstacle to understanding 

the properties of nanocomposites. Many uncertainties arise and one can never 

understand the properties of nanocomposites at a macroscopic level while a complete 

understanding of nanostructuration at the nanometre level is absent. In some cases, 

restructuring of the polymer matrix (host material) was found due to the presence of 

nanofillers and the nanofillers’ ability to interact with the polymer matrix. The use of 

various chemical processes further complicates the situation, since property changes 

are not only associated with the effect of nanoparticles alone. For example, optical 

properties depended on the compatibilization process (Ambid et al., 2006) while the 

space charge behaviour and dielectric loss depended on matrix and clay 

concentration respectively (Fuse et al., 2009). In these cases, it could be that 

chemical effects dominate nanosized effects. Such claims are yet to be verified and 

more experimental breakthroughs are certainly required.  

 

While there have been numerous promising results supporting the dielectric 

enhancement brought about by nanostructuration in electrical insulation systems, it 

has not always been the case that nanodielectrics are favourable in electrical 

insulation systems (Fréchette et al., 2010). More importantly, the existence of 

contradictory results, even in systems that are apparently comparable, leads to further 

complications concerning the use of nanodielectrics (Tanaka et al., 2011). To date, 

observing improved or worsened electrical performance of nanodielectrics is not 

unusual, but explaining such observations represents a great challenge. In some cases, 

meagre improvements due to nanostructuration have raised questions concerning the 

worthiness of investing in nanodielectric systems. 

 

Therefore, understanding of the mechanisms of nanodielectrics requires exploration 

into various factors, such as nanofiller/nanofiller interactions, nanofiller/matrix 

interactions and changes in matrix morphology, and these need to be considered at 

different dimensional levels, as depicted by Green and Vaughan (2008) in Figure 1.6. 

At the smallest dimensions, factors such as nanoparticle size and surface chemistry, 
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hope of engineering them as the insulation materials of the future. Therefore, the 

main objectives and scope of this research are: 

 

i) To formulate and characterise reproducible polymer nanocomposites for 

dielectric applications. 

Presently, research on nanocomposites focused on the use of a single polymer 

as the matrix material. While changes in electrical properties were found to 

be affected by the presence of nanofillers, the influence of the underlying 

morphological factor was difficult to identify. In this work, a polyethylene 

blend composed of 20 wt% of high density polyethylene (HDPE) in low 

density polyethylene (LDPE) was used as the base polymer. This allows the 

control of the underlying morphology through thermal treatment and enables 

structural changes to be readily detected. Meanwhile, nanosilica at varying 

loading levels was chosen as a nanofiller with a view to vary the surface 

chemistry of the nanofiller through the use of silane coupling agents so as 

better to understand the effect of interfacial chemistry. 

 

ii) To investigate the effect of nanoparticles on electrical breakdown and space 

charge characteristics of polymer nanocomposites. 

Early experimental work on nanocomposites with regards to dielectric 

applications demonstrated that nanoparticles were favoured in improving the 

electrical breakdown performance. This was anticipated to be related to space 

charge development, in particular to direct current (DC) applications. This 

was, however, contradicted by several later findings that nanocomposites 

were, perhaps, not the panacea to electrical breakdown properties – reduced 

breakdown strength was reported in many nanocomposite systems. In this 

work, the influence of nanosilica (which varies in terms of surface chemistry) 

on a polyethylene blend were specifically studied further to understand the 

breakdown behaviour of the material systems, in both alternating current (AC) 

and DC applications. Space charge studies were also conducted to evaluate 

the effect of interfacial changes in nanocomposites on electrical properties, in 

particular, in an attempt to relate the space charge behaviour to the DC 

breakdown performance. 
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iii) To investigate the role of the interface in determining the unique dielectric 

properties of polymer nanocomposites. 

In the current literature, various interface models have been proposed to 

explain the mechanisms governing changes in electrical properties of 

nanocomposites. In this work, detailed characterisations were carried out 

based upon nanocomposites containing untreated and treated nanosilica to 

understand the interfacial mechanisms associated with changes in electrical 

properties. Absorption current behaviour, which has not attracted significant 

attention, was considered to aid with data interpretation. Surface 

functionalisation of the nanofiller using different aliphatic chain length silane 

coupling agents was also performed, and the resulting nanocomposites were 

electrically tested – this helps to anticipate the possible improvement brought 

about by nanostructuration, in particular, in relation to the interfacial states.  

 

 

1.4 Thesis Outline 

 

This thesis is divided into ten chapters: 

 

Chapter 1 contains the introduction, objectives and scope of this research while 

Chapter 2 provides details on the experimental parameters used throughout this 

research. 

 

From Chapter 3 to Chapter 8, a comparison between two nanocomposite systems, i.e., 

one that contains an untreated nanosilica and the other that contains a treated 

nanosilica is made, with unfilled polyethylene as reference. This includes thermal 

analysis (Chapter 3), structural and morphological discussion (Chapter 4), dielectric 

response (Chapter 5), electrical breakdown behaviours (Chapter 6), space charge 

dynamics (Chapter 7) and absorption current measurements (Chapter 8). 

 

In Chapter 9, the effect of silane chain length on the DC breakdown properties of the 

resulting nanocomposites is considered, and the possible enhancement in DC 

breakdown strength is highlighted. 
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Lastly, Chapter 10 concludes the current experimental findings and outlines possible 

future work. 
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Chapter 2 

 

Materials and Experimental Techniques 

 

“There is no such thing as a failed experiment, only experiments with unexpected outcomes.” 

- Richard Buckminster Fuller - 

 

2.1 Introduction 

 

Due to growing environmental concerns, the idea of polymer recycling has emerged, 

leading to the progressive replacement of thermosets by thermoplastics (Fréchette et 

al., 2010). This trend involves not only classical composites, but also the newly 

emerging polymer nanocomposites. The use of a polyolefin, such as polyethylene, as 

a base polymer, is therefore encouraged considering the ease with which they can be 

recycled. Here, a basic understanding of polyethylene is presented, before embarking 

on detailed discussions. Some of the reasons for polyethylene being favoured in 

electrical insulation applications include its low relative permittivity, low dielectric 

loss tangent and high dielectric strength. 

 

Polyethylene is a thermoplastic polymer comprised exclusively of carbon and 

hydrogen. It is the polyolefin produced by polymerising the olefin ethylene. The 

chemical structure is a series of repeating -CH2- units as shown in Figure 2.1. 

 

 
Figure 2.1: Polyethylene chain 

 

Polyethylene is a semicrystalline polymer, i.e., it contains both crystalline and 

amorphous phases. Since the molecules adopt a closely packed all-trans 

configuration with the crystals and less perfect conformations within amorphous 

regions, increased crystallinity equates to a higher overall density. It is the crystalline 

regions that give polyethylene many good properties, such as toughness, high 
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(Hosier, 1996; Hosier et al., 1997). Moreover, the use of a suitable polyethylene 

blend enables structural changes to be readily detected. 

 

The amorphous regions of a polymer are sites where foreign contaminants (e.g. 

impurities and ions) can reside. These regions are characterised by larger distances 

between the polymer chains compared to crystalline regions. In the case where a 

polymer is completely or almost completely amorphous, inorganic fillers are 

incorporated to provide the needed toughness. It should be noted that any additives 

or impurities will reside in the amorphous regions, not the crystalline regions 

(Bernstein and Tarpey, 2003). 

 

When considering nanodielectrics, there are generally three types of nanofillers 

currently under development, namely one-, two- and three-dimensional nanoparticles. 

Out of those three types, nanoparticles with insulating properties are of primary 

interest for application in dielectric systems, and most of the one- and three-

dimensional nanoparticles fall into this category. An example of a one-dimensional 

nanofiller is the layered silicate montmorillonite clay. This is nanoscopic in one 

dimension, while the other two dimensions of clay platelets can approach the 

micrometre range. However, the use of such nanoclays is very complicated, due to 

the exfoliated and intercalated structures that can form when incorporated into 

polymers. Such structures could affect the performance of nanocomposites and it is 

speculated that exfoliated nanoclay performs better than intercalated nanoclay. 

Furthermore, nanoclay is chemically incompatible with polyolefins (e.g. 

polyethylene and polypropylene) and compatibilizers such as maleic anhydride 

grafted polyethylene and maleic anhydride grafted polypropylene are required. This 

complexity brought about by layered silicate nanoparticles could lead to futher 

complication in understanding the behaviour of nanodielectrics. High dielectric 

losses have also been observed in such systems (Green, 2008). 

 

Spherical nanoparticles are considered as three-dimensional nanoparticles possessing 

insulating properties. They are also commonly referred to as inorganic oxide 

nanoparticles. Silica nanoparticles belong to this group. Unlike layered silicate 

nanofillers, nanosilica can be rendered chemically compatible with polyolefins 

relatively easily. A common concern shared by all types of nanoparticles is the 
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homogenous dispersion of nanoparticles in polymers. Dispersing spherical 

nanoparticles in polymers is a challenging task but, generally, using this type of 

nanofiller is less complicated and less troublesome than layered silicate nanofillers. 

 

 

2.2 Materials and Preparation 

 

2.2.1 Materials 

 

The polymers used in this research were the low density polyethylene (LDPE) grade 

LD100BW obtained from ExxonMobil Chemicals and the high density polyethylene 

(HDPE) grade Rigidex HD5813EA obtained from BP Chemicals. The nanofiller 

used was silicon dioxide (SiO2) nanopowder (nanosilica) obtained from Sigma-

Aldrich, with a quoted particle size range from 10 nm to 20 nm. The nanofiller is 

referred to as “untreated” nanosilica. For the purpose of nanosilica surface treatment, 

trimethoxy(propyl)silane, having purity of 97 %, was obtained from Sigma-Aldrich. 

The nanosilica subjected to surface treatment is referred to as “C3-treated” nanosilica. 

 

 

2.2.2 Surface Treatment of Nanosilica 

 

Surface treatment of the nanosilica was performed using the following anhydrous 

route (Holt et al., 2011). In a flask, 15 g of untreated nanosilica was suspended in 

200 ml of dry tetrahydrofuran (THF), followed by the addition of 7 ml of 

trimethoxy(propyl)silane as the silane coupling agent. At room temperature, the 

mixture was sonicated for 10 min, followed by stirring on a sealed rotary evaporator 

at 180 rpm for 20 min and subsequently 80 rpm for 40 h. The resulting mixture was 

divided into flasks of equal weight prior to centrifugation at 3500 rpm for 10 min and 

decanting of the supernatant. Fresh, dry THF was then added to each container, 

which was vigorously shaken until the nanosilica was again suspended in the solvent. 

The washing process was repeated three times with THF and two times with dry 

ether to remove the residuals. The resulting solid was washed from the containers 

into a round bottom flask. All solvent was removed on a rotary evaporator before 

drying the white solid for 24 h under high vacuum. 
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2.2.3 Preparation of Materials 

 

The materials of interest were prepared using a solution blending method. To begin 

with, the desired amount of nanosilica was added into the xylene and sonicated for   

1 h to create a suspension. This was followed by the incorporation of polymer. The 

desired amount of polymer was weighed and added into the xylene/nanosilica 

suspension to give a 5 % w/v (polymer/xylene) concentration. For example, a 

polyethylene blend containing 80 wt% of LDPE and 20 wt% of HDPE was 

composed of 8 g of LDPE and 2 g of HDPE in 200 ml of xylene. In order to comply 

with COSHH regulations, a refluxing apparatus was used to prepare the material, so 

that none of the solvent was lost through evaporation. The task was carried out in a 

fume cupboard to avoid further exposure to solvent vapour.  

 

The polymer and xylene/nanosilica suspension were mixed inside a round bottomed 

flask attached to a water filled condenser, which was heated by a stirrer mantle 

(Electrothermal Model EMA0500CEB). Within the stirrer mantle, the 

polymer/xylene/nanosilica mixture was heated to the boiling point of xylene, i.e., 

about 140 ºC, and stirred simultaneously by using a magnetic stirrer bar. The heat 

was turned off after 15 min of boiling, by which time, all the polymer pellets had 

dissolved and none of the pellets were visible. Meanwhile, methanol with a volume 

greater than that of the xylene (e.g. 300 ml of methanol for 200 ml of xylene) was 

prepared in a Pyrex beaker. 

 

The hot polymer/xylene/nanosilica mixture was poured into the methanol quickly 

with vigorous stirring, resulting in immediate precipitation of the nanocomposite as a 

gel. The precipitated gel containing the entrained nanoparticles was filtered, dried 

and melt pressed at 150 ºC, followed by vacuum drying at 100 ºC for 1 h. All the 

prepared materials were finally examined using differential scanning calorimetry to 

ensure uniformity of the base material. Further material preparation steps were 

undertaken, based on the requirement of the experimental tests. For comparison 

purposes, unfilled polyethylene was prepared in the same way as the nanocomposites. 

 

Since residual solvent or impurities may affect the electrical properties, care was 

taken to dry all materials thoroughly. FTIR spectra obtained from samples processed 
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as above showed no evidence of absorption peaks relevant to solvents or impurities; 

this will be discussed in Chapter 4. Also, dielectric spectroscopy studies, which will 

be discussed in Chapter 5, clearly showed that polar molecules can be readily 

detected in this way; none were found in the as-prepared samples. Finally, previous 

work has compared the electrical response of polymers processed directly from the 

melt and the same polymer after solution processing as conducted here: no 

differences were found. As such, it is concluded that the samples considered here do 

not contain significant residual solvent or impurities. 

 

 

2.3 Experimental Techniques 

 

2.3.1 Differential Scanning Calorimetry 

 

The thermal behaviour of the materials was characterised using differential scanning 

calorimetry (DSC). A Perkin Elmer DSC 7 with Perkin Elmer Pyris software was 

used for this purpose. For each measurement, a sample of about 5 mg in weight was 

used, placed in a sealed aluminium pan. The experiment was performed in a nitrogen 

atmosphere. The equipment was allowed to warm up for 1 hour prior to calibration 

and measurement. High purity indium, having a known melting temperature of  

156.6 ºC and melting enthalpy of 28.45 J g-1, was used for calibration purposes. 

Generally, a scan rate of 10 ºC min-1 was used to determine the melting behaviour of 

the material, unless otherwise mentioned. It should be noted that the calibration 

values vary for different temperature scan rates. Therefore, calibration has to be 

performed distinctly for each temperature scan rate. Overall, an accuracy of ± 1 ºC in 

temperature and ± 3 % in enthalpy is estimated based upon repeated measurements 

from a similar set of test samples. 

 

Avrami analysis was performed by DSC. The procedures involved are summarised in 

Figure 2.4. For the case of isothermal crystallisation, the calibration values for          

1 ºC min-1, 5 ºC min-1 and 10 ºC min-1 were taken into account before extrapolation 

was done to determine the calibration value for 0 ºC min-1, which was required for 

the offset of the crystallisation temperature in the DSC. An example of a DSC 

isothermal crystallisation trace as a function of time is shown in Figure 2.5. 
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Figure 2.4: DSC procedures for Avrami analysis 
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Figure 2.5: DSC isothermal crystallisation trace as a function of time 
 

 

2.3.2 Fourier Transform Infrared Spectroscopy 

 

Fourier transform infrared (FTIR) spectroscopy was used to obtain chemical 

information pertaining to appropriate samples. A Perkin Elmer Spectrum GX 

spectrometer with a standard mid-infrared triglycine sulphate (MIRTGS) detector 

was used for this purpose. The data for each spectrum were collected from 400 cm-1 

Sample heated to 150 ºC and held for 5 minutes to remove thermal history. 

Sample cooled from 150 ºC to the required crystallisation temperature at 100 ºC min-1. 

Sample held at the crystallisation temperature until crystallisation completed. 

Sample cooled from the crystallisation temperature to 50 ºC at 100 ºC min-1. 

Sample held for 5 minutes at 50 ºC. 

Sample heated from 50 ºC to 150 ºC at 10 ºC min-1 to provide a melting trace. 
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to 4000 cm-1 over 8 scans at 4 cm-1 resolution. The sample used was ~85 µm in 

thickness. 

 

FTIR microspectroscopy was used to characterise samples of silica nanopowder by 

collecting spectral data. A Perkin Elmer Spectrum GX spectrometer with an infrared 

microscope was used for this purpose. The data for each spectrum were collected 

from 700 cm-1 to 4000 cm-1 over 32 scans at 4 cm-1 resolution. 

 
 

2.3.3 Polarised Optical Microscopy 

 

To prepare samples for polarised optical microscopy (POM), the material prepared 

using the solution blending method was cut into a small piece and placed between 

two microscope slides. It was left on a hot plate to melt at 150 ºC for 5 min. Pressure 

was then gently applied to the sample to avoid any unnecessary stress being 

transferred to the polymer. The sample was then isothermally crystallised using a 

Linkam THM600 hot stage after being melted at 150 ºC for 5 minutes. 

 
 

2.3.4 Scanning Electron Microscopy 

 

Samples for scanning electron microscopy (SEM) were prepared using a standard 

permanganic etching technique (Olley and Bassett, 1982). Internal surfaces were first 

exposed through microtomy using an RMC MT7 cryo-ultramicrotome. The sample 

was then etched for 4 hours in a permanganic reagent composed of a 1 % w/v 

solution of potassium permanganate in an acid mixture composed of 5 parts 

concentrated sulphuric acid, 2 parts phosphoric acid and 1 part water. After etching, 

the reagent was quenched using 1 part hydrogen peroxide in 4 parts dilute sulphuric 

acid. Samples were finally rinsed in distilled water followed by acetone. Etched 

samples were mounted onto standard aluminium SEM stubs and gold coated. Gold 

coating of samples was required in order to create a grounding path for the beam 

electrons during SEM. 

 

A JEOL Model JSM-5910 was used for SEM analysis. A voltage of 15 kV and a 

working distance of 11 mm were used. For the purpose of gold coating, an Emitech 
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K550X coating unit was used with an Edwards E2M2 high-vacuum pump. Coating 

was carried out at 25 mA for 3 min. 

 

 

2.3.5 Atomic Force Microscopy 

 

Samples for atomic force microscopy (AFM) were prepared in the same way as the 

samples prepared for SEM, but without gold coating. 

 

AFM experiments were carried out using an MFP-3DTM (Asylum Research) 

instrument equipped with an MFP head and MFP scanner. The images were captured 

in alternating current (AC) mode. Real time scanning was performed in air at room 

temperature with a scan rate of 0.5 Hz. A silicon cantilever type OMCL-AC200TS-

R3 (nominal spring constant 9 N m-1, Olympus) with a tetrahedral tip (nominal 

radius 7 nm) was used. The images were recorded and analysed using the AFM 

software Igor Pro version 6.22A. 

 

 

2.3.6 Dielectric Spectroscopy 

 

Samples for dielectric spectroscopy testing were prepared using a Graseby Specac 

25.011 hydraulic press. The desired material was cut into small pellets or thin sheets. 

To prepare a sample disk, the desired amount of the material was placed centrally 

between two aluminium foils within a suitable mould ring. At a temperature of     

150 ºC, the pellets/sheets were preheated for 3 min prior to a load of 3 ton being 

applied (the load was increased slowly from 0 to 3 ton). The pressed disk was then 

left to relax for 5 min before being removed from the mould. 

 

To obtain an isothermally crystallised sample, the disk was isothermally crystallised 

in an oil bath (Grant Model W28) from the melt at 115 ºC for 1 h, followed by 

quenching into water. The thickness of the prepared samples was ~420 µm. If a 

quenched sample was required, the disk was quenched directly into water from the 

melt. Both sides of the sample were gold coated to ensure good electrical contact 

between the sample and the electrodes. An Emitech K550X sputter coater was used 
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for this purpose and a coating current of 25 mA and coating time of 3 min were used 

such that the surface resistance was about 10 Ω, which gave a high signal-to-noise 

ratio. 

 

Dielectric spectroscopy is used to measure the dielectric properties of an insulating 

material as a function of frequency. It is based on the interaction of an external field 

with the electric dipoles within the sample, often expressed as permittivity. The 

dielectric response was measured using a Solartron 1296 dielectric interface together 

with a Schlumberger SI 1260 impedance/phase gain analyser and a Solartron 12962A 

sample holder with a 20 mm diameter electrode. In order to collect the data, an AC 

voltage of 1 V was applied and the frequency was swept from 0.1 Hz to 0.1 MHz at 8 

points per decade. 10 cycle integrations per point was found sufficient for de-noising. 

The real relative permittivity and dielectric loss tangent of each sample were 

calculated; at least two samples were tested to ensure reproducibility of the test data 

and an overall accuracy of ± 5 % is estimated based upon repeated measurements 

from a similar set of test samples. 

 

Prior to dielectric spectroscopy testing, the samples were dried in a vacuum oven at 

60 ºC until no significant weight change could be observed. In order to investigate 

the effect of water absorption, the samples were immersed in 40 ml of distilled water 

and placed in a sealed chamber for different time intervals. The samples were then 

carefully dried with a tissue before being weighed and subjected to dielectric 

spectroscopy testing. The sample weights (typically 0.23 g to 0.27 g) were monitored 

by a 5 digit balance (Sartorius MC210P) to an accuracy of ± 0.00005 g. Since the 

measurement uncertainty is ± 0.00005 g, this provides an uncertainty of about 

0.02 %. 

 
 

2.3.7 Electrical Breakdown Test 

 

2.3.7.1 AC Breakdown Test 

 

Samples for AC breakdown testing were prepared in the same way as for the samples 

prepared for dielectric spectroscopy testing. However, the thickness of the samples 

used was changed to ~85 µm and the samples were not subjected to gold coating. 
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tests were performed on each type of material, with the ball-bearing electrodes being 

changed after 10 tests in order to avoid pitting of the electrodes, which would affect 

the breakdown data (Hosier, 1996). The voltage obtained from the test was divided 

by the sample thickness at the breakdown point in order to obtain the breakdown 

field. The resulting breakdown data were statistically analysed assuming two-

parameter Weibull statistics. 

 

 

2.3.7.2 DC Breakdown Test 

 

Samples for DC breakdown testing were prepared using a large hydraulic press. This 

is due to the need for specimens of a larger diameter which could not be fulfilled by 

the Graseby Specac 25.011 hydraulic press. The larger diameter was required to 

ensure that the separation distance between each breakdown point was large enough 

to avoid the possibility of electrical flashover caused by adjacent breakdown holes 

due to the higher DC breakdown voltage (more than 2 times higher than the AC 

breakdown voltage). 

 

A moulding temperature of 150 ºC was used. The pellets/sheets were preheated for   

2 min prior to a load of 3 ton being applied. The pressed disk was then left to relax 

for 2 min before being removed from the mould. The disk was finally subjected to 

quenching or isothermal crystallisation at 115 ºC. The size of the prepared samples 

was ~85 µm in thickness. 

 

The test setup used for DC breakdown testing is comparable to the AC breakdown 

system described above and, therefore, a detailed explanation is not warranted here. 

Generally, the test was conducted between two opposing 6.3 mm diameter steel ball-

bearing electrodes immersed in Dow Corning 200/20cs silicone fluid to prevent 

surface flashover. A warm up time of 1 h was required before the calibration of the 

equipment was performed. A DC ramp voltage increasing at 100 V(DC) s-1 was 

applied until the sample failed. It should be noted that the maximum acceptable 

voltage of the system was about 75 kV. As with AC breakdown testing, a total of 20 

breakdown tests were performed on each material. The resulting dielectric 
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calibration trace and a deconvolution technique was applied to restore the original 

signal. LabVIEW software was used for the purpose of data analysis. 

 

 

2.3.9 Absorption Current Measurements 

 

Samples for absorption current measurements were prepared in the same way as 

those for dielectric spectroscopy. However, the thickness of the samples used was 

changed to ~200 µm. Both sides of the sample were gold coated with a coating 

current of 25 mA and a coating time of 3 min to ensure gold electrical contact 

between the electrodes and the sample. 

 

Absorption current measurements were performed by using a Keithley 6487 

picoammeter / voltage source and a sample holder with two opposing 20 mm 

diameter electrodes. A DC field of 25 kV mm-1 or 40 kV mm-1 was applied and the 

resulting current was recorded as a function of time. Prior to measurement, each 

sample was grounded at 60 ºC in vacuum for at least 72 h so that excess charge 

would dissipate. 
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The extent of crystallisation is often seen to follow a characteristic S-shape, in which 

the crystallisation rate is slow at the beginning and the end but rapid in between, as 

shown in Figure 3.5. The initial slow rate is attributed to the low crystallisation 

activity around the nuclei. The rapid crystallisation rate in between is attributed to 

primary crystallisation, which is characterised by the radial growth of nuclei into 

particles (e.g. spherulites) combined with the continuous generation of nuclei. Near 

the end of crystallisation, secondary crystallisation takes place, in which few nuclei 

are formed and the particles begin to impinge on one another, causing their growth to 

stop. 
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Figure 3.5: Extent of crystallisation under isothermal condition 
 

Crystallisation based on different nucleation and growth mechanisms can generally 

be described using the following Avrami equation: 

 

1 െ ௖ܸ

ஶܸ
ൌ expሺെܭ௘௫௣ݐ௖௡ሻ (3.1) 

 

where ௖ܸ  is the volume fraction of crystallinity, 	 ஶܸ  is the maximum crystallinity 

attained, ݐ௖  is the time elapsed after the onset of crystallisation, ܭ௘௫௣  is the 

experimental rate constant or overall crystallisation rate constant containing 

contributions from both nucleation and growth and ݊  is the Avrami exponent or 

dimensionality of the growth. 
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Theoretically, there are two cases of nucleation to be considered, namely athermal 

nucleation and thermal nucleation. For athermal nucleation (instantaneous 

nucleation), all nuclei are simultaneously formed and start to grow at an induction 

time, ݐ௜ , i.e., ݐ௖ ൌ 0. For thermal nucleation (sporadic nucleation), the nuclei are 

formed at a constant rate both in space and time. Practically, the nucleation is seldom 

either completely athermal or completely thermal, and a mixture of the two is 

common. This will have an effect on the interpretation of the Avrami exponent, ݊. 

 

It should be noted that the Avrami index, ݊, is composed of two terms: 

 

݊ ൌ ݊ௗ ൅ ݊௡ (3.2)

 

where ݊ௗ represents the dimensionality of crystal growth, with values such as 1, 2 or 

3 corresponding to one-, two- or three-dimensional entities that are formed, while ݊௡ 

represents the time dependence of the nucleation, with values such as 0 or 1, which 

correspond to ideal athermal nucleation or thermal nucleation, respectively. For 

example, for a polymer that crystallises in a spherulitic morphology (three-

dimensional), ideal athermal nucleation should exhibit an Avrami index of 3 while 

ideal thermal nucleation should exhibit an Avrami index of 4. 

 

 

3.3 Results and Discussion 

 

3.3.1 Isothermal Crystallisation Behaviour 

 

The crystallisation behaviour of polyethylene nanocomposites was investigated using 

DSC and analysed using the Avrami method. For a polymer, Avrami theory would 

provide a good fit of the experimental data at least up to approximately 50 % relative 

crystallinity (Lorenzo et al., 2007). Later, the impingement of spherulites starts to 

occur, so marking the end of primary crystallisation. Meanwhile, the determination 

of the relative crystallinity at 0 % is affected by the onset of crystallisation. 

Consequently, the percentage crystallinity of the material as a function of time was 

obtained in the range 5 % to 50 % in 5 % increments using the Perkin Elmer Pyris 

software. Rearranging Equation 3.1, the following equation was obtained: 
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߯ ൌ 1 െ expሾെܭ௘௫௣ሺݐ െ  ௜ሻ௡ሿ (3.3)ݐ

 

where ߯  represents the crystallinity fraction at time ݐ	  while ݐ௜  represents the 

induction time, with other parameters remaining unchanged. The obtained 

experimental values of  ߯ and	ݐ were then fitted to Equation 3.3 using a non-linear 

approach to estimate the ܭ௘௫௣, ݐ௜ and ݊. 

 

Figure 3.6 shows non-linear Avrami plots of the development of crystallinity as a 

function of time for the unfilled polyethylene, nanocomposites containing 5 wt% of 

untreated nanosilica and nanocomposites containing 5 wt % of C3-treated nanosilica, 

isothermally crystallised at different temperatures. Generally, from all the figures, the 

time required for complete crystallisation varies with temperature. Specifically, for 

all the investigated polyethylene systems, there is a noticeable trend where the higher 

the crystallisation temperature, the longer the crystallisation process takes. Such 

observations fall well within the theory of crystallisation and are attributed to the 

temperature dependence of nucleation and growth rates. 

 
At a fixed crystallisation temperature, all the nanocomposites experienced faster 

crystallisation when compared with the unfilled polyethylene, as illustrated in Figure 

3.7. This could be mainly attributed to the presence of nanosilica that acts as 

nucleating sites for the formation of spherulites, as opposed to the unfilled 

polyethylene, which contains sparse nucleating sites. Comparable observations have 

also been reported by Tian et al. (2006) in an investigation into poly(ethylene 

terephthalate)/silica nanocomposites. It is noteworthy that with the presence of 

nanosilica as nucleating sites, the separation distance between the spherulites in the 

nanocomposites would be reduced, causing the spherulite impingement to happen 

more rapidly when compared with the unfilled polyethylene. With regard to this, 

crystallisation in nanocomposites may be dominated by the nucleation sites per unit 

volume,	ܰ, as opposed to the unfilled polyethylene, which seems to be dominated by 

the crystal growth rate, ܩ. 

 
Assuming three-dimensional crystal growth, Kowalewski and Galeski (1986) 

suggested that the effective three-dimensional crystallisation rate constant, ܭଷ, can be 

determined from the experimentally measured ܭ௘௫௣ using the following equation: 
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ଷܭ ൌ
4
3
ଷܩܰߨ ≅ ሺܭ௘௫௣ሻ

ଷ
௡ (3.4)

 

where ܰ is the number of nucleation sites per unit volume and ܩ is the growth rate of 

the crystallising objects. 
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Figure 3.6: Non-linear Avrami fitting to the development of crystallinity for (a) unfilled 
polyethylene, (b) nanocomposites containing 5 wt% of untreated nanosilica, (c) 
nanocomposites containing 5 wt% of treated nanosilica, at different isothermal crystallisation 
temperatures 
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Figure 3.7: Comparison of the development of crystallinity between unfilled polyethylene 
and (a) nanocomposites containing untreated nanosilica crystallised isothermally at 115 ºC,                      
(b) nanocomposites containing treated nanosilica crystallised at 121 ºC 
 

Vaughan et al. (2006) proposed that heterogeneous nucleation is closely related to 

the local interactions that occur between the crystallising polymer and the substrate, 

in which nucleation is expected to be enhanced if the polymer and the substrate 

interact strongly and vice versa. Consequently, ܰ  will reflect the local molecular 

interactions between the filler and the polymer. However, in order to determine the 

absolute number of nuclei from the equation, ܩ must be known and this is often not 

directly measurable for the case of nanofilled material. Therefore, the results that are 

presented are not in terms of absolute nucleation densities but rather, in terms of the 

crystallisation rate constant, ܭଷ. This removes the need to assume that crystal growth 

occurs in the same way for the unfilled and filled systems. 

 

The Avrami parameters, ݊, ܭ௘௫௣ and ܭଷ generated for each of the material systems at 

different crystallisation temperatures are shown in Table 3.1. In these cases, it is 

assumed that variations in the Avrami exponent, ݊, are caused by factors such as 

secondary crystallisation and mixed nucleation modes, rather than being a genuine 

reflection of non-three dimensional development (Kowalewski and Galeski, 1986). 

The determination of the ܭଷ  parameter was conducted based on Equation 3.4, in 
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which three-dimensional crystal growth was assumed in all the investigated 

polyethylene systems. 

 

Table 3.1: Avrami parameters for different materials 

Sample Tc / ºC ࢖࢞ࢋࡷ ࢔ / s-1 ࡷ૜ / s-3 

Unfilled 111 2.956 ± 0.031 3.66×10-5 ± 0.46×10-5 3.14×10-5 
 113 3.271 ± 0.076 1.98×10-6 ± 0.70×10-6 5.88×10-6 
 115 2.420 ± 0.016 2.55×10-5 ± 0.20×10-5 2.02×10-6 
 117 2.248 ± 0.018 1.12×10-5 ± 0.11×10-5 2.47×10-7 
 119 2.170 ± 0.013 1.72×10-6 ± 0.15×10-6 1.07×10-8 
 121 1.927 ± 0.017 1.20×10-6 ± 0.15×10-6 6.06×10-10 

2 wt% Untreated 111 2.488 ± 0.063 1.26×10-3 ± 0.26×10-3 3.19×10-4 
 113 3.378 ± 0.036 1.30×10-5 ± 0.18×10-5 4.58×10-5 
 115 3.606 ± 0.073 8.02×10-7 ± 0.27×10-7 8.48×10-6 
 117 2.784 ± 0.034 4.64×10-6 ± 0.78×10-6 1.79×10-6 
 119 2.376 ± 0.021 3.49×10-6 ± 0.42×10-6 1.29×10-7 
 121 1.922 ± 0.015 6.13×10-6 ± 0.63×10-6 7.31×10-9 
 122 1.898 ± 0.045 1.86×10-6 ± 0.62×10-6 8.78×10-10 

2 wt% C3-treated 111 2.754 ± 0.060 4.00×10-4 ± 0.87×10-4 1.99×10-4 
 113 3.316 ± 0.052 1.23×10-5 ± 0.26×10-5 3.61×10-5 
 115 3.297 ± 0.064 2.79×10-6 ± 0.81×10-6 8.83×10-6 
 117 2.769 ± 0.017 3.33×10-6 ± 0.30×10-6 1.16×10-6 
 119 2.395 ± 0.017 2.40×10-6 ± 0.24×10-6 9.13×10-8 
 121 2.375 ± 0.023 1.46×10-7 ± 0.24×10-7 2.32×10-9 

5 wt% Untreated 111 3.000 ± 0.115 4.18×10-4 ± 1.53×10-4 4.18×10-4 
 113 2.861 ± 0.051 1.68×10-4 ± 0.31×10-4 1.10×10-4 
 115 3.067 ± 0.046 1.85×10-5 ± 0.36×10-5 2.35×10-5 
 117 2.555 ± 0.017 3.20×10-5 ± 0.25×10-5 5.28×10-6 
 119 2.209 ± 0.028 2.37×10-5 ± 0.35×10-5 5.23×10-7 
 121 2.001 ± 0.036 4.50×10-6 ± 1.07×10-6 9.63×10-9 
 122 1.805 ± 0.036 5.01×10-6 ± 1.27×10-6 1.55×10-9 

5 wt% C3-treated 111 3.206 ± 0.056 1.00×10-4± 0.25×10-4 1.81×10-4 
 113 3.737 ± 0.084 3.72×10-6 ± 1.27×10-6 4.38×10-5 
 115 3.444 ± 0.035 2.31×10-6 ± 0.36×10-6 1.23×10-5 
 117 2.667 ± 0.016 8.93×10-6 ± 0.71×10-6 2.09×10-6 
 119 2.297 ± 0.012 6.42×10-6 ± 0.43×10-6 1.65×10-7 
 121 2.059 ± 0.027 2.27×10-6 ± 0.41×10-6 5.98×10-9 

10 wt% Untreated 111 2.846 ± 0.063 4.38×10-4 ± 0.91×10-4 2.88×10-4 
 113 3.316 ± 0.067 2.08×10-5 ± 0.54×10-5 5.81×10-5 
 115 3.494 ± 0.063 1.92×10-6 ± 0.54×10-6 1.23×10-5 
 117 2.690 ± 0.024 1.20×10-5 ± 0.13×10-5 3.25×10-6 
 119 2.273 ± 0.023 1.10×10-5 ± 0.14×10-5 2.85×10-7 
 121 1.805 ± 0.021 1.34×10-5 ± 0.19×10-5 7.99×10-9 
 122 1.982 ± 0.027 1.27×10-6 ± 0.25×10-6 1.19×10-9 

10 wt% C3-treated 111 3.342 ± 0.146 8.60×10-5 ± 4.34×10-5 2.24×10-4 
 113 3.588 ± 0.072 6.27×10-6 ± 1.81×10-6 4.47×10-5 
 115 3.434 ± 0.042 2.55×10-6 ± 0.47×10-6 1.30×10-5 
 117 2.693 ± 0.014 9.50×10-6 ± 0.65×10-6 2.54×10-6 
 119 2.256 ± 0.011 1.02×10-5 ± 0.06×10-5 2.30×10-7 
 121 2.270 ± 0.029 8.27×10-7 ± 1.59×10-7 9.15×10-9 
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Figure 3.8 contains plots of crystallisation rate constant, ܭଷ , as a function of 

crystallisation temperature, 	 ௖ܶ , for unfilled polyethylene and nanocomposites 

containing untreated and C3-treated nanosilica at 2 wt%, 5 wt% and 10 wt% loadings. 

From this, it is apparent that nanosilica has a marked impact on the crystallisation 

kinetics of the polyethylene. At any given temperature, the unfilled polyethylene 

shows the lowest ܭଷ  values when compared with the nanocomposites. With the 

addition of nanosilica, the ܭଷ  values obtained from the nanocomposites were 

typically about one order of magnitude greater than that of the equivalent unfilled 

polyethylene (see the fitted lines). From Equation 3.4, it is evident that changes in ܭଷ 

could result from changes in either nucleation density or crystal growth rate. 
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Figure 3.8: Plot showing the effect of nanosilica on the ܭଷ  parameter of random 
polyethylene-based systems. The fitted lines compare the ܭଷ  parameter of the unfilled 
polyethylene and the nanocomposites 
 

Figure 3.9 compares the ܭଷ  values obtained from nanocomposites containing 

untreated nanosilica and C3-treated nanosilica at representative crystallisation 

temperatures of 113 ºC and 119 ºC. Considering first the systems containing the 

untreated nanosilica, the addition of 2 wt% nanofiller increases the ܭଷ value by about 

one order of magnitude compared with the unfilled polyethylene; increasing the 

nanosilica content to 5 wt% results in a yet higher ܭଷ  value. However, a further 

increase in untreated nanosilica content to 10 wt% causes the ܭଷ value to decrease. 

Although the reduced ܭଷ value for this nanocomposite could be due to experimental 
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uncertainty, repetition showed the effect to be reproducible. Consequently, this effect 

is suggested to be an indicative of nanosilica aggregation, which reduces the 

nanosilica’s effectiveness as a nucleating agent. 
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Figure 3.9: Plot showing the effect of nanosilica surface chemistry and nanosilica content on 
 ଷ at representative crystallisation temperatures of 113 ºC and 119 ºC. The filled symbolsܭ
represent nanocomposites containing untreated nanosilica while the open symbols represent 
nanocomposites containing C3-treated nanosilica. The straight lines represent the ܭଷ 
variation of the untreated system while the dashed lines represent ܭଷ variation of the C3-
treated system 
 

Comparing the filled and open symbols in Figure 3.9, two features are immediately 

evident. First, ܭଷ  increases monotonically with loading level for the C3-treated 

nanosilica; there is no evidence of a reduction in nucleating ability at higher 

nanofiller loadings, suggesting that aggregation has been reduced by surface 

treatment. Second, it is evident that, at all loading levels, ܭଷ  is lower in the            

C3-treated case, compared with a nanocomposite containing an equivalent amount of 

untreated nanosilica. That is, chemical treatment has modified the surface 

interactions between the polymer and the silica in such a way as to reduce its 

effectiveness as a nucleating agent. According to the theory of Muchová and 

Lednický (1996), heterogeneous nucleation is closely related to the energy barrier 

associated with the transport of molecular chain segments from the polymer melt 

onto the substrate surface. That is, the local interactions between the polymer and the 

substrate; if the polymer and the substrate interact strongly, enhanced nucleation 
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would be expected. In this case, the increased nucleating capacity of the untreated 

nanosilica compared with its C3-treated equivalent is surprising and suggests that 

simplistic concepts such as polar, non-polar, hydrophilic and hydrophobic are 

insufficient when considering the precise factors that determine the compatibility 

between a filler and a polymer. Indeed, many studies of true epitaxial, pseudo-

epitaxial and graphoepitaxial effects (Fenwick et al., 1996; Greso and Phillips, 1994; 

Kopp et al., 1994) in polymers have been conducted, which focus on structural rather 

than chemical factors. 

 

The properties of nanocomposites are closely related to the distribution of 

nanoparticles within the system, which in turn, is determined by a combination of 

features related to nanoparticle/matrix and nanoparticle/nanoparticle interactions. 

Considering the first of these, the propensity to form a stable dispersion of 

nanoparticles within a matrix can be considered in terms of the Gibbs free energy of 

the system and, as such, will depend on the change in entropy and enthalpy on 

distributing the nanoparticles into the matrix. Mathematically, this has much in 

common with the problem of dissolution, as described by Flory (1953), where 

polymer molecules are successively added to a lattice and the change in the Gibbs 

free energy is evaluated in terms of the configurational entropy of the assembly and 

the change in enthalpy associated with the breaking and formation of solvent/solvent, 

polymer/polymer and polymer solvent bonds.  Here, the analogy would involve the 

same approach, but where nanoparticles are introduced into a lattice initially 

occupied by polymer molecules. In which case, the stability of the final system 

would be expected to be largely independent of changes in entropy and dominated by 

enthalpic effects. However, analysis of the nucleation kinetics suggests that both 

nanosilica systems interact strongly with the matrix polymer; indeed, the nucleating 

efficiency suggests that the energy barrier at the melt/substrate interface (Muchová 

and Lednický, 1996) is less in the case of the untreated nanosilica. Certainly, there is 

no evidence from this work that the C3-treated nanosilica is more thermodynamically 

compatible with the polyethylene matrix. In which case, returning to Flory’s 

concepts (Flory, 1953), if matrix/matrix and matrix/nanofiller interactions are 

comparable for nanocomposites containing both untreated and C3-treated nanosilica, 

any variations in structure or properties should be related to variations in 

nanofiller/nanofiller interactions. In the case of the systems considered here, the 
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effect of surface treatment is ascribed to a combination of reduced hydrogen bonding 

between nanoparticles and enhanced steric stabilisation (Lopez et al., 2011) in the 

case of the C3-treated system. 

 

 

3.3.2 Subsequent Melting Behaviour 

 

Figure 3.10 compares the DSC melting traces for unfilled polyethylene and 

nanocomposites at various isothermal crystallisation temperatures. It is noteworthy 

that there are at least two major melting peaks that can be seen in the DSC melting 

traces since the base polymer used is a polyethylene blend composed of 80 wt% of 

LDPE and 20 wt% of HDPE. The upper melting peak is relatively sharp and 

corresponds to an HDPE-rich phase that results from isothermal crystallisation. The 

lower melting peak corresponds to the LDPE-rich phase, which is only able to 

crystallise upon cooling in the DSC. At lower crystallisation temperatures, a clear 

intermediate feature occurs between the peaks, which is indicative of extensive 

isothermal co-crystallisation of the low molar mass fractions in the HDPE and the 

more linear fractions of the LDPE. Such observations are not unusual and have been 

reported elsewhere in the literature (Hosier et al., 2010; Hosier et al., 2000; Hosier et 

al., 1997). 

 

It should be noted that the melting traces were generally the same for all investigated 

nanocomposites and thus only the melting traces for nanocomposites containing 5 wt% 

of untreated nanosilica and 5 wt% of C3-treated nanosilica are shown in Figure 3.10. 

Considering Figure 3.10, the melting behaviour was generally the same for unfilled 

polyethylene and nanocomposites containing untreated and C3-treated nanosilica 

throughout the crystallisation temperature range investigated. The only minor 

consequence of the addition of nanosilica is upon crystallisation at 111 ºC, where the 

HDPE-rich phase of the unfilled polyethylene exhibits a pronounced double peak (as 

indicated by the arrow) in contrast to the more singular peak observed for all the 

nanocomposites. This feature was reproducible and the observed double peak could 

be attributed to reorganisation during the course of the DSC scan, as reported 

elsewhere in the literature (Green et al., 2008). 
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Figure 3.10: DSC melting traces comparing unfilled polyethylene and nanocomposites 
containing untreated and C3-treated nanosilica upon isothermal crystallisation at (a) 111 ºC, 
(b) 113 ºC, (c) 115 ºC, (d) 117 ºC, (e) 119 ºC, (f) 121 ºC 
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Table 3.2 provides peak melting temperatures data obtained for all the investigated 

polyethylene systems. It is noteworthy that the lower peak melting temperature is 

denoted as ௠ܶଵ while the upper peak melting temperature is denoted as ௠ܶଶ. The 

lower peak melting temperatures did not vary with increasing isothermal 

crystallisation temperatures. Meanwhile, the upper peak melting temperature 

increases as the isothermal crystallisation temperature increases. However, the upper 

peak melting temperature for the investigated polyethylene systems did not change 

based on different types and amounts of nanosilica at fixed crystallisation 

temperatures, where the slight variation seen is simply within experimental errors. 

The equivalent melting temperatures seen in the nanocomposites and unfilled 

polyethylene indicates that, for any given crystallisation temperature, the thickness of 

the lamellae is similar in all the investigated materials, irrespective of the type of 

filler or composition of the system. 

 

Table 3.2: Lower and upper peak melting temperatures data obtained from DSC 
 

Sample 

 ºC 115 = ࢉࢀ ºC 113 = ࢉࢀ ºC 111 = ࢉࢀ

 ૛ / ºC࢓ࢀ ૚ / ºC࢓ࢀ ૛ / ºC࢓ࢀ ૚ / ºC࢓ࢀ ૛ / ºC࢓ࢀ ૚ / ºC࢓ࢀ

Unfilled 105.1 123.1 105.4 123.9 105.7 124.7 

2 wt% Untreated 105.6 123.7 105.9 124.6 105.4 124.9 

2 wt% C3-treated 105.6 123.9 105.6 124.3 105.6 124.6 

5 wt% Untreated 105.4 123.7 105.4 124.1 105.7 124.9 

5 wt% C3-treated 105.4 123.4 105.4 123.9 105.6 124.6 

10 wt% Untreated 105.6 123.9 105.7 124.4 105.9 124.9 

10 wt% C3-treated 104.9 123.6 105.6 124.3 105.6 124.6 

 

Sample 

 ºC 121 = ࢉࢀ ºC 119 = ࢉࢀ ºC 117 = ࢉࢀ

 ૛ / ºC࢓ࢀ ૚ / ºC࢓ࢀ ૛ / ºC࢓ࢀ ૚ / ºC࢓ࢀ ૛ / ºC࢓ࢀ ૚ / ºC࢓ࢀ

Unfilled 105.4 124.9 106.1 125.9 106.2 127.5 

2 wt% Untreated 105.7 125.1 105.9 125.7 106.0 127.3 

2 wt% C3-treated 105.6 124.9 106.1 125.6 105.6 126.8 

5 wt% Untreated 105.7 125.1 105.7 125.4 105.5 126.7 

5 wt% C3-treated 105.8 125.1 105.4 124.9 105.8 126.9 

10 wt% Untreated 105.7 125.2 105.9 125.6 105.3 126.5 

10 wt% C3-treated 105.6 124.9 106.1 125.4 105.8 126.9 
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3.3.3 Equilibrium Melting Temperature 

 

Further analysis was performed using the above data to estimate the equilibrium 

melting temperature, ௠ܶ
଴ , of the investigated polyethylene systems. Since surface 

treatment of nanosilica did not generate notable effects towards the melting 

behaviour of the final nanocomposites, only the unfilled polymer and the 

nanocomposites containing untreated nanosilica were considered. Figure 3.11 shows 

melting point data plotted according to the conventional Hoffman-Weeks approach 

(Hoffman and Weeks, 1962) and, in this case, the temperature of the melting peak 

that corresponds to the isothermal HDPE-rich phase, ௠ܶଶ, has been plotted against ௖ܶ. 

Commonly, a linear extrapolation to ௠ܶ ൌ ௖ܶ  provides an estimate of ௠ܶ
଴  and 

adopting this approach here leads to values for ௠ܶ
଴  of ~137 ºC and ~134 ºC to 

~135 ºC for the unfilled polyethylene and the nanocomposite respectively. This 

difference is within the uncertainty in the extrapolation and, consequently, it can be 

concluded that the nanocomposites and unfilled polyethylene appear equivalent in 

this respect. From the published literature (Wunderlich and Czornyj, 1977; Christ, 

2007), the commonly accepted value of ௠ܶ
଴  for polyethylene is about 142 ºC. The 

low ௠ܶ
଴  values of 134 ºC to 137 ºC found in this study are therefore anomalous and 

require further discussion. 

 

A similar observation has previously been reported by Gherbaz (2008), who 

proposed that data obtained at lower crystallisation temperatures should be treated 

separately from those obtained at higher crystallisation temperatures in order to 

generate a more meaningful plot of ௠ܶ
଴ ; nevertheless, such an approach still leads to 

an unreasonable value for ௠ܶ
଴ . Secondly, although the experimental implementation 

of Hoffman-Weeks approach is straightforward, it was not developed to provide the 

best estimate of ௠ܶ
଴ , but to explain the observed increase in the melting temperature 

with crystallisation temperature (Hoffman and Miller, 1997). As such, accurate 

values of ௠ܶ
଴  should not, in general, be expected. Furthermore, Marand et al. (1998) 

found that the use of a linear Hoffman-Weeks extrapolation procedure can lead to an 

underestimation of ௠ܶ
଴ ; nevertheless, linear extrapolations have not previously led to 

large errors in the case of polyethylene, suggesting that the approach is reasonable 

for this polymer. However, this fails to recognize the blended nature of the system 
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considered here, which may lead to effects not previously identified in studies of 

single component materials. 
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Figure 3.11: Plot of ௠ܶଶ against ௖ܶ for unfilled polyethylene and nanocomposites containing    
2 wt%, 5 wt% and 10 wt% of untreated nanosilica. The intercept shows an estimate of ௠ܶ

଴  
for each material 
 

Examination of the raw data shown in Figure 3.11 demonstrates clearly that ௠ܶ does 

not increase in a linear manner with ௖ܶ, as suggested by Nishi and Wang (1975): 

 

௠ܶ
଴ െ ௠ܶ ൌ ∅ሺ ௠ܶ

଴ െ ௖ܶሻ (3.5)

 

where ∅ is the stability parameter that depends on the crystal thickness, and assumes 

values between 0 and 1; ∅ ൌ 0 implies ௠ܶ ൌ ௠ܶ
଴  for all ௖ܶ  whereas ∅ ൌ 1 implies 

௠ܶ ൌ ௖ܶ. The crystals are most stable at ∅ ൌ 0 and inherently unstable at ∅ ൌ 1. The 

parameter ∅ can be replaced by 1 ⁄ߛ , where ߛ is the thickening factor of the crystal 

(Groeninckx et al., 2002). Rather, the data can be divided into two subsets that 

correspond to temperature regimes of ௖ܶ < ~118 ºC and ௖ܶ > ~118 ºC. Specifically, in 

the lower temperature range, the rate of increase of ௠ܶ with ௖ܶ is very much less than 

would be anticipated, based upon ௠ܶ
଴  = 142 ºC. Since lamellar thickness affects the 

melting point of the polymer crystal, expressed in a form of the Gibbs-Thomson 

equation: 
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௠ܶ ൌ ௠ܶ
଴ ቆ1 െ

௘ߪ2
݈௘∆ܪ௙

ቇ (3.6) 

 

where ݈௘ is the lamellar thickness (longitudinal dimensions of the crystal), ∆ܪ௙ is the 

melting enthalpy of the perfect crystal and ߪ௘ is the surface free energy of the end 

faces at which chains fold, the above observation suggests that, at intermediate 

temperatures, the lamellar thickness is suppressed in the systems considered here. 

The explanation for this phenomenon is evident in the DSC traces shown in Figure 

3.10, which reveal a number of features at temperatures intermediate between the 

two dominant exotherms specified by ௠ܶଵ  and ௠ܶଶ . Consider, first, the samples 

crystallised at 111 ºC to 115 ºC; all of these reveal clear evidence of intermediate 

features that lie above the isothermal crystallisation temperature and which manifest 

themselves as a low temperature shoulder on the upper peak. That is, co-

crystallisation of the HDPE and the more linear fractions of the LDPE occurred 

during the isothermal crystallisation phase, with the consequence that subsequent 

isothermal thickening will have been restricted by branches, which will be located at 

lamellar surfaces and, thereby limit the attainable crystal thickness. Conversely, the 

samples crystallised at 119 ºC and above reveal no evidence of a comparable 

shoulder on the upper melting peak but, rather, contain a high temperature shoulder 

on the quenched peak. For these materials, the effect described above becomes 

increasingly unimportant as ௖ܶ is increased, so explaining the rapid increase of ௠ܶ 

with ௖ܶ in this temperature regime. 

 

From the above explanations, the use of Hoffman-Weeks theory in estimating the ௠ܶ
଴  

is not satisfactory for the materials considered here; the commonly accepted ௠ܶ
଴  of 

142 ºC was therefore used throughout this work. 

 

 

3.3.4 Induction Time 

 

The crystallisation induction time of the nanocomposites and the unfilled 

polyethylene was further explored using the theory of Muchová and Lednický (1995; 

1996), which relates the crystallisation induction time to the thermodynamics of 

nucleation. In the case of heterogeneous nucleation (see Figure 3.12), induction time 
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ܭ ൌ
௔௕ܾ଴ߪ௕௟ߪ4 ௠ܶ

଴

௠ܪ∆݇
 (3.8) 

 

ܳ ൌ ln ቆ
σ∆ܥ ௠ܶ

଴

௠ܾ଴ܪ∆
ቇ (3.9) 

 

The quantities ܭ  and ܳ  can be acquired from experimental measurement of the 

induction time dependence on crystallisation temperature. In the case here, the 

analysis procedure was undertaken and plots of ln	ሺݐ௜∆ܶሻ  against 10ସ ௖ܶ∆ܶ⁄  are 

shown in Figure 3.13; the analysed values are listed in Table 3.3. 

 

First consider Figure 3.13a (plots for unfilled polyethylene and nanocomposites 

containing untreated nanosilica), the slope, ܭ, appears similar in each sample when 

taking into account the experimental uncertainties (see the data in Table 3.3). These 

systems can be considered to exhibit a non-epitaxial nucleation process, in which the 

quantities ߪ௕௟ ௔௕ߪ , , ܾ଴ ௠ܪ∆ ,  and ௠ܶ
଴  must be constant (Muchová and Lednický, 

1995). In this case, the intercept, ܳ, should provide information about the difference 

energy parameter, ∆σ; the value of ܳ for nanocomposites containing the untreated 

nanosilica appears to be higher than that of the unfilled polyethylene. However, the 

uncertainties are such that there is the possibility of overlapping of the ܳ values (see 

Table 3.3) and, consequently, the precise effect of nucleation efficiency is difficult to 

deduce clearly from these data.  

 

Now consider Figure 3.13b (plots for unfilled polyethylene and nanocomposites 

containing C3-treated nanosilica), where the situation becomes more complex. Both 

the slope, ܭ, and the intercept, ܳ, were found to be different for nanocomposites 

containing the C3-treated nanosilica in comparison with both the unfilled 

polyethylene and nanocomposites containing the untreated nanosilica. Although the 

thermodynamics of nucleation can be related to the crystallisation induction time 

using the theory of Muchová and Lednický (1995; 1996), the application of this 

theory to the data derived in this study does not lead to any additional insights. 

Indeed, it is difficult to see how changes in the nucleating substrate could lead to any 

significant changes in the parameters that make up ܭ in equation 3.8. Also, this ܭ 
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parameter is identical to the so-called nucleation constant, ܭ௚, for Regime I in the 

Lauritzen-Hoffman theory of crystal growth (Hoffman et al., 1976). 
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Figure 3.13: Analysis of crystallisation induction times for nanocomposites containing (a) 
untreated nanosilica, (b) C3-treated nanosilica, with unfilled polyethylene as reference 
 

Table 3.3: Data for slope, ܭ and intercept, ܳ 

Sample Slope, ܭ Intercept, ܳ 

Unfilled 6.7814 ± 0.7606 0.5823 ± 0.7703 

2 wt% Untreated 6.1526 ± 0.6962 0.9757 ± 0.7327 

5 wt% Untreated 5.3060 ± 0.5527 1.6801 ± 0.5816 

10 wt% Untreated 5.9341 ± 0.6796 1.0888 ± 0.7152 

2 wt% C3-treated 4.4225 ± 0.5792 2.7317 ± 0.5802 

5 wt% C3-treated 4.7443 ± 0.5683 2.3166 ± 0.5755 

10 wt% C3-treated 4.5681 ± 0.4953 2.4355 ± 0.5015 

 

 

3.3.5 Thermodynamics of Crystallisation and Melting 

 

In the previous analysis, enhancement of nucleation was suggested due to the 

nanostructuration of the polyethylene. However, the level of crystallinity present will 

depend upon the thermal history and molecular composition of the material. 

Therefore, the thermodynamics of crystallisation and melting provide invaluable 

insights into the crystallinity level of the materials. The enthalpies of crystallisation 
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and melting were therefore determined as a function of crystallisation temperature 

for each material and then converted into the percentage of HDPE present in each 

blend that was involved in each phase transition (Mandelkern, 1992). In short, the 

percent crystallinity, χ, was calculated by dividing the heat of fusion normalised by 

weight with the enthalpy of 100 % crystalline material, taken as 293 J g-1 for 

polyethylene (Wei et al., 2004), using the following equation (Panaitescu et al., 

2011): 

 

߯ ൌ
ܪ∆

߱௙∆ܪ௢
ൈ 100 (3.10) 

 

where ∆ܪ  is the crystallisation or melting enthalpy, ∆ܪ௢  is the value of enthalpy 

corresponding to the melting of a 100 % crystalline material and ߱௙	is the weight 

fraction of the crystallisable material. 

 

Table 3.4 and Table 3.5 show the data for enthalpy and crystallinity at various 

crystallisation temperatures based on crystallisation and melting data, respectively. 

The crystallinity of the materials at various crystallisation temperatures based on 

crystallisation and melting data are summarised in Figure 3.14. Generally, reducing 

the crystallisation temperature increases the crystallised fraction of the material due 

to the increased crystallisation and melting enthalpies as a result of increased co-

crystallisation between the low molar mass fractions of the HDPE and the more 

linear fractions of the LDPE. It is also noteworthy that the crystallinity obtained from 

melting data is higher than that obtained from crystallisation data as a result of 

annealing effects that occur during the DSC melting scan. 

 

At a fixed crystallisation temperature, all the nanocomposites did not present 

significant differences in the percentage of crystallinity as compared with the unfilled 

polyethylene when taking into account the random experimental uncertainties. The 

unchanged crystallinity of nanosilica filled polyethylene was also reported by other 

researchers (Calebrese et al., 2011) at loadings below 15 wt%, while only slight 

changes were observed with varying nanosilica surface chemistry (Huang et al., 

2010), if there at all. It is therefore reasonable to conclude that the incorporation of 

nanosilica, with either untreated or C3-treated surfaces, into polyethylene does not  
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Table 3.4: Enthalpy and crystallinity at various crystallisation temperatures based on 
crystallisation data 
 

Sample 

 ºC 115 = ࢉࢀ ºC 113 = ࢉࢀ ºC 111 = ࢉࢀ

 % / J g-1 χ / ࡴ∆ % / J g-1 χ / ࡴ∆ % / J g-1 χ / ࡴ∆

Unfilled 34.7 59.2 33.5 57.1 25.2 43.0 

2 wt% Untreated 34.5 60.1 32.4 56.4 28.3 49.3 

2 wt% C3-treated 29.0 50.4 30.9 53.7 27.9 48.7 
5 wt% Untreated 30.2 54.2 27.4 49.1 25.0 44.8 

5 wt% C3-treated 30.6 54.9 29.3 52.6 26.7 47.9 

10 wt% Untreated 31.9 60.4 30.2 57.3 26.5 50.3 
10 wt% C3-treated 29.0 54.9 28.9 54.8 25.7 48.7 

 

Sample 

 ºC 121 = ࢉࢀ ºC 119 = ࢉࢀ ºC 117 = ࢉࢀ

 % / J g-1 χ / ࡴ∆ % / J g-1 χ / ࡴ∆ % / J g-1 χ / ࡴ∆

Unfilled 23.2 39.6 22.6 38.5 21.9 37.4 

2 wt% Untreated 25.0 43.6 23.4 40.7 19.3 33.6 
2 wt% C3-treated 25.8 44.9 24.1 42.0 18.6 32.4 

5 wt% Untreated 22.1 39.7 20.3 36.4 20.7 37.1 

5 wt% C3-treated 23.3 41.9 22.4 40.3 22.7 40.8 
10 wt% Untreated 22.7 43.1 19.9 37.6 17.9 34.0 

10 wt% C3-treated 22.2 42.1 21.0 39.8 19.2 36.4 

 

 
Table 3.5: Enthalpy and crystallinity at various crystallisation temperatures based on melting 
data 
 

Sample 

 ºC 115 = ࢉࢀ ºC 113 = ࢉࢀ ºC 111 = ࢉࢀ

 % / J g-1 χ / ࡴ∆ % / J g-1 χ / ࡴ∆ % / J g-1 χ / ࡴ∆

Unfilled 38.9 66.3 36.8 62.9 34.3 58.5 

2 wt% Untreated 37.7 65.7 36.0 62.7 33.8 58.9 

2 wt% C3-treated 38.4 66.9 36.3 63.2 34.5 60.1 
5 wt% Untreated 37.2 66.9 34.8 62.5 32.2 57.8 

5 wt% C3-treated 37.0 66.5 35.0 62.9 33.2 59.6 

10 wt% Untreated 34.6 65.5 32.3 61.3 30.8 58.4 
10 wt% C3-treated 34.4 65.3 32.8 62.3 31.4 59.6 

 

Sample 

 ºC 121 = ࢉࢀ ºC 119 = ࢉࢀ ºC 117 = ࢉࢀ

 % / J g-1 χ / ࡴ∆ % / J g-1 χ / ࡴ∆ % / J g-1 χ / ࡴ∆

Unfilled 31.9 54.5 31.3 53.4 30.8 52.6 

2 wt% Untreated 31.2 54.4 27.8 48.4 26.9 46.8 
2 wt% C3-treated 32.2 56.0 29.0 50.6 27.0 47.0 

5 wt% Untreated 30.5 54.8 27.8 49.8 26.7 48.0 

5 wt% C3-treated 31.0 55.7 27.8 49.9 26.8 48.1 
10 wt% Untreated 28.6 54.3 25.9 49.2 25.0 47.4 

10 wt% C3-treated 29.1 55.1 26.2 49.7 25.4 48.2 
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Figure 3.14: Crystallinity as a function of crystallisation temperature. The crystallinity at a 
certain crystallisation temperature was determined from the mean value of the data presented 
in Table 3.4 and Table 3.5. The upper and lower boundaries were obtained from the data 
variations shown in Table 3.4 and Table 3.5. A line is fitted on the melting data and the 
crystallisation data, respectively to show that reducing the crystallisation temperature 
increases the crystallised fraction of the material 
 

exert a significant effect on the final crystallinity of the polymer, despite the 

nanosilicas acted as nucleating agent. 

 

 

3.4 Summary 

 

From thermal analysis, the addition of both the untreated and C3-treated nanosilica 

into polyethylene enhances the nucleation density; the nanosilica provides nucleation 

sites from which spherulites grow. This is evinced by the faster crystallisation 

process based on non-linear Avrami analysis and higher values of crystallisation rate 

constant, ܭଷ, for the nanocomposites when compared with the unfilled polyethylene. 

Nucleation effects were stronger in the case of nanocomposites based upon the 

untreated nanofiller, despite the fact that simplistic concepts might suggest that 

surfaces containing propyl moieties would be more compatible with polyethylene 

than polar surfaces dominated by hydroxyl groups. This leads to the suggestion that 
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polymer/nanofiller interactions should be considered in terms of both chemical and 

structural factors. 

 

Meanwhile, the inclusion of nanosilica, either untreated or C3-treated, did not exert 

an appreciable influence on the melting traces of polyethylene; the peak melting 

temperatures are similar when subjected to the same isothermal crystallisation 

condition. This indicates that the thickness of lamellae is similar in all the 

investigated polyethylene systems. An investigation into the thermodynamics of 

crystallisation and melting indicates that both types of nanosilica used (untreated and 

C3-treated) did not significantly influenced the final crystallinity of the polyethylene. 

In short, while the presence of nanosilica does affect nucleation, otherwise, it does 

not affect the crystallisation process. 
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Chapter 4 

 

Structural and Morphological Characterisation 

 

“The most exciting phrase to hear in science, the one that heralds new discoveries, is not 

‘Eureka!’ (I found it!), but ‘That's funny...’” 

- Isaac Asimov - 

 

4.1 Introduction 

 

Previous understanding of nanodielectrics assumed that the addition of nanoparticles 

resulted in an interaction zone between the polymer and the fillers without altering 

the morphology of the polymer. Conversely, some researchers (Ma et al., 2003; Ma 

et al., 2005a) reported that the incorporation of nanoparticles into a polymer 

disturbed the morphology of the polymer, where the incorporation of nanoparticles 

affected the internal arrangement of spherulites (also known as internal spherulite 

disorder), resulting in morphological changes and subsequently modified the 

dielectric behaviour. For example, the intra-spherulitic regions were believed to have 

higher breakdown strength than that of the inter-spherulitic regions (Ma et al., 2003). 

However, the observation was not universal since the process changes entirely with 

changing surface chemistry. 

 

In the research work carried out by Green and Vaughan (2008), the addition of clay 

nanofillers seemed to interfere with the structural evolution of polyethylene by 

promoting nucleation but inhibiting subsequent crystal growth suppressing 

crystallinity and resulting in morphological changes. Such observations suggested 

that morphological changes indeed occur in nanodielectrics. In a study by Tanaka 

(2005), orientation of polymer chains in polyamide 6/montmorillonite 

nanocomposites was found and it was said to be caused by the simultaneous 

existence of large and tiny spherulites that were formed in the polyamide 6 and 

around nanofillers as nuclei respectively. 
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Polarised optical microscopy (POM) is a simple technique that can be used to 

observe the crystalline morphology of a material. It involves the illumination of the 

sample with polarised light. Generally, two polarising filters are used, one termed the 

polariser, the other the analyser. The polariser is positioned in the illumination path 

beneath the sample, while the analyser is placed above the objective lenses and can 

be moved in and out of the light path as required. When both the polariser and the 

analyser are inserted into the optical path at an orientation perpendicular to each 

other (crossed polars), no light passes through the system in the absence of 

birefringence (also known as double refraction). It should be noted that birefringence 

is the decomposition of a ray of light into two rays which propagate at different rates 

and consequently a phase difference is introduced between the two rays. In the 

presence of a birefringent material, the polarised light interacts strongly with the 

material and generates contrast, in which plane polarised light enters the material 

while elliptically polarised light leaves the material. Only light parallel to the plane 

of the polarisation of the analyser will be transmitted while the rest will be absorbed. 

This generally results in image contrast in the presence of crystalline entities (e.g. 

spherulites). 

 

Scanning electron microscopy (SEM), on the other hand, allows the morphological 

observation of a material at much higher resolution than that of POM. SEM is a type 

of electron microscope that can have an obvious advantage over an optical 

microscope in that the wavelength of the electrons can be made much shorter than 

that of visible light. Resolution is theoretically limited by the wavelength of the 

radiation used and, in the case of an electron is related to its energy and therefore the 

chosen accelerating voltage. At a typical operating voltage of an SEM, high 

resolution images of a sample surface can be produced, revealing details less than     

1 nm in size. 

 

In conventional SEM, a narrow beam of high energy electrons is produced by 

thermionic emission from an electron gun fitted with a tungsten filament cathode. 

The emitted electrons are accelerated through a potential difference before impinging 

upon the sample. Interactions between the electron and the sample produce a variety 

of signals including the secondary electrons that provide information about the 
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sample’s morphology. The detector signal is further amplified electronically and fed 

to a monitor screen, which is scanned synchronously with the electron beam. 

 

An alternative surface imaging technique that can be used is atomic force 

microscopy (AFM). AFM is a very high resolution type of scanning probe 

microscopy with a demonstrated resolution on the order of fractions of a nanometre. 

It is one of the foremost tools for imaging, measuring and manipulating matter at the 

nanoscale. AFM consists of a cantilever with a sharp tip (probe) at its end that is used 

to scan the sample surface. When the tip is brought into the proximity of a sample 

surface, forces between the tip and the surface lead to the deflection of the cantilever. 

The deflection is detected by means of a laser beam, which is reflected from the back 

side of the cantilever onto a position-sensitive detector and thus allows the 

construction of an image of the studied surface. 

 

AFM has several advantages over SEM. Firstly, AFM can provide higher resolution 

than SEM and can even provide a three-dimensional surface profile as opposed to the 

two-dimensional images of SEM. The high resolution of AFM is comparable in 

resolution to transmission electron microscope (TEM). In addition, samples viewed 

by AFM do not require any special treatment (e.g. gold coating) that could 

irreversibly change or damage the sample. Moreover, samples subjected to AFM do 

not typically suffer from charging artefacts in the final image. Despite all the 

advantages over SEM, the use of AFM suffers from the downside of having 

relatively small image size, which might not represent the overall morphology. This 

is providentially replenished by the use of SEM, where larger scan areas can be 

obtained. 

 

Meanwhile, Fourier transform infrared (FTIR) spectroscopy can be used to obtain an 

infrared spectrum of a solid, liquid or gas. FTIR is useful for identifying types of 

chemical bonds (functional groups). In FTIR, spectral data are simultaneously 

collected over a wide spectral range. Since the wavelength of light absorbed 

corresponds specifically to chemical bonds, the types of chemical bonds in a 

specimen can be identified by interpreting the infrared absorption spectrum. For most 

common materials, the spectrum of an unknown can be identified by comparison 

with spectral libraries of known compounds. 
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4.2 Results and Discussion 

 

4.2.1 Fourier Transform Infrared Spectroscopy 

 

The mechanisms involved in the exchange of functional groups on the surface of 

nanosilica during surface treatment using trimethoxy(propyl)silane are complex and 

can be interpreted in several ways. For the sake of brevity, surface treatment process 

for the nanosilica can be illustrated as in Figure 4.1. The methoxy groups of the 

silane coupling agent hydrolyse to hydroxyl (OH) groups (silanol) that can condense 

with hydroxyl groups on the nanosilica surface to form Si-O-Si bonds, leaving the 

surface of the C3-treated nanosilica to carry the propyl (C3H7) functional groups. The 

effectiveness of the surface treatment process was determined by combustion 

analysis (MEDAC Ltd., 2011), where the analysis demonstrated the elemental 

fraction of C and H on the untreated nanosilica were less than 0.10 % and 0.91 %, 

respectively, which then increased to 0.46 % and 1.09 %, respectively upon surface 

treatment, indicative of the presence of propyl groups. 

 

 

 

 

 

 

 

Figure 4.1: Schematic of the reactions taking place between the original nanosilica and the 
trimethoxy(propyl)silane coupling agent (drawings are not to scale) 
 

The chemical structures of the investigated material systems were analysed using 

FTIR spectroscopy. Figure 4.2 shows the FTIR spectra of the investigated material 

systems. The characteristic absorption bands for the unfilled polyethylene are    

2840-2928 cm-1, 1465 cm-1 and 720 cm-1, which are typical of polyethylene 

(Gulmine et al., 2002; Lai et al., 2011; Wu and Liao, 2003). The opaque spectral 

interval for 2840-2928 cm-1 is associated with the stretching of CH2, while the 

absorption band at 1465 cm-1 and 720 cm-1 are assigned to bending deformation and 

rocking deformation, respectively. 
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With the addition of nanosilica into polyethylene, there are three additional 

characteristic absorption bands that could be observed, mainly at 1088 cm-1, 800 cm-1 

and 465 cm-1, respectively. Similar observations have also been reported by other 

researchers (Cheng et al., 2011; Daoud et al., 2006; Lai et al., 2011; Stefanescu et al., 

2010; Wu and Liao, 2003), where the bands are indicative of Si-O-Si bonds. As the 

nanosilica concentration increase, the absorption bands become stronger. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 4.2: FTIR spectra comparing unfilled polyethylene with nanocomposites containing 
untreated and C3-treated nanosilica, crystallised isothermally at 115 ºC 
 

Although FTIR was performed to assess interfacial interactions, it is rather difficult 

to justify the specific effects of the untreated and C3-treated nanosilica due to the 

non-specific interaction between the C3-treated nanosilica and polyethylene. 

According to Chen et al. (2004), new peaks at 2921 cm-1 and 2849 cm-1 can be found 

in the FTIR spectrum of methacryloxy(propyl)trimethoxysilane treated nanosilica 

when compared with the FTIR spectrum of untreated nanosilica. Unfortunately, 

comparable peaks cannot be observed in the nanocomposite samples investigated 
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here due to the fact that the polyethylene itself exhibits an opaque spectral interval of 

2840-2928 cm-1. Later, discussion on morphology and dielectric properties, however, 

are able to justify the effect of C3-treated nanosilica within the polyethylene. 

Nevertheless, the absence of an absorption band at 1720 cm-1 in all samples indicates 

that no oxidation occurred during sample preparation, as highlighted by Ma et al. 

(2005b). 

 

To further confirm the effect of nanosilica surface treatment, the untreated and C3-

treated silica nanopowders were characterised using FTIR microspectroscopy. Figure 

4.3 shows FTIR spectra obtained from the untreated and C3-treated silica 

nanopowder. The characteristic absorption bands at 1088 cm-1 and 800 cm-1 are 

indicative of Si-O-Si bonds, as also found in the nanocomposites. A broad band at 

3400 cm-1 is attributed to the surface hydroxyl groups and associated water 

molecules on the surface of the nanosilica (Parvinzadeh et al., 2010). Upon surface 

treatment of nanosilica, the intensity at 3400 cm-1 was reduced, suggesting that the 

surface hydroxyl groups have been replaced by propyl groups. The peak at 2350 cm-1 

is associated with carbon dioxide (CO2) from the atmosphere (Gulmine et al., 2002), 

and is an experimental artefact that results from the FTIR microscope used to acquire 

these data in air. 
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Figure 4.3: FTIR spectra comparing untreated and C3-treated silica nanopowder 



59 
 

4.2.2 Polarised Optical Microscopy 

 

POM was used to determine the effect of isothermal crystallisation on the 

investigated material systems. Generally, this technique would not be able to reveal 

the dispersion of nanofiller in the polymer, but it facilitates visualisation of the 

morphological changes at larger scales. The polarised optical micrographs were 

recorded every second in order to follow the growth of spherulites. It is noteworthy 

that the crystallisation is dominated by the HDPE component. 

 

Figure 4.4 shows the evolution of spherulites comparing unfilled polyethylene, 

nanocomposites containing 2 wt% of untreated nanosilica and nanocomposites 

containing 2 wt% of C3-treated nanosilica, crystallised at 115 ºC. In Figure 4.4, it 

was assumed that ݐ ൌ 0 s is the time where the material started to crystallise, based 

on visual inspection. It can be seen that for unfilled polyethylene (see Figure 4.4a), a 

number of spherulites had developed at ݐ ൌ 10 s, roughly spherical in shape. The 

spherulites continued to develop at ݐ ൌ 20 s, resulting in larger size of the spherulites, 

while new spherulites continued to emerge. At ݐ ൌ 70 s, impingement of spherulites 

became prevalent. 

 

In the presence of nanosilica, the morphology of the crystallised systems was 

perturbed. This is evident in Figure 4.4b and Figure 4.4c, which shows 

nanocomposites containing 2 wt% of untreated nanosilica and nanocomposites 

containing 2 wt% of C3-treated nanosilica, respectively. From these POM 

micrographs, addition of both the untreated and C3-treated nanosilica resulted in 

similar morphologies. At ݐ ൌ 10	s, a large number of small-sized spherulites had 

emerged, and spherulitic development seems to have stopped at ݐ ൌ 30	s. When 

comparing the unfilled polyethylene and the nanocomposites, it is apparent that the 

size of the spherulites observed in the nanocomposites was not comparable to that 

observed in the equivalent unfilled polyethylene; the number of spherulites had 

increased significantly. 

 

Among the nanocomposites containing 2 wt%, 5 wt% and 10 wt% of untreated 

nanosilica, the addition of 2 wt% of untreated nanosilica seems to result in larger size 

of  spherulites  in  the  final  morphology;  no clear  distinction  can  be made between  
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nanosilica can also be explained in terms of van der Waals forces between the 

nanoparticles (Huang et al., 2008). At low nanosilica loading levels, the attractive 

van der Waals forces between the nanoparticles are relatively weak due to the long 

particle-to-particle distance. The particle-to-particle distance decreases with 

increasing amount of nanoparticles such that the effect of attractive forces between 

the nanoparticles becomes more significant. This subsequently results in more and 

more agglomeration of nanoparticles. 

 

Considering the effect of surface treatment on the dispersion of nanosilica, the SEM 

micrographs shown in Figure 4.8d, Figure 4.8e and Figure 4.8f appear equivalent to 

those in Figure 4.8a, Figure 4.8b and Figure 4.8c, respectively, although perhaps, the 

distribution of particle sizes appears displaced somewhat to smaller dimensions upon 

surface treatment. This is particularly evident at 10 wt% of C3-treated nanosilica 

loading, where the clustering effect of nanosilica is significantly less than that of the 

equivalent untreated nanosilica loading. This is probably attributed to the substitution 

of hydroxyl groups with propyl groups and the subsequent removal of molecularly 

adsorbed water on the surface of the nanosilica. Similar observations have also been 

reported by other researchers (Huang et al., 2010), where it was proposed that 

surface treatment not only decreases the surface free energy of nanoparticles but also 

prevents the formation of hydrogen bonds between the nanoparticles and 

subsequently reduces agglomeration.  

 

 

4.2.4 Atomic Force Microscopy 

 

While the use of a crystallised polyethylene blend enables structural changes to be 

readily detected, this system comes with the compromise of having a complex 

lamellar texture, i.e., the lamellar texture of the matrix prevents the complete particle 

size distribution from being imaged using SEM. AFM was therefore used in an 

attempt to look for nanometre-sized distributions. 

 

Figure 4.9 shows AFM topography images obtained from unfilled polyethylene, 

while Figure 4.10 compares AFM topography images obtained from nanocomposites 

containing 5 wt% of untreated nanosilica and 5 wt% of C3-treated nanosilica. 
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Generally, the AFM images are in line with the SEM micrographs shown in Figure 

4.6 and Figure 4.8. For unfilled polyethylene, banded spherulitic structures can be 

observed. Meanwhile, for nanocomposites, the particle distribution can be clearly 

observed through the height and amplitude images shown. From the phase images, it 

can be deduced that the white regions are indicative of nanosilica, not seen in the 

phase image of unfilled polyethylene. 

 

Comparison of the nanocomposites containing untreated and C3-treated nanosilica 

supports the assertion that the nanocomposites containing C3-treated nanosilica 

contained more smaller-sized particles than the nanocomposites containing untreated 

nanosilica. This is in line with the SEM micrographs shown in Figure 4.8b and 

Figure 4.8e, where the increased number of smaller-sized particles means less 

particle agglomeration following surface treatment. Again, the size of the spherulites 

in the nanocomposites is smaller than in the unfilled polyethylene, as previously 

found from SEM and POM images. It is noteworthy that the image artefacts, which 

appear as streaks in Figure 4.10, could be related to the presence of sharp features 

and edges on the sample surface (Eaton and West, 2010). Since no comparable 

features exist in images of the unfilled polyethylene, it is likely that these are related 

to the presence of nanosilica, which causes locations with different surface roughness 

or protrusions. 

 

Figure 4.11 and Figure 4.12 show high magnification AFM images of the unfilled 

polyethylene and the nanocomposites, respectively. Lamellae can be clearly observed 

in the unfilled polyethylene, where the brighter regions (see Figure 4.11a) are regions 

of the banded spherulitic features. From Figure 4.12, there are more fine-sized 

distributions in the nanocomposite containing the C3-treated nanosilica than in the 

nanocomposite containing the untreated nanosilica; particle agglomeration is more 

apparent in the absence of surface treatment. These features can be clearly observed 

in the three-dimensional AFM height images shown in Figure 4.13, where the 

presence of nanosilica is indicated by the protrusions. From these AFM images, 

although nanometre-sized distributions remained difficult to image due to the 

presence of the underlying lamellar texture, agglomerates down to ~100 nm in size 

can be resolved. Nevertheless, in the grade of the nanosilica used here, 

agglomeration could not be completely eliminated through the use of the silane 
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4.3 Summary 

 

FTIR spectroscopy indicates the presence of Si-O-Si bonds following the 

introduction of nanosilica into polyethylene. As the amount of nanosilica increases, 

the relevant absorption bands increase in strength. Meanwhile, the effect of 

nanosilica surface treatment was assessed using FTIR microspectroscopy, and the 

reduction of intensity at 3400 cm-1 suggests that surface hydroxyl groups of the 

nanosilica have been replaced by propyl groups of the silane coupling agent. 

 

From POM observation, the size of the spherulites observed in the nanocomposites 

was not comparable to that observed in the equivalent unfilled polyethylene, and the 

number of spherulites had increased significantly. Therefore, nanostructuration 

appears to perturb spherulitic development with an increased number of spherulites 

but suppressed spherulitic development. This is further confirmed by SEM 

characterisation, where the effect of spherulite banding become less and less 

pronounced with increasing amounts of nanosilica, which finally led to a highly 

disordered texture at 10 wt% of nanosilica. In Chapter 3, it was deduced that the 

addition of nanosilica caused enhanced nucleation density, as evinced by the increase 

in ܭଷ parameter for all the investigated nanocomposites in comparison with unfilled 

polyethylene. The images obtained from POM and SEM therefore confirm the 

nucleation effect of nanosilica on polyethylene. 

 

The particle size of untreated nanosilica was found to span a wide range (from 

nanometre to micrometre). Increasing the amount of untreated nanosilica causes 

more aggregation of nanosilica. The SEM images of nanocomposites containing C3-

treated nanosilica appear equivalent to nanocomposites containing untreated 

nanosilica, although perhaps, the distribution of particle sizes appears displaced 

somewhat to smaller dimensions. This assertion was further confirmed through the 

AFM topography images; agglomerates down to ~100 nm in size could be resolved 

using the AFM. 
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Chapter 5 

 

Dielectric Response 

 

“If we knew what it was we were doing, it would not be called research, would it?” 

- Albert Einstein - 

 

5.1 Introduction 

 

When a dielectric material is subjected to an external electric field, a dielectric 

displacement will occur within the material, leading to polarisation of the material. 

The most common polarisation mechanisms are electronic polarisation, atomic 

polarisation and orientational polarisation: i) electronic polarisation is effective in 

every atom or molecule as the centre of charge of the electrons surrounding the 

positive atomic cores will be displaced by the action of the electric field, thus 

creating a dipole moment; ii) atomic polarisation occurs when an applied electric 

field distorts the arrangement of atomic nuclei in a molecule or lattice, and it happens 

at a lower frequency than electronic polarisation due to the larger mass of the atom 

when compared to the electron; iii) orientational polarisation, also known as dipolar 

polarisation, occurs in materials containing molecules with permanent dipole 

moments (e.g. water) where, under the influence of an electric field, the dipoles will 

be aligned to some extent thus inducing polarisation of the material. 

 

From the possible polarisation mechanisms, orientation of molecular dipoles is a 

relatively slow process in comparison with electronic transitions or molecular 

vibrations (Blythe and Bloor, 2005). If orientational polarisation is measured 

immediately after an electric field is applied, the observed instantaneous relative 

permittivity will be low since no time is allowed for the orientation of dipoles. 

However, if a sufficient time is allowed after the application of an electric field, 

maximum orientational polarisation could be achieved, and this would correspond to 

the highest observable relative permittivity; this is called the static relative 

permittivity. 
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Consider an example where a dielectric material is subjected to an AC electric field, 

 :߱ ,௢, and an angular frequencyܧ ,having an amplitude ܧ

 

ܧ ൌ ௢ܧ cosሺ߱ݐሻ (5.1) 

 

This will produce polarisation and, at sufficiently high frequencies, orientation of 

dipoles, also known as dielectric displacement, ܦ will lag behind the applied field, 

resulting in a phase difference, ߜ: 

 

ܦ ൌ ݐ௢cosሺ߱ܦ െ  ሻ (5.2)ߜ

 

where ܦ௢ is the corresponding displacement. The dielectric displacement can also be 

written as: 

 

ܦ ൌ ሻݐሺ߱	ଵcosܦ ൅  ሻ (5.3)ݐଶsinሺ߱ܦ

 

where 

ଵܦ ൌ  ሻ (5.4)ߜ௢cosሺܦ

 

ଶܦ ൌ  ሻ (5.5)ߜ௢sinሺܦ

 

Since ܦ௢ is proportional to ܧ௢ and ܦ௢ ⁄௢ܧ  is a function of ߱, two terms of relative 

permittivity, i.e., ߝ௥ᇱሺ߱ሻ and ߝ௥ᇱᇱሺ߱ሻ can be introduced: 

 

௥ᇱሺ߱ሻߝ ൌ
ଵܦ
௢ܧ௢ߝ

 (5.6) 

 

௥ᇱᇱሺ߱ሻߝ ൌ
ଶܦ
௢ܧ௢ߝ

 (5.7) 

 

where ߝ௢  is the permittivity of vacuum. The complex relative permittivity can be 

written as: 

 

௥∗ሺ߱ሻߝ ൌ ௥ᇱሺ߱ሻߝ െ  ௥ᇱᇱሺ߱ሻ (5.8)ߝ݆
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where ߝ௥ᇱሺ߱ሻ is the real part of the complex relative permittivity, also known as the 

lossless permittivity, and ߝ௥ᇱᇱሺ߱ሻ is the imaginary part of the complex relative 

permittivity, which is caused by bound charge and dipole relaxation phenomena that 

result in an energy loss. 

 

The dielectric loss tangent, ߜ݊ܽݐ, also known as the ratio of energy loss, can be 

expressed as: 

 

ߜ݊ܽݐ ൌ
௥ᇱᇱሺ߱ሻߝ

௥ᇱߝ ሺ߱ሻ
 (5.9)

 

It is noteworthy that the build-up of polarisation following the sudden application of 

an electric field takes a finite time interval before the polarisation reaches the static 

relative permittivity from the instantaneous relative permittivity. This phenomenon is 

described by the general term dielectric relaxation. Specifically, the single dielectric 

relaxation response of an ideal, non-interacting population of dipoles to an AC 

electric field is termed the Debye relaxation, which is expressed as: 

 

௥∗ሺ߱ሻߝ ൌ ஶߝ ൅
௦ߝ െ ஶߝ
1 ൅ ݆߱߬

 (5.10)

 

where ߝஶ  is the permittivity at the high frequency limit, ߝ௦  is the static, low 

frequency permittivity and ߬ is the characteristic relaxation time of the medium.  

 

When considering the dielectric response of a multi-phase system such as a 

composite, interfacial polarisation needs to be taken into account. A related effect is 

Maxwell-Wagner-Sillars polarisation, where charge carriers blocked at inner 

dielectric boundary layers or external electrodes lead to a separation of charges. The 

charges may be separated by a considerable distance and therefore make 

contributions to the dielectric loss tangent that are orders of magnitude larger than 

the response due to molecular fluctuations. 
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5.2 Results and Discussion 

 

5.2.1 The Effect of Nanosilica on Dielectric Response 

 

Figure 5.1 shows the real relative permittivity and dielectric loss as a function of 

frequency for samples containing different types and amounts of nanosilica. For 

unfilled polyethylene, there will always be some impurities present, such as oxidised 

functional groups on the polyethylene chain as a consequence of a small degree of 

oxidative degradation upon material processing. Such oxidised regions will respond 

more readily to electric field due to their more polar nature (Bernstein, 2003). 

However, the increase in relative permittivity is low as the amount of polar 

functionality is very small, and the real relative permittivity remains constant (~2.3) 

throughout the measured frequency range. 
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Figure 5.1: (a) Real relative permittivity, (b) dielectric loss tangent of various polyethylene 
systems crystallised isothermally at 115 ºC upon vacuum drying at 60 ºC 
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For nanocomposites containing both untreated and C3-treated nanosilica, their real 

relative permittivity and dielectric loss are dependent both on the frequency and 

nanosilica loading level. First consider the case of untreated nanosilica, where the 

permittivity (see Figure 5.1a) of the nanocomposites exhibits different behaviour in 

the low frequency range with just as little as 2 wt% of untreated nanosilica loading. 

As the amount of untreated nanosilica increases, an apparent increase in permittivity 

can be observed. The same trend was observed for the case of C3-treated nanosilica.  

 

In Figure 5.1b, the higher dielectric loss of the nanocomposites observed in the low 

frequency range is possibly associated with Maxwell-Wagner-Sillars interfacial 

polarisation, where the frequency dependent contributions to dielectric response may 

come from charge build-up at the interfaces of nanocomposites; as the amount of 

nanofiller increases, the total effective area of the interfaces increases, resulting in a 

significant increase of interfacial polarisation (Huang et al., 2007; Huang et al., 

2008). 

 

Comparing the dielectric response of nanocomposites containing untreated and C3-

treated nanosilica reveals that the permittivity and loss of samples containing C3-

treated nanosilica yield lower values than that of their respective untreated nanosilica 

counterparts. These differences are believed to be attributed to the interfacial region 

between the polyethylene and the nanosilica (Todd and Shi, 2003), or more 

specifically, the surface state of the nanosilica; the surface of the untreated nanosilica 

is mainly characterised by hydroxyl (OH) functional groups while the surface of the 

C3-treated nanosilica is mainly characterised by propyl (C3H7) functional groups (see 

Figure 4.1). 

 

The increased permittivity and loss can therefore be attributed to the response of the 

hydroxyl groups and associated species attached to the surface of the untreated 

nanosilica, since hydroxyl groups and any bound water should be more sensitive 

towards the electric field. As the amount of nanosilica increases, the number of 

hydroxyl groups increases, resulting in a higher permittivity and increased loss. 

Meanwhile, propyl (C3H7) functional groups on the surface of the C3-treated 

nanosilica generally do not respond to the applied electric field due to their non-polar 

nature. Nevertheless, there will still be some residual hydroxyl groups on the surface 



78 
 

of the C3-treated nanosilica due to incomplete surface functionalisation. 

Consequently, the permittivity and loss of the nanocomposites containing C3-treated 

nanosilica are lower than that of the respective nanocomposites containing untreated 

nanosilica. 

 

From the above discussion, it is likely that the dielectric response of the 

nanocomposites would be affected by the presence of water. Water (H2O) is a polar 

molecule and the oxygen attached to it is highly prone to hydrogen bonding with 

hydroxyl groups on the surface of nanosilica. Since water itself has a relatively high 

permittivity, i.e., ~80, the presence of water, even in very small amounts, could 

considerably affect the overall permittivity and the dielectric loss of the system. 

Water could therefore serve as an effective medium to explore mechanisms 

pertaining to interfacial region in nanocomposites. 

 

 

5.2.2 The Effect of Water Absorption on Dielectric Response 

 

In practical applications, the presence of absorbed water in insulation materials is 

unavoidable and could have a negative impact on dielectric properties. Despite 

attempts to remove water through sample drying, it is rather difficult to judge how 

dry is considered to be thoroughly dried (Reed, 2010; Tanaka et al., 2011). 

 

The effect of water absorption in nanocomposites is still far from fully understood. 

Zou et al. (2008) highlighted that epoxy nanocomposites absorb significantly more 

water than unfilled epoxy when exposed to humid environmental conditions. The 

extra water was found to be located around the surface of the nanoparticles, resulting 

in the existence of water shells surrounding the nanoparticles. Conversely, filler 

particles that have surfaces that are functionalised to be hydrophobic reduce 

considerably the amount of absorbed water in nanocomposites under the same 

conditions of humidity. 

 

Fabiani et al. (2010) investigated the effect of nanoparticle drying procedures on the 

water content of the final nanocomposites. In this experimental work, one batch of 

nanoparticles was exposed to a non-dry environment, while the other batch of 
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nanoparticles was dried at 80 ºC under vacuum. The experimental results showed an 

increase of permittivity and loss in the samples containing nanoparticles exposed to 

the non-dry environment in contrast to the samples containing dried nanoparticles. 

 

To date, published literature on the effect of water absorption, especially in 

connection with the dielectric properties of nanocomposites, is relatively scarce. 

Polyethylene nanocomposites, for example, have not drawn significant attention with 

respect to water absorption. Although polyethylene itself is hydrophobic, the addition 

of a nanofiller could significantly alter the water absorption behaviour of the 

resulting nanocomposites. It is suggested that this phenomenon is due to the presence 

of the nanofiller/polymer interface, which acts as a preferred location for the 

aggregation of water molecules (Kinloch et al., 2000). 

 

To investigate further the effect of water absorption on the polyethylene systems, the 

samples were immersed in distilled water for different time intervals and the 

percentage increase in mass for each sample was calculated based on the following 

equation: 

 

ݏݏܽܯ	% ൌ ฬ
௪ܯ െܯௗ

ௗܯ
ฬ ൈ 100% (5.10)

 

where ܯ௪ is the weight of a water absorbed sample and ܯௗ is the weight of a dry 

sample. 

 

Figure 5.2 shows water uptake data obtained from each sample, from which it is 

evident that water absorption in unfilled polyethylene is negligible. Dielectric 

spectroscopy data (see Figure 5.3) also indicate that both permittivity and loss 

tangent of the unfilled polyethylene do not change upon exposure to water; the 

dielectric response is generally the same up to 30 days of water immersion, 

indicating the strongly hydrophobic nature of the polymer (Steeman et al., 1991).  

 

For nanocomposites containing both types of nanosilica, significant quantities of 

water are absorbed by all systems (see Figure 5.2). The amount of absorbed water 

increases with increasing nanosilica content and is reduced considerably for the 
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samples containing the C3-treated nanosilica (see Figure 5.2b), compared with 

samples containing an equivalent loading level of untreated nanosilica (see Figure 

5.2a). For example, after 30 days of water immersion, nanocomposites containing   

10 wt% of C3-treated nanosilica contain ~0.75 % by mass of water, compared to 

~1.69 % for nanocomposites containing 10 wt% of the untreated nanosilica. 
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Figure 5.2: Water uptake capability of nanocomposites crystallised isothermally at 115 ºC 
containing (a) untreated nanosilica, (b) C3-treated nanosilica, with unfilled polyethylene as 
reference 
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Figure 5.3: (a) Real relative permittivity, (b) dielectric loss tangent of unfilled polyethylene 
crystallised isothermally at 115 ºC upon water immersion 
 

From the data shown in Figure 5.4, it is evident that the equilibrium water content 

increases approximately linearly with filler loading level; although it is not possible 

reliably to evaluate the absolute interfacial areas in these systems, this observation 

and the reduction in absolute water content that results from surface treatment 

suggests that water uptake is indeed associated with nanoparticle interfaces. This 

proportionality is also significant in view of the agglomeration effects discussed in 
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Chapter 4 – clearly, the systems containing 10 wt% of nanosilica contain larger 

agglomerates than the systems containing just 2 wt%. If this aggregation were 

materially to influence the effective interfacial area, then this should manifest itself 

in a deviation from linearity between equilibrium water uptake and nanofiller loading 

level. However, the uncertainties in the data are such that any deviations are within 

experimental uncertainties and therefore, either the agglomeration shown in Figure 

4.8 is insufficient materially to affect the nanofiller/polymer interfacial area, or else, 

water molecules are still able to penetrate the agglomerated nanosilica structures. 

Replotting the data using logarithmic axes (see Figure 5.5) reveals a power law 

relationship between water uptake and time and suggests that, initially, the behaviour 

is intermediate between Fickian and Case II (Alfrey et al., 1966). 
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Figure 5.4: Plots of equilibrium water uptake against nanofiller loading level. The lines are 
fitted to show an approximately linear increase of equilibrium water content with the 
nanofiller loading level 
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Figure 5.5: Logarithmic plots of percentage increase in mass against water immersion 
duration (up to 3 days) for nanocomposites containing (a) untreated nanosilica, (b) C3-
treated nanosilica. The fitted lines are based on power law relationship 
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Figure 5.6 shows plots of permittivity and loss tangent against frequency for 

nanocomposites containing 2 wt%, 5 wt% and 10 wt% of untreated nanosilica after 

different periods of water immersion. For the case of 2 wt% of untreated nanosilica, 

the permittivity of the nanocomposite sample does not vary significantly across the 

frequency range studied, prior to water immersion (see Figure 5.6a, plot for 0 day). 

In the low frequency range, the slightly higher dielectric loss of the sample (see 

Figure 5.6d, plot for 0 day) is possibly associated with Maxwell-Wagner-Sillars 

(MWS) interfacial polarisation, as previously discussed. With increased water 

absorption, the permittivity increases and the loss peak shifts to higher frequencies. 

 

Investigating the dielectric response of nanocomposites containing varying amounts 

of untreated nanosilica reveals that all materials exhibit common elements (see 

Figure 5.6b, Figure 5.6c, Figure 5.6e and Figure 5.6f). Again, the permittivity 

increases with increased water absorption. For discussing the loss behaviour of these 

systems, it is convenient to consider this in terms of three frequency dispersion 

regions, although, in reality, the loss peaks will move progressively to higher 

frequencies as water absorption increases: the low-frequency dispersion region     

(10-1 Hz to 100 Hz); the intermediate-frequency dispersion region (100 Hz to 103 Hz); 

the high-frequency dispersion region (103 Hz to 105 Hz). The loss processes 

associated with the lowest frequencies (below the measurement range for 5 wt% and 

10 wt% of untreated nanosilica loading) move to higher frequencies on exposure to 

water and combine to form a broad loss peak with increased intensity. For 

nanocomposites containing 10 wt% of untreated nanosilica, 14 days of water 

immersion induces pronounced double loss peaks at two different frequencies, one at 

~600 Hz and the other at ~20 kHz (arrowed in Figure 5.4f). It is noteworthy that the 

vertical scale of the graphs of both real relative permittivity and dielectric loss 

tangent shown in Figure 5.6 vary with nanofiller loading level, to give a better 

illustration of the dielectric processes. 

 

The dielectric response of nanocomposites is strongly influenced by interfacial 

relaxation processes, which are affected by both the character of the interface 

between the matrix and the filler and dipolar relaxations related to the presence of 

water molecules. Therefore, the broad loss peak may have been caused by two 

effects (Steeman et al., 1991). Firstly, as the content of nanoparticles increases, it is 
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more difficult to achieve good dispersion of nanoparticles throughout the sample and 

agglomeration increases. This results in structurally different interfacial regions, 

which cause the width of the loss peak to increase with increasing nanoparticle 

loading, as also suggested by Zhang and Stevens (2008). Secondly, different states of 

water bonding could exist due to different interfaces, which would also contribute to 

the observed broad loss peaks. 

 

When considering the effect of surface treatment of the nanosilica, the dielectric 

response of the nanocomposites containing C3-treated nanosilica appears to be 

different from that of the nanocomposites containing untreated nanosilica. This is 

illustrated in Figure 5.7. In all three cases (2 wt%, 5 wt% and 10 wt% of C3-treated 

nanosilica loading), a distinct low-frequency loss peak is evident after 3 days of 

water immersion. This loss peak then shifts slightly to higher frequencies with 

further exposure to water; in these materials the dispersion is confined to the low 

frequency region, in contrast to the behaviour reported above for the nanocomposites 

containing untreated nanosilica. The dielectric loss behaviour of the nanocomposites 

containing varying amount of C3-treated nanosilica is generally comparable, albeit 

that the strength of the relaxation increases with filler loading level. 

 

In addition, the broad loss peaks in the nanocomposites containing C3-treated 

nanosilica are narrower than those in the nanocomposites containing an equivalent 

amount of untreated nanosilica (compare Figure 5.7d, Figure 5.7e and Figure 5.7f 

with Figure 5.6d, Figure 5.6e and Figure 5.6f, respectively). This may indicate, 

firstly, that the dispersion of nanosilica throughout the sample has improved and, 

secondly, that the water absorption mechanism has changed. Also, the increase in 

permittivity is less when compared with nanocomposites containing an equivalent 

amount of untreated nanosilica (compare Figure 5.7a, Figure 5.7b and Figure 5.7c 

with Figure 5.6a, Figure 5.6b and Figure 5.6c, respectively). For example, the real 

part of the permittivity at 0.1 Hz for nanocomposites containing 10 wt% of C3-

treated nanosilica saturated at ~4.1, compared with ~6.7 in the case of 

nanocomposites containing 10 wt% of untreated nanosilica. 
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Figure 5.6: Real relative permittivity of nanocomposites crystallised isothermally at 115 ºC 
containing (a) 2 wt%, (b) 5 wt%, (c) 10 wt% of untreated nanosilica and dielectric loss 
tangent of nanocomposites crystallised isothermally at 115 ºC containing (d) 2 wt%,            
(e) 5 wt%, (f) 10 wt% of untreated nanosilica upon water immersion at different time 
intervals (Note the scaling difference) 
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Figure 5.7: Real relative permittivity of nanocomposites crystallised isothermally at 115 ºC 
containing (a) 2 wt%, (b) 5 wt%, (c) 10 wt% of C3-treated nanosilica and dielectric loss 
tangent of nanocomposites crystallised isothermally at 115 ºC containing (d) 2 wt%,            
(e) 5 wt%, (f) 10 wt% of C3-treated nanosilica upon water immersion at different time 
intervals (Note the scaling difference) 
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5.2.3 Discussion 

 

The above experimental work on water absorption reveals dielectric processes that 

are in qualitative agreement with the interlayer model proposed by Steeman and 

Maurer (1990), which describes the influence of a conductive interlayer (water 

adsorbed at the filler-matrix interface) on the dielectric behaviour of a composite 

(glass-bead filled polyethylene) as a function of volume fraction and interlayer 

properties. The model assumes that the permittivity of the matrix and the filler are 

frequency independent and that neither component is electrically conducting; the 

water interlayer is assigned a specific frequency independent conductivity. This 

results in the associated relaxation process being displaced to higher frequencies with 

increasing interlayer volume fraction (or increasing interlayer conductivity), as seen 

experimentally here. Although a detailed discussion of the interlayer model is not 

warranted here, the concepts help, in this case, to reveal the possible water 

absorption mechanisms that could occur at interfaces in nanocomposites containing 

nanosilica with different surface chemistries. More importantly, the presence of 

different frequency dispersion states suggests that different states of water (or 

different layer thickness of water) may exist within the nanocomposites. An attempt 

was therefore made to deduce the possible water absorption processes that could 

occur at interfaces in nanocomposites containing nanosilica with different surface 

chemistries. 

 

For nanocomposites containing untreated nanosilica, water can readily be adsorbed 

onto the surface of the nanosilica, creating the primary volume fraction of water. 

These molecules are tightly bound to the surface, presumably, through hydrogen 

bonding with hydroxyl groups on the untreated nanosilica. These tightly bound 

molecules explain the high dielectric loss in the low frequency region. With 

increasing water absorption, more water molecules reside at the interface, resulting in 

the formation of a secondary, less tightly bound water layer. With a higher content of 

inorganic particles, a greater overall amount of water can be contained in the 

interfacial regions (Zou et al., 2008). This is believed to cause the loss peaks 

observed in the intermediate frequency region. A tertiary volume fraction of water is 

believed to be an extension of the loosely bound water which is suggested to result in 

the observed loss peak shifting to higher frequencies. Meanwhile, the increase in 
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permittivity is closely related to the dielectric loss processes. With increased water 

absorption, more water molecules exist in the nanocomposite sample. Consequently, 

more polar dipoles (i.e., hydroxyl groups) from the water can readily respond to the 

applied field, resulting in higher permittivity. 

 

For nanocomposites containing C3-treated nanosilica, since the surface of the 

nanosilica has been rendered more hydrophobic, it will contain mainly propyl groups. 

Nevertheless, some hydroxyl groups will still exist, due to incomplete surface 

functionalisation, as previously described. These hydroxyl groups facilitate water 

adsorption at the surface of the C3-treated nanosilica, but in a quantity much smaller 

than that of the untreated nanosilica. This creates the tightly bound water on the 

surface of the C3-treated nanosilica, which is evident from the increased dielectric 

loss within the low frequency region. With increased duration of water exposure, 

more water molecules come to reside in the interfacial regions. However, less loosely 

bound water can be accommodated upon surface treatment, resulting in only a slight 

increase of permittivity and slight shift of loss peak towards the intermediate 

frequency region. It is therefore reasonable to deduce that surface treatment of 

nanosilica causes a change in the water diffusion processes (and also the layer 

thickness or aggregation state of water) in the nanocomposites, and it is suggested 

that this is mainly attributable to changes in the interface between the filler and the 

matrix. 

 

The proposed water shell model corresponds with observations by other researchers 

(Hui et al., 2010), where it was reported that loss peaks at frequencies of 10 kHz and 

10 Hz found in 5 wt% of nanosilica filled XLPE are probably due to the dielectric 

response of bound water; the Debye relaxation of free water should be observed at 

frequency of about 10 GHz. Hui et al. (2010) assumed in general only one type of 

bound water, while in this case, it is proposed that at least three types of bound water 

exist. Nevertheless, the observed dispersion peaks fall within a similar range. 

 

It is noteworthy that the broad loss peak may reflect a range of interface and 

aggregation states, which subsequently affect the water diffusion process via 

interfaces (Steeman and Maurer, 1990). As the content of nanoparticles increases, it 

is more difficult to achieve good dispersion of nanoparticles throughout the sample 
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and more agglomerations exist. This results in different interfacial regions, which 

causes the width (and also the magnitude) of the dielectric loss peaks to increase with 

increasing nanoparticle loading. 

 

 

5.3 Summary 

 

For unfilled polyethylene, the permittivity and loss remained constant throughout the 

investigated frequency range. For nanocomposites containing both untreated and C3-

treated nanosilica, the permittivity and loss are dependent both on the frequency and 

nanosilica loading level. However, such effects are less pronounced in samples 

containing C3-treated nanosilica in comparison with samples containing an 

equivalent amount of untreated nanosilica. This is attributable to a change in surface 

chemistry of the nanofiller; the surface of the untreated nanosilica is mainly 

characterised by hydroxyl functional groups while the surface of the C3-treated 

nanosilica is mainly characterised by propyl functional groups. Consequently, 

surface treatment of nanosilica has a profound impact on the water absorption and 

dielectric response of the nanocomposites. The results presented indicate that 

nanosilica filled polyethylene absorbs significantly more water than unfilled 

polyethylene, with the consequence that both the permittivity and loss tangent 

increase with increasing duration of water immersion. However, appropriate surface 

treatment of nanosilica reduces the water absorption effect and modifies the 

dielectric response of the nanocomposites compared with those containing untreated 

nanosilica. Since the influence of water appears quite different in the nanocomposites 

following nanosilica surface treatment, it is reasonable to deduce that the interfacial 

structure of nanocomposites containing untreated nanosilica is different from that of 

the nanocomposites containing C3-treated nanosilica. While water absorption may 

not be a technologically desirable characteristic, these results suggest that water 

molecules can act as effective dielectric probes of interfacial factors. 
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Chapter 6 

 

Electrical Breakdown Strength 

 

“Research is to see what everybody else has seen, and to think what nobody else has 

thought.” 

- Albert Szent-Gyoergi - 

 

6.1 Introduction 

 

Electrical breakdown strength, also known as dielectric breakdown strength, is a 

topic of great academic and technological interest. The dielectric strength of an 

insulation material is defined as the limiting voltage stress beyond which the 

insulation can no longer maintain its integrity. In other words, it reflects the ability of 

an insulation material to resist decomposition under voltage stress. The applied 

voltage causes the insulation to fail, where a discharge occurs through the insulation 

and causes the insulation to rupture. The dielectric strength is usually expressed as a 

voltage per unit thickness, such as kV mm-1. 

 

A theoretical concept that has been discussed in the literature is the intrinsic strength. 

It is defined by the characteristics of the material itself in its pure and defect-free 

state. In practice, this can never be achieved experimentally, since it is impossible to 

obtain defect-free samples. However, it is noteworthy that there is less chance for a 

critical defect to exist in a thinner sample. Furthermore, there exist many external 

factors that affect the measured dielectric strength of an insulation material. In this 

regard, many theories associated with breakdown mechanisms have been proposed, 

which may include thermal, electrical and mechanical as well as chemical parameters 

(Kuffel et al., 2000; Bernstein, 2003) but, in practice, it is difficult to determine the 

exact underlying mechanisms that lead to breakdown. 

 

In laboratory scale analysis, there exists a wide variety of different testing methods 

and electrode geometries to assess the breakdown performance of polymers, and the 

value of breakdown strength is relevant only if the manner of testing is known. There 
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are generally two types of testing methods commonly used, i.e., the constant-stress 

test, in which the time-to-breakdown is measured at a constant electric field, and 

progressive-stress test, in which the electrical field magnitude at breakdown is 

measured when the applied electrical stress is a function of time. Nevertheless, the 

progressive-stress test is preferable because the variation in the measured results is 

found to be less than that of the equivalent constant-stress test (Dissado et al., 1984). 

Furthermore, in the constant-stress test over an extended period of time, critical 

control of electric field is required as small variations in field can give rise to 

significant variation in the time to breakdown. Therefore, the progressive-stress test 

is popular with the advantage that all samples can be forced to fail within a 

reasonably short time (Stone et al., 1979). 

 

In terms of electrode geometry, the needle plate arrangement remains popular due to 

its ease of implementation. Unfortunately, this geometry can lead to voiding 

problems when the needle is inserted. In addition, electric field enhancement at the 

tip of the needle, which induces high localised stress, could lead to premature failure 

of the sample. In this case, the dielectric strength measured would be related more to 

the manner in which the test was performed than the properties of the insulation itself. 

Alternatively, a plate-plate geometry can be used, but electric field enhancement at 

the edge of the electrodes may lead to flashover at the edges of the sample (Miller, 

1993). To avoid such problem, an electrode arrangement that approximate the plate-

plate geometry, such as two ball-bearings, can be used, provided that the radius of 

curvature of the ball-bearing is much greater than the thickness of the sample. With 

this, flashover at the edges of the sample can be reduced since the electrodes at the 

edges are at a greater distance away from the sample when compared to the plate-

plate geometry. Such a geometry provides a uniform stress gradient and enhances the 

opportunity to obtain meaningful data, although the existence of a triple point may be 

problematical. 

 

Generally, the breakdown performance of a solid insulation system can be described 

using two-parameter Weibull distribution analysis. The Weibull probability 

distribution (Weibull, 1951), also known as the extreme-value distribution, is 

commonly used to analyse the data for time-to-breakdown from constant-stress 

voltage endurance tests or breakdown voltage of field from progressive-stress tests 
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on solid electrical insulation systems (The Institute of Electrical and Electronics 

Engineers, 1987). The two-parameter Weibull cumulative distribution function for 

the population fraction below ܧ௜ is: 

 

ܲሺܧ௜ሻ ൌ 1 െ exp ቈെ ൬
௜ܧ
ߙ
൰
ఉ

቉ (6.1) 

 

where ܲሺܧ௜ሻ  is the cumulative probability of failure at ܧ௜ ௜ܧ , is the experimental 

breakdown strength, ߙ  is the scale parameter and ߚ  is the shape parameter. The 

probability of failure, ܲሺܧ௜ሻ  is zero at ܧ௜ ൌ 0 . The probability of failure rises 

continuously as ܧ increases, and finally approaches certainty, that is, ܲሺܧ௜ሻ ൌ 1. The 

scale parameter, ߙ represents the breakdown strength at the cumulative failure 

probability of 63.2 %. The units of ߙ are the same as ܧ௜ . The shape parameter, ߚ 

represents a measure of the spread of the breakdown data. The larger the ߚ, the 

smaller is the range of the experimental breakdown strength values. 

 

To plot the Weibull distribution on a probability graph paper, one axis of the graph 

should be in a non-linear cumulative probability of failure scale, while the other axis 

should indicate the breakdown strength. The axes are scaled so that plotted data from 

the two-parameter Weibull distribution tend to follow a straight line. When the data 

are plotted, the data are ordered from the smallest to the largest, and a cumulative 

probability of failure, ܲሺܧ௜ሻ has to be assigned to each point. A best straight line is 

fitted through such points using the Maximum Likelihood Estimation (MLE) 

technique, that gives better estimates for ߙ and	ߚ. ReliaSoft Weibull 7++ software 

was used for this analysis in this study and breakdown data were plotted between the 

two-sided 90 % confidence bounds that give a graphical representation of the spread 

in the data. 

 

The cumulative probability of failure, ܲሺܧ௜ሻ was approximated using the median 

rank method: 

 

ܲሺܧ௜ሻ ൌ
݅ െ 0.3
݉ ൅ 0.4

 (6.2) 
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where ݅ is the progressive order of failed tests and ݉ is the total number of tests. This 

method has been proven to be an excellent approximation of cumulative failure 

probability and is more consistent with the accepted computational use of the MLE 

technique (Fothergill, 1990). Other methods, such as the mean rank method, where: 

 

ܲሺܧ௜ሻ ൌ
݅

݉ ൅ 1
 (6.3) 

 

and symmetrical cumulative distribution function method, where: 

 

ܲሺܧ௜ሻ ൌ
݅ െ 0.5
݉

 (6.4) 

 

can also be used, but they introduce significant systematic errors into graphical 

estimates of the distribution’s parameter and are not consistent with the use of the 

MLE technique. An example of a Weibull plot is shown in Figure 6.1. 
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Figure 6.1: Weibull plot of MLE fitted line and two-sided 90 % confidence bounds 
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One of the most attractive property changes associated with nanocomposites is the 

potential enhancement of dielectric breakdown strength brought about by 

nanostructuration. This is because the desired mechanical and thermal properties of 

conventional microcomposite systems were often achieved at the cost of reduced 

electrical strength. For example, microsilica-filled polyethylene exhibited reduced 

breakdown strength when compared with unfilled polyethylene (Nelson, 2007). 

Interestingly, the breakdown strength of nanocomposites is generally better than that 

of microcomposites (Li et al., 2010b; Nelson, 2007), and can be even better than that 

of the base polymer (Sarathi et al., 2007). 

 

Due to the promising features of nanodielectrics, various nanocomposite systems 

have been investigated with respect to breakdown strength, such as 

polyethylene/silica nanocomposites (Roy et al., 2005b; Nelson, 2007), epoxy/titania 

nanocomposites (Nelson, 2007), polyimide/silica nanocomposites (Cao et al., 2004), 

polyethylene/clay nanocomposites (Green, 2008) and polypropylene/layered silicate 

nanocomposites (Montanari et al., 2004). Positive experimental results on breakdown 

strength of nanocomposites bring an opportunity where it might be possible to 

develop this new class of nanocomposite materials, such that they possess dielectric 

strength that is higher or at least commensurate with the base polymer, thus resulting 

in combined electrical, mechanical and thermal improvements over conventional 

microcomposites. 

 

However, contradictory results do exist for the breakdown strength of 

nanocomposites. For example, the experimental work of Huang et al. (2009) revealed 

that the breakdown performance of polyethylene/aluminium nanocomposites was not 

as good as the base polymer, even though surface-treated nanoparticles and a 

compatibilizer were introduced. This shows that the incorporation of nanoparticles 

does not always improve the breakdown strength and that there might be subtle 

unidentified factors that jeopardise the breakdown performance due to nano-

inclusions. 

 

Danikas and Tanaka (2009) reported on the relationship between dielectric 

breakdown strength and treeing mechanisms and found that increased breakdown 

strength is strongly related to tree retardant effects. Nanoparticles were said to act as 
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barriers to prevent electrical treeing, ideally, through optimal dispersion of 

nanofillers. A zig-zag tree path was seen where the tree path avoided nanoparticles 

and thus, indirectly, slowed down the tree growth (Danikas and Tanaka, 2009; Imai 

et al., 2004) and subsequently resulted in improved breakdown performance. 

 

The role of interfaces has been assumed to be the pivotal reason for the improved 

breakdown strength of nanodielectrics (Roy et al., 2005b) and consequently in an 

attempt to improve the interaction between the nanofiller and the matrix, various 

chemical compatibilizers have been used. In addition, the use of surfactants to 

modify the surface of nanoparticles has also been employed. However, the use of 

such additional chemicals raises a controversial question as to whether the unique 

dielectric properties are really caused by the interaction zone alone. Here, the effect 

of interaction might have been over-emphasised, while other contributing factors (e.g. 

the use of compatibilizers, surfactants, type of nanoparticles) were neglected, as 

highlighted in a recent paper published by an international collective of scientists 

(Fréchette et al., 2010). While the contributing interfacial effect of nanoparticles is to 

be emphasised, other influencing factors should not be neglected. Furthermore, the 

breakdown characteristics of nanodielectrics under an AC field could be different 

from under DC. More research is therefore required to understand breakdown 

mechanisms in nanodielectrics. 

 

 

6.2 Results and Discussion 

 

6.2.1 AC Breakdown Testing 

 

Figure 6.2 compares Weibull plots of AC breakdown strength for unfilled 

polyethylene and nanocomposites containing 2 wt%, 5 wt% and 10 wt% of untreated 

nanosilica, isothermally crystallised at 115 ºC. With the addition of 2 wt% of 

untreated nanosilica, the AC breakdown strength was the same as the unfilled 

polyethylene. This indicates that 2 wt% of untreated nanosilica is a very low amount 

and does not alter the breakdown strength of the system when compared with 

unfilled polyethylene. The addition of 5 wt% of untreated nanosilica into 

polyethylene, on the other hand, slightly reduced the AC breakdown strength of the 
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material. However, considering the uncertainty in Weibull analysis, this slight 

reduction is negligible; the breakdown strength is still commensurate with that of the 

unfilled polyethylene. Conversely, when the amount of untreated nanosilica was 

increased to 10 wt%, there was a significant reduction in the AC breakdown strength, 

in that the value was found to be 31 kV mm-1 lower than that of the unfilled 

polyethylene. 

 

To confirm the AC breakdown behaviour of polyethylene with the addition of 

untreated nanosilica, another batch of material systems was investigated, where 

comparable material systems were subjected to quenching into water directly from 

the melt. Figure 6.3 shows the effect of untreated nanosilica content on the AC 

breakdown strength of the quenched polyethylene systems. Unsurprisingly, the AC 

breakdown strength of nanocomposites containing 2 wt% and 5 wt% of untreated 

nanosilica is commensurate with the AC breakdown strength of unfilled polyethylene 

subjected to quenching, whereas the AC breakdown strength of polyethylene with  

10 wt% of untreated nanosilica is significantly reduced compared with unfilled 

polyethylene. The AC breakdown trend shown here is therefore in agreement with 

that shown in the isothermally crystallised polyethylene systems. 

 

Upon surface treatment of nanosilica, the AC breakdown strength of the resulting 

nanocomposites that contained 2 wt%, 5 wt% and 10 wt% of C3-treated nanosilica 

exhibited slightly higher AC breakdown strength when compared with the unfilled 

polyethylene. This is illustrated in Figure 6.4. In these cases, all the samples were 

subjected to isothermal crystallisation at 115 ºC. However, such a marginal increase 

of AC breakdown strength gained by surface treatment is within Weibull uncertainty 

bounds. This is confirmed by the Weibull plots comparing the AC breakdown 

strength of the equivalent sets of material systems subjected to quenching into water 

(see Figure 6.5). Therefore, surface treatment of nanosilica did not yield meaningful 

improvement towards the AC breakdown strength of the nanocomposites when 

compared with the unfilled polyethylene. 
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Figure 6.2: Weibull plots comparing the AC breakdown strength of unfilled polyethylene 
and nanocomposites containing 2 wt%, 5 wt% and 10 wt% of untreated nanosilica, 
crystallised isothermally at 115 ºC 
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Figure 6.3: Additional (with samples subjected to quenching) Weibull plots comparing the 
AC breakdown strength of unfilled polyethylene and nanocomposites containing 2 wt%, 5 wt% 
and 10 wt% of untreated nanosilica 

Sample ߙ / kV mm-1 ߚ 

Unfilled 152 ± 3 19 ± 6 

2 wt% Untreated 152 ± 2 33 ± 10 

5 wt% Untreated 150 ± 2 26 ± 7 

10 wt% Untreated 121 ± 2 21 ± 7 

 

Sample ߙ / kV mm-1 ߚ 

Unfilled 148 ± 4 16 ± 5 

2 wt% Untreated 147 ± 4 16 ± 4 

5 wt% Untreated 144 ± 3 23 ± 7 

10 wt% Untreated 115 ± 3 16 ± 5 
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Figure 6.4: Weibull plots comparing the AC breakdown strength of unfilled polyethylene 
and nanocomposites containing 2 wt%, 5 wt% and 10 wt% of C3-treated nanosilica, 
crystallised isothermally at 115 ºC 
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Figure 6.5: Additional (with samples subjected to quenching) Weibull plots comparing the 
AC breakdown strength of unfilled polyethylene and nanocomposites containing 2 wt%, 5 wt% 
and 10 wt% of C3-treated nanosilica 
 

 

Sample ߙ / kV mm-1 ߚ 

Unfilled 152 ± 3 19 ± 6 

2 wt% C3-treated 155 ± 4 20 ± 6 

5 wt% C3-treated 155 ± 3 21 ± 6 

10 wt% C3-treated 156 ± 4 20 ± 6 

 

Sample ߙ / kV mm-1 ߚ 

Unfilled 148 ± 4 16 ± 5 

2 wt% C3-treated 147 ± 3 19 ± 5 

5 wt% C3-treated 148 ± 4 14 ± 5 

10 wt% C3-treated 144 ± 3 27 ± 7 
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6.2.2 DC Breakdown Testing 

 

As previously highlighted, the effect of the nanofiller could be different when 

subjected to AC and DC applied fields. For example, an investigation by Bamji et al. 

(2005) into polypropylene/organoclay nanocomposites showed that although having 

the same AC and DC breakdown trend, the nanofiller had a less pronounced effect on 

AC breakdown compared to DC breakdown. While polypropylene possessed a 

higher breakdown strength with organoclay addition, the increase in AC breakdown 

strength is marginal, which could imply that the nanofiller does little for AC 

breakdown strength improvement, and this is in sharp contrast to the observed 

dramatic increase in DC breakdown strength. 

 

The previous section demonstrated that, on AC breakdown testing, nanosilica does 

not have a significant effect on the AC breakdown properties in general. But would 

nanosilica alter the DC breakdown behaviour of polyethylene? The answer can be 

deduced from Figure 6.6. Clearly, the DC breakdown trend is completely different 

from that of the previously discussed AC breakdown trend; the DC breakdown 

strength of polyethylene is found to be sensitive to the amount of untreated 

nanosilica used. 

 

For unfilled polyethylene, the DC breakdown strength is as high as 480 kV mm-1. 

The addition of 2 wt% of untreated nanosilica reduces the DC breakdown strength to 

278 kV mm-1. Further reductions in DC breakdown strength were seen as the amount 

of untreated nanosilica increases, and could be up to 307 kV mm-1 lower than that of 

the unfilled polyethylene at 10 wt% of untreated nanosilica loading. Despite the 

reduced DC breakdown strengths, the shape parameters improved for all the 

investigated nanocomposite samples.  

 

For nanocomposites containing C3-treated nanosilica, the DC breakdown strength is 

higher that of the nanocomposite containing untreated nanosilica counterparts, as 

illustrated in Figure 6.7. At 2 wt%, 5 wt% and 10 wt% of C3-treated nanosilica 

loading, the respective breakdown values are 58 kV mm-1, 55 kV mm-1, 21 kV mm-1 

higher than that of the comparable amount of untreated nanosilica loading. Despite 

this, the breakdown strength is still lower than that of the unfilled polyethylene. 
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Figure 6.6: Weibull plots comparing the DC breakdown strength of the unfilled polyethylene 
and nanocomposites containing untreated nanosilica, crystallised isothermally at 115 ºC 
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Figure 6.7: Weibull plots showing the effect of surface treatment of nanosilica on the DC 
breakdown strength of the resulting nanocomposites, crystallised isothermally at 115 ºC 
(nanocomposites containing untreated nanosilica are re-shown as grey coloured background) 
 

 

Sample ߙ / kV mm-1 ߚ 

Unfilled 480 ± 28 7 ± 2 

2 wt% C3-treated 336 ± 8 18 ± 5 

2 wt% Untreated 278 ± 11 11 ± 3 

5 wt% C3-treated 275 ± 7 16 ± 5 

5 wt% Untreated 220 ± 6 15 ± 4 

10 wt% C3-treated 194 ± 9 19 ± 6 

10 wt% Untreated 173 ± 9 8 ± 2 

 

Sample ߙ / kV mm-1 ߚ 

Unfilled 480 ± 28 7 ± 2 

2 wt% Untreated 278 ± 11 11 ± 3 

5 wt% Untreated 220 ± 6 15 ± 4 

10 wt% Untreated 173 ± 9 8 ± 2 
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6.2.3 Discussion 

 

The addition of untreated and C3-treated nanosilica into polyethylene does not alter 

the AC breakdown strength of the resulting nanocomposites in comparison with 

unfilled polyethylene. This is in line with the recent experimental findings by other 

researchers (Iyer et al., 2011; Tanaka et al., 2011). Huang et al. (2010) also reported 

that the AC breakdown strength of nanosilica-filled LLDPE is only marginally lower 

than that of the neat LLDPE, indicating that nanosilica does not exert a significant 

effect on the AC breakdown strength. 

 

The unaltered AC breakdown strength of the nanocomposites in comparison with the 

unfilled polyethylene can probably be attributed to the unchanged crystallinity of the 

samples as reported in Chapter 3. Since it is well known that the degree of 

crystallinity can affect the breakdown strength of polymers (Ieda, 1980; Ku and 

Liepins, 1987; Kolesov, 1980), similar level of crystallinity observed in all samples 

means that the AC breakdown strength is expected to be similar. However, the 

decrease of AC breakdown strength upon inclusion of 10 wt% of untreated 

nanosilica cannot be linked to crystallinity effects. This leads to a second possibility 

– the effect of spherulitic morphology, which could affect the breakdown strength 

irrespective of molecular composition (Hosier et al., 2000; Hosier et al., 1997). 

 

With an increasing amount of untreated nanosilica, the banded spherulitic textures of 

polyethylene appeared to be largely suppressed, especially at a loading level of 10 wt% 

of untreated nanosilica (see Figure 4.8). Less organised lamellar arrangements could 

lead to a lower breakdown strength and this could be the case here. However, when 

examining the AC breakdown behaviour of samples subjected to direct quenching 

into water, where the formation of a well-developed lamellar structure is suppressed, 

the drop in strength for 10 wt% of untreated nanosilica inclusion was still noticeable. 

Moreover, when examining the morphology of nanocomposites containing 10 wt% 

of C3-treated nanosilica, severely disrupted spherulitic morphology was observed as 

well, but such morphology can still lead to a similar AC breakdown strength when 

compared with unfilled polyethylene. The influence of spherulitic morphology on the 

AC breakdown strength of the nanocomposites is therefore ruled out in these cases.  
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The aforementioned crystallinity level and spherulitic morphology could be 

secondary reasons in explaining the AC breakdown characteristics. The primary 

reason is, however, probably attributable to the aggregation state of the nanoparticles. 

From SEM micrographs, many severe aggregates of nanosilica were found in 

nanocomposites containing 10 wt% of untreated nanosilica. Such aggregates can act 

as electrical defects that amplify the electric field intensity around the interfaces 

between the filler and the matrix and subsequently reduce the breakdown strength 

(Huang et al., 2009). Consequently, it is likely that agglomeration effect dominates 

any effect of the nanosized particles. 

 

Here, the saturation effect of nanofiller is seen at about 5 wt% of untreated nanosilica 

loading, where any amount exceeding that limit results in a detrimental effect on the 

AC breakdown strength of the nanocomposite systems. With nanosilica surface 

treatment, the sizes of aggregates in the sample containing 10 wt% of C3-treated 

nanosilica is reduced compared with the nanocomposite containing the untreated 

nanosilica counterpart. This could be the reason for the improved AC breakdown 

strength of the former system. This implies that surface treatment did indeed help to 

improve the AC breakdown strength, albeit that the strength is still no better than that 

of the unfilled polyethylene. 

 

It is therefore reasonable to conclude that severe agglomeration of nanoparticles can 

cause the AC breakdown strength to reduce significantly. However, if the nanosilica 

is well distributed throughout the sample, the AC breakdown strength is comparable 

with that of the unfilled polyethylene. Although the addition of nanosilica only 

shows a moderate effect on the AC breakdown strength of the final nanocomposites, 

it is encouraging. Furthermore, this modest positive effect is in sharp contrast with 

the use of a microsized filler which, in many cases, reduces the breakdown strength 

significantly. 

 

Unlike AC breakdown strength, where particle agglomeration seems to be the main 

factor in reducing the breakdown strength, the reason for the reduced DC breakdown 

strength of polyethylene on the addition of nanosilica is more difficult to ascertain as 

it could be influenced by several factors. Nevertheless, the simplest explanation in 

the case of reduced DC breakdown strength of nanocomposites can also be attributed 
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to particle agglomeration. However, agglomeration of nanosilica has much more 

pronounced effect on the DC breakdown strength rather than the AC breakdown 

strength of nanocomposites – the DC breakdown strength reduces as the amount of 

aggregates in polyethylene increases, which is evidenced from the SEM micrographs 

shown in Chapter 4. 

 

Upon surface treatment of nanosilica, the distribution of particle sizes appears 

displaced somewhat to smaller dimensions, as previously explained, where the 

clustering effect of nanosilica is less than that of the equivalent loading of untreated 

nanosilica. As such, the DC breakdown strength of nanocomposites containing C3-

treated nanosilica is improved compared with an equivalent loading of untreated 

nanosilica in polyethylene. This implies that the effect of surface treatment is more 

pronounced in DC breakdown testing rather than AC breakdown testing but, sadly, 

such positive effects do not cause higher DC breakdown values when compared with 

the unfilled polyethylene. 

 

While the degree of crystallinity may not be significant in controlling the DC 

breakdown behaviour, it is noteworthy that the morphology could also play a 

significant role in the DC breakdown strength determination. Through the SEM 

micrographs presented in Chapter 4, it can be clearly seen that the spherulitic 

morphology became less and less pronounced with increasing amounts of nanosilica. 

This could explain the reduced DC breakdown strength with increasing amount of 

nanosilica. However, such morphological changes are not adequate in explaining the 

improvement in the DC breakdown values upon surface treatment of nanosilica as 

compared with equivalent loading of untreated nanosilica in polyethylene. 

 

Another possible explanation for the reduced DC breakdown strength is that the 

incorporation of nanosilica introduces defects that could enhance charge 

concentration and thus lead to electrical breakdown. In other words, the reduction of 

DC breakdown strength is possibly related to space charge accumulation in the 

materials (Khalil et al., 1990; Ma et al., 2005b). Since space charge effects are more 

pronounced under DC rather than AC conditions, it can be expected that DC 

breakdown strength can be significantly affected by the inclusion of nanosilica. The 

poor dispersion of nanosilica and incompatible interfaces between nanosilica and 
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polyethylene can introduce more defects and free volume into the nanocomposites, 

resulting in a higher degree of space charge development and, consequently, a lower 

DC breakdown strength. The effect of space charge will be further discussed in 

Chapter 7. 

 

The mechanistic origins of changes in the breakdown performance of nanodielectrics 

have been actively investigated, in an attempt to obtain a complete picture of 

breakdown processes in these systems. According to Bamji et al. (2005), in a 

polypropylene/clay nanocomposite system, the DC breakdown strength was found to 

be higher than that of the unfilled system. Such effects could be due to the trapped 

charges at the interfaces thus reducing the probability of breakdown. However, in the 

comparison between 2 wt% and 4 wt% nanofilled system, slightly lowered 

breakdown strength was found in the 4 wt% nanofilled system. Such an observation 

was related to the reduction of spherulite size and density caused by nucleation and 

poorer dispersion of nanoparticles. 

 

While the above explanation does provide some insights into the possible factors that 

can influence the DC breakdown behaviour of the investigated nanocomposites, it 

should be emphasised that the exact mechanisms that govern DC breakdown 

behaviour are complex. Nevertheless, the use of nanofiller in polymer does seem 

promising, since, although the incorporation of nanosilica into polyethylene reduces 

the DC breakdown strength, the improvement of DC breakdown strength brought 

about by nanosilica surface treatment underlines the potential of appropriately 

engineering such dielectric materials. The possible improvement of DC breakdown 

strength will be revisited in Chapter 9. 

 

 

6.3 Summary 

 

The addition of nanosilica into polyethylene does not have a notable effect on AC 

breakdown testing. This applies to both the untreated and C3-treated nanofillers, 

where the AC breakdown strength is commensurate with that of the unfilled 

polyethylene. However, severe clustering effects can cause the AC breakdown 

strength to be reduced significantly, as seen in samples containing 10 wt% of 
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untreated nanosilica. Although the addition of nanosilica only exerts a modest effect 

on the AC breakdown strength of the final nanocomposites, the results are 

encouraging. Furthermore, this modest positive effect is in sharp contrast with the 

use of microsized fillers which, in many cases, reduces the breakdown strength 

significantly. 

 

In DC breakdown testing, increasing the amount of untreated nanosilica further 

reduces the DC breakdown strength of the polyethylene. Surface treatment of 

nanosilica increases the DC breakdown strength relative to samples containing an 

equivalent amount of untreated nanosilica. There could be several explanations for 

the observed DC breakdown behaviour – the particle size distribution, the 

morphology and the existence of electrical defects that promote space charge 

development. Nevertheless, the exact mechanisms that govern the DC breakdown 

behaviour are complex. Although the incorporation of nanosilica into polyethylene 

reduces the DC breakdown strength, the use of surface treated nanosilica underlines 

the potential of appropriately engineering such dielectric materials with improved 

DC breakdown strength. 
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Chapter 7 

 

Space Charge Dynamics 

 

“Attempt the end and never stand to doubt. Nothing's so hard, but search will find it out.” 

- Robert Herrick - 

 

7.1 Introduction 

 

Space charge formation occurs when the rate of charge accumulation is different 

from the rate of charge removal, which arises due to moving charges or trapped 

charges upon the application of an electric field. This could be caused by electrons or 

ions depending upon the mechanism of charge transfer. The presence of space charge 

modifies the electric field, enhancing the local internal field within the dielectric 

material as a function of time, which introduces non-linearities that influence the 

dielectric behaviour and lead to faster degradation and premature failure of the 

material. The mechanism of space charge formation is therefore considered as one of 

the most influencing factors in determining the overall dielectric properties of a 

polymeric insulation system (Ieda, 1977; Mizutani, 1994). 

 

Generally, there are three main processes that cause the formation of space charge, as 

described by Lewiner (1986) in Figure 7.1. In the first case, the dipoles are oriented 

in a homogenous material and the associated space charge occurs as two peaks near 

the electrodes. In the second case, the electric field causes migration of ions, where 

the negative charges migrate to the positive electrodes while the positive charges 

migrate to the negative electrodes. Since the mobility of the charge is not equal, a 

global negative space charge develops near the positive electrode while a global 

positive space charge develops near the negative electrode. This form of space 

charge is termed heteropolar charges (heterocharges). In the third case, charge 

injected at the electrodes generates a space charge when the mobility of charges is 

low, resulting in the accumulation of charges near each electrodes that is of the same 

polarity. Such space charge is termed homopolar charges (homocharges). 
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higher voltages especially in high voltage direct current (HVDC) transmission 

applications. 

 

Bearing such a concept in mind, research into the DC space charge behaviour of 

nanocomposites has been emphasised. In 2003, Yin et al. (2003) performed an 

investigation into the effect of space charge on LDPE/TiO2 nanocomposites prepared 

by a solution blending approach. Using the pulsed electro-acoustic method, mitigated 

space charge accumulation and faster space charge decay rates were found with 

increasing amounts of nano-titania. Unfortunately, no detailed explanation was given 

of the space charge behaviour due to nano-inclusions. 

 

Space charge effects are a direct outcome of trapping, de-trapping and transport of 

charges in insulating polymers and, consequently, space charge varies with trap 

density, trap depth distribution and charge carrier mobility. In the case of filled 

polymers, particulate fillers often directly contribute to changes in the space charge 

distribution by actively responding to the electric field and interacting with the 

polymer molecules. For example, Ma et al. (2005b) reported that heterocharge 

developed near the electrodes in unfilled LDPE samples while homocharge 

developed near the electrodes in nanofilled samples. Upon surface treatment of the 

nanoparticles, heterocharge was observed near the electrodes, but in much smaller 

quantities than in the unfilled LDPE samples and had no prominent change with time. 

 

Studies of space charge have indicated that nanocomposites usually exhibit lowered 

and redistributed space charge when compared with microfilled composites (Smith et 

al., 2008). The magnitude of the internal charge is much less for nanocomposites and 

the dynamics of charge decay are much faster for nanocomposites (Tanaka, 2005). 

Montanari et al. (2006) investigated nanosilicate-filled polypropylene and ethylene-

vinylacetate nanocomposites and found a new relaxation process, which they thought 

to be related to charge trapping at interfaces between the nanofillers and the polymer. 

Besides that, Tanaka et al. (2004) observed that the space charge inception threshold 

shifted to lower values for both polypropylene and ethylene-vinylacetate 

nanocomposites. A shorter decay constant was also recorded, which means that the 

charge was dissipated more quickly in nanocomposites. 
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Nelson (2007) deduced that lower and redistributed space charge is due to the 

presence of homopolar charge adjacent to the electrode, which is contrary to the 

heteropolar charge seen in microcomposites. The existence of homopolar charge was 

also reported by Montanari et al. (2006) and Tanaka et al. (2011). In view of these 

modified space charge characteristics, nanocomposites are considered to be attractive 

materials for use in high voltage direct current (HVDC) applications (Aoyama et al., 

2006; Gochowaki et al., 2008). 

 

While suppressed space charge development in nanocomposites can be explained 

through the introduction of a shallow trap band (Nelson et al., 2002; Tanaka et al., 

2004) at interfaces and the resulting increase in charge carrier mobility, the presence 

of deep traps has also been suggested in certain nanocomposites (Tanaka et al., 2004). 

With the presence of deep traps, space charge accumulation could be worsened. 

According to Chen et al. (2007), a thorough understanding of the interaction between 

nanoparticles and their matrix could be achieved by studying the space charge 

dynamics of polymer nanocomposites. It is expected that space charge behaviour is 

affected by the nature of the filler and the matrix and the properties of the interface, 

which are related to the dispersion of the fillers, and filler/filler and filler/matrix 

interactions. Therefore, space charge measurement should be very informative in 

understanding of polymer nanocomposites, as it is sensitive to charges formed at 

interfaces. 

 

From the dielectric spectroscopy data presented in Chapter 5, the nanocomposites 

exhibit higher values in the low frequency range. One reason for this could be 

Maxwell-Wagner-Sillars interfacial polarisation caused by space charge 

accumulation at the interfaces between the polymer and the filler. This has outlined 

the importance of examining the space charge behaviour of the nanocomposites, 

albeit such investigation will only show net charge distribution. Moreover, the 

variation in DC breakdown strength with comparison of the nanocomposites is 

markedly different to the variation in AC breakdown strength, as shown in Chapter 6. 

Examination of the space charge behaviour could help understand such behaviour, 

especially since the development of space charge is considered to be more 

detrimental in DC rather than in AC. 
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7.2 Results and Discussion 

 

7.2.1 Measurements for Unfilled Polyethylene 

 

For reference purpose, Figure 7.3 shows the space charge behaviour of an unfilled 

polyethylene sample stressed at a DC field of 25 kV mm-1. Although a very small 

amount of homocharge development is evident near the cathode, such space charge 

development is minimal. Indeed, the charge decay process shows that very small 

quantities of homocharge actually developed near both electrodes. The homocharge 

near the anode could not be clearly observed during charging due to the presence of 

the associated large peak at the anode caused by the applied field. 
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Figure 7.3: Space charge behaviour of unfilled polyethylene crystallised isothermally at    
115 ºC stressed at 25 kV mm-1 (arrow indicates increasing time) 
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Figure 7.4: Charge decay of unfilled polyethylene crystallised isothermally at 115 ºC upon 
removal of 25 kV mm-1 applied field 
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To confirm the space charge behaviour of the unfilled polyethylene sample, a higher 

DC field was employed. Figure 7.5 shows the space charge distribution of an unfilled 

polyethylene sample stressed at a 40 kV mm-1 DC field. Homocharge development 

was found near the cathode, similar to the observations previously made upon 

voltage stressing at 25 kV mm-1. In addition, an increase in homocharge can now be 

clearly seen near the anode. The charge decay process shown in Figure 7.6 is in line 

with the previous observation for the case of 25 kV mm-1 voltage stressing (see 

Figure 7.4), but with higher charge density throughout the measured period. It is 

noteworthy that the oscillation in the space charge signal is an artefact associated 

with the calibration process, and is particularly noticeable during the charge decay 

process. 
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Figure 7.5: Space charge behaviour of unfilled polyethylene crystallised isothermally at    
115 ºC stressed at 40 kV mm-1 (arrow indicates increasing time) 
 

Thickness / m

60 80 100 120 140 160 180 200 220 240 260 280 300 320

C
ha

rg
e 

D
en

si
ty

 /
 C

 m
-3

-14

-12

-10

-8

-6

-4

-2

0

2

4

6

8

10

12

0 min 
2 min 
5 min 
10 min 
20 min 
30 min 
40 min 
50 min 
60 min 

Cathode Anode

 
 

Figure 7.6: Charge decay of unfilled polyethylene crystallised isothermally at 115 ºC upon 
removal of 40 kV mm-1 applied field 
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7.2.2 Measurements for Nanocomposites Containing Untreated Nanosilica 

 

Figure 7.7 shows the development of space charge in a nanocomposite sample 

containing 2 wt%, 5 wt% and 10 wt% of untreated nanosilica stressed at a               

25 kV mm-1 DC field. First, consider Figure 7.7a, where the development of 

homocharge can be clearly seen near both electrodes with as little as 2 wt% of 

untreated nanosilica. Increasing the nanofiller loading level to 5 wt% and 10 wt% 

results in the accumulation of increased quantities of homocharge near both 

electrodes (see Figures 7.7b and 7.7c). Evidently, the space charge behaviour 

becomes very different from that of the unfilled polyethylene at higher loadings of 

untreated nanosilica. Nevertheless, the space charge dynamics in all these 

nanocomposites reveal a similar pattern as a function of time; the homocharge near 

the cathode and anode increases in magnitude with time and moves towards the 

sample bulk. 

 

For nanocomposite samples containing untreated nanosilica, development of space 

charge near both electrodes became more pronounced when subjected to a higher 

field of 40 kV mm-1 (see Figure 7.8) in comparison with an equivalent sample 

subjected to 25 kV mm-1. For example, at a loading level of 5 wt% of untreated 

nanosilica, homocharge development near the cathode reached about -13 C m-3 at an 

applied field of 40 kV mm-1 (see Figure 7.8b) after 60 min, in contrast to the -7 C m-3 

seen at 25 kV mm-1 (see Figure 7.7b) after the same time. Adjacent to the anode, the 

charge density was also higher for the case of the 40 kV mm-1 applied field. 

Nevertheless, the development of space charge at both voltage levels reveals a 

similar trend in terms of the role of the nanofiller, albeit that transport of charge 

towards the bulk appears to be suppressed as the nanofiller loading level increases. 

 

Figure 7.9 compares the short-circuited space charge behaviour of the 

nanocomposites containing untreated nanosilica upon the removal of the 25 kV mm-1 

and 40 kV mm-1 applied fields. The homocharge decays progressively once the 

applied field has been removed, and this effect is particularly noticeable at the higher 

field. As previously mentioned, the oscillation shown in the figures is an artefact 

from space charge measurements and this effect is not reproducible. 
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Figure 7.7: Space charge behaviour of nanocomposites crystallised isothermally at 115 ºC 
containing (a) 2 wt%, (b) 5 wt%, (c) 10 wt% of untreated nanosilica stressed at 25 kV mm-1 
(arrow indicates increasing time) 
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Figure 7.8: Space charge behaviour of nanocomposites crystallised isothermally at 115 ºC 
containing (a) 2 wt%, (b) 5 wt%, (c) 10 wt% of untreated nanosilica stressed at 40 kV mm-1 
(arrow indicates increasing time) 
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(c)              (f) 

 

Figure 7.9: Charge decay of nanocomposites crystallised isothermally at 115 ºC containing 
(a) 2 wt%, (b) 5 wt%, (c) 10 wt% of untreated nanosilica upon the removal of 25 kV mm-1 
electric field and (d) 2 wt%, (e) 5 wt%, (f) 10 wt% of untreated nanosilica upon the removal 
of 40 kV mm-1 electric field (arrow indicates increasing time) 
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7.2.3 Measurements for Nanocomposites Containing C3-treated Nanosilica 

 

Figure 7.10 shows space charge development in nanocomposite samples containing 

C3-treated nanosilica at an applied DC field of 25 kV mm-1. From this, it is evident 

that upon surface treatment of the nanosilica, the magnitude of the space charge is 

dramatically reduced and becomes similar to that exhibited by the unfilled 

polyethylene; homocharge development near both electrodes is very small and can be 

neglected for the case of nanocomposites containing 2 wt% of C3-treated nanosilica. 

Increasing the amount of C3-treated nanosilica again results in the density of space 

charge at both electrodes increasing, but the effect is much less pronounced than in 

the untreated case. 

 

For the case of C3-treated nanosilica, the development of space charge at an applied 

field of 40 kV mm-1 differs greatly from that found at 25 kV mm-1. Homocharge 

development can be clearly seen in all nanocomposite samples containing 2 wt%,     

5 wt% and 10 wt% of C3-treated nanosilica (see Figure 7.11). While it is difficult to 

compare the effect of varying the amount of C3-treated nanosilica on the space 

charge at 25 kV mm-1 (see Figure 7.10), clear distinction of the amount of 

homocharge development near both electrodes can be made under the applied field 

of 40 kV mm-1. The amount of charge increased with increasing nanosilica loading. 

That is, the charge injection appears to be enhanced at higher DC fields although, as 

in Figure 7.8, the extent to which charge moves into the bulk appears to decrease as 

the filler loading level increases. Nevertheless, the accumulation of space charge at 

40 kV mm-1 is, again, less than that in the nanocomposites containing an equivalent 

amount of the untreated nanofiller. 

 

Figure 7.12 compares the short-circuited space charge behaviour of the 

nanocomposite samples containing C3-treated nanosilica upon the removal of the   

25 kV mm-1 and 40 kV mm-1 applied fields. Again, the space charge decays 

progressively and this effect is particularly noticeable at the higher field. 

Nevertheless, the amount of space charge accumulated at the beginning of the charge 

decay process in the C3-treated systems is less than that of the untreated systems (see 

Figure 7.10) at an equivalent nanosilica loading level. 
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Figure 7.10: Space charge behaviour of nanocomposites crystallised isothermally at 115 ºC 
containing (a) 2 wt%, (b) 5 wt%, (c) 10 wt% of C3-treated nanosilica stressed at 25 kV mm-1 
(arrow indicates increasing time) 
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Figure 7.11: Space charge behaviour of nanocomposites crystallised isothermally at 115 ºC 
containing (a) 2 wt%, (b) 5 wt%, (c) 10 wt% of C3-treated nanosilica stressed at 40 kV mm-1 
(arrow indicates increasing time) 
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Figure 7.12: Charge decay of nanocomposites crystallised isothermally at 115 ºC containing 
(a) 2 wt%, (b) 5 wt%, (c) 10 wt% of C3-treated nanosilica upon the removal of 25 kV mm-1 
electric field and (d) 2 wt%, (e) 5 wt%, (f) 10 wt% of C3-treated nanosilica upon the removal 
of 40 kV mm-1 electric field (arrow indicates increasing time) 
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7.2.4 Morphological Effects 

 

The results presented above and in the previous chapters indicate that the addition of 

nanosilica has a distinct effect on the morphology, breakdown and space charge 

behaviour of the various systems. Since charge transport can be affected by both the 

morphology of the polymer (Ieda, 1984) and the added nanofiller (Montanari et al., 

2006; Nelson et al., 2002; Smith et al., 2008; Tanaka., 2005), the effect of the former 

was examined by producing additional samples that were compositionally identical 

to those described above but which differed in terms of their morphology. Figure 

7.13 shows representative space charge behaviour of samples produced by quenching 

directly into water, where the formation of a well-developed lamellar structure is 

suppressed and the morphology is similar in both unfilled and nanofilled samples. 

Again, the inclusion of untreated nanosilica results in increased homocharge 

development near both electrodes (see Figure 7.13b) and the use of C3-treated 

nanosilica reduces such effects (see Figure 7.13c). That is, the effects described 

above are directly attributable to the presence of the nanosilica and are not greatly 

influenced by morphological changes. 

 

 

7.2.5 Discussion 

 

The quantity of homocharge developed near both electrodes in unfilled polyethylene 

at 25 kV mm-1 and 40 kV mm-1 DC field is considered insignificant. In contrast, all 

systems containing nanosilica exhibited significant homocharge development near 

both electrodes; the quantity of homocharge increased with nanosilica loading level 

and tended to move towards the interior of each specimen, particularly at lower 

nanofiller loading levels. Evidently, the inclusion of the nanofiller and the resulting 

changes to the matrix material lead to the accumulation of increased amounts of 

space charge (Zha et al., 2010). 

 

In the unfilled polyethylene, the development of homocharge may be associated with 

the semicrystalline nature of the material and/or impurity moieties, but comparison 

of the space charge characteristics of materials where the matrix is morphologically 

very different (quenched or isothermally crystallised at 115 ºC) implies that space  
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Figure 7.13: Space charge behaviour of quenched samples of (a) unfilled polyethylene and 
nanocomposites containing 5 wt% of (b) untreated nanosilica, (c) C3-treated nanosilica 
stressed at 25 kV mm-1 (arrow indicates increasing time) 
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charge is not greatly affected by even major changes in the lamellar texture of the 

polymer. Thus, although the inclusion of the nanofiller does clearly affect the 

morphology of the polyethylene, it is believed that such changes do not have a 

significant effect on the variations in space charge behaviour observed in the range of 

nanocomposites considered here. Rather, the fact that changes in both nanofiller 

loading level and nanofiller surface chemistry so markedly affect the observed space 

charge profiles clearly indicates that these effects are a direct consequence of the 

presence of the nanofiller particles themselves. The influence of the matrix 

microstructure on space charge development is considered to be a secondary effect; 

this conclusion is consistent with data presented elsewhere (Tanaka et al., 2003). 

 

From the above discussion, it is reasonable to deduce that the introduction of 

nanosilica into the polyethylene blend results in the creation of a new trap band, in 

addition to the original trap band relevant to the base polymer, and that the latter is 

not able to support significant quantities of space charge. The introduction of 

additional traps is not atypical and has been anticipated elsewhere (Tanaka, 2005). 

The new trap band is therefore considered to be related to the presence of the 

nanofiller/polymer interfaces and its nature is determined by moieties carried on the 

nanoparticle surfaces. The space charge results from the nanocomposites containing 

C3-treated nanosilica show that homocharge development has been reduced 

compared with nanocomposites containing an equivalent amount of untreated 

nanosilica. In this study, no attempt was sought to manipulate such effects to achieve 

any specific material characteristics, but it is evident that by “tagging” the 

nanoparticles with different chemical species, a range of different electrical effects 

could be produced. 

 

In the systems considered here, it is suggested that the enhanced migration of space 

charge towards the bulk seen in the various nanocomposites may be due to the 

presence of additional localised states that are shallower in energy than the trap band 

intrinsic to the polyethylene matrix. Then, the increase in space charge density may 

be indicative of a sequential process in which the charges initially fill the shallow 

traps, before entering deeper traps, as discussed elsewhere (Chen and Xu, 2009). As 

the amount of nanosilica increases, more nanofiller/polymer interfacial regions exist, 

so introducing more trapping sites that consequently lead to increased homocharge 
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development near both electrodes. The tendency for charges to be confined to the 

vicinity of the electrodes at higher nanofiller loading levels, which is evident at an 

applied field of 40 kV mm-1 in the systems based upon both the untreated and C3-

treated nanosilica, suggests that these new electron states serve both to promote 

charge migration into the bulk and local trapping near the electrode. The balance 

between these two processes may be a direct result of the nanofiller loading level or, 

more likely, the fact that increasing the nanofiller loading level results in increased 

trap densities.  

 

The differences seen in nanocomposite samples containing C3-treated nanosilica at 

different voltage levels indicate that surface treatment of nanosilica could have 

successfully increased the space charge threshold level of the C3-treated systems. At 

the lower field of 25 kV mm-1, nanocomposites containing the C3-treated nanosilica 

did not experience significant charge injection from the electrodes, which is in sharp 

contrast to the nanocomposites containing the untreated nanosilica, where 

homocharge development could be seen at both electrodes on the inclusion of as little 

as 2 wt% of untreated nanosilica. At the higher field of 40 kV mm-1, more charge 

injection occurred in the nanocomposites containing the C3-treated nanosilica, thus 

overcoming the space charge threshold level, resulting in notable homocharge 

development near both electrodes even for sample containing just 2 wt% of C3-

treated nanosilica. However, the amount of homocharge that developed was still less 

than in the sample containing an equivalent amount of untreated nanosilica. 

 

In Chapter 6, the DC breakdown strength of nanocomposites containing both the 

untreated and C3-treated nanosilica fell monotonically with increasing nanofiller 

loading level. The drop in strength was more pronounced for the former set of 

systems, where the space charge studies revealed increased space charge 

accumulation. Two explanations can be proposed for this.  First, the space charge 

will inevitably perturb the local field distribution within the dielectric and lead to 

local enhancement. Under such conditions, the applied field calculated from the 

voltage at breakdown and the sample thickness will clearly not provide a measure of 

the local field at which breakdown was initiated. The effect of space charge on 

breakdown strength has been discussed elsewhere (Chen et al., 2012). Alternatively, 

the introduction of nanoparticles may affect the DC breakdown strength through 
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increased charge mobility which, at high fields, would result in damaging current 

flows at lower voltages. Evidently, nanoparticles and their surface chemistry are both 

critical in connection with the use of nanocomposites in DC applications and, while 

adding nanoparticles may well enhance charge mobility, where this is accompanied 

by increased charge trapping the result can be markedly different space charge 

characteristics and significantly inferior breakdown performance. 

 

Moreover, the migration of space charge observed in the investigated nanocomposite 

systems indicates that, if the polarity of the applied field is reversed, the accumulated 

charge would be able to dissipate, thus resulting in insignificant overall space charge 

accumulation. This may additionally explain the similar AC breakdown strength 

values seen in both sets of materials in comparison with the unfilled polyethylene, as 

reported in Chapter 6. 

 

 

7.3 Summary 

 

From the space charge measurements presented above, it is apparent that significant 

quantities of homocharge develop near both electrodes in all nanocomposite systems, 

and that this effect is more pronounced with increasing nanofiller loading level. It is 

noteworthy that these homocharges are not apparent in the unfilled polyethylene 

system and, at lower DC field, they are less apparent for samples containing C3-

treated nanosilica. At higher DC fields, charge injection appears to be greatly 

enhanced, but charge accumulation in samples containing C3-treated nanosilica is 

less than that in samples containing an equivalent amount of untreated nanosilica. 

These space charge effects correspond to the DC breakdown results; the drop in 

strength is less pronounced for samples containing C3-treated nanosilica in 

comparison with samples containing an equivalent amount of untreated nanosilica. 

The following inference is therefore made: the inclusion of the nanofiller results in 

the introduction of localised surface states and that these are related to the observed 

homocharge accumulation. The nature and number of these surface states will be 

dependent upon the nanosilica interface chemistry and, consequently, are modified 

by chemical functionalisation. As a result of the existence of these localised states, 
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charge transport dynamics through the nanofilled systems become modified, as will 

be shown in Chapter 8. 
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Chapter 8 

 

Absorption Current Measurements 

 

“Research cannot be forced very much. There is always danger of too much foliage and too 

little fruit.”  

- Theobald Smith - 

 

8.1 Introduction 

  

When an electric field is applied to a non-ideal dielectric material between two plane 

parallel electrodes, the applied field interacts with charges, causing their motion that 

manifests itself as a current flow in the external circuit (Adamec and Calderwood, 

1978). The current flow can mainly be categorised into three types, as follows: the 

initial current that flows through the material is the capacitive charging current which 

causes a dramatic rise at the very beginning of the voltage application. This is 

followed by a gradual decrease of current, known as the absorption current or the 

anomalous current. Conventionally, the absorption current decreases slowly until it 

reaches a quasi-steady state, providing a conduction current that is often used to 

compare the conductivity of different dielectric materials. Upon discharging (voltage 

removed and the electrodes short-circuited), the behaviour of the change in current 

with time will be identical to the charging cycle and their numerical analysis will 

also be similar, provided the principle of superposition holds (Das Gupta and 

Brockley, 1978). 

 

The slowly decaying current, i.e., the absorption current, is considered to be an 

important characteristic of polymers with regard to their time-domain response to a 

DC poling field. This is because the results of absorption current measurements can 

be related to space charge measurements to gain a better understanding of the 

relationship between space charge accumulation and movement, as well as the 

resulting effects in the external circuit (Smith, 2009). In general, factors affecting the 

absorption current include electrode polarisation, dipole orientation, charge 

accumulation and trapping, tunnelling of charge carriers from the electrodes to empty 
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traps and hopping of charge carriers through localised states (Das Gupta and Joyner, 

1976). 

 

The current-time characteristic of the absorption current is often found to follow the 

power law relationship: 

 

ܫ ൌ  ௕೙ (8.1)ିݐܣ

 

where ܫ is the current, ݐ is the time after the application or removal of the external 

voltage,	ܣ is a temperature dependent factor and ܾ௡  is a constant representing the 

slope of the log-log current-time plot. It should be noted that simple interpretation of 

the exponent ܾ௡ is complicated by the fact that polymers exhibit a distribution of 

relaxation times and that these times may not be easily determined in polyethylene at 

normal temperatures (Das Gupta and Joyner, 1976). 

 

According to the work of Many and Rakavi (1962), who studied the effect of space 

charge limited current in solids in the presence of trapping, the charge carrier 

mobility can be estimated using the following formula: 

 

ߤ ൌ
0.787݀ଶ

௣ܸݐ
 (8.2) 

 

where ߤ is the mobility of charge carriers, ݀ is the sample thickness, ݐ௣ is the time at 

which a slope change occurs (i.e., when a charge front arrives at the electrode) and ܸ 

is the applied voltage. In generating the above equation, several assumptions have 

been made, for example, the effect of diffusion current is omitted and the 

investigated sample contains only a single trap depth. Although the assumptions may 

not apply to all materials, the equation has been commonly used to estimate the 

charge carrier mobility (Roy, 2005; Smith et al., 2008) and is therefore used in this 

work. 

 

The determination of the charge transport mechanism in polymeric insulation is, 

however, complicated in comparison with many conducting and semiconducting 

materials. In semicrystalline polyethylene, for example, the crystalline regions are 
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surrounded by the amorphous regions, and there is likely to be a high concentration 

of traps relevant to these structural features. With the addition of a nanofiller, the 

charge transport mechanism is likely to become more complicated than in the 

unfilled polymer. For example, the inclusion of nanoparticles will introduce 

additional interfaces between the nanofiller and the polymer, as has been emphasised 

by many researchers (Nelson, 2007; Lewis, 2004; Tanaka et al., 2005; Raetzke and 

Kindersberger, 2010), and the presence of such interfaces will affect the current flow 

due to the introduction of additional nanofiller/polymer trapping sites and/or through 

modification of the original trapping sites of the polymer. Therefore, investigations 

into absorption current behaviour could contribute to a better understanding of 

filler/polymer interactions in nanocomposites, in particular, in relation to charge 

transport mechanisms. 

 

 

8.2 Results and Discussion 

 

8.2.1 Absorption Current Measurements at 40 kV mm-1 DC Field 

 

Figure 8.1 shows plots of the time dependence of absorption current for all 

investigated samples at a constant DC field of 40 kV mm-1 over 3 h at room 

temperature. It is obvious that all the nanocomposites showed a current-time 

characteristic that is different from that of the unfilled polyethylene. From this, the 

current behaviour of the nanocomposites can be interpreted based on three phases: 

the region corresponding to the initial decrease of current (Phase I), the region 

immediately following the initial reduction in slope (Phase II) and the region where 

the current rises (Phase III). 

 

It is noteworthy that, although the absolute absorption current values differ for each 

sample at the beginning of the test, these variations fall within experimental 

uncertainties; repeated experimental runs showed that data variations within a factor 

of 3 are typical, and can occasionally be up to a factor of 5, which causes the 

quantitative analysis of such behaviour to become questionable. The poor 

reproducibility of test data is, however, a common issue with absorption current 
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measurements (Adamec and Calderwood, 1978). Quantitative analysis of this facet 

of the data is therefore not the primary interest of this study. 
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Figure 8.1: Plot of absorption current against time up to 104 s for all investigated samples 
crystallised isothermally at 115 ºC at an applied field of 40 kV mm-1. The data were divided 
into three phases for the ease of interpretation 
 

First consider Phase I, the rate of decrease of current for all the nanocomposites is 

significantly greater than for the unfilled polyethylene; although the absolute 

magnitude of the absorption current was found to vary from sample to sample, 

repeated experimental runs showed the rate of decrease of current with time to be 

reproducible in all the investigated nanocomposites. For a clearer interpretation, the 

current-time characteristic is re-plotted in Figure 8.2 for data up to 200 s, and the 

variation of current with poling time is summarised in Table 8.1. 

 

Generally, all the nanocomposites possess a higher value of the exponent ܾଵ  that 

characterises Phase I, when compared with the unfilled polyethylene. Also, this 

parameter increases with increasing amount of nanosilica present in the system, 

although any influence of nanosilica surface treatment appears to be comparable to 

experimental uncertainties. Figure 8.3 shows a plot of exponent ܾଵ against nanosilica 

content; the indicated ܾଵ  values of the nanocomposites were obtained from the 

average values of the untreated and C3-treated systems and the error bars represent 

the standard deviation from both systems. 

 



131 
 

Time / s

10 100

C
ur

re
nt

 /
 A

1e-11

1e-10

1e-9

1e-8

1e-7

Unfilled
2 wt% Untreated
5 wt% Untreated
10 wt% Untreated
2 wt% C3-treated
5 wt% C3-treated
10 wt% C3-treated

 
 

Figure 8.2: Comparison of experimental data and a power law line fitting for absorption 
current data up to 200 s. The slopes of all nanocomposites are steeper than that of the 
unfilled polyethylene 
 

Table 8.1: Exponent calculated from the absorption current data at the beginning of the test   
(0 s to 200 s) at an applied field of 40 kV mm-1 

 

Sample ࢈૚ × 10-2 

Unfilled 17.5 ± 0.3 

2 wt% Untreated 52.7 ± 0.6 

5 wt% Untreated 67.3 ± 0.4 

10 wt% Untreated 59.6 ± 1.3 

2 wt% C3-treated 53.9 ± 1.0 

5 wt% C3-treated 64.4 ± 0.9 

10 wt% C3-treated 66.7 ± 0.6 
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Figure 8.3: Plot showing the variation of the exponent b1 as a function of nanosilica content. 
The ܾଵ values of the nanocomposites were obtained from the average values of the untreated 
and C3-treated systems and the error bars represent the standard deviation from both systems 
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In Phase II, the exact quantitative determination of the exponent ܾଶ was complicated 

somewhat by the difficulty in establishing the appropriate time range (see the fitted 

lines in Figure 8.4). The precise time at which the characteristic reduction in slope 

occurs varies from sample to sample, even if the same type of sample were used; no 

comparable change of slope occurs in the unfilled polyethylene. Despite this, the 

same fitting procedure described above was, nevertheless, employed and the 

resulting estimated ܾଶ values are shown in Table 8.2.  
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Figure 8.4: Comparison of experimental data and power law line fitting for absorption 
current data for Phase II at an applied field of 40 kV mm-1. Line fitting for Phase I are also 
shown to indicate the point at which a change of slope occurs in nanocomposites 
 

Table 8.2: Exponent calculated from the absorption current data in Phase II at an applied 
field of 40 kV mm-1 
 

Sample ࢈૛ × 10-2 

Unfilled 17.5 ± 0.3 

2 wt% Untreated 17.3 ± 2.0 

5 wt% Untreated 16.5 ± 2.4 

10 wt% Untreated 14.6 ± 1.3 

2 wt% C3-treated 19.6 ± 0.9 

5 wt% C3-treated 24.7 ± 0.8 

10 wt% C3-treated 30.2 ± 0.8 

 

Comparing the data presented in Table 8.1 and Table 8.2, it is evident that the rate at 

which the current decreases for all the nanocomposites in Phase II is much lower 

than in Phase I; this does not apply to the unfilled polyethylene. While the 

quantitative value of the exponent ܾଶ  is not crucial for the argument here, it is 



133 
 

important to note that the values become comparable to that which characterises the 

unfilled polyethylene. 

 

Using the slope change data in Figure 8.4, the charge carrier mobility was estimated 

in each system using Equation 8.2. The resulting charge carrier mobility is shown in 

Figure 8.5; the characteristic reduction in slope for the unfilled polyethylene was 

assumed to occur at 104 s. It can be noticed that all the nanocomposites are 

characterised by a higher charge carrier mobility than the unfilled polyethylene; the 

charge carrier mobility estimated for the unfilled polyethylene falls within the 

measurement range of a series of polyethylenes reported by Montanari et al. (2001), 

suggesting that the analysis is reasonable. 
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Figure 8.5: Charge carrier mobility of unfilled polyethylene and nanocomposites containing 
different types and amounts of nanosilica, obtained from an applied field of 40 kV mm-1 
 

In Phase III, the current flowing through the nanocomposites begins to rise and, due 

to the restrictions inherent in Equation 8.1, no data analysis comparable to that 

described above was attempted. No comparable behaviour was found in the unfilled 

polyethylene. 

 

 

8.2.2 Absorption Current Measurements at 25 kV mm-1 DC Field 

 

To confirm the absorption current behaviour of the nanocomposites, a reduced DC 

field of 25 kV mm-1 was applied, and the resulting plots of the time dependence of 
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absorption current for all investigated samples is shown in Figure 8.6. Again, all the 

nanocomposites showed a current-time characteristic that is different from that of the 

unfilled polyethylene, and the current behaviour of the nanocomposites can again be 

interpreted based on three phases: Phase I (for data up to 300 s), Phase II (for data 

from 300 s to 3600 s) and Phase III (for data from 3600 s onwards). 
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Figure 8.6: Plot of absorption current against time for all samples crystallised isothermally at 
115 ºC at an applied field of 25 kV mm-1 up to (2×104) s 
 

In Phase I, all the nanocomposites, again, possess a higher value of the exponent ܾଵ 

when compared with the unfilled polyethylene. The current-time characteristic is re-

plotted in Figure 8.7 for data up to 300 s, and the variation of current with poling 

time is summarised in Table 8.3. Also, the exponent ܾଵ increases with increasing 

loading level of nanosilica (see Figure 8.8), but any influence of nanosilica surface 

treatment remains difficult to justify; the percentage uncertainties are, however, 

larger at 25 kV mm-1 than 40 kV mm-1, due to the lower DC field and the resultant 

reduced current values. 

 

The determination of the exponent ܾଶ  in Phase II is shown in Figure 8.9; no 

comparable change of slope occurs in the unfilled polyethylene. The resulting 

estimated ܾଶ values are shown in Table 8.4. An investigation into the mobility of 

charge carriers in this case (see Figure 8.10) indicates that the charge mobility of 

nanocomposites falls in the range of 10-14 m2 V-1 s-1 and, is again, about an order of 

magnitude higher than that of the unfilled polyethylene. This is similar to previous 

observation of charge mobility of nanocomposites at an applied field of 40 kV mm-1.  



135 
 

Time / s

10 100

C
ur

re
nt

 /
 A

1e-11

1e-10

1e-9

1e-8

1e-7

Unfilled
2 wt% Untreated
5 wt% Untreated
10 wt% Untreated
2 wt% C3-treated
5 wt% C3-treated
10 wt% C3-treated

 
 

Figure 8.7: Comparison of experimental data and a power law line fitting for absorption 
current data up to 300 s (assumed as Phase I) at an applied field of 25 kV mm-1. The slopes 
of all nanocomposites are steeper than that of the unfilled polyethylene 
 

Table 8.3: Exponent calculated from the absorption current data at the beginning of the test   
(0 s to 300 s) at an applied field of 25 kV mm-1 

 

Sample ࢈૚ × 10-2 

Unfilled 21.0 ± 0.4 

2 wt% Untreated 41.3 ± 1.1 

5 wt% Untreated 59.0 ± 0.6 

10 wt% Untreated 51.5 ± 1.1 

2 wt% C3-treated 31.4 ± 1.3 

5 wt% C3-treated 48.3 ± 1.5 

10 wt% C3-treated 49.8 ± 1.0 
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Figure 8.8: Plot showing the variation of the exponent ܾଵ as a function of nanosilica content. 
The ܾଵ values of the nanocomposites were obtained from the average values of the untreated 
and C3-treated systems and the error bars represent the standard deviation from both systems 
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Figure 8.9: Comparison of experimental data and a power law line fitting for absorption 
current data from 300 s to 3600 s (assumed as Phase II) at an applied field of 25 kV mm-1 
 

Table 8.4: Exponent calculated from the absorption current data in Phase II at an applied 
field of 25 kV mm-1 

 

Sample ࢈૛ × 10-2 

Unfilled 21.0 ± 0.4 

2 wt% Untreated   2.8 ± 0.4 

5 wt% Untreated 22.2 ± 0.9 

10 wt% Untreated 11.7 ± 0.6 

2 wt% C3-treated   3.5 ± 0.7 

5 wt% C3-treated   8.5 ± 0.3 

10 wt% C3-treated 13.2 ± 0.1 
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Figure 8.10: Charge carrier mobility of unfilled polyethylene and nanocomposites containing 
different types and amounts of nanosilica, obtained from an applied field of 25 kV mm-1 
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In Phase III, the current rise is still noticeable for the case of nanocomposites 

containing untreated nanosilica, but is delayed for the case of nanocomposites 

containing higher amounts of C3-treated nanosilica (5 wt% and 10 wt%); such 

current rise behaviour is, again, not found in the unfilled polyethylene. Also, the 

characteristic reduction of slope (from Phase I to Phase II) and the increase of current 

in Phase III happened at later times as the applied field is reduced to 25 kV mm-1 

(compare Figure 8.5 with Figure 8.1). 

 

 

8.2.3 Discussion 

 

In Phase I, the current decreases more rapidly in the nanocomposites than in the 

unfilled polyethylene. This implies that the incorporation of nanosilica into 

polyethylene has increased the mobility of charge carriers in the nanocomposites, so 

leading to faster decay of the current as the carriers take a shorter time to transit the 

specimen. It is noteworthy that 0 ≤ ܾ ≤ 2 is consistent with dipole orientation, carrier 

tunnelling and carrier hopping, while 0 ≤ ܾ ≤ 1 is consistent with charge injection 

forming trapped space charge (Wintle, 1983). While nanoparticles with their large 

surface areas may act as additional electron traps, they may also reduce the average 

hopping distance relative to that of the polymer matrix and thus increase the mobility 

(Fleming, 2010). As the nanofiller content increases, charge mobility may increase 

due to increased nanofiller/polymer interfaces. This is consistent with the analysis of 

ܾଵ in Phase I, where this parameter increases with the nanofiller content. 

 

From previously reported space charge results, homocharge was found to develop 

near both electrodes and the charge moves towards the sample bulk. The transport of 

charge towards the bulk appears to be suppressed as the nanofiller loading level 

increases. In the case here, charge mobility appears to increase with increasing 

nanofiller content. While these results contradict with each other with regard to the 

movement of charge at different nanofiller loading level, it should be noted that the 

presence of new localised states upon nano-inclusions may serve both to promote 

charge migration into the bulk and to cause local trapping near the electrode with 

increased trap densities, and the balance between these two processes may have a 

different effect in these measurements. Nevertheless, both these measurement 
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techniques indicate that the inclusion of nanoparticles has a marked effect on charge 

transport dynamics. 

 

The change in the ܾ exponent seen in all the nanocomposites, on entering Phase II, 

could indicate a change in the dominant absorption current mechanism. This could be 

attributed to interfacial polarisation, as explained elsewhere in the literature (Roy et 

al., 2007; Roy, 2005). The change of slope could also be interpreted in the following 

way: electronic transport is effectively controlled by trapping, i.e., an electron may 

travel rapidly through the system for a short time, but its effective or average 

mobility is greatly reduced as a result of being immobilised for much longer period 

in localised states (traps) (Wintle, 1983). Alternatively, the change in slope could 

indicate that the absorption current in Phase II is dominated by the matrix rather than 

the nanofiller (which is believed to dominate in Phase I), since the decay in 

absorption current within this phase occurs at a rate that is: i) very different from 

Phase I and ii) appears comparable to that seen in the unfilled polyethylene, albeit 

that the ܾଶ data obtained at the applied field of 25 kV mm-1 causes such assertion to 

be questionable. 

 

The mobility of charge carriers is highly dependent upon the release of charges from 

deep traps in addition to the underlying current caused by the large number of 

shallower traps introduced by the nanoparticles (Smith, 2009). Analysis of charge 

carrier mobility shows that all the nanocomposites initially possess higher charge 

mobility in comparison with the unfilled polyethylene. Although it remains difficult 

to judge the effect of nanofiller type and amount on the charge carrier mobility, it is 

reasonable to deduce that the incorporation of nanosilica into polyethylene results in 

the presence of shallower traps that are related to the nanofiller/polymer interfaces in 

addition to the original trap distribution that characterises the polymer’s structure; the 

former serves to assist in charge transport. 

 

Although the increasing absorption current with poling time seen in Phase III is 

highly unusual, such observations are not without precedent. A comparable increase 

of current was also discovered by Smith (2009) for microcomposites and was 

thought to be caused by interfacial polarisation related to the interfaces between the 

filler and the matrix. However, no convincing explanation has been proposed in 
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relation to this phenomenon. Nevertheless, at a lower DC field (i.e., 25 kV mm-1), 

measurements showed that the increase of current in Phase III could be delayed, 

especially for samples containing C3-treated nanosilica. This shows that the 

absorption current characteristics at 25 kV mm-1 applied field is different for the case 

of nanocomposites containing C3-treated nanosilica and nanocomposites containing 

untreated nanosilica. This may be related to the observed space charge characteristics 

between the nanocomposites containing C3-treated nanosilica and nanocomposites 

containing untreated nanosilica; the nanocomposites containing C3-treated nanosilica 

showed less significant homocharge development near both electrodes in comparison 

with nanocomposites containing an equivalent amount of untreated nanosilica at an 

applied field of 25 kV mm-1. 

 

 

8.3 Summary 

 

While the current behaviour through the unfilled polyethylene decreases with time in 

a conventional manner, all nanocomposites reveal an initial decrease followed by a 

period in which the current increases with increasing time of DC field application. In 

addition, the inclusion of nanosilica into polyethylene causes the decay of the 

absorption current initially to occur more rapidly than in the unfilled polyethylene, 

highlighting the possibility of increased charge mobility in the nanocomposites. In 

the current work, quantitative analysis for a specific nanofiller/polymer combination 

is very limited through these absorption current measurements and more work is 

necessary fully to explain the underlying charge transport mechanisms in 

nanocomposites. 
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Chapter 9 

 

The Effect of Silane Chain Length 

 

“Unless you believe, you will not understand.” 

- Saint Augustine - 

 

9.1 Introduction 

 

In the previous chapters, detailed discussions on the structure and electrical 

properties of nanocomposites containing untreated and C3-treated nanosilica have 

been provided. Clearly, the electrical properties, in particular in connection with DC 

applications of the nanocomposites, are influenced by the surface chemistries of the 

nanosilica, i.e., the interfaces. To date, there have been a few models proposed with 

regard to the interfacial properties of nanodielectrics. The interface models are 

presented hereafter for the purpose of a more in-depth understanding of the concept 

of interfaces. 

 

As early as the mid-1990s, Lewis (1994) proposed a model concerning 

nanodielectrics via a diffuse electrical double layer; this was then refined in a later 

publication (Lewis, 2004; 2005), with the interface represented as in Figure 9.1. In 

the model, the theory related to electrical and electrochemical features of the 

interfaces was clarified based on the presence of a Stern layer and a Gouy-Chapman 

diffuse double layer surrounding a nanoparticle; the Stern layer is an ion layer of 

molecular dimensions bound to the surface of the nanoparticle by forces which are 

stronger than the electrostatic forces attracting the diffuse layer, while the diffuse 

layer contains a distribution of co-ions that are repelled and counter-ions that are 

attracted towards the nanoparticle. The formation of interfaces with nanometric 

dimensions via the Stern and diffuse layers between the particle and the matrix 

changes the internal charge activity and the resulting electrical potential distribution 

at the interfaces, which will then influence the dielectric properties of the resulting 

nanocomposites. 
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9.2 Different Aliphatic Chain Length Silanes 

 

A series of silane coupling agents, which differ with respect to their aliphatic chain 

length, was considered in this study with a view to improve the DC breakdown 

performance of the nanocomposites. This involves the use of trimethoxy(octyl)silane 

and trimethoxy(octadecyl)silane coupling agents, which carries octyl (C8H17) and 

octadecyl (C18H37) functional groups, respectively. In these, the octadecyl chain is 

the longest, followed by the octyl chain, in comparison with the propyl chain of the 

trimethoxy(propyl)silane. 

 

To minimise experimental parameter changes, the surface functionalisation process 

and the nanocomposite sample preparation methods were kept the same as previously 

reported for the C3-treated system. In all cases, the same volume of silane was used 

and, therefore, although the length of the chains differs among the differently 

functionalised nanosilica, the number of CH2 repeat units per unit area of interface is 

comparable in all. Moreover, the silane was based upon trimethoxysilane to ensure 

that, during the surface functionalisation process, the nature of silane interactions 

with the nanosilica would be comparable to those in the C3-treated nanosilica. 

 

For notation purposes, nanosilicas subject to surface functionalisation using 

trimethoxy(octyl)silane and trimethoxy(octadecyl)silane are referred to as C8-treated 

nanosilica and C18-treated nanosilica, respectively; this reflects the length of the 

silane attached to the surface of the nanosilica. 

 

 

9.3 Results and Discussion 

 

9.3.1 Thermal Analysis 

 

Figure 9.6 compares the crystallisation rate constant,  values obtained from 

nanocomposites containing untreated, C3-treated, C8-treated and C18-treated 

nanosilica at a representative crystallisation temperature of 115 ºC. The behaviour of 

the untreated and C3-treated systems has been discussed in Chapter 3 and is therefore 

not repeated here. For the case of C8-treated system, the  values are the highest 
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among all nanocomposites at all nanofiller loading levels. Meanwhile, the  values 

for the C18-treated system are intermediate between the C3-treated and the C8-

treated systems. 
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Figure 9.6: Plot showing the effect of nanosilica surface chemistry and nanosilica content on 
 at a representative crystallisation temperature of 115 ºC. The fitted lines represent the  

variation of each system 
 

 

9.3.2 Fourier Transform Infrared Spectroscopy 

 

Figure 9.7 shows the FTIR spectra of the C8-treated and the C18-treated silica 

nanopowder. There is, however, no appreciable reduction of the intensity at         

3400 cm-1 in comparison with the untreated silica nanopowder (see Figure 4.3). 
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Figure 9.7: FTIR spectra for C8-treated and C18-treated silica nanopowder 
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showed that data variation was within an acceptable range of uncertainties. For 

nanocomposite samples, the DC breakdown strength is markedly affected by both the 

nanofiller loading level and nanofiller surface chemistry. Indeed, at all filler loading 

levels, it is evident that by increasing the chain length, the breakdown strength can be 

increased and, at higher loading levels, the effect appears to be quite dramatic. 

 

First, consider the case of the C8-treated system, although the DC breakdown 

strength is lower than that of the unfilled polyethylene, the values are the highest 

among all the nanocomposite samples. The DC breakdown strength reduces for the 

case of the C18-treated system as compared with the C8-treated system, but the 

values are still higher than that of the untreated and the C3-treated systems. In both 

the C8-treated and C18-treated systems, the DC breakdown strength remains 

comparable at 2 wt% and 5 wt% of nanofiller loading before reducing at 10 wt% of 

nanofiller loading. It should be noted that the shape parameter reduces in the C8-

treated and C18-treated systems in comparison with the untreated and C3-treated 

systems (see Table 9.1). 
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Figure 9.10: Plots comparing the DC breakdown strength of the unfilled polyethylene and 
nanocomposites containing the untreated, the C3-treated, the C8-treated and the C18-treated 
nanosilica crystallised at 115 ºC, obtained from Weibull analysis. The uncertainties 
correspond to 90 % confidence bounds 
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Table 9.1: DC breakdown data from Weibull analysis 
 

Sample  / kV mm-1  

Unfilled 480 ± 28 7 ± 2 

Unfilled 497 ± 26 8 ± 2 

Unfilled 489 ± 14 14 ± 4 

2 wt% C18-treated 390 ± 23 7 ± 2 

2 wt% C8-treated 427 ± 23 8 ± 2 

2 wt% C3-treated 336 ± 8 18 ± 5 

2 wt% Untreated 278 ± 11 11 ± 3 

5 wt% C18-treated 384 ± 19 8 ± 2 

5 wt% C8-treated 431 ± 19 9 ± 3 

5 wt% C3-treated 275 ± 7 16 ± 5 

5 wt% Untreated 220 ± 6 15 ± 4 

10 wt% C18-treated 335 ± 19 7 ± 2 

10 wt% C8-treated 342 ± 25 6 ± 2 

10 wt% C3-treated 194 ± 9 19 ± 6 

10 wt% Untreated 173 ± 9 8 ± 2 

 

 

9.3.5 Space Charge Dynamics 

 

Figure 9.11 shows representative space charge profiles obtained from 

nanocomposites containing 5 wt% of C8-treated nanosilica and the nanocomposites 

containing 5 wt% of C18-treated nanosilica. In the case of the C8-treated system (see 

Figure 9.11a), the space charge profile is comparable with those exhibited by the 

nanocomposites containing the untreated  and C3-treated  nanosilica,  albeit  that  the 
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    (a)              (b) 
 

Figure 9.11: Space charge behaviour of nanocomposite samples crystallised isothermally at 
115 ºC containing (a) 5 wt% of C8-treated nanosilica, (b) 5 wt% of C18-treated nanosilica 
stressed at 40 kV mm-1 (the arrows indicate increasing time while the circle indicates charge 
accumulation in the sample bulk) 
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magnitude of the homocharge is greater. In the case of the C18-treated system (see 

Figure 9.11b), a distinct feature can immediately be identified – charge accumulation 

was found in the bulk of the C18-treated system in addition to homocharge 

development near both electrodes. This is very different from the space charge 

profiles of the untreated, C3-treated and C8-treated systems. 

 

 

9.3.6 Discussion 

 

In characterising the surface state of the untreated and C3-treated nanopowder, it was 

suggested in Chapter 4 that reduced FTIR intensity at 3400 cm-1 is attributed to the 

replacement of surface hydroxyl groups by propyl groups from silane. From the 

FTIR spectra of the C8-treated and the C18-treated nanopowder (see Figure 9.7), 

there is no appreciable reduction of the intensity at 3400 cm-1 in comparison with the 

untreated silica nanopowder (see Figure 4.3). This is, however, not surprising since 

surface functionalisation process of the C8-treated nanosilica and the C18-treated 

nanosilica involves the same volume of silane used as in the case of the C3-treated 

nanosilica. This would subsequently reduce the degree of filler functionalisation, 

thus resulting in a less number of silane functional groups in exchange with the 

surface hydroxyl groups, albeit increasing the chain length per attached unit. 

 

From DC breakdown testing, the DC breakdown strength of the nanocomposites 

containing C8-treated and C18-treated nanosilica has been improved in comparison 

with the DC breakdown strength of the nanocomposites containing an equivalent 

amount of untreated and C3-treated nanosilica. The increase in DC breakdown 

strength can be attributed to the use of long chain silanes for nanosilica surface 

functionalisation purposes. However, the DC breakdown strength reduces for the 

case of C18-treated system (which has been functionalised using longer aliphatic 

chain silane) in comparison with the C8-treated system. 

 

It is noteworthy that the melting behaviour and the crystallinity level of the C8-

treated and C18-treated systems were not significantly different from those of the 

untreated and C3-treated systems. As explained in the previous chapters, these 

properties are considered to be secondary in determining the DC breakdown 



153 
 

behaviour, and are therefore not discussed in this chapter. However, these properties 

are discussed in Appendix A, for the case of the C18-treated system. 

 

In Chapter 7, it was suggested that reduced space charge development could be 

linked to increased DC breakdown strength. Although such an effect was not seen in 

the C8-treated system, a higher DC breakdown strength could still be achieved. 

Moreover, in the case of the C18-treated system, while the magnitude of homocharge 

accumulation near both electrodes is comparable to that of the C3-treated system, 

and accompanied by charge accumulation in the bulk of the sample, the DC 

breakdown strength is yet higher than that of the C3-treated system. 

 

The improved DC breakdown performance of the C8-treated system can, however, 

be correlated with the analysis of crystallisation rate constant, . At all nanofiller 

loading levels,  values for the C8-treated system are the highest. This indicates 

that chemical treatment of nanosilica using trimethoxy(octyl)silane has modified the 

surface interactions between the polymer and the silica in such a way as to increase 

its effectiveness as a nucleating agent, so that the polymer and the filler can interact 

more strongly. This will subsequently have an effect on the interface region, and it is 

convenient to assume that the interface has been controlled in a way as to increase 

the DC breakdown performance. Also, as deduced from the SEM micrographs, steric 

hindrance between approaching nanoparticles may be a credible explanation of the 

breakdown effects that are seen, where improved nanoparticle dispersion are 

observed. 

 

While increasing the silane chain length using trimethoxy(octadecyl)silane is 

expected further to improve the interactions between the filler and the polymer, this 

effect is not seen in the C18-treated system. The  values of the C18-treated system 

were found to reduce in comparison with the C8-treated system – the  values for 

the C18-treated system are intermediate between the C3-treated and C8-treated 

systems. In addition, enhanced steric hindrance effect between approaching 

nanoparticles was also not seen in the C18-treated system in comparison with the C8-

treated system, as evinced from the SEM micrographs. Nevertheless, these effects 

are in line with the observed DC breakdown performance of the C18-treated system. 
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The above observations on  parameter variations and steric hindrance effects 

suggest that the enhanced crystal nucleation effect found in the C8-treated system 

with respect to the C3-treated system could not be reliably attributed to the increase 

of silane chain length. It is noteworthy that, while   values can be used to assess 

the interactions between the nanofiller and the polymer, nanofiller/nanofiller 

interactions also exist, and this may lead to various aggregation states of the 

nanofiller which would subsequently affect the nucleation process. Consequently, it 

is rather difficult to justify the nature of interactions between the nanofiller and the 

polymer based the interpretation of the  values. 

 

Meanwhile, the above observations on the DC breakdown strength of the C18-treated 

system lead to the following inference: while using long aliphatic chain silane 

coupling agent may improve the DC breakdown performance of the resulting 

nanocomposites, additional subtle and, thus far, unidentified factors may also need to 

be considered. For example, examination of the relevant chemical data sheets 

indicates that the longer chain silane comes with the compromise of having lower 

purity – the purity of the trimethoxy(propyl)silane, trimethoxy(octyl)silane and 

trimethoxy(octadecyl)silane was 97 %, 96 % and 90 %, respectively. Therefore, the 

increase of silane chain length, especially in the case of trimethoxy(octadecyl)silane, 

will probably introduce more impurities into the system. In this regard, it is 

reasonable to expect a reduced DC breakdown strength of the C18-treated system in 

comparison with the C8-treated system. This may also explain the additional space 

charge formation found in the sample bulk of the C18-treated system. 

 

Also, longer chain silanes may result in interfacial structures and properties 

becoming more variable. In an investigation by Kim and White (2002), the authors 

highlighted the possibility of long aliphatic silane chains forming “mushroom-like” 

conformations, as opposed to the brush-like shape of the short aliphatic silane chains 

(see Figure 9.12). The more random chain conformations on the nanosilica surface 

may then lead to irregularities at the interfaces of the resulting nanocomposites. In 

this regard, it is therefore reasonable to expect an optimal chain conformation that 

leads to the optimum DC breakdown strength; the C8-treated system exhibits the 

highest DC breakdown strength among all the nanocomposites. Beyond this optimal 



 

point, a re

lower DC 

 

   
 

Figure 9.12
surface hav
for short c
scale 
 

Recently, 

functional

nanocomp

produces 

experimen

the surface

nanosilica

functional

in the follo

 

Chemical 

trimethoxy

are 164.27

the degree

degrees o

treated nan

shown in

experimen

containing

431 kV m

samples co

educed DC 

breakdown

 

2: Schematic
ving (a) mush
chain propyl 

Yeung and

lisation on a

posites, and

the highest

ntal DC bre

e functional

a involves 

lisation is k

owing parag

data shee

y(propyl)sil

7 g mol-1, 2

e of filler fu

f filler fun

nosilica wo

n Figure 9

ntal DC b

g C8-treate

mm-1 and 3

ontaining 5

breakdown

n strength th

      (a) 

c representat
hroom-like s
group, as d

d Vaughan

a nanofiller

d there is a

t breakdow

akdown stre

lisation pro

a differen

kept similar 

graph. 

ets of the 

lane, trime

234.41 g mo

unctionalisat

nctionalisati

uld subsequ

9.13a. From

reakdown 

ed nanosilic

384 kV mm

wt% of nan

15

n strength i

han that of t

tion of differ
shape for lon
depicted by K

n (2012) de

r has a dram

an optimum

wn strength.

ength, a thi

ocess of the 

nt volume 

with the C

silanes sh

ethoxy(octyl

ol-1 and 374

tion in C3-t

on for the 

uently be re

m these d

strength o

ca and C1

m-1, respec

nofillers we

5 

s expected;

he C8-treat

 
 

rent chain le
ng chain octa
Kim and Wh

emonstrated

matic effect 

m degree of 

. Correlatin

ird inferenc

C8-treated 

of silane 

C3-treated sy

ow that th

l)silane an

4.67 g mol-

treated nano

case of C8

educed to 0.

degrees of 

of the resu

18-treated n

ctively, as 

ere shown fo

 the C18-tr

ed system. 

      (b)

ngth silane b
adecyl group
hite (2002). 

d that varyi

on the brea

f filler func

ng the FTIR

e arises: wh

nanosilica a

so that th

ystem? Thi

he molecul

d trimetho
-1, respectiv

osilica is op

8-treated na

701 and 0.4

f filler fun

ulting nano

nanosilica w

shown in F

or represent

reated syste

 
) 

bonded on n
p, (b) brush-li

Drawings a

ing the deg

akdown str

ctionalisatio

R spectra w

hat would h

and the C18

he degree 

is will be ad

lar weights

oxy(octadecy

vely. Assum

ptimal and u

anosilica an

438, respect

nctionalisati

ocomposite 

were found

Figure 9.13

tative purpo

em has a 

nanosilica 
ike shape 

are not to 

grees of 

rength of 

n which 

with the 

happen if 

8-treated 

of filler 

ddressed 

s of the 

yl)silane 

ming that 

unity, the 

nd C18-

tively, as 

ion, the 

sample 

d to be     

3b (only 

oses). So 

   



156 
 

if the degrees of filler functionalisation for the case of C8-treated nanosilica and 

C18-treated nanosilica are kept similar with the C3-treated nanosilica (which is equal 

to 1), the subsequent DC breakdown strength is likely to improve, as highlighted by 

the plots in red in Figure 9.13. More importantly, the DC breakdown strength of the 

nanocomposites containing C8-treated nanosilica and C18-treated nanosilica could 

even be higher than that of the unfilled polyethylene. Nevertheless, the suggested 

effects do not take into account factors such as purity and silane chain conformations, 

which would inevitably affect the DC breakdown strength, as previously discussed. 
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Figure 9.13: Plots correlating (a) the degree of filler functionalisation with (b) the 
experimental DC breakdown strength (the unfilled polyethylene serves as a reference in DC 
breakdown). The plots in red highlight the possible increase in the degree of filler 
functionalisation and its subsequent impact on the DC breakdown strength 
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9.4 Summary 

 

Surface functionalisation of nanofillers using different aliphatic chain length silane 

coupling agents does have an impact on the DC breakdown strength of the resulting 

nanocomposites, in which the use of long silane chains enhances the DC breakdown 

strength. However, to optimise the DC breakdown strength, factors such as purity, 

silane chain conformation and degree of filler functionalisation need to be carefully 

considered. For example, increasing the silane chain length will necessary involves 

reducing the degree of filler functionalisation, if the amount of silane is kept the 

same. So if the amount of silane is varied to ensure that the degree of filler 

functionalisation is kept optimal, the enhancement in DC breakdown strength is 

expected to be much more impactful. 
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Chapter 10 

 

Conclusions and Future Work 

 

“Believe those who are seeking the truth. Doubt those who find it.” 

- Andre Gide - 

 

10.1 Summary of Findings 

 

In the current work, the formulation of nanocomposites was conducted based on the 

use of a polyethylene blend (with the ratio LDPE: HDPE of 4: 1) as the polymer 

matrix and nanosilica as the nanofiller. The amount of the nanofiller used was 2 wt%, 

5 wt% and 10 wt%, and the surface chemistry was varied by the use of a 

trimethoxy(propyl)silane coupling agent. This resulted in two main different types of 

nanocomposites, i.e., nanocomposites containing untreated nanosilica and 

nanocomposites containing C3-treated nanosilica. 

 

For characterisation purposes, thermal analysis was performed as reported in    

Chapter 3. Based on non-linear Avrami analysis, the addition of nanosilica into 

polyethylene enhances the nucleation density, and this is true for both the untreated 

and C3-treated nanosilica, as evinced by the faster crystallisation process and higher 

values of crystallisation rate constant, , for both types of nanofilled polyethylene 

when compared with the unfilled polyethylene. However, nucleation effects were 

found to be stronger in the case of nanocomposites based upon the untreated 

nanofiller, despite the fact that simplistic concepts might suggest that surfaces 

containing propyl moieties would be more compatible with polyethylene than polar 

surfaces dominated by hydroxyl groups. Nevertheless, the inclusion of nanosilica, 

either untreated or C3-treated, did not lead to notable effects in the DSC melting 

traces of polyethylene; the peak melting temperatures are equivalent when subjected 

to the same isothermal crystallisation conditions. An investigation into the 

thermodynamics of crystallisation and melting indicates that both types of nanosilica 

used did not exert a significant effect on the final crystallinity of the polyethylene. 
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To validate the results obtained from thermal analysis further, morphological 

analysis was performed through the use of POM and SEM and was reported in   

Chapter 4. Both microscopy techniques confirmed that isothermal crystallisation of 

the polyethylene resulted in the development of spherulites. However, the 

incorporation of both types of nanosilica into polyethylene suppressed spherulitic 

development and thus perturbed the morphological structure of the isothermally 

crystallised material. Such effects become more pronounced with increasing amount 

of nanosilica. 

 

In terms of nanoparticle dispersion, SEM micrographs show that nanosilica is 

generally well distributed in polyethylene, but the effect of nanoparticle 

agglomeration cannot be completely avoided. As the amount of nanosilica increases, 

agglomeration becomes more and more apparent. The aggregation effect, however, 

could be reduced somewhat through the use of the trimethoxy(propyl)silane coupling 

agent. This is particularly evident on inclusion of 10 wt% of nanosilica, where the 

severe aggregation effects seen in the nanocomposite containing 10 wt% of untreated 

nanosilica were not seen in the nanocomposite containing 10 wt% of C3-treated 

nanosilica. The topological images obtained from AFM provide good morphological 

agreement with the SEM micrographs.  

 

From the dielectric spectroscopy testing reported in Chapter 5, the incorporation of 

nanosilica into polyethylene increases both the real relative permittivity and the 

dielectric loss tangent of the resulting nanocomposites when compared with the 

unfilled polyethylene, and such an effect is notable especially in the low frequency 

region. As the nanosilica content increases, the permittivity becomes higher. In the 

low frequency region, the higher dielectric loss of the nanocomposites is possibly 

associated with Maxwell-Wagner-Sillars interfacial polarisation. With surface 

treatment of nanosilica, the increase of permittivity and loss is less than that observed 

in the nanocomposites containing an equivalent amount of untreated nanosilica. This 

is attributed to the change of functional groups on the surface of the nanosilica. 

 

The subsequent study of water absorption showed that, for nanocomposites 

containing either untreated or C3-treated nanosilica, the amount of absorbed water 

increased with increasing nanosilica content. The permittivity and loss also increased 
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with water immersion duration. However, surface treatment of nanosilica reduced the 

water absorption effect and modified the subsequent dielectric response when 

compared with nanocomposites containing an equivalent amount of untreated 

nanosilica. From dielectric spectroscopy analysis, three frequency dispersion regions 

(low-frequency, intermediate-frequency and high-frequency) were considered for the 

nanocomposites containing untreated nanosilica, with broad loss peaks indicating 

various relaxation processes. In contrast, the nanocomposites containing C3-treated 

nanosilica only showed dispersion effects confined to the low frequency range. Since 

the influence of water appears quite different in the nanocomposites following 

nanosilica surface treatment, it is reasonable to deduce that the interfacial structure of 

nanocomposites containing untreated nanosilica is different from that of the 

nanocomposites containing C3-treated nanosilica. 

 

AC and DC breakdown testing were carried out and the results were reported in 

Chapter 6. It was found that the addition of nanosilica into polyethylene did not have 

a notable effect on the AC breakdown strength. This applies to both the untreated and 

C3-treated nanosilica, where the AC breakdown strength is commensurate with that 

of the unfilled polyethylene. However, severe clustering can cause the AC 

breakdown strength to be reduced significantly, as shown by nanocomposites 

containing 10 wt% of untreated nanosilica. Although the addition of nanosilica only 

shows a modest effect on AC breakdown strength of the final nanocomposites, the 

results are encouraging.  

 

Meanwhile, DC breakdown testing showed that increasing the amount of untreated 

nanosilica further reduced the DC breakdown strength of the system significantly. 

Surface treatment of nanosilica improved the DC breakdown strength in comparison 

with samples containing an equivalent amount of untreated nanosilica. While there 

could be several explanations (the particle size distribution, the morphology and the 

existence of electrical defects that promote space charge development) for the 

observed DC breakdown behaviour, the exact mechanisms that govern the DC 

breakdown behaviour are complex and difficult to justify. Although the incorporation 

of nanosilica into polyethylene reduced the DC breakdown strength, the 

improvement of DC breakdown strength brought about by nanosilica surface 



162 
 

treatment (C3-treated nanosilica) underlined the potential of engineering such 

dielectric materials to give good DC breakdown properties. 

 

In Chapter 7, the space charge behaviour of the nanocomposites was analysed based 

on the pulsed electro-acoustic technique. The investigated nanocomposites showed 

homocharge development near both electrodes, not apparent in the unfilled 

polyethylene. The space charge behaviour correlated with the DC breakdown 

behaviour of the nanocomposites; nanocomposites containing C3-treated nanosilica 

showed less homocharge development near both electrodes in comparison with 

nanocomposites containing untreated nanosilica, where the DC breakdown strength 

of the nanocomposites containing C3-treated nanosilica was higher than that of the 

nanocomposites containing untreated nanosilica. Meanwhile, the migration of charge 

observed from the space charge behaviour of the nanocomposites indicates that the 

application of an AC field may not be harmful to the investigated nanocomposite 

systems due to the polarity reversal of the AC field which may cause insignificant 

overall space charge accumulation.  

 

The absorption current measurements reported in Chapter 8 were performed to help 

analysing the breakdown data as well as the space charge behaviour of the 

nanocomposites. It was found that, at the beginning of the absorption current test, the 

rate of decrease of current for all the nanocomposites was significantly greater than 

for the unfilled polyethylene, highlighting the possibility of increased charge 

mobility in the nanocomposites. While it is certain that the absorption current will be 

affected by the nanofiller/polymer interfaces, quantitative analysis for a specific 

nanofiller/polymer combination is very limited through these absorption current 

measurements. No clear distinction can be made on the effect of nanosilica surface 

treatment as well as nanosilica loading level. Nevertheless, the observed absorption 

current characteristics did help in the analysis of the mechanisms of charge transport. 

 

Finally in Chapter 9, a systematic study with a view to understanding the 

mechanisms underpinning the concept of filler functionalisation in nanodielectrics 

was undertaken. It was demonstrated that long silane chains improved the DC 

breakdown strength of the resulting nanocomposites, and possible factors such as 

purity, silane chain conformation and degree of filler functionalisation that lead to 
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the observed breakdown performance were considered. The possible further 

enhancement of the DC breakdown strength was also highlighted, in particular in 

relation to the degree of filler functionalisation. 

 

 

10.2 Conclusions 

 

Before concluding the current work, it is worthwhile to revisit the objectives set out 

in this research: 

 

i) To formulate and characterise reproducible polymer nanocomposites for 

dielectric applications. 

ii) To investigate the effect of nanoparticles on electrical breakdown and space 

charge characteristics of polymer nanocomposites. 

iii) To investigate the role of the interface in determining the unique dielectric 

properties of polymer nanocomposites. 

 

The first objective answers the common question raised in materials research: how 

will a nanofiller affect a polymer? In this work, the use of a polyethylene blend as a 

matrix material allows the control of the underlying matrix morphology and enables 

structural changes to be readily detected. Structurally, neither nanofiller (untreated 

and C3-treated nanosilica) was found to affect the growth of lamellar crystals, 

although both promoted crystal nucleation. This observation can be linked to the 

statistically indistinguishable AC breakdown strength of the investigated materials. 

While less organised structures would be expected to lead to a lower breakdown 

strength, this does not appear to be the case for the polyethylene blends considered 

here under AC fields. The use of this blend system, however, comes with the 

compromise of having a complex lamellar texture which prevents nanometre-sized 

filler particles from being imaged. 

 

The second objective mainly addresses industrial interests: what about the use of 

nanocomposites in DC applications? In short, the DC breakdown strength of both the 

nanocomposites containing untreated and C3-treated nanosilica fell monotonically 

with increasing nanofiller loading level. The drop in strength was more pronounced 
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for the former set of systems. Meanwhile, space charge studies revealed increased 

space charge accumulation in the presence of the untreated nanofiller, suggesting that 

space charge accumulation and DC failure are related in these systems. Thus, it 

would seem that control of surface chemistry is particularly critical in connection 

with the use of nanocomposites in DC applications, since the introduction of 

localised interfacial electronic states can result in markedly inferior performance. 

Nevertheless, appropriate surface treatment of the nanosilica, as shown in this work, 

highlights the potential use of the silane coupling agent in improving the electrical 

properties of nanocomposites. 

 

In the third objective, the role of the nanocomposites’ interface was emphasised. This 

was inspired from a critical question concerning nanodielectrics research: how do 

interfaces lead to changes in dielectric properties? In this work, the use of nanosilica 

with different surface chemistries (untreated and C3-treated nanosilica) has 

demonstrated how the electrical properties of the final nanocomposite systems can be 

modified through the use of silane coupling agents. Specifically, the dielectric 

response of nanocomposites containing nanosilica with different surface chemistries 

showed how the surface treatment of nanosilica can alter the water absorption 

behaviours of the nanocomposites, especially at the interfaces. While water 

absorption may not be a technologically desirable characteristic, the results indicate 

that water molecules can act as effective dielectric probes of interfacial factors. 

 

Following a comprehensive characterisation and testing between two nanocomposite 

systems (untreated and C3-treated systems), it was found that the behaviours of the 

nanocomposites, even after surface treatment, were not comparable with that of the 

unfilled polyethylene, especially in terms of DC breakdown strength. So what is the 

promise of nanocomposites as electrical insulation materials, and how would 

interfaces, as emphasised in the third objective, play a role in this? The answer can 

be deduced from the work on surface functionalisation of nanosilica using different 

aliphatic chain length silanes. Results show that surface functionalisation of 

nanosilica using long silane chains enhances the nanocomposites’ (C8-treated and 

C18-treated systems) DC breakdown strength, albeit that factors such as purity, 

silane chain conformation and degree of filler functionalisation need to be carefully 

considered. The possible further enhancement in DC breakdown strength was also 
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highlighted. At present, few systematic studies of this area have been undertaken 

with a view to understanding the mechanisms underpinning the concept of filler 

functionalisation in nanodielectrics, and this work demonstrates a promising way to 

tailoring the properties of nanodielectrics via different silane chain lengths and 

through optimising the degree of functionalisation. 

 

 

10.3 Future Work 

 

The degree of filler functionalisation is worth studying further to understand its 

effect on nanoparticle/nanoparticle interactions and consequent agglomeration, 

nanoparticle/matrix interactions, matrix morphology and the electrical properties of 

the resulting nanocomposites. In this study, the volume of silane used was kept 

constant to ensure that the number of CH2 repeat units per unit area of interface is 

comparable in each type of nanocomposite. This strategy is, however, likely to lead 

to a reduced degree of filler functionalisation with increasing chain length. Therefore, 

varying the amount of silane to reflect changes in the molecular weight of the silane 

might be preferable in optimising the degree of filler functionalisation, which is 

expected to subsequently optimise the electrical properties. 

 

The study of space charge dynamics reported in this work considers stressing the 

sample for the typical period, i.e., 1 hour. It is recommended that space charge 

studies be performed for a much longer duration to determine the possible 

mechanism changes that may occur, which may help to explain the current rise 

behaviour in the absorption current measurements. Also, space charge dynamics of 

nanocomposites containing nanofiller with different degrees of functionalisation are 

worth investigating to determine the effect of varying the density of alkyl functional 

groups in the resulting nanocomposites. 

 

Meanwhile, the current work considers the use of nanosilica and polyethylene as the 

respective filler and matrix. It should be noted that different nanofiller/polymer 

combinations may result in different interfacial properties of the final 

nanocomposites. Under these circumstances, the underlying mechanisms determining 

the property changes may change entirely. Therefore, investigations into various 
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types of nanofiller/polymer combinations would provide invaluable knowledge 

concerning the characteristics of nanocomposites. 

 

To date, dispersion of nanoparticles in polymers is still an issue to be highlighted. 

Due to their small size, nanoparticles tend to agglomerate rather than appear as 

isolated particles when incorporated into polymers. This happens even though the 

polymers should be relatively compatible with nanoparticles. Therefore, alternative 

nanoparticle preparation techniques, such as the use of sol-gel process, are worth 

exploring with a view to minimising agglomeration effects. 

 

Finally, the current work demonstrates that a significant mass fraction of the 

nanofiller appears in the form of agglomerates in the nanocomposites and that these 

are not easily broken up even after surface functionalisation. Nevertheless, with the 

use of a different alkyl silane, significant improvements in DC breakdown 

performance can be achieved. This raises an interesting question: provided the 

interface can be appropriately managed, how small do nano-inclusions have to be to 

lead to property enhancement? This question is worth exploring since, the larger the 

particle, the less of an issue of agglomeration is likely to be.  
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Appendix A 

 

Nanocomposites Containing C18-treated Nanosilica 

 

 

A.1 Introduction 

 

In Chapter 9, several important aspects of the effect of silane chain length have been 

highlighted. In this appendix, a detailed characterisation of nanocomposites 

containing C18-treated nanosilica is presented. It should be noted that these 

properties are similar with the untreated, C3-treated and C8-treated systems and are 

therefore not discussed in length in Chapter 9. 

 

 

A.2 Results and Discussion 

 

A.2.1 Thermal Analysis 

 

From thermal analysis, C18-treated nanosilica does not exert any appreciable effect 

on the melting behaviour of the polymer. This is illustrated as in Figure A.1, where 

the melting traces are similar to those shown in Figure 3.10 at an equivalent 

isothermal crystallisation temperature. Determination of the crystallinity of the 

nanocomposites containing C18-treated nanosilica also indicates that these samples 

do not have significant difference when compared with the crystallinity of the 

samples previously reported in Table 3.5. 

 

The crystallisation rate constant,  values of the nanocomposites containing C18-

treated nanosilica under different isothermal crystallisation temperatures are shown 

in Figure A.2. Briefly, the addition of C18-treated nanosilica in polyethylene causes 

an increase in  of about 1 order of magnitude compared with the unfilled 

polyethylene. This clearly indicates the nucleation effect of nanosilica in 

polyethylene. The precise effect of the interaction between the C18-treated nanosilica 

and the polyethylene has been discussed in Chapter 9. 
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Figure A.1: DSC melting traces for nanocomposites containing C18-treated nanosilica upon 
isothermal crystallisation at (a) 111 ºC, (b) 113 ºC, (c) 115 ºC, (d) 117 ºC, (e) 119 ºC,           
(f) 121 ºC 
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Figure A.2: Plots showing the content of C18-treated nanosilica on  parameter of 
polyethylene 
 

 

A.2.2 AC Breakdown Testing 

 

Figure A.3 shows the AC breakdown strength of nanocomposites containing C18-

treated nanosilica. The introduction of 2 wt% and 5 wt% of C18-treated nanosilica 

did not significantly affect the AC breakdown strength. This observation, again, is in 

line with the AC breakdown behaviour of nanocomposites containing untreated and 

C3-treated nanosilica as reported in Chapter 6. However, at 10 wt% of C18-treated 

nanosilica loading, the AC breakdown strength is reduced slightly. This is probably 

associated with the agglomeration of C18-treated nanosilica in the final 

nanocomposites that formed.  

 

 

A.2.3 Absorption Current Measurements 

 

The plot of absorption current data shown in Figure A.4 indicates that there is no 

obvious difference when comparing this type of nanocomposite system with the 

previously investigated nanocomposite systems. Nevertheless, there is an obvious 
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trend among all the investigated nanocomposite systems – the current behaviour of 

all the nanocomposites can be interpreted based on three phases: the region 

corresponding to the initial decrease of current (Phase I), the region immediately 

following the initial reduction in slope (Phase II) and the region where the current 

rises (Phase III), not found in the case of the unfilled polyethylene. 
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Figure A.3: Weibull plots comparing the AC breakdown strength of unfilled polyethylene 
and nanocomposites containing 2 wt%, 5 wt% and 10 wt% of C18-treated nanosilica, 
crystallised isothermally at 115 ºC 
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Figure A.4: Plot of absorption current against time up to 104 s for nanocomposites containing 
C18-treated nanosilica crystallised isothermally at 115 ºC at an applied field of 40 kV mm-1. 
The effect of untreated and C3-treated nanosilica are re-shown as grey coloured background 

Sample  / kV mm-1  

Unfilled 152 ± 3 19 ± 6 

2 wt% C18-treated 155 ± 2 29 ± 9 

5 wt% C18-treated 149 ± 3 18 ± 5 

10 wt% C18-treated 139 ± 3 21 ± 6 
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A.3 Summary 

 

While successful dielectric improvement may not have been fully achieved by using 

nanocomposites containing C18-treated nanosilica, it is worthwhile to mention that 

the use of this type of nanocomposite has, at least, served to further confirm the 

thermal, morphological and electrical behaviours of the previous nanocomposite 

systems and outlined the possible future work associated with nanodielectrics, in 

particular, in relation to the nanofiller/polymer interfaces. Since no appreciable effect 

was found on the properties reported here, no similar measurements were attempted 

for the case of nanocomposites containing C8-treated nanosilica. 
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