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Abstract 

Extruded polymeric insulation material has been widely used in high voltage alternating 

current (HVAC) power transmission system for a long time. Recent years, with the 

advent of renewable energy around world, more large energy capacity, long distance 

high voltage direct current (HVDC) transmission projects were developed. The quality 

of insulation materials of HVDC cables has become the most critical issue that restricts 

the development of HVDC transmission. Cross-linked polyethylene (XLPE) has shown 

superior electrical, thermal and mechanical properties due to its special cross-linked 

structure and has become the default material for HVDC cable insulation in the last few 

decades. But today, with the increasing concern of environmental protection and 

sustainable development, traditional XLPE cables are no longer the default for future 

HVDC applications due to its limited operating temperature, non-recyclable nature and 

high energy consumption in complex production process. Therefore, new thermoplastic 

polymeric insulation materials are being developed, which are recyclable and can be 

operated under higher temperature. However, these materials still have weak points like 

space charge accumulation. The incorporation of nanoparticles has been proven to be 

an effective method to overcome these drawbacks.  

In this study, thermoplastic polymers, polyethylene (PE) and polypropylene (PP), were 

selected as the potential matrix materials to study. Nano-alumina particles with and 

without surface modification were introduced into polymers at different filling contents 
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to make nanocomposites. This thesis reports the comprehensive study on PE/nano-

alumina composite systems and PP/nano-alumina composite systems. The surface 

chemistry of nano-alumina with and without surface modification was characterized by 

thermal-gravimetric analysis and Fourier-transform infrared spectroscopy. The 

morphological structure of nanocomposite systems was analyzed by using polarized 

optical microscopy and scanning electron microscopy. Electrical properties such as DC 

breakdown strength, DC conductivity, and space charge were investigated to evaluate 

the feasibility of the proposed nanocomposite materials as future HVDC cable 

insulation. A deep understanding of the effect of nanoparticles on the dielectric 

properties of polymeric nanocomposites was achieved. After comparing the 

performance of PE nanocomposites and PP nanocomposites, PP nanocomposites 

exhibit superior electrical properties and can be considered as the future alternative to 

XLPE.  

In conclusion, the experimental results and discussion presented in this project can 

contribute to the design and manufacture of recyclable polymeric nanocomposite 

materials for future HVDC applications.   
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Chapter 1 Chapter 1 Introduction 

1.1 Project Background  

With the booming development of modern economy around the world, the demand of 

electricity is also increasing. According to the International Energy Agency, world 

electricity consumption increased from 22,310 TWh in 2000 to 26,500 TWh in 2010, 

and to 27,880 TWh in 2018. This represents an increase of 18.4% between 2000 and 

2010, and a further increase of 5.2% between 2010 and 2018. The power generation 

plants are often located in remote areas and the electricity needs to be transmitted to 

substations over long-distance before distributed to the customers. To reduce the power 

losses during power transmission, transmission systems with higher voltage are 

required. The high voltage alternating current (HVAC) and high voltage direct current 

(HVDC) transmission systems are developed to realize long-distance power 

transmission. With further development of power electronics, HVDC transmission 

systems have shown various advantages over HVAC transmission systems. First of all, 

the investment cost of the HVDC transmission system is cheaper when the transmission 

distance is over 600 km for the overhead line and 50 km for the submarine line [1]. This 

is because the conductor size of DC lines is much smaller compared with AC lines at 

the same current level. Secondly, there is no skin effect and reactive power loss for 

HVDC lines. The power losses of HVDC system are considerably lower when 

compared with HVAC system. Additionally, the HVDC could provide better 
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controllability. The voltage regulation is easy to achieve as there is no inductance in DC 

transmission system. Lastly, the corona effect, electromagnetic interference and 

acoustic noise are lower for HVDC lines [2]. On all accounts, the HVDC transmission 

system becomes more prevalent in long-distance power transmission. Polymeric 

insulation materials have been widely used for extruded HVDC cables as underground 

power transmission for decades due to their light weight, excellent electrical and 

mechanical properties, and low cost. Compared with the traditional oil-filled (OF) and 

Mass Impregnated Non-draining (MIND) HVDC cables, the extruded polymeric 

HVDC cable systems have the following advantages [3]–[6]:  

a) The conductor temperature can be raised, which make the extruded HVDC 

cable more compact under the same power rating.   

b) They are more environmentally friendly without the risk of oil leakage. 

c) Joints between cables are much simpler and more accessible. 

d) Reduced maintenance fees.  

The popular polymeric materials for HVDC cables are mainly low-density polyethylene 

(LDPE), high-density polyethylene (HDPE) and cross-linked polyethylene (XLPE). 

However, LDPE is not suitable for larger capacity power cables as the maximum 

operation temperature is limited to 70 °C. To overcome this issue, XLPE, which is 

manufacturing by crosslinking LDPE, is designed to raise the operation temperature to 

about 90 °C. At present, XLPE has been the most widely used as high voltage cable 
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insulation. With the increasing concerns of environmental issues and sustainable 

development, the concept of recyclable polymeric insulation material has been 

proposed [3], [4], [7]–[9]. Although XLPE owns excellent insulating properties, the 

unique cross-linked structure makes them difficult to be recycled. The cross-linking and 

degassing process of XLPE also increases energy consumption and exacerbates the 

harmful effects of environmental contamination. Hence, the use of thermoplastic 

polymers such as polyethylene (PE) and polypropylene (PP) as new HVDC cable 

insulation has become a hot topic both in research and industry due to their low price, 

simple manufacturing process and recyclable nature.  

However, the extruded HVDC polymeric insulation materials still have drawbacks due 

to the space charge accumulation [21]. The origin of space charge in the bulk of the 

polymeric insulation material is from the electrode injection or the ionization of the 

impurities in the dielectric. These accumulated space charge would distort the local 

electric field and accelerate insulation ageing [4], [6], [9], [10],. To improve these issues, 

inorganic nanoparticles such as graphene and zinc oxide are used to manufacture 

polymeric nanocomposite insulation materials [11], [12]and they have become 

promising insulating materials for future HVDC cables in research.      

To further improve the mechanical, thermal and electrical properties of polymeric cable   

insulation, selected nanoparticles are introduced into polymeric material to make 

polymer nanocomposite insulating material. Previous studies have shown that the 
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addition of inorganic nanoparticles such as SiO2 [3], [24], [25], MgO [13], [19], [25]–

[28] and Al2O3 [15], [18], [29]–[33] in LDPE can increase the breakdown strength and 

reduce the electrical conductivity, thermal resistivity and space charge accumulation. 

Zhou et al. reported the effect of different nanoparticles on tuning the electrical 

properties of polypropylene [18],[34]. After adding a small quantity of surfaced-treated 

MgO into PP, the space charge accumulation was dramatically suppressed and the DC 

breakdown strength was greatly enhanced. Although plenty of works have been done 

in this area, the understanding of underlying mechanisms of polymer nanocomposite 

insulating materials is still not clear yet. A better understanding of these mechanisms 

would help to design future recyclable HVDC cable insulation. In addition, although 

the addition of nanoparticles in polymeric insulation material provides an approach of 

enhancing the dielectric properties of the insulation, special attention still needs to be 

paid on the drawbacks by the presence of nanoparticles. After studying several 

nanocomposite examples based on experimental work, there is a few inconsistencies in 

the measured results. In many cases, this is likely due to poor quality control during the 

preparation of new class of material. Hence, this project was proposed to design proper 

nanocomposite sample preparation method in the lab and investigate the effect of the 

addition of nano alumina particles on the physical chemistry properties and DC 

electrical properties of PE and PP based nanocomposites. Nano alumina is a popular 

nanoparticle in nanodielectric due to its high dielectric constant, high thermal stability 

and high mechanical strength.  
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1.2 Research aim and objectives.  

The aim of this project is to evaluate the feasibility of using polyethylene/ nano-alumina 

and polypropylene/ nano-alumina as recyclable HVDC cable insulation. The evaluation 

of the proposed nanocomposites is in many ways such as physical chemistry properties, 

mechanical properties and DC electrical properties. 

To achieve this aim, the main objectives and scope of this research are as following: 

• To propose new thermoplastic polymer nanocomposites for future HVDC cable 

insulation and verify the validity of nanocomposite sample preparation method.   

Previous research mainly investigated the use of pure polymeric material as 

HVDC cable insulation. It has been proved the introduction of nanoparticles can 

effectively improve the electrical properties of polymeric insulating materials, 

which might be due to the chemical and morphological changes in 

nanocomposites. In this study, PE and PP were used as the matrix polymer. 

Nano-alumina particles with different filling contents were employed as 

nanofiller to manufacture PE nanocomposites and PP nanocomposites. 

Moreover, the silane coupling agent was used to modify the surface chemistry 

of nanoparticles. The structural changes of nanoparticles were identified with 

thermogravimetric analysis (TGA) and Fourier-transform infrared spectroscopy 

(FTIR) methods. The effect of interfacial chemistry was then studied by 

comparing the differential scanning calorimetry (DSC), scanning electron 
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microscopy (SEM) and polarized optical microscopy (POM) results of 

nanocomposites.     

 

• To investigate the effect of nanoparticles on the electrical properties of polymer 

nanocomposites.  

A large and growing body of literature has investigated that the addition of 

nanoparticles can change the electrical properties of polymer nanocomposites 

due to the special nano-structuration. Generally, the nanocomposites showed 

enhanced breakdown strength than the matrix polymer. However, reduced 

breakdown strength was also presented in many nanocomposite studies. The 

mechanism of the breakdown in nanocomposite is very complicated and not 

clear yet. In this study, the effect of nano-alumina with and without surface 

treatment on DC breakdown behaviour of polyethylene nanocomposites and 

polypropylene nanocomposites was respectively examined to explain the 

possible breakdown mechanism of the nanocomposite system. Additionally, DC 

volume conductivity and space charge behaviour of nanocomposites were also 

characterised to study the effect of different surface chemistry and filling 

content on the electrical properties. This study offers some critical insights into 

the relationship between electrical performance and the interfacial changes of 

nanocomposite materials. 
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• To explore the potential relationship between the microstructure and dielectric 

performance of polymer nanocomposite material.  

There is a large volume of published studies describing the role of the interface 

in governing the dielectric performance of nanocomposites by proposing 

different interface models. These models were reviewed and discussed in 

chapter two. In this study, polyethylene/ nano-alumina and polypropylene/ 

nano-alumina samples were prepared as potential recyclable HVDC cable 

insulation material. The morphological and dielectric behaviour of polymer 

nanocomposites containing untreated and treated nano-alumina at different 

filling content were extensively studied. The effect of surface modification and 

filling content on the microstructure of nanocomposite was discussed. Moreover, 

attempts were made to explore the underlying relationship between the 

interfacial characteristics and the DC dielectric properties in this project. 

 

1.3 Main contributions 

The main achievements of this research are listed as following: 

• The nanoparticle surface modification method and the nanocomposite sample 

preparation method were successfully developed, which guarantees the 

accuracy and validity of the measured experimental data.  

• The influence of surface modification of nanoparticles on the electrical 
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performance of polymer nanocomposites was studied. The surface modification 

of nano alumina particles by using silane coupling agent has been proven an 

effective method in improving the dispersion and distribution of nanoparticles 

in matrix polymers, which results in better dielectric performance. 

• The characterisations of the morphological and structural changes of 

nanocomposites were successfully designed and conducted to study the 

interfacial effect of nanocomposites. The introduction of nanoparticles enhances 

the nucleation effect in nanocomposites, resulting in reduced spherulite size and 

increased spherulite density. But it has limited influence on crystallinity of 

polymer nanocomposites.  

• The investigation of the effect of nanoparticles on the dielectric permittivity of 

proposed polymer nanocomposite systems was conducted. The addition of 

nano-alumina particles showed a limited influence on the dielectric response of 

polymer nanocomposites.  

• The study of the DC electrical breakdown properties of polymeric 

nanocomposite materials was performed. The results have been analysed and 

compared with pure polymer materials. Moreover, the effect of surface 

treatment and the impact of filling the content of nanoparticles on the DC 

breakdown strengths of nanocomposite samples were carefully studied. The 

probability of DC breakdown in polymer nanocomposites was successfully 

calculated with the help of Weibull statistical analysis. Sample PE/Al2O3-
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KH570 @0.5phr has 16.2% higher DC breakdown strength than unfilled PE, 

394.6 kV/mm for PE/Al2O3-KH570 @0.5phr and 339.7 kV/mm for unfilled PE. 

Sample PP/ Al2O3-KH570 @1phr has 14.4% higher DC breakdown strength 

than unfilled PP, 491.0 kV/mm for PP/ Al2O3-KH570 @1phr and 429.1 kV/mm 

for unfilled PP. Furthermore, PP/alumina nanocomposite shows higher 

breakdown strength than PE/alumina nanocomposite when they are filled with 

the equivalent amount of nano-alumina. 

• The space charge accumulation of PE/ nano-alumina nanocomposites and PP/ 

nano-alumina nanocomposites were captured by using the PEA (pulsed electro-

acoustic) method. Only homocharge accumulation was identified for all the 

nanocomposite samples. The total charge amount for PE nanocomposites is 

reduced with the filling content no more than 2 phr. While for PP 

nanocomposites, the total charge amount continuously decreases as the filling 

content is increased. The modified thermally stimulated current method was 

used to characterise the trap distribution of nanocomposites, which affects the 

space charge accumulation and development.  

• The investigations of DC conductivity of PE nanocomposites and PP 

nanocomposites were completed. The introduction of nano-alumina particles 

can reduce the DC conductivity in all the nanocomposite systems compared 

with pure polymer system. PP/ Al2O3-KH570@1 phr sample has the lowest DC 

conductivity, which is about 14 times smaller than that of unfilled PP.  
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Furthermore, the carrier mobility and electrical ageing threshold of pure 

polymer and polymer nanocomposites were calculated based on space-charge-

limited conduction theory. It has been shown that the introduction of nano-

alumina can improve the electrical ageing threshold for nanocomposites. 

• A comparison between PE nanocomposites and PP nanocomposites was made 

throughout the entire research. Results showed that PP and its composites have 

superior electrical properties over PE and its composites.    

 

1.4 The structure of this thesis 

The overall structure of this thesis takes the form of ten themed chapters. 

Chapter 1 provides the background of this research, aims and objectives of this research, 

main contributions and the structure of this thesis. 

Chapter 2 reviews the current literature associated with this research and it could be 

divided into six sections:  

• Section 2.1 is an introductive section of this chapter. 

• Section 2.2 introduces the fundamentals of polymeric materials and the basic 

properties of polyethylene and polypropylene polymers.   

• Section 2.3 begins with a brief overview of nanocomposites and then goes to 

the advantages of nanocomposite material. 

• Section 2.4 introduces four popular nanocomposite models. 
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• Section 2.5 is the reviews mainly about the breakdown in the solid insulation. 

• Section 2.6 reviews the fundamentals of space charge and its measurement 

techniques. 

Chapter 3 describes the preparation of nanocomposite samples for this study and 

introduces the experimental techniques involved in this study. 

Chapter 4 reports the physical chemistry characterizations of all proposed 

nanocomposite systems, which includes the surface chemistry study of nanoparticles 

by using TGA and FTIR, morphological observations by using POM and SEM, thermal 

analysis by using DSC and mechanical properties by using the tensile test.  

From Chapter 5 to Chapter 8, a comparison is made among four nanocomposites 

systems, i.e., PE/untreated nano-alumina, PE/KH570-treated nano-alumina, 

PP/untreated nano-alumina and PP/KH570-treated nano-alumina in the following 

aspects: 

• Dielectric spectroscopy in Chapter 5  

• DC breakdown strength in Chapter 6 

• Space charge behaviours in Chapter 7 

• DC conductivity in Chapter 8 

Chapter 9 summarizes the main findings and conclusions in this project and provides 

the suggestion for future work.    
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Chapter 2 Chapter 2 Literature Review 

2.1 Introduction 

Polymers have been widely used in many areas such as packaging, pipes, components 

for chemical industry and electrical insulation. With the widespread usage of polymeric 

materials in the electrical insulation field, many researchers and research institutions 

have raised environmental concerns. Cross-linked polyethylene is the most popular and 

widely used polymeric insulation material for HVAC and HVDC cables due to its 

excellent mechanical, thermal and electrical properties. Although it has been served as 

cable insulating material for around 60 years [6], XLPE cannot meet the requirements 

of sustainable development due to its complicated manufacturing process and hard-to-

recycle property. To address this concern, thermoplastic polymers, which can be easily 

recycled, become more popular than thermoset polymers [13]. Moreover, nanoparticles 

are introduced into polymeric material to modify its physical chemistry and electrical 

performance. 

In this chapter, the relevant chemistry and engineering background of polymer 

nanocomposite insulation materials are introduced and discussed, which helps to 

establish a basic understanding of the nanocomposite insulating material.  
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2.2 Polymeric Insulating Materials 

Based on their chemical properties, polymers can be divided into three different types: 

thermoplastic polymer, thermosetting polymer, and elastomers. Their molecular 

structure determines the chemical properties of them. The most commonly used 

polymer for electrical cables is thermoplastic and thermosetting materials due to their 

excellent insulating properties, lightweight and easy manufacture.  

Thermosetting polymers can keep their infusible state formed through a series of 

chemical reactions, including heating, ultraviolet illuminating, and catalyzing. It cannot 

be modified once cured due to the formed cross-linking bonds. On the contrary, 

thermoplastic polymers can be melted or softened by heating up to their melting point 

and solidified by dropping the temperature repeatedly. Thermoplastic materials will 

change state among crystalline, semi-crystalline and amorphous states when the 

temperature is too high or flow under high pressure. This feature makes thermoplastic 

materials suitable to be used as environmentally-friendly cable insulation. To meet the 

requirements of future recyclable HVDC cable insulation, thermoplastic polymers such 

as polyethylene and polypropylene are popular polyolefins both in research and industry. 

In 2015, Prysmian Group developed their prototype of 320 kV polypropylene 

recyclable HVDC cable. 

2.2.1 Polyethylene 

Polyethylene is one of the most popular polymer materials for electrical insulation 
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nowadays because of its low water absorption, excellent flexibility, good toughness and 

high chemical resistance [10]. Polyethylene is a semicrystalline thermoplastic polymer 

formed by the polymerization of ethene and has long linear chains in three dimensions 

without cross-links. Figure 2.1 shows its basic formula. With different manufacturing 

processes, the physical and chemical properties of polyethylene polymers are different. 

The degree of crystallinity and molecular weight of polyethylene play an essential role 

in determining material properties. The crystallinity of polyethylene is influenced by 

the size of the side chains due to its branched structure. For example, with the increasing 

degree of crystallinity, the toughness decreases. The most widely-used polyethylene 

polymers are low-density polyethylene (LDPE) with a large number of short and long 

branches, linear low-density polyethylene (LLDPE) with a considerable number of 

short branches and high-density polyethylene (HDPE) with a small number of branches, 

as shown in Figure 2.2. However, HDPE is not a common material for cable insulation 

as it is too rigid due to its high crystallinity. Compared with HDPE, LDPE has relatively 

lower crystallinity because the side branches impede the development of crystalline 

structures. It is replacing the oil-impregnated paper as cable insulation due to its higher 

electrical strength. The LLDPE has similar properties as LDPE but with higher melting 

temperature and better flexibility. It has been noticed that LLDPE is replacing LDPE as 

HV (high voltage) cable insulation in the power cable industry due to its better 

flexibility and higher resistance to environmental stress cracking [14], [15]. 
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Figure 2.1 Molecular formula of polyethylene. 

 

However, polyethylene-based power cables are not suitable for large capacity 

transmission systems as they can only work below 70 ℃ [16], [17]. To meet the 

temperature requirements for HVDC applications, cross-linked polyethylene (XLPE) 

has been developed and proved to be a reliable choice in commercial applications. It is 

normally synthesized by using LDPE and organic peroxide (typically dicumyl peroxide) 

[4], [18]. The long-time operation temperature of XLPE is up to 90 ℃. To date, cable 

manufacturers such as ABB and Prysmian have successfully invented the 500 kV XLPE 

HVDC cables. However, XLPE is a kind of thermoset material, which means it hard to 

be recycled to meet the requirement of sustainable development of modern society. 

Furthermore, by-products such as methane, acetophenone and cumyl alcohol are 

generated during the cross-linking process and they would result in the degradation of 

electrical properties. Additional degassing processes are required to reduce the by-

products during the manufacturing process. These processes are very complicated, 
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resulting in a long production time which is about at least five times longer than that of 

thermoplastic materials [10], [19], [20]. Hence, the polypropylene based polymeric 

insulation material has been proposed and studied in recent years. 

 

Figure 2.2 Molecular structure of (a) LDPE, (b) LLDPE and (c) HDPE. 

 

2.2.2 Polypropylene 

Polypropylene is the lightest plastic material with a high softening point and lower 

shrinkage, which is made by the polymerization of propylene monomer. The basic 

structure of polypropylene is shown in Figure 2.3. The general properties of 

polypropylene are listed in Table 2.1. The density of polypropylene is usually in the 

range of 0.89 – 0.91 g/cm3. The melting temperature of polypropylene is around 160 ℃, 

which shows better thermostability when comparing with polyethylene polymers. It 

also has good physical and mechanical properties, such as good abrasion resistance and 

high surface hardness. Compared with polyethylene, polypropylene has high chemical 
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resistance as it can resist many organic, alkaline and acid solvent. Furthermore, 

polypropylene owns good insulating properties.   

 

Figure 2.3 Molecular structure of polypropylene. 

 

Table 2.1 General properties of PP 

Thermo-physical properties 

Melting point, °C 160-163 

Density, g/cm3 0.89-0.91 

Thermal conductivity, W/mK 0.17-0.23 

Rockwell hardness R65-R100 

PP melt flow, g/10min 4-12 

Electrical properties 

Dielectric strength, kV/mm 23-25 

Volume resistivity, ohm·m >1014 

Dielectric constant @ 1 MHz 2.1-2.6 

Mechanical properties @23 °C 

Tensile strength, MPa  31-45 

Elongation, %  11-12 

Elongation at break 50 - 145 

Flexural modulus, MPa  1400-1800 

Notched Impact Strength, J/m 35-60 

Other properties 

Processing temperature, °C 200-280 

Water Absorption (24 hr. Immersion), % 0.01-0.03 

Continuous working temperature 90-120 
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Polypropylene could be categorized as isotactic polypropylene, syndiotactic 

polypropylene and atactic polypropylene according to the various locations of methyl 

groups in the polypropylene chain, as illustrated in Figure 2.4. The methyl groups of 

isotactic polypropylene are all located on the same side of the polypropylene backbone. 

The methyl groups of syndiotactic polypropylene are alternatively located on both sides 

of the polypropylene backbone. For atactic polypropylene, the methyl groups are 

randomly located on both sides of the polypropylene backbone. Yoshino. K et al. have 

studied the possibility of using syndiotactic polypropylene as recyclable cable 

insulation material [21]. Although it has shown excellent DC volume resistivity， 

thermal and mechanical properties, the prohibitively high cost is a crucial problem for 

its industrialization. Previous studies have proven that the melting point of isotactic 

polypropylene is about 160 ℃ and can work at 100 ℃ for long time operation [22]. It 

also has outstanding thermal stability and breakdown strength. However, the modulus 

of isotactic polypropylene is relatively high when the temperature is low [23].           
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Figure 2.4 Molecular structure of polypropylenes: (a) isotactic polypropylene; (b) 

syndiotactic polypropylene; (c) atactic polypropylene.   

 

However, the poor mechanical properties like the inherent rigidity impede the 

development and application of PP as high capacity HVDC cable insulation. Numerous 

studies have attempted to improve the mechanical properties of PP and the most reliable 

and effective method is to make polypropylene blend with other thermoplastic 

elastomers. The most commonly used polymers include ethylene propylene rubber 

(EPR), styrene-ethylene-butylene-styrene (SEBS), ethylene-propylene-diene monomer 

(EPDM) and polyolefin elastomer (POE). Hosier et al. published a paper in which they 

used propylene-ethylene copolymer and their blends as potential HVDC cable 

insulation. While all the proposed materials showed one or more desired properties, 

none of them possesses all the requirements of an ideal thermoplastic insulation system 

such as low temperature flexibility, high breakdown strength and high temperature 



45 

 

integrity [24]. Ma et al. investigated the PP/ ethylene octene copolymer blends and 

results show that improved notched impact toughness and the decreased rigidity and 

tensile strength [25]. Green et al. developed a propylene homopolymer/ propylene-

ethylene copolymer blend as thermoplastic insulation material. It has optimized 

electrical and mechanical properties when the blend is composed of 50% iPP and 50% 

copolymer [26]. Zhou et al. studied PP/POE blend as recyclable HVDC cable insulation. 

Results show the PP/POE blend can improve mechanical flexibility, good thermal 

properties and enhanced electrical properties [27]. In [28], they introduced MgO 

nanoparticles into the PP/POE blend to further improve the electrical properties, 

especially the space charge accumulation.  

 

2.3 Nanocomposite Dielectrics 

Nanotechnology was formally introduced to polymer in 1988 when a US patent was 

issued to Johnston and Markovitz [29]. They had shown that the micaceous system used 

for ground-wall insulation was improved by adding filler particles into the polymer. In 

1994, Lewis published a theoretical paper about nanodielectrics, which has been 

considered as the foundation of nanodielectric research until today [30]. He pointed out 

that the introduction of nanoparticles enhanced the electrical performance of insulation 

materials. In 1999, Henk et al. found that silica nanoparticles could enhance the voltage 

endurance of polymer insulation. They also figured that the smaller the size of the 
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nanoparticle, the higher the voltage it could withstand [31]. Then, Nelson et al., a 

US/UK team, had done the experimental trials of epoxy/ titanium oxide composites and 

published in 2002 [32]. After this, nanodielectric has become a popular and worldwide 

topic in the insulation research area. Until now, the functional requirements of 

insulation material are in high demand due to the ever-increasing voltage level of 

electricity transmission. Figure 2.5 indicates that the time-based publication activities, 

acquired from CompendexTM database, regarding terms ‘dielectric nanocomposite’ and 

‘nanodielectrics’ since 1990. It reveals that there is an explosive growth of 

nanodielectric research activities after 2002. By the end of 2022, the number of 

dielectric nanocomposite relevant publication activities is over 11200, which reflects 

the continued interest and potential for these materials in various fields of research and 

application. 
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Figure 2.5 Nanocomposite relevant publication activities. 

 

Nanocomposite materials are made by adding nano-scale particles into the insulating 

polymer material. The average size of nano fillers is within 100 nm. When the binary 

system of composites consists of nano-scale fillers and polymer, it is called 

nanocomposites. But the properties are not simply the sum of each composition. In 

general, polymer nanocomposite consists of three parts, the polymer matrix, the 

nanofillers and the interaction area between the matrix and the nanoparticles, as 

illustrated in Figure 2.6. T.J Lewis first described the relationship between the interface 

effect and special properties of nanocomposite in his published papers [30].  
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Figure 2.6 Constituents of polymer nanocomposites. 

 

The polymer nanocomposites show great advantages in increasing thermal endurance, 

improving electrical properties and extending lifetime of composite materials. The first 

commercial polymer nanocomposite was manufactured by Toyota in 1990, which was 

used in timing belt covers to enhance its thermal and mechanical performance [33]. 

Later, many published papers have proved that polymer nanocomposites have great 

potentials both in research and commercial use [15], [18], [34]–[42]. There are some 

factors that influence the dielectric performance of nanodielectric materials: 

• Particle size 

• Particle type 

• Particle concentration 

• Matrix material  

• Surface functionalization of filler 
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In general, the particle size, type and concentration play the most vital role in 

influencing the dielectric properties of nanocomposites. The surface functionalization 

and the matrix material are considered to have a secondary role and they affect the 

stability and compatibility of the nanoparticles within nanocomposite material. In the 

electrical insulation field, nanocomposite is defined as a homogeneous blend of 

insulation materials and filler particles. And the particles are always in size of a few to 

a few tens nanometers. In most published books and papers, nanocomposite and 

nanodielectric refer to polymer/ nanoparticle composite. The range of nano-scale fillers 

varies from few nanometers to several hundred nanometers. Based on different shapes, 

nanoparticles can be classified into whiskers, rod particles, spherical particles, and 

platelet particles. Nano clays, carbon nanotubes, metal oxides and metal oxides are the 

most common types of synthesis nanodielectric. Compared with microparticles, 

nanoparticles have a larger specific surface area, quantum size effect and unique 

interface between the polymer matrix and the nanoparticles, which all contribute to the 

enhancement of electrical and chemical performance [43]. Carbon black, zinc oxide, 

magnesium oxide and alumina particles have been widely employed in research to 

improve and functionalize insulation materials [11], [44]–[48]. 

Previous studies have shown the nanoparticle agglomeration has a negative impact on 

the electrical performance of polymer nanocomposite materials [48]–[56]. It has been 

reported that the agglomeration of nanoparticles resulted in the reduced breakdown 

strength and increased conductivity of polymer nanocomposites [39], [56]. Moreover, 
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the poor adhesion between the polymer matrix and the nanoparticles would cause the 

debonding of nanoparticles from the polymer matrix under mechanical stress. A large 

number of cavities could then be generated, resulting in the degradation of electrical 

properties [40], [41]. To reduce the possibility of early electrical breakdown, it is 

necessary to achieve uniform dispersion of nanoparticles within the polymer matrix and 

decrease the particle agglomeration [57]. Surface modification of nanoparticles based 

on silane chemistry has been proved to be a practical way to improve the interfacial 

adhesion and minizine nanoparticle agglomeration [11], [54], [58], [59]. Recently 

investigators have examined the effect of surface modification on the breakdown 

strength, conductivity and space charge accumulation of polymer nanocomposites 

strength [44], [47], [55], [60]–[63].  

2.4 Nanocomposite Models  

There are many different models proposed to explain the structure of nanocomposite. 

The existence of the interface, which is between the matrix material and the 

nanoparticles, is mentioned by all the models. The interface is believed to have a 

dominant impact in determining the properties of the nanocomposite. This might give 

us the reasons why the characteristics of nanocomposite change when adding 

nanoparticles. Four popular models are introduced in the following part. 

2.4.1 Intensity Model 

The intensity model of nanocomposite was proposed by Lewis in 2004 [64]. The main 
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idea of this model is that the intensity Iα for a specific material property α changes 

gradually across the interface area (usually a few nanometers). The interaction effect 

exists between atoms and molecules and their surroundings [65]. The property α would 

be either a physical or chemical property of the nanocomposite material. Figure 2.7 

shows the changing intensity over the interface ab. The most straightforward situation 

would be a concentration of a constituent in a specific system. The constituent could be 

an ion, an atomic, or an electron[66].  

 

 

Figure 2.7 The interface ab between two phases A and B defined by the intensity Iα 

of a chosen property α as it changes in passage across it [65]. 

 

Three examples are provided in Figure 2.8 to understand the intensity model. Figure 

2.8(a) describes the electron concentration at a metal-vacuum interface. Figure 2.8(b) 

shows the oxygen concentration at the surface of silicon. Figure 2.8(c) shows the 

normal electric field distribution at a metal-n-type semiconductor contact. Based on the 

examples, it can be concluded that the intensity of an appointed property will not be 
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only between the phase A and B. The intensity of the property on the interface could be 

smaller or even larger than A or B. In nanocomposites, the A phase is a nanoparticle 

surrounded by the B phase, the matrix material. The interface ab will increase when the 

size of the nanoparticle is decreased. The disadvantage of this model is that it does not 

illustrate the physical processes or changes of the interact area. However, it offers the 

visualized change of the interface property in nanocomposite system. 
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Figure 2.8 Interfacial intensities: (a) electron concentration at a metal-vacuum 

interface; (b) oxygen concentration at the silicon-air interface; (c) electric field 

distribution at a metal-n-type semi-conductor contact.  
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2.4.2 Interphase Volume Model 

Ratzke proposed the interphase volume model to explain the influence of nanoparticles 

on the improved material properties of nanocomposite for high voltage insulation [67]. 

It is based on the assumption that the interfacial region between matrix polymer and 

nanoparticles has a strong impact on the properties of nanocomposites. This model 

further explains the relationship between the interphase and the increased resistance of 

nanocomposite to the electrical discharge activities. Such electrical activities include 

electrical treeing, partial discharge and high voltage arcing. The following assumptions 

are made for the interphase volume model [67]: 

a) all the nanoparticles are spherical and have the same diameter d. 

b) all the nanoparticles are homogeneously dispersed in the matrix polymer. 

c) all the nanoparticles are enclosed in interphase with the thickness of i. 

d) the properties of the interphase are different from those of the uninfluenced 

polymer.  

 

Figure 2.9 shows the possible distribution of nanoparticles in the nanocomposite based 

on the interphase volume model. The interphase volume content could be calculated 

based on the filling content of nano-fillers and the thickness of the interphase. The 

calculation is driven from a mathematical model based on a body-centered crystal 

lattice unit cell and the thickness of the interfacial area is i [67]. Figure 2.10 shows the 

results of calculated interphase volume in a silicone/ silica nanocomposite. It can be 

concluded that the maximum volume fraction of interphase exists for high interphase 
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thickness of 20 nm and 30nm and is determined by both the size of the nanofiller and 

the interphase thickness. But, when the interphase thickness is 10 nm and the diameter 

of the particle is 30 nm and 40nm, the interphase volume continuously increases as the 

filling content is increased and no maximum value occurs even up to 10 wt%. The 

highest enhancement of the resistance to high voltage arcing and the resistance to 

tracking and erosion is also in agreement with the high interphase volume. In this model, 

the effect of the nanoparticle size on the properties of nanocomposite is well explained. 

Moreover, the saturation effect on material properties observed in nanocomposite can 

also be well presented. However, the study of the properties of the interfaces is very 

limited in this model. 

 

  

(a) (b) 

Figure 2.9 The Interphase volume model of nanocomposites (a) without overlap, (b) 

with overlap [67]. 
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Figure 2.10 Interphase content according to the Interphase Volume Model for a 

silicone matrix with SiO2 particles and interphase thicknesses i :(a) for a particle 

diameter d = 20 nm, (b) for a particle diameter d = 30 nm, (c) for a particle diameter 

d = 40 nm [67]. 
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2.4.3 Electrical Double Layer Model 

Helmholtz proposed the electrical double layer model to describe the layers formed 

between a solid phase and a liquid phase. In his model, one phase must be mobile. In 

nanocomposite, the chains of the polymer can move slightly. Thereafter, the electrical 

double layer model for nanocomposite was then developed by T.J. Lewis [30], [64], 

which could be used to understand the interphase structure between the nanoparticles 

and the matrix polymer. When the nanoparticles are attached with the matrix material, 

the nanoparticle will be charged due to the absorption of the ions from the matrix 

material or the ionization of the surface groups. Then, an opposite charge atmosphere 

will be formed in the matrix material to shield the charged nanoparticles. This model 

involves two layers, a Stern layer (inner layer) and a diffuse Gouy-Chapman layer 

(outer layer). The Stern layer is the inner region where ions are strongly bound. The 

diffuse Gouy-Chapman layer is a diffuse region where the ions have higher mobility.  

Figure 2.11 illustrates charge distribution in the diffuse electrical double layer when the 

nanoparticles are positively charged. The Stern layer consists of dipoles or adsorbed 

ions of opposite polarity and is of molecular thickness (about 1nm). It is closely 

attached to the nanoparticles due to the extremely strong electrostatic force produced 

by positively charged nanoparticles, as shown in  

Figure 2.11 (a). In the diffuse layer, both positive charges and negative charges coexist 

and they are loosely distributed in this region. The thickness of the diffuse layer is 
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inversely proportional to the conductivity of the matrix material. If the polymeris 

weakly conductivity, the thickness of the diffuse layer may be 10 nm or more [68]. The 

distribution of the resulting electrical potential across the interphase is shown in  

Figure 2.11(b). The Stern potential is defined by the ions attached by the surface 

potential of the nanoparticles and has the same polarity as the Stern layer. It should be 

noted that the extremely high charge density in Stern layer results in a sharp drop of the 

electric potential. The electrical double layer model can be used as a part of the multi-

core model, which is usually superimposed over the nanoparticles. 

 
 

Figure 2.11 Electrical double layer model produced by a positively charge 

nanoparticle (a) the charge distribution, (b) the resulting electrical potential 

distribution. 
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2.4.4 Multi-core Model 

The multi-core model, which is a simplified term of the multi-layered core model, is 

the one of most popular and recognized nanodielectric models. It was firstly proposed 

by T. Tanaka et al. to understand the various properties that the polymer nanocomposites 

display as electric insulation in 2005 [69]. Figure 2.12 shows the multi-core model for 

the specific case that a spherical inorganic nanoparticle is embedded into a matrix 

polymer. It consists of the following layers: 

1) a bonded layer (first layer). 

2) a bound layer (second layer). 

3) a loose layer (third layer). 

4) an electric double layer overlapping the above three layers. 

 

 

Figure 2.12 Multi-core model of nanocomposite (adapted from [69]). 
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The matrix material in this area is not influenced by the other layers and remains the 

same properties as the virgin matrix. The first layer is a transition layer tightly bonded 

to both the inorganic nanoparticle and the matrix polymer through chemical interaction 

such as covalent bond, ionic bond and hydrogen bond. The surface modification of 

nanoparticle by coupling agents such as silane is in this layer. The presumable thickness 

of the first layer is around 1 nm. The second layer is a bound layer consisting of a layer 

of polymer chains strongly bonded and/or interacted to the bonded layer and the 

nanoparticle. Hence, there is less freedom movement of polymer chains in this layer. 

The polymer chains or part of the chains are aligning perpendicular to the surface of 

the inorganic nanoparticle. The thickness of the second layer depends on the intensity 

of interaction between nanoparticle and matrix polymer and is between 2 and 9 nm. The 

third layer is a loose layer, which is loosely coupling and interacting with the bound 

layer due to its long distance to the nanoparticle and other layers. The chain mobility, 

chain formation, free volume and crystallinity of this layer are different from the 

polymer matrix. The thickness of the third layer can be several tens of nanometers. The 

multi-core model provides a basic physical explanation of the phenomena in 

nanocomposite, but it is too vague to predict the changes of macroscopic properties of 

nanocomposite. 

Additional coulombic interaction is superimposed when the dielectric and electric 

insulation properties are examined. When a polymer matrix has mobile charge carriers, 

the nanoparticle is charged positively or negatively. The mobile charger carriers are 
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distributed in the interface in such a way that the counter charge carriers with opposite 

polarity are diffused outward from the contact surface to the Debye shielding length. 

[69], [70]. This is the formation process of the Gouy-Chapman diffused layer. The 

charge decays exponentially with distance according to the Born approximation. Derby 

shielding length is calculated as 30 nm for example. At this moment, the model of 

nanocomposite can be regarded as a superposition of both a multi-core model and an 

electrical double layer model. It is worth noting that the Gouy-Chapman diffuse layer 

may extend over the loose layer. When it happens, a far-field effect will lead to 

collaborative effect among neighboring nanoparticles. In multi-core model with the far-

field effect, the macroscopic properties differ for materials with different thickness and 

interaction strength.  

2.5 Breakdown of Solid Dielectrics 

Solid insulation materials have been widely used in high voltage applications. Such 

materials include ceramic, insulating papers, polymeric materials and polymer 

nanocomposites. However, solid insulation material will lose its insulating properties if 

breakdown happens. The solid breakdown occurs when the applied electric field is 

sufficiently high enough that the acquired energy by the free charge carriers cannot 

entirely be dissipated by phonon-photon emission [71], [72]. The charge carrier 

emission at an electric field of varying intensity is normally through the field electron 

emission (Fowler and Nordheim emission) [71] and the field-enhanced thermionic 
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emission (Schottky emission) [72].When the applied electric field is high enough, the 

concentration of free charge carriers increases rapidly due to electron avalanche, in 

which the charge carriers collide with and ionize nearby molecules. It results in a rapid 

increase in the electrical conductivity [73]. The possibility of streamer forming and 

propagating towards the breakdown point will be increased[74].   Once the breakdown 

channel is formed and filled with gas with low relative permittivity, the local electric 

field will be increased.  

Several mechanisms have been proposed to explain the mechanism of solid breakdown 

activities. Such breakdown mechanisms include intrinsic breakdown, electro-

mechanical, thermal breakdown, breakdown due to discharges and electro-chemical 

breakdown [75]–[77]. The breakdown of solid insulating materials is usually caused by 

the combination of multiple mechanisms rather than singly voltage application. Figure 

2.13 shows the relationship between the breakdown mechanisms and the voltage-on 

time [75]. The breakdown of solid insulation can be divided into short-time breakdown 

and long-time breakdown based on the developing time of breakdown. The short-time 

breakdown strength, representing the strength of a material, is usually obtained within 

a short period of time (usually less than 10-3 s) when a testing voltage across the material 

is rising at a constant rate or in steps. The long-time breakdown reflects the partial 

discharge properties and the ageing resistance properties of a material and can be 

determined through partial discharge tests and treeing tests. The measured breakdown 

strength of long-time could be evidentially lower than the intrinsic breakdown.  
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Figure 2.13 Sketches of the relationship between breakdown strength and time-to-

breakdown for different breakdown mechanisms in solid insulation (adapted from 

[75]). 

 

The intrinsic breakdown, also named the electronic breakdown, defines the maximum 

breakdown strength of solid insulation material. It is only determined by the material 

property and can occur without other breakdown mechanisms [78]. The intrinsic 

breakdown theory for solid is developed based on the knowledge of avalanche 

processes in gases. Under a high electric field, the inherent electrons inside the 

insulating material acquire energy through collisions, causing the electronic or 

avalanche breakdown. However, the strength of this type of breakdown is hard to 

measure as a consequence of the non-homogeneous nature of solid insulating material 

and the imperfect testing environment. Experimentally, the intrinsic breakdown 
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strength can only be obtained under the best experimental conditions.   

Electromechanical breakdown occurs when the electrostatic compressive force of 

insulating material at an electric field of high intensity becomes higher than its 

mechanical compressive strength. As reported by Stark and Garton [79], the 

equilibrium between the electrostatic compressive forces and the mechanical 

compressive strength before the electromechanical breakdown appears could be 

described by: 

 ( )
2

0 r
02

ln /
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Y d d

d
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Where ε0 is the vacuum permittivity, εr is the relative permittivity of the insulating 

material, Y is the Young modulus, d0 is the initial thickness of the material and d is the 

thickness after voltage V is applied across the material. It should be noted that the 

calculated breakdown strength based on this model is higher than the real breakdown 

strength of the solid material.   

Thermal breakdown often occurs when the cumulative joule heating in a material 

cannot be effectively dissipated at a high electric field. As a result, the rapidly increased 

temperature of the material increases the conductivity of the material, resulting in 

thermal instability and breakdown. For example, the thermal breakdown temperature 

of polyethylene is around 250-350°C, while for polypropylene it is around 340-400°C.   

The discharges in the solids may appear internally or externally of material in short-

term and long-term electric tests. Internal discharges are localized discharges that occur 
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within the bulk of a solid insulation at the defects, such as voids and impurities. The 

partial discharge would then result in the accumulation of space charge and the 

development of electrical treeing, leading to the eventual breakdown. In the case of 

external discharges, the breakdown may occur outside the boundary of electrodes as the 

discharges occur in the surrounding medium of the insulating material [75]. The 

previous research has indicated that the partial discharges and space charge plays an 

important role in the long-term electrical degradation and breakdown [43], [80]–[84].  

Electrochemical breakdown of solid insulating material occurs when chemical changes 

such as oxidation, hydrolysis and other chemical actions are developed under 

continuous electric field. These chemical deteriorations increase as the temperature 

rises. Therefore, the operation of solids at high temperature should be avoided. 

The breakdown strength is one of the most vital parameters to evaluate the insulating 

properties of a material. The breakdown processes often occur in combination rather 

than singly on solid insulation. A number of studies have examined the breakdown 

performance of polymer nanocomposites [43] [55], [85], [86], but the breakdown 

mechanism of nanocomposites is still not fully clear now.  
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2.6 Space Charge  

2.6.1 Overview of Space Charge  

Space charge refers to the net charges accumulated in the bulk of insulating material at 

some point in time and is mainly from the electrode injection and ionization of 

impurities in insulating material. The developed charges would then migrate in the bulk 

of the material over time [87], [88]. The charge injection are mainly affected by the 

work function of the electrode material and the interface between the electrode and the 

testing sample [77]. Details on this will be further explained in Chapter 8. When the 

applied electric field is higher than the charge injection threshold, homo charges from 

the electrodes will be injected into the material through the interfaces. According to 

[89], [90], the space charge injection threshold for polyethylene-based materials is 

usually between 10 kV/mm and 20 kV/mm. The ionization of impurities is attributed 

to the ionization of polar groups such as additives, impurities and cross-linking 

byproducts introduced during the manufacturing process, resulting in the development 

of space charges. 

Early papers about space charge were published by Child [91] and Langmuir [92]at the 

beginning of the 20th century. Space charge plays a valuable role in affecting the 

electrical properties and lifetime of polymeric insulation, which limits the development 

of polymeric HVDC cable insulation. Such electrical properties include the breakdown, 

conduction and ageing performance [3], [93]–[96]. The phenomenon of space charge 
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packet has been firstly reported in polymeric insulation by Hozumi et al. in 1994 [97]. 

Then, it has been proved that the space charge packet effect can seriously distort the 

local electrical field, resulting in the early failure of insulation material [12], [99], [92].  

In recent years, many attempts have been made to suppress the space charge 

accumulation in polymeric insulation from two aspects: modification of the property of 

the electrode-polymer interfaces and modification of bulk polymer material. To 

suppress the charges injected from the electrode, an additional layer such as polyvinyl 

fluoride (PVF) [100] polyethylene terephthalate (PET) [101] or fluorinated ethylene 

propylene copolymer (FEP) [102], is placed between the electrode and the polymeric 

material. This is due to the high electronegativity and high dielectric constant of these 

material. Moreover, there are two main methods to modify bulk polymer material. One 

way to alter the properties of the bulk polymer is to introduce organic and inorganic 

additives or fillers into polymer [11], [103]. Another way is to blend polymer with 

another polymer [104], [105]. Among all these methods, polymer nanocomposite with 

the addition of inorganic nanoparticles has been proved to be an effective way in space 

charge suppression. It is believed that the space charge accumulation and transportation 

at the interfaces such as polymer/ nanoparticles interface and nanocomposite/ electrode 

interface affect the electrical properties and lifetime of polymer insulation. However, 

the mechanism of the interface effect on the space charge formation and accumulation 

in nanocomposite is still not clear yet. 



68 

 

2.6.2 Space Charge Measuring Techniques 

As stated above, space charge has a significant influence on the electrical properties of 

polymeric HVDC cable insulation. It is of great importance to accurately measure the 

injection, migration and dissipation processes of space charge. In the early 1970s, the 

distribution of space charge in polymers was identified by using destructive methods 

such as the dust figure method and the field probe method, which were used to study 

the space charge in the thick samples and cable sections [106], [107]. However, the 

execution and interpretation of destructive methods are very complicated. From the late 

1970s, many nondestructive methods for characterizing the space charge in dielectric 

materials were developed. These methods have been detailed reviewed and summarize 

by Ahmed and Srinivas [108]. Another important review published by Khalil [109] 

found that only some of the methods mentioned in [108] would be suitable for 

characterizing space charge in polymeric material used as HVDC cable insulation. They 

are the thermal pulse method (TP), the thermal step method (TSM), the laser intensity 

modulation method (LIMM), the pressure wave pulse method (PWP), the laser-induced 

pressure pulse method (LIPP), and the pulsed electroacoustic method (PEA). The TP, 

TSM and LIMM are categorized as thermal methods. The PWP, LIPP and PEA are 

categorized as wave propagation methods. The space charge distribution in dielectric 

samples is obtained by analyzing the current or voltage signals caused by thermal, 

mechanical or electrical disturbances. 
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The thermal pulse method was firstly developed by Collins [110]. A thermal pulse is 

applied on the metal electrode of the polymeric dielectric and the heat is then transferred 

and diffused in the sample, resulting in the small movement of space charge. The 

generated electric response is recorded as a function of time to analysis the space charge 

distribution through necessary deconvolution calculation. TP method can be used to 

capture the space charge characteristics in thin film samples and cables.  

The PWP method was proposed by Anderson and Kurtz [111]. It is based on the 

propagation of a pressure wave inside the sample. When the pressure wave travels to 

the space charges, the charges move and lead to the change of surface charge on the 

electrodes. The displacement current is then measured to acquire the charge distribution 

in the sample. 

The PEA method proposed by T. Takada [112] has become the most widely used method 

for space charge measurement in solid insulation materials as it is believed to be the 

most reliable nondestructive method for the samples at high electric fields. An external 

electrical pulse is applied to the dielectric sample, perturbing the space charge within 

the sample. The movement of the charges generates an acoustic wave, which could be 

detected by a piezoelectric transducer attached to the electrode. The acoustic signal is 

then converted into the voltage signal containing the space charge information. After 

appropriate signal processing, the space charge distribution within the sample can be 

restored. More details about the PEA technique will be described in Chapter 3 and 7.   
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2.7 Summary 

In this chapter, the general chemical structure and properties of polyethylene and 

polypropylene has been introduced. In addition, the history and fundamentals of 

nanocomposites insulation materials are also briefly reviewed and four popular 

theoretical nanocomposite models are reviewed and discussed. Based on this, it is 

concluded that the large interfacial region between nanoparticles and the base material 

plays a significant role in determining the changes of dielectric properties in 

nanocomposites. Therefore, when designing new nanocomposite insulation systems, it 

is essential to consider the dispersion of nanoparticles and how to reduce their 

agglomeration. The chapter also reviews the fundamentals of breakdown in solid 

dielectrics and space charge measurement methods, with the PEA method being a 

popular choice. Despite the advancements in improving the dielectric properties of 

nanocomposite materials, it is still unclear whether this improvement is induced by the 

nature of the nanoparticle or the surface treatment of nanoparticles. The literature 

review presented in this chapter has shown a potential link between space charge 

injection and electrical strength of nanocomposite. In this project, PE and PP 

nanocomposites with different surface conditions and filling content were prepared and 

investigated to evaluate the DC electrical performance of proposed nanocomposite 

insulation.  
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Chapter 3 Chapter 3 Material and Experimental 

Techniques  

3.1 Introduction 

Polymeric composite materials are widely used in the aviation industry, packaging 

industry and power industry. With the emphasis on environmental problems, more 

attention has been drawn to recyclable polymers. Thermoset polymer is gradually 

losing ground to the thermoplastic polymer in cable insulation as they are more difficult 

to recycle than thermoplastics due to their cross-linked molecular structure [9] [14] [99].  

In this chapter, materials employed for this study are introduced. Moreover, the surface 

modification method for nanoparticles and sample manufacturing method is described. 

To ensure the quality and reproducibility of the testing results, how the samples are 

prepared should be well controlled. The quality of the sample might be affected by 

many factors such as moulding pressure, mixing time and mixing temperature. As there 

is no standard method in the literature, some trials have been made. The challenges that 

occurred during the sample preparation are also discussed. The manufacture of 

nanocomposite samples is introduced. Also, the surface modification of nanoparticles 

is described. The nanocomposite material is prepared using the melt-blending method 

and then the thin film samples used for testing are made by the hot pressing method. In 

the end, chemical, mechanical and electrical testing set-ups for nanocomposite material 

characterization are introduced.       
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3.2 Materials 

3.2.1 Materials for this study 

The polymers employed as the base material in this study were polyethylene and 

polypropylene. The additive-free linear low-density polyethylene (LLDPELL4004EL) 

pellets, with a melt flow of 3.6 g/10 min, a density of 0.924 g/cm3 and a melting point 

of 122 °C, were purchased from ExxonMobil, referred to as PE in this study. The 

polypropylene (PP5722E1) pellets, with a melt flow of 4 g/10min and a density of 0.900 

g /cm3, were also obtained from ExxonMobil, referred to as PP in this study.  

The nano alumina particles owns high dielectric constant, high thermal stability and 

high mechanical strength, which make it a popular nanoparticle material in 

nanodielectric applications. In addition, it can also achieve good dispersion within 

polymer matrices, which results in improved electrical and mechanical properties of the 

resulting nanocomposites[113]. The use of nano-alumina as filler to improve the 

electrical properties in nanodielectric has been reported by many researchers in recent 

years [11], [46], [50], [114]–[117]. The nanoparticle used in this study is alumina (Al2O3) 

nanopowder (A119402), obtained from Aladdin Industrial Inc., China with a quoted 

average diameter of 30 ±10 nm. The size distribution was not measured in the lab before 

this study. It is referred to as unmodified/untreated nano-alumina in this study.  

To conduct surface treatment for nanoparticles, γ-methacryloxypropyltrimethoxysilane 

(KH570), purchased from Sinopharm Chemical Reagent Co. Ltd, was used to modify 
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the surface of nano-alumina particles. The methoxy groups of the KH570 hydrolyse to 

hydroxyl groups (silanol) that can condense with the hydroxyl groups on the surface of 

nano-alumina particles to form covalent bonds. Then the KH570 coupling agent wraps 

up the nano-alumina particles and a monomolecular layer is formed outside the surface 

of the nanoparticles. The chemical structure of KH570 is shown in Figure 3.1(a). The 

nanofiller is referred to as pure nano-Al2O3. The nanoparticles with surface 

modification are referred to as KH570-Al2O3 in this thesis. The xylene solution in 

chemically pure grade was also purchased from Aladdin Industrial Inc. The procedures 

of nanocomposite thin film preparation are shown in Figure 3.2 and the details of each 

step are described in the following sections. 

 

 

Figure 3.1 Chemical structure of KH570 silane coupling agent. 
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Figure 3.2 Procedures of nanocomposite sample preparation. 

 

3.2.2 Surface Treatment of Nano-alumina 

The surface treatment of nano-Al2O3 particles was completed with the help of silane 

coupling agents. After a few trials in the laboratory and reference to published works 

[41], [47], [59], [62], the formula and production procedures of nanocomposites used 

in this project are determined. The procedures of nanocomposite thin film preparation 

are shown in Figure 3.2 and Figure 3.4 shows the reactions between KH570 silane 

coupling agent and nano-alumina particle. 10 g of nano-alumina particles was firstly 

weighed by using an electronic scale and then was dried in a vacuum oven at 100 °C 

for 24 hours. Then the nanoparticles were put into a beaker and 100 ml xylene solution 

was added as well. The next step was stirring the mixture by ultrasonic mixing for 60 

minutes to disperse the nanoparticles in the solution evenly. After that, the mixture was 
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transferred into a three-neck flask, which was connected with a mechanical stirrer and 

a condenser, before 10 ml of KH570 coupling agent was added. A condenser was 

connected with water cooling equipment to cool the evaporated mixture. Then another 

150 ml xylene and weighted coupling agent were slowly added into the flask. The 

mixture was refluxed in an oil bath at 80 °C for 12 hours with the mechanical stirrer 

was set at 60 rpm. Prior to centrifugation at 6000 rpm for 6 min, the resulting mixture 

was equally divided into 13-14 test tubes. After removing the supernatant, each test tube 

was filled with pure xylene to conduct double centrifugation to remove the extra 

coupling agent. Lastly, precipitation was collected and placed in the vacuum oven at 

80 °C until dried. The dry modified nanoparticle powder was then ground, labeled and 

stored in new test tubes. Figure 3.3 shows the resultant nanoparticle powders. 

 

Figure 3.3 Nanoparticle powders with and without surface modification. 
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Figure 3.4 Schematic of the reactions between the KH570 silane coupling agent and 

the nano-alumina particle. 

 

3.2.3 Mixing and casting of nanocomposites.  

In this study, both PE and PP nanocomposite samples were manufactured by using the 

melt-blending method. At the very beginning of the experimental work, a PRISM 

extruder from the Pure & Applied Chemistry Department, University of Strathclyde, 

was employed to make the composite in the form of an extruded lace. The amount of 

the coupling agent to be added is expressed in parts per hundred resin/rubber (phr). Phr 

provides the quality of additives per 100 units of the matrix polymer. In this study, 1 

phr means 1 unit of nano-alumina particles is added into 100 units of the matrix polymer. 

For example, to make PE/ nano-Al2O3@1phr composite 100 g PE powder/granules and 

1 g nano-alumina powder were gradually added into the extruder chamber. The virgin 

PE was in powder as we thought the nanoparticles could achieve a better distribution 
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in powder rather than in granules.  

The next step was to cut the composite wires into small granules and press the granules 

into thin film samples using a hot-pressing machine. To control the thickness of thin 

film samples, which is different for different tests, a 10 cm × 10 cm three-layer stainless 

steel mould set, shown in Figure 3.5, was made by the departmental mechanical 

workshop. Middle layers with varying thicknesses were used to control nanocomposite 

film samples with required specifications.  

 

 

Figure 3.5 Design of three-layer thin film mould. 

 

To prevent the sample from sticking to the mould, two thin foil films were placed on 

both sides of the middle layer. The final products are shown in Figure 3.6. Unfortunately, 

the quality of the first few batches of samples was proven to be poor. There were few 

problems raised under the current laboratory condition. Firstly, it was hard to separate 

Middle layer Bottom layer 

Top layer 
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the foil film from the sample surface area, which will make the sample partly 

conductive. Secondly, the hot press machine in this laboratory was a manual-controlled 

one which was hard to maintain the pressure added on the mould and degassing the 

sample. Thirdly, as the extruder was lack of maintenance, the high operating 

temperature would result in an extra burden for the whole extruding system and often 

led to the breakdown of the extrusion machine. Lastly, the dispersion state of 

nanoparticles within the base material was poor. The agglomeration can be found 

macroscopically. 

 

 

To improve the quality of the testing samples, a visiting researcher arrangement was 

made with Professor Jinliang He of the High Voltage Laboratory, Tsinghua University, 

Beijing, China, to continue the experimental investigation there. Unlike the previous 

situation, a HAPRO RM-200C torque rheometer was used to mix the composites. The 

speed ratio of two rollers in the mixing chamber was set as 1: 1.25, as shown in Figure 

 

Figure 3.6 Thin film samples produced by using a press machine. 



79 

 

3.7. Prior to the melt-blending, virgin PE granules, untreated nano-alumina and 

surfaced-treated nano-alumina were dried in a vacuum oven at 100 °C for 12 hours. The 

rotation speed of the RM-200C torque rheometer was set at 60 rpm. The melt-blending 

for PE nanocomposites was conducted at 170 ℃. All different kinds of samples were 

listed in Table 3.1 below. As for PP and its composites, the melt-blending temperature 

was set at 190 ℃ [118]. Pure PE granules were processed at the same condition without 

any additive as the reference batch. 

 

 

 

Figure 3.7 Speed setting for torque rheometer. 
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Table 3.1 Nanocomposite samples. 

Name Matrix (g) Nano-Al2O3

（g） 

Silane Coupling 

Agent 

PE 50 0 None 

PE/Al2O3 Pure@0.5phr 50 0.25 None 

PE /Al2O3-Pure@1phr 50 0.5 None 

PE /Al2O3-Pure@2phr 50 1 None 

PE /Al2O3-Pure@5phr 50 2.5 None 

PE/Al2O3-KH570@0.5phr 50 0.25 KH570 

PE/Al2O3-KH570@1phr 50 0.5 KH570 

PE/Al2O3-KH570@2phr 50 1 KH570 

PE/Al2O3-KH570@5phr 50 2.5 KH570 

PP 50 0 None 

PP /Al2O3-Pure@0.5phr 50 2.5 None 

PP /Al2O3-Pure@1phr 50 0.15 None 

PP /Al2O3-Pure@2phr 50 0.25 None 

PP /Al2O3-Pure@5phr 50 0.35 None 

PP /Al2O3-KH570@0.5phr 50 0.25 KH570 

PP /Al2O3-KH570@1phr 50 0.5 KH570 

PP /Al2O3-KH570@2phr 50 1 KH570 

PP /Al2O3-KH570@5phr 50 2.5 KH570 

 

The next step was to press the composite granules into thin film samples with a 

thickness of 100 m, 200 m, 500 m and 1 mm by compression moulding under 15 

MPa at 200 ℃. Polyimide (PI) film was used instead of foil film between the middle 

layer and the other layers in the three-layered mould due to its high temperature 
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resistance. The films were then annealed to room temperature by circulating water 

while the compression mould was still maintained at a pressure of 15 MPa. Finally, all 

the samples were labeled and stored in a dry and clean place. Before each test, the film 

samples were put in a vacuum oven at 100 ℃ for 12 hours to remove the moisture from 

the sample surface. The final products were displayed in Figure 3.8. Reference samples 

and PP/nano-alumina composite samples were manufactured in the same way as PE 

composite sample. The morphology and physical chemistry study of nanocomposite 

samples will be discussed in Chapter 4. 

 

 

Figure 3.8 The thin film nanocomposite samples produced using the melt-blending 

method. 
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3.3 Experimental Techniques 

3.3.1 Thermal-gravimetric Analysis 

TGA is employed to measure the mass changes of samples during heating by using a 

TA Q500 instrument, TA Instruments, USA. The nanoparticle samples are pretreated in 

a vacuum oven at 100 ℃for 12 h to remove the moisture content before test. 5 mg of 

nano-powder is placed in a weighting plate and then is heated with a heating rate of 

10 ℃/min until 800 ℃ under the atmosphere of nitrogen. The change of mass is 

recorded along with time. In this study, untreated nano-Al2O3 and KH570-treated nano-

Al2O3 are tested separately to study the effect of surface modification on nano-alumina.  

3.3.2 Fourier-transform Infrared Spectroscopy 

Until today, infrared spectroscopy is still a popular technique in polymer science. When 

infrared radiation is injected into a sample, some of the radiation that corresponds to its 

vibration frequency will be absorbed by the tested sample, while the others will be 

transmitted. As a result, the relationship between infrared radiation absorption and the 

frequency of infrared photons is acquired by the infrared spectrometer, which can 

produce an infrared spectrum. Usually, the whole spectrum covers a range between 10 

cm−1 and 12820 cm−1. It could be divided into three regions according to their 

relationship with visible spectrum: near-, mid- and far-infrared, which is covering about 

14000–4000 cm−1, 4000–400 cm−1 and 400–10 cm−1 respectively. From the obtained 

spectrum, molecules in the tested sample will be identified by matching the absorption 
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frequency/wavelength to those already known in the database. 

In order to study the effect of surface treatment on the chemical structure of nano-

alumina particles, FTIR technique is used to study the vibrational response of molecules. 

In this research, the testing equipment is Thermo Fisher Nicolet iS10, USA. The sample 

used in this research is nanoparticle powders. Spectrum data of pure nano-Al2O3 and 

KH570-treated nano-Al2O3 powder are obtained over the range from 400 cm-1 to 4000 

cm-1 with a resolution of 2 cm-1. 

3.3.3 Differential Scanning Calorimetry 

Differential scanning calorimetry test is conducted by a TA Q2000 instrument to 

identify the thermal behavior of the samples through measure the difference of heat 

flow between reference sample and testing sample over time. Then, the change of 

enthalpy can be calculated based on the measurement.  

For each individual test, a 4-5 mg weighted nanocomposite sample is prepared and 

enclosed in a set of aluminum pan. The device should be warmed up at least 40 min 

prior to any test and the whole test should be done under a nitrogen atmosphere. The 

non-isothermal melt-crystallization testing procedures of polymer are shown in Figure 

3.9. The purpose of removing thermal history is to eliminate the ordered structure of 

the sample and minimize the effect of the external environment on its melting and 

crystallization behavior. After the test, crystallinity and melting enthalpy are calculated 

based on the recorded curves. Both PE and PP are semicrystalline polymers, so they 
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have a combination of crystalline region and amorphous region. The crystalline 

characteristic of polymers may affect their mechanical properties, space charge 

dynamics and breakdown behavior.  

 

Figure 3.9 Procedures of DSC test for PE and PP. 

 

3.3.4 Polarized Optical Microscopy 

Polarized optical microscopy is widely selected in investigating the crystal morphology 

of the material. In this study, a Nikon Eclipse LV100 NPOL microscope equipped with 

a Linkam LTS420 hot stage is used. In the beginning, the light is injected through the 

polarizer and it becomes plane polarized light. Then it reaches the sample and generates 

two wave components at a right angle to each other. On the other side of the sample, 

when an analyzer with constructive and destructive interference receives these two 

waves with different phases, extinction occurs and the unique black cross pattern of 
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spherulites, called Maltase cross, appears. The hot stage is employed to complete the 

isothermal crystallization of the polymeric sample. The sample preparation method for 

the POM test is shown in Figure 3.10. The experimental procedures for PP 

nanocomposites are detailed in Figure 3.11. For PE nanocomposite samples, the 

procedures are the same except the crystallization temperature was set at 110 °C. 

  

 

 

 

Figure 3.10 Samples for POM test. 
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Figure 3.11 Procedures of POM observation of PP nanocomposite sample. 

 

3.3.5 Scanning Electron Microscopy 

To study the morphology of the sample and distribution of nanoparticles within base 

material, a Hitachi SU8010 scanning electron microscopy instrument was employed. A 

10 kV accelerated voltage was used. Before observation, the sample with 1 mm 

thickness was put in liquid nitrogen before broke off. Then the fractured cross-sections 

were sputtered with gold to avoid charge accumulation under high voltage. To 

conducting the gold coating, an ETD-2000M coating machine connected with a vacuum 

pump was used. The coating process lasted for 60 seconds at 40 mA for each sample. 
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3.3.6 Dielectric spectroscopy 

The dielectric performance was evaluated by using a Novolcontrol GmbH Concept 40 

broadband dielectric system equipped with an Alpha-A high-performance frequency 

analyser, Germany. Figure 3.12 shows a simplified circuit schematic for dielectric 

spectroscopy measurement and the structure of the sample holder is shown in Figure 

3.13. The sample with a thickness of 100 ± 10 μm is cut into 5 cm × 5 cm square sheet. 

Before testing, round gold electrodes with a diameter of 2 cm are sputtered on both 

sides of the film sample to guarantee good conduction between the sample and 

electrodes. The sample is then placed between a pair of 20 mm electrodes and applied 

with a 1 V AC voltage. The measurement is made over a wide frequency range from 

10-1 Hz to 106 Hz at 30 °C. For each kind of sample, tests are repeated three times to 

calculate its permittivity and loss tangent. 

 

Figure 3.12 Schematics of the dielectric spectroscopy system. 
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Figure 3.13 Structure of the sample holder for dielectric spectroscopy. 

 

3.3.7 Electrical Breakdown Test 

In this study, only DC breakdown strength is carried out for all the nanocomposites. 

The samples are synthesis using the same method that was detailed for the dielectric 

spectroscopy test. The whole test is designed according to IEC 60243 and the schematic 

setup of DC breakdown test is shown in Figure 3.14. A dielectric strength tester (Z-VI, 

Suzhou Industrial Park HaiWo Technology Co., LTD. China) is used as DC power 

supply and a pair of 10 mm stainless steel balls is employed as electrodes. The film 

sample is placed between electrodes and immersed in silicone oil to avoid flashover. 

The whole test is conducted at room temperature and the testing voltage is raising with 

a rate of 1 kV/s. For each sample, 20 points are examined and data are recorded for 

further analysis. 
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Figure 3.14 Schematics of the DC breakdown test system. 

 

3.3.8 DC Electrical conductivity Measurement 

The leakage current of samples is measured by a Keithley 2635B electrometer with a 

standard three-electrode system, as shown in Figure 3.15. The guard electrode is used 

to is to keep the surface current from passing through the measuring instrument and to 

make the electric field under the measuring electrode evenly distributed. The thickness 

of the thin film testing sample is about 100 μm and both sides of the sample are 

sputtered with gold for conduction. Before each test, the sample is short-circuited in the 

vacuum oven at 80 °C for 24 hr to remove internal charges and absorbed moisture. The 

electrodes are fixed in an oven so that the testing temperature is preciously controlled 

within ± 1 °C. The DC voltage is supplied by a Keithley 2290-10 power source to 

provide a stepped electric field from 5 kV/mm to 60 kV/mm with a step of 5 kV/mm. 

At each electric field, the current is measured as a function of time. For each kind of 
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sample, three specimens are tested and only one typical result from each group of 

samples was selected for conductivity calculation.  

 

 

Figure 3.15 Schematics of the leakage current measurement system. 

 

3.3.9 Thermally Stimulated Current Measurement 

To study the trap information of nanocomposites, thermally stimulated depolarization 

current (TSDC) method [119] is employed. The schematics of the TSDC measurement 

system are shown in Figure 3.16. The temperature control system of this test is realised 

by using the Novocontrol Concept 40 system and the current measurement is conducted 

by using a Keithley 6517B electrometer. The requirement for samples used for the 

TSDC test is the same as dielectric spectroscopy. The process of the whole TSDC test 

is shown in Figure 3.17. The test temperature range for PE nanocomposites is from -

80 °C to 80 °C and it is from -80 °C to 100 °C for PP nanocomposites. 
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Figure 3.16 Schematics of TSDC measurement system. 

 

 
Figure 3.17 Procedures of TSDC test for PE nanocomposites 

. 

 

3.3.10 Space charge Measurement 

The space charge behaviour is studied by using the pulsed electro-acoustic method. 

Figure 3.18 schematically displays the PEA system, which includes a PEA test unit, a 

PC unit, a temperature controller, a voltage amplifier, a waveform generator, an impulse 
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generator and an oscilloscope. A 500-pF capacitor sealed by epoxy resin with high 

temperature resistance is used as part of the upper electrode of the PEA unit and it can 

withstand 30 kV voltage at 150 °C. The waveform generator is Tektronix 3000C. The 

impulse generator is AVTECH AVG-4B-C, Canada. An 800 V impulse signal with 6 ns 

width and 10 kHz frequency is generated and then transmitted to the sample. The 

oscilloscope is Lecroy WaveRunner 610Zi with a 1 GHz bandwidth and 2.5 GHz 

sampling rate. The transducer in this test is a 9 μm Polyvinylidene fluoride (PVDF) 

piezoelectric film connected with a Metiq 1291 signal amplifier. Ahead of each test, 

film samples are electrically short-circuited at 100 °C for 12 h. Then film sample is 

placed between HV electrodes and silicone oil is added between the electrodes and the 

sample to guarantee good acoustic conduction. The sample is polarized under a DC 

electric field of 40 kV/mm for 30 mins at 30 °C to collect the space charge accumulation 

data. The external voltage is then removed to achieve short-circuits state for 10 mins to 

measure the charge decay dynamics during depolarization. The recorded data is then 

processed by calibration and deconvolution techniques in LabView to obtain the 

original space charge signal. 
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Figure 3.18 Design of the PEA measurement system. 

 

3.3.11 Mechanical Strength Test 

The tensile experiment is performed by using a CMT4000 universal testing machine 

made by MTS Systems Co., Ltd. The dumbbell shape samples with 1 mm thickness are 

prepared, as shown in Figure 3.19. A fixed stretching speed of 150 mm/min at room 

temperature is applied to each samples to acquire the stress-strain curve according to 

ASTM D638. Three tests are repeated for each kind of nanocomposite system to obtain 

the average value of elongation at break and tensile modulus. 
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Figure 3.19 Dumbbell sheet sample for tensile test. 
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Chapter 4 Chapter 4 Physical Chemistry 

Characterization 

4.1 Introduction 

In the last chapter, nano-Al2O3 particles with an average size of 30 nm were added into 

PE and PP respectively by the melt-blending method. KH570 silane coupling agent was 

employed to conduct the surface modification for nanoparticles to improve the 

compatibility between the inorganic fillers and matrix material. The filling content of 

nano-alumina in nanocomposites was up to 5 phr. Morphology and chemical structure 

play important roles in influencing the properties of polymers such as optical, 

mechanical and electrical properties. It is determined by the compatibility between 

particles and matrix material. The nanoparticles have high surface free energy and they 

are usually present as agglomerated clusters rather than monodispersed particles in 

composite systems as reported by [120], [121]. To improve the compatibility between 

nanoparticles and matrix material, nano-alumina particles were modified with silane 

coupling agents before mixing with the PE or PP. 

In this chapter, validation of surface modification of nanoparticles is characterized by 

using TGA and FTIR spectroscope. The thermal analysis of polymer nanocomposites 

is conducted by using DSC. To illustrate the structural and morphological of 

nanocomposites, POM is used to reveal the isothermal crystallization process and SEM 

is employed to observe the morphology of nanocomposites. At the end of this chapter, 



96 

 

the mechanical properties of nanocomposites are profiled. 

4.2 Results and Discussion 

4.2.1 Thermal-gravimetric Analysis 

The aim of the TGA test is to determine the thermal degradation behavior of both 

unmodified and KH570-modified nano-alumina particles. The measurement was 

completed by the TA Q500 thermal-gravimetric analyzer and the testing procedure was 

presented in Chapter 3. The TGA curves are shown in Figure 4.1 and they confirm the 

KH570 silane coupling agent is successfully grafted onto the surface of nano-alumina 

particles. The solid lines (TGA curves) provide the mass changes varying with 

temperature and the dash lines (Derivative-TGA curves) describe the rate of sample 

mass changes upon heating. Compared with the virgin alumina sample, there is a higher 

mass loss for the KH570-treated sample. For the as-received nano-Al2O3 sample, the 

total mass loss is about 2 %, which mainly occurs below 160 ℃. It is believed to be the 

evaporation of absorbed moisture. But for the KH570-modified sample, below 160 ℃, 

the mass loss of it is less than 1 %. This is credited to the KH570 coupling agent, which 

makes the surface of the nanoparticle hydrophobic. A new 6% mass loss peak is shown 

between 160 ℃ and 600 ℃, which is caused by the pyrolysis of KH570 coupling agents. 

In addition, for both samples, the weight loss between 200 ℃ and 350 ℃ is likely to be 

the decomposition of some unwanted impurities. It can be considered to be negligible 

as the total amount of mass loss is limited. According to the TGA results, the mass of 
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introduced KH570 is about 6% of total KH570 treated nano alumina sample. The molar 

mass of alumina is approximately 101.96 g/mol and the molar mass of KH570 is 

approximately 292.44 g/mol. With calculation for the number of moles, the ratio of 

number of moles between alumina and KH570 is about 4, which suggests the nano 

alumina particles might agglomerate together rather than singly dispersed. In 

conclusion, TGA results demonstrate the KH570 was successfully attached to the nano-

alumina particles.   

 

Figure 4.1 TGA Results 

 

4.2.2 Fourier-transform Infrared Spectroscopy 

FTIR spectroscopy is used to identify the chemical structural change of Al2O3 
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nanoparticles before and after the surface modification by KH570. The obtained typical 

spectra in the range between 400 cm-1 and 4000 cm-1 are shown in Figure 4.2. These 

traces have been vertically offset for clarity of presentation. Many new absorption peaks 

are found on the spectrum of KH570-modified nano-alumina as compared with 

untreated nano-alumina particles. The new absorption peak at 2950 cm-1 represents the 

carbon-hydrogen, C-H, bonds. The peaks at 2920 cm-1 and 2850 cm-1 are the distinctive 

stretching and bending bonds of the -CH2- bond. Another characteristic is the C=O 

stretching peak of the KH570 silane coupling agent that is located at 1718 cm-1. The 

peak at 1640 cm-1 is assigned to the nonconjugated C=C stretching vibrations of the 

KH570 structure. The peaks found at 1443 cm-1, 1390 cm-1 and 1080 cm-1 imply that 

the existence of the Si-O-CH2CH3 bond. In addition, for both spectra, the peaks at about 

920 cm-1 are the typical stretching vibrations of the Al-O bond and the broad absorption 

band at 3500 cm-1 is attributed to the stretching vibrations of the -OH group on the 

surface of nano-alumina particles. All the new peaks identified on the KH570-Al2O3 

spectrum indicate that the success of surface modification for nano-Al2O3 particles by 

the KH570 coupling agent.  
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Figure 4.2 FTIR results 

 

4.2.3 Polarized Optical Microscopy 

The typical evolution of spherulites is illustrated in Figure 4.3. In the beginning, the 

nuclei firstly appear at multiple locations and then they grow up at a constant rate in 

space under the isothermally crystallized process. The process stops when spherulites 

impinge on each other and then take up the whole space. POM is used to study the 

crystalline morphology of polymer composite material. 
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Figure 4.3 The typical formation and growth of nuclei in the polymer. 

 

The POM images of virgin PE and Virgin PP are shown in Figure 4.4. As the spherulite 

size of PE is smaller than the resolution of the optical microscope, the boundaries of 

spherulites are blurry. The size of PE spherulite is less than 10 μm. For crystalline 

polymer material, the break often starts from the interphase area of lamellar crystals. 

Compared with PE, PP has a larger spherulite size, which makes it easy to crack.  

  

 

Figure 4.4 POM results of (a) virgin PE and (b) virgin PP. 

 

（a） （b） 
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Previous studies have proven that nanoparticles often work as nucleating agents within 

the composite system during crystallization [55]. The POM image of the virgin PE 

sample is showed in Figure 4.4(a). It is hard to identify a single PE spherulite as its 

spherulite size is smaller than the resolution of the used optical microscopy. The POM 

images of PE nanocomposite are shown in Figure 4.5. It is hard to observe the spherulite 

structure and the results are assured by qualitative observation. The crystallization 

region is spotted as the blue and yellow regions. The morphology of the crystallised 

systems are perturbed by the introduction of nano-alumina particles. This is evident in 

Figure 4.5(a) and Figure 4.5(b), which illustrates the PE nanocomposite system 

containing 1 phr of untreated nano-alumina and PE nanocomposite system containing 

1 phr of KH570-treated nano-alumina, respectively. The addition of both untreated and 

KH570-treated nano-alumina particles results in similar morphologies Compared with 

virgin PE, introduction of nano-alumina in PE nanocomposites results in the increment 

of the total number of spherulites and the reduction of spherulite size, as shown in 

Figure 4.5. By comparing the PE nanocomposites containing 1 phr, 2 phr and 5 phr of 

KH570-treated nano-alumina in Figure 4.5, the sample containing 1 phr nano-alumina 

has larger spherulite size and no obvious distinction can be made between the samples 

containing 2 phr and 5phr nano-alumina due to the limitation of optical microscopy.  
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Figure 4.5 POM images of PE nanocomposites containing untreated nano-alumina 

of (a) 1phr, (c) 2phr, (e) 5phr and PE nanocomposites containing KH570-treated 

nano-alumina of (b) 1phr, (d) 2phr, (f) 5phr. 
 

The polarized optical images of virgin PP, PP nanocomposites containing untreated 

nano-alumina, and PP nanocomposites containing KH570-treated nano-alumina are 

shown in Figure 4.6, Figure 4.7 and Figure 4.8, respectively. All the tested samples 

show typical spherulite structure and their spherulite size is calculated by using Nano 

Measure software. The spherulites of virgin PP have clear boundaries and the average 

size is about 220.1 μm. After introducing the nano-Al2O3 particles, the spherulite size 
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significantly decreases and the spherulite number increases for all the PP composite 

samples. This phenomenon can be attributed to the hindrance effect of nucleation when 

nano-alumina particles are introduced. The average spherulite size of PP/ Al2O3-

Pure@1phr, PP/ Al2O3-Pure@2phr and PP/ Al2O3-Pure@5phr is 126.0, 140.0 and 118.0 

μm, respectively. There is not much difference between these results. It is probably 

because the poor distribution of nanoparticles at high filling content weakens the 

nucleating effect during the crystallization process. But for nanocomposite samples 

containing KH570-treated nano-alumina particles, the average spherulite size of PP/ 

Al2O3-KH570@1phr, PP/ Al2O3-KH570@2phr and PP/ Al2O3-KH570@5phr is 90.0, 

70.7 and 39.7 μm respectively. The average size of spherulite further decreases and the 

total spherulite number increases when more surfaced-modified nanoparticles are 

added. Meanwhile, the boundaries between spherulites become blurry. Similar results 

are reported in [42], [118]. It is believed that the change of crystallinity characteristics 

plays an important role in influencing the trap distribution of nanocomposite material, 

which will be discussed in the other chapter. 

 

Figure 4.6 POM image and the spherulite statistics of virgin PP. 
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Figure 4.7 POM images and the spherulite statistics of PP nanocomposites 

containing untreated nano-alumina of (a) 1phr, (b) 2phr, (c) 5phr.  
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Figure 4.8 POM images and the spherulite statistics of PP nanocomposites containing 

KH570-treated nano-alumina of (a) 1phr, (b) 2phr, (c) 5phr. 

 

4.2.4 Scanning Electron Microscopy 

Before discussing the physical and chemical properties of nanocomposite material, 

some work should be done to identify their microstructure, which includes the particle 
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size, particle dispersion and distribution within matrix polymer material. With the help 

of SEM, it is possible to take high-resolution images of a sample surface. For 

conventional optical microscopy, it is impossible to observe any object smaller than 

300 nm as the wavelength of visual light is in the range of 300 nm and 800 nm. However, 

for electron microscopy, the wavelength of the electron beam could reach around 0.1 

nm when an accelerating voltage is used, so it is widely used to study the nano-scale 

object. The dispersion and distribution of nanoparticle in the PE and PP matrix is 

investigated by employing SEM. 

Within the composite material, the filler is either in the monodispersed state or 

agglomerated state. Poor dispersion and distribution of nanoparticles often lead to the 

reduction of electrical strength. Therefore, it is important to study the distribution and 

dispersion state of nano-alumina particles within matrix polymer material. Previous 

studies [120], [121] have stated that the existence of nanoparticles with the composite 

system is usually in the aggregated state rather than the monodispersed state. The 

morphological observations of virgin PE and PP are shown in Figure 4.9. For virgin PP, 

it has a clear layered structure. While for virgin PE, the fractured surface has many 

filament-like structures, which means it has lesser rigidity and hardness than PP. The 

white dot in Figure 4.9(a) refers to the break points of PE. 
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Figure 4.9 SEM images of (a) virgin PE and (b) virgin PP. 

 

Figure 4.10 displays the SEM images of PE nanocomposites filled with untreated and 

KH570-treated nano-alumina particles with different loading content. Compared with 

virgin PE in Figure 4.9(a), the morphology of PE nanocomposite is different and the 

microstructure around nanoparticles changes. For PE containing untreated nano-Al2O3 
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samples with 0.5 phr loading, nano-alumina clusters with more than 2 µm in diameter 

are found as showed in Figure 4.10 (a). With surface modification, no prominent cluster 

is observed at this loading level. When the filling content increases, the agglomeration 

of unmodified nano-alumina becomes more serious. Although the agglomeration seems 

to be inevitable, the KH570-modified nano-alumina particles achieve better dispersion. 

In addition, for samples with 5 phr filling content, the size of captured nano-alumina 

particles is counted and depicted in Figure 4.11. Both untreated and treated particles 

tend to cluster together. The size of the unmodified nano-alumina clusters is distributed 

in a wide range and the biggest clusters are up to 1.5 µm. However, most of the clusters 

of KH570-treated nano-alumina particles are under 300 nm in size and they have a 

uniform size distribution. All the results suggest that the surface modification by 

KH570 helps nano-alumina particles with their dispersion and distribution in PE matrix 

material.  
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Figure 4.10 SEM images of PE nanocomposites containing untreated nano-alumina of 

(a) 0.5phr, (c) 1phr, (e) 5phr and PE nanocomposites containing KH570-treated nano-

alumina of (b) 0.5phr, (d) 1phr, (f) 5phr. 
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Figure 4.11 SEM images and the particle statistics of PE nanocomposites containing 

(a) 5 phr untreated nano-alumina, (b) 5 phr KH570-treated nano-alumina. 

 

The fractured surfaces of PP nano-alumina composites are shown in Figure 4.12. 

Serious agglomeration is found for all the samples filled with unmodified nano-alumina 

particles. The agglomerated clusters become more significant with the increasing filling 

content and they are in micrometer size. It can be concluded that the agglomeration of 

nano-alumina cannot be fully avoided and it usually appears as clusters rather than as 

every single particle in composites [120], [121]. According to the statistical results in 

Figure 4.13, the cluster size in PP nanocomposite sample containing 5 phr KH570-
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modified nano-alumina is less than 400 nm and it shows a narrow size distribution 

around 200 nm. The small clusters are well distribution within the PP matrix. It suggests 

that the use of KH570 reduces the interaction between interfaces, thus improves the 

compatibility between matrix material and nanofillers. In conclusion, the use of KH570 

for surface modification improves the dispersion and distribution of nano-alumina 

particles in the PP composite system. 

The agglomeration of nanoparticles is due to the strong van der Waals forces between 

particles. The magnitude of the force is inversely proportional to the distance between 

adjacent particles. The average distance between nanoparticles could be calculated 

based on:  

 

1/3
4

2 r
3

l
v

  
= −   

   
 (4.1) 

where v is the volume percentage of fillers and r is the radius of filler. When the filling 

content is low, the average distance is relatively long, so that the van del Waals force is 

weak. After increasing the filling content, the distance between particles dramatically 

decreases. The force then sharply increases, which leads to serious agglomeration. 

Furthermore, for virgin nano-alumina particles, there are many hydroxyl groups on the 

surface of nanoparticles and then the hydrogen bonds are generated between different 

nanoparticles, which also results in agglomeration. After conducting the surface 

treatment by using KH570, some of the hydroxyl groups are consumed during the 

coupling reaction with KH570 and the grafted coupling agents also have strong steric 
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hindrance effect on the surface of nano-alumina. Consequently, no serious 

agglomerations are spotted from the samples filled with treated nanoparticles and better 

particle distribution is identified within the composite systems. 

 

Figure 4.12 SEM images of PP nanocomposites containing untreated nano-alumina of 

(a) 0.5phr, (c) 1phr, (e) 5phr and PP nanocomposites containing untreated nano-alumina 

of (b) 0.5phr, (d) 1phr, (f) 5phr. 
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Figure 4.13 SEM images and the particle statistics of PP nanocomposites containing 

(a) 5 phr untreated nano-alumina, (b) 5 phr KH570-treated nano-alumina. 

 

4.2.5 Differential Scanning Calorimetry 

Both PE and PP are semi-crystalline polymers. It is believed that the crystallinity of 

composite is of great significance in determining its mechanical properties and charge 

transportation. From previous studies [118], [122], adding nanoparticles into polymer 

material could result in the reduction of both spherulite size and amorphous area. 

Moreover, the crystal structure tends to be more organized and well-stacked. This is 

because the possibility of heterogeneous nucleation increases when nanoparticles are 
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introduced. Generally, homogeneous nucleation is the primary crystallization type for 

most polymers and leads to large spherulite sizes. When nanoparticles are added to PE 

and PP, they work as heterogeneous nucleating agents and transfer the homogeneous 

nucleation into heterogeneous nucleation. Hence, more spherulites are formed in 

different crystallization types. 

The DSC analysis is used to study the relationship between crystalline characteristics 

and properties in mechanical and electrical aspects of polymer nanocomposite material. 

The melting temperature, enthalpy of melting and crystallinity are obtained from the 

crystallization curves. The degree of crystallinity of each tested sample is calculated 

by： 

 c
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△H is the melting enthalpy of the nanocomposite sample and △H100 is the enthalpy of 

100% crystallized PE and PP sample. The typical value of △H100 of PE is 293.0 J/g 

[123], [124] and it is 209.0 J/g for PP [125], [126]. The crystal thickness of the 

polymeric sample, Lc, is calculated according to the Thomson-Gibbs equation: 
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where e   is the fold surface free energy, △H100 is the melting enthalpy of 100% 

crystallized polymer, 
0

mT  is the equilibrium melting point of the test sample, mT  is the 
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melting temperature, and c   is the density of the polymeric sample. Table 

4.1summarizes all the parameters used to determine the crystal thickness of PE and PP 

samples [123]–[126].  

 

Table 4.1Thermal parameters of PE and PP. 

 σe (mJ/m2) ΔH100(J/g) T
0 

m (K) ρc (g/ cm3) 

PE 93 293 410 0.924 

PP 123 209 459 0.900 

 

The DSC tests were conducted for all PE and PP nano-alumina composite samples with 

and without surface modification. Figure 4.14 represents the DSC melting curves of PE 

and PE nano-alumina composites. During the melting process, there is only one 

endothermal peak for PE and its nanocomposite samples. From Figure 4.14, all the PE-

based samples have almost the same melting temperature. These samples filled with 

unmodified and KH570-modified alumina particles have melting peaks similar to virgin 

PE. The melting temperature, melting enthalpy and crystallinity are summarized in 

Table 4.2. Tm is the melting temperature, △H is the melting enthalpy and Xc is the 

calculated crystallinity. Both the melting temperature and the melting enthalpy were 

taken as integral values due to the precision of the measurement system. Based on the 

results, all the nanocomposites did not show significant difference in the melting 
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temperature and the percentage of crystallinity as compared with the unfilled PE sample 

when taking into account the random experimental uncertainties. With the increasing 

filling content, both the melting peak temperature and the crystallinity of PE composite 

samples containing the untreated nano-alumina increases, indicating that nanoparticles 

enhance the formation of the nucleus [59], [127]. However, the addition of 0.5 phr and 

1 phr of untreated nano-alumina slightly reduces the crystallinity. This might be because 

the poor distribution of nanoparticles disturbs the crystallization process of the 

nanocomposite. Upon the surface treatment of nanoparticles, the crystallinity of PE 

nanocomposites containing the KH570-treated nano-alumina are increasing and they 

are all larger than unfilled PE, suggesting that the well-dispersed KH570-modified 

alumina particles act as heterogeneous nucleating agents and improve the crystallinity 

of nanocomposite. The melting temperature of PE nanocomposites does not show 

significant change.  

 

Table 4.2 The melting temperature, crystallization enthalpy and crystallinity of PE 

nanocomposites. 

Sample Tm (℃) △H (J/g) Xc (%) Lc (nm) 

PE 115.82 83.31 28.73 13.39 

PE/Al2O3-Pure@0.5 phr 116.11 78.33 27.01 13.58 

PE/Al2O3-Pure@1 phr 116.37 79.09 27.27 13.75 

PE/Al2O3-Pure@2 phr 116.58 83.58 28.82 13.90 

PE/Al2O3-Pure@5 phr 116.97 87.21 30.07 14.17 

PE/Al2O3-KH570@0.5 phr 116.21 84.35 29.09 13.65 

PE/Al2O3-KH570@1 phr 116.40 86.68 29.89 13.77 

PE/Al2O3-KH570@2 phr 116.53 89.53 30.87 13.86 

PE/Al2O3-KH570@5 phr 116.75 96.33 33.22 14.01 
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(a) 

 

(b) 
Figure 4.14 DSC melting traces of PE nanocomposite samples containing (a) 

untreated alumina and (b) KH570-treated alumina. 
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(a) 

 

(b) 
Figure 4.15 DSC melting traces of PP nanocomposite samples containing (a) 

untreated alumina and (b) KH570-treated alumina. 
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Figure 4.15 displays the DSC melting traces of virgin polyethylene and PP/nano-

alumina composites with and without surface treatment. It is noteworthy that there is 

only one peak for virgin PP, but there are two peaks for almost all nanocomposite 

samples. The appearance of a new peak at around 145 ℃ is the typical melting peak of 

β phase crystal of PP nanocomposite, which is caused by the addition of nano-alumina 

particles. The addition of nanoparticles acts like heterogeneous nucleating agent and 

results in the new melting peak of β phase crystal. The calculated melting enthalpy, 

crystallinity and crystal thickness are summarized in Table 4.3. Both α and β peaks are 

included to calculate the crystallinity of PP nanocomposite. The melting temperature of 

all PP composite samples does not exhibit significant difference upon the introduction 

of nano-alumina particles, although some nanocomposite systems show a small change 

up to 3 ℃. Compared with PE nanocomposites with a melting temperature of about 

115 ℃, PP and its alumina nanocomposites have higher melting peak temperature thus 

can work under higher temperatures. With the addition of KH570-treated nano-alumina, 

the crystallinity of PP/ nano-alumina composites slightly increases as the filling content 

increases. The crystallinity of all the PP composite samples is between 40% and 43%, 

indicating that adding nano-alumina can reduce the spherulite size but has a limited 

influence on the melting point and crystallinity of nanocomposite systems.  
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Table 4.3 The melting temperature, crystallization enthalpy and crystallinity of PP 

nanocomposites. 

Sample Tm (℃) △H (J/g) Xc (%) Lc (nm) 

PP 153.41 85.76 41.03 18.50 

PP/Al2O3-Pure@0.5 phr 154.00 89.62 42.88 18.85 

PP/Al2O3-Pure@1 phr 152.21 84.37 40.37 17.84 

PP/Al2O3-Pure@2 phr 155.39 85.08 40.71 19.71 

PP/Al2O3-Pure@5 phr 156.34 85.41 40.48 20.34 

PP/Al2O3-KH570@0.5 phr 155.34 84.97 40.66 19.68 

PP/Al2O3-KH570@1 phr 154.96 85.50 40.91 19.43 

PP/Al2O3-KH570@2 phr 154.31 87.45 41.84 19.03 

PP/Al2O3-KH570@5 phr 156.26 88.84 42.51 20.28 

4.2.6 Tensile test 

The stress-strain curve obtained from the tensile test is widely used to describe the 

ability of a material to absorb energy and resist possible deformation. The mechanical 

properties of polymers are determined by factors such as the molecular chain, 

intermolecular forces and flexibility of the molecule. The test results are affected by the 

environment humidity, testing temperature and elongation rate. Figure 4.16 describes 

the typical stress-strain curve of polymers. Curve (a) shows the stress-strain curve of 

brittle material like epoxy resin. Curve (b) belongs to quasi-brittle material. Curve (c) 

represents the ductility material like most polymeric material and curve (d) represents 

the rubber material. Under tensile stress, a material with high ductility can withstand 

the high strain.  
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Figure 4.16  Typical strain-stress curves of polymers 

 

To compare the mechanical property of different samples, tensile strength and 

elongation at break of nanocomposite material are studied according to Standard ASTM 

D638. Tensile strength shows the maximum tensile stress that could be sustained on a 

sample and elongation at break is the percentage increase in length that material will be 

before breaking. The tensile strength is calculated according to Equation (4.4) 

 /s P a=  (4.4) 

where s is the tensile strength, P is the force applied on the material when breaking and 

a is the original area of the cross section. The elongation at break is calculated based on 

Equation (4.5): 

 
1 0

0

= 100%
L L

L


−
  (4.5) 
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where L0 is the original length of the tested sample and L1 is the measured length at 

breaking.  

To study the effect of surface modification and filling content on the mechanical 

performance of composite materials, the strain-stress curves of PE nanocomposites and 

PP nanocomposites are measured and the representative curves are displayed in Figure 

4.17 and Figure 4.18 respectively. All the samples show the typical strain-stress curve 

of ductility material.  

For the strain-stress curves of PE/ nano-alumina composite samples, they all follow the 

similar trend. All the samples shows reversible deformation initially and the strain 

hardening is identified until the break takes place. The tensile strength and elongation 

at break of PE composites are calculated and reported in Figure 4.19 and Figure 4.20 

respectively. When composite samples are filled with unmodified nano-alumina 

particles, the elongation at break decreases along with the increased filling load. It is 

about an approximate 21% drop for PE/Al2O3-Pure@5 phr sample when compared to 

that of virgin PE sample. This should be attributed to the aggregation of the nano-

alumina particles at high filling content, leading to local stress concentration at the 

interfaces between PE matrix and nanoparticles when external force is applied. 

However, in each filling content, the PE/ Al2O3-KH570 nanocomposites show 

enhanced the elongation at break when compared with PE / Al2O3-Pure nanocomposites. 

This might be because the surface modification of nanoparticle improves the dispersion 
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of nanoparticles and enhances the physical interaction between polymer and 

nanoparticles. As for the tensile strength, the introduction of nano-alumina particles has 

limited impact on the tensile strength of PE nanocomposites. All the samples containing 

the untreated and KH570-treated alumina have roughly the same level of tensile 

strength around 25 MPa except PE/Al2O3-Pure@5 phr with about 15% reduction. The 

introduction of nanoparticles and the surface modification of nanoparticle show 

insignificant impact on the tensile strength of the PE nanocomposites. 

 

Figure 4.17 Strain- stress curves of PE nanocomposites. 
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Figure 4.18 Strain- stress curves of PP nanocomposites 

 

 

(a) 
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(b) 

Figure 4.19 Elongation at break of PE nanocomposites containing (a) untreated 

alumina, (b) KH570-treated alumina.  

 

 

(a) 
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(b) 

Figure 4.20 Tensile strength of PE nanocomposites containing (a) untreated alumina, 

(b) KH570-treated alumina.  

 

The strain-stress curves of virgin PP and PP nano-Al2O3 composites are shown in Figure 

4.18. All the PP samples show typical stress-strain of semi-crystalline polymers. The 

reversible deformation is found at small deformation for each sample and a sharp yield 

point is identified before the stable neck occurs. Then, another yield point takes place 

followed with the strain hardening and break. The effect of surface modification and 

filling content of nanoparticles on mechanical properties of composites is studied and 

obtained elongation at break and tensile strength are shown in Figure 4.21 and Figure 

4.22. The elongation at break significantly reduces after introducing nanoparticles and 

it decreases as the filling content increases for both PP/Al2O3-Pure and PP/Al2O3-

KH570 samples. The elongation at break is only about 20% for PP/Al2O3-KH570@5phr. 
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The degeneration of the elongation at break is due to the aggregation of nano-alumina 

particles with the filling content is increased, which results in the defects and local stress 

concentration in the interface between polymer and nanoparticles. Compared with the 

tensile strength of 42.9 MPa for virgin PP, the introduction of KH570-modified alumina 

nanoparticles in PP nanocomposites results in a slightly decreased tensile strength of 

about 35.3 MPa. A possible explanation for these results might be the introduction of 

nanoparticles disrupts the regularity of the original molecular arrangement and the 

nanoparticles act as defects during the tensile process, resulting in the decrease of the 

tensile strength. Compared with PE nanocomposites, PP nanocomposites have poor 

elongation at break but comparative tensile strength.  

 

 

(a) 
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(b) 

Figure 4.21 Elongation at break of PP nanocomposites containing (a) untreated 

alumina, (b)KH570-treated alumina.  

 

 

(a) 



129 

 

 

(b) 

Figure 4.22 Tensile strength of PP nanocomposites containing (a) untreated alumina, 

(b) KH570-treated alumina.  

 

4.3 Summary 

The weight changes upon the temperature of untreated and treated nano-alumina 

particles were characterized by using TGA and the additional weight loss at higher 

temperature of KH570-modified alumina suggested the loss of the organic groups 

introduced by the surface treatment. The change of chemical structure of the KH570-

treated nano-alumina was also evaluated by FTIR spectroscopy. The presence of the 

C=O bond and the Si-O-CH2CH3 bond suggests that the addition of KH570 on the 

surface of alumina nanoparticles. Together with the TGA results, nano-alumina 

particles and KH570 coupling agents were successfully grafted on the surface of the 
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nano-alumina particles. 

The size of spherulites of polymer and polymer nanocomposites was observed through 

polarized optical microscopy. Compared with virgin PE, PE nanocomposites show 

smaller spherulite size, but this conclusion is obtained based on qualitative analysis. 

For PP nanocomposites, the development of spherulites was significantly affected by 

the addition of nanoparticles. With the increasing filling content, the number of 

spherulites in PP nanocomposites increases and the size of the spherulite decreases. 

Upon surface modification, the size of the spherulite further decreases. The dispersion 

and the distribution of the nanoparticles in the nanocomposites was assessed by the 

analysis of SEM images. Without the surface modification, the size of the nanoparticles 

spanned a wide range. The size of the KH570-treated nanoparticles becomes smaller 

and the nano-alumina are well-distribution in nanocomposites. The surface 

modification can effectively reduce nanoparticle agglomeration. 

Thermal properties such as melting point and crystallinity of nanocomposites were 

explored by using the DSC technique. For nanocomposites, the KH570-modified 

alumina particles can slightly increase the crystallinity of nanocomposites as the filling 

content increases. The melting point and the thickness of lamellae are similar for all the 

PE nanocomposites. As for PP nanocomposites, the introduction of nano-alumina 

slightly affects crystallization.  

The addition of both untreated and KH570-treated nano-alumina does not have a 



131 

 

significant influence on the mechanical properties of PE nanocomposites. For PP 

nanocomposites, the inclusion of nano-alumina into polypropylene results in obvious 

degradation of the elongation at break and this phenomenon becomes more pound with 

the increasing filling content. To make it suitable for practical HVDC applications soon, 

more work on improving the mechanical properties of PP nanocomposites should be 

considered in the future. 
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Chapter 5 Chapter 5 Dielectric Spectroscopy 

5.1 Introduction  

Dielectric spectroscopy is a useful tool to study the dielectric processes of new material. 

When an external electric field is applied, the dielectric displacement of the material 

can be recorded as a function of frequency. Although the dielectric response is not a key 

parameter in designing DC cable insulation material, it can reveal the molecular change 

of the tested material. 

When a dielectric material is applied with external electric field, the dielectric 

displacement will appear, resulting in the polarisation of the dielectric material. There 

are three most common mechanisms of dielectric polarisation: electronic polarisation, 

dipolar polarization, and ionic polarisation. Electronic polarization is caused by the 

movement of electrons around the atomic cores under an electric field in a material. It 

will lead to a dipole moment. The time to achieve a new equilibrium is named relaxation 

time. The characteristic time of electronic polarization is about 10-15 s. Dipolar 

polarization often occurs when a permanent dipole moment exists. The dipoles will be 

aligned by rearranging the position of molecules when an external electric field is 

applied, thus resulting in the polarization of the material. This polarisation usually takes 

about 10-2 to 10-10 s. As for ionic polarisation, it usually arises in ionic crystal elements. 

When there is an external electric field, the ions are displaced and the induced 

polarisation occurs. It often takes place at low frequency and contributes to the relative 
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permittivity of the material. It also has a quick relaxation time, which is about 10-13 s. 

When it comes to composite material with multiphase, the interfacial polarization, also 

known as space charge polarization, should be considered for polarisation analysis. It 

occurs when charge carriers accumulate around the interface such as the inner dielectric 

boundary and electrodes under an external electric field. The charges within the 

material are then separated in distance and lead to the dielectric loss tangent. This effect 

is also called Maxwell-Wagner-Sillars polarisation. The relationship between complex 

permittivity associated with different polarization types and the frequency is shown in 

Figure 5.1 [128]. 

 

 

Figure 5.1 The relationship between frequency and complex permittivity with 

different polarization types (adapted from [128]). 

 



134 

 

The complex permittivity εc can be derived from Maxwell’s equations as shown in 

Equations (5.1) and (5.2):  

  J E=  (5.1)  

 ( ) ( )H J j E j E j j E


    


 = + = + = −  (5.2) 

where J is the current density, σ is the AC conductivity of the material, E is the electric 

field strength, H is the magnetic field strength, ω is the angular frequency of the 

electromagnetic wave and ε is the permittivity of the material. The complex permittivity 

then can be expressed as Equation (5.3): 

 ' ''c j j


   


= −  −  (5.3) 

The real part of the complex permittivity is written as ε′, which describe the relationship 

between electric field E, and the electric flux density D of the material, shown as 

Equation(5.4): 

 0' rD E E  = =  (5.4) 

where ε0 is the vacuum permittivity of 8.854×10-12 F/m and εr is the relative permittivity 

of the material, also known as the dielectric constant. The imaginary part of complex 

permittivity is written as ε“ and is relevant to the energy loss caused by dipole relaxation.  

The dielectric loss tangent, tan δ, can be written as Equation (5.5):   

 
''

tan
'





=  (5.5) 
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The testing frequency is set between 0.1 Hz and 1 MHz at room temperatures. Three 

samples of each kind of nanocomposites are tested and the average value is calculated 

as the result of dielectric permittivity. An example of the test samples is shown in Figure 

5.2. The testing setup was introduced in Chapter 3. The effect of nanoparticles on 

nanocomposite material and the effect of surface modification on dielectric permittivity 

of nanocomposite are investigated and discussed in this chapter.  

 

 
Figure 5.2 Thin film samples for dielectric spectroscopy. 

 

5.2 Results and discussion 

5.2.1 Measurement for PE Nanocomposites Containing Untreated 

Nano-alumina 

For all composite samples, the dielectric constant and dielectric loss are dependent on 

the frequency and filling content of the nanoparticle. Figure 5.3 shows the dielectric 

constant of the permittivity for PE and PE/ untreated-alumina composites. The unfilled 
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PE has dielectric constant of 2.53 with a measured frequency from 0.1 Hz to 1 MHz. 

The difference between these results should be attributed to the poor dispersion and 

distribution of untreated nano alumina in PE nanocomposites, which has been shown 

in SEM results. The dielectric loss tangent of PE nanocomposites is shown in Figure 

5.4. The dielectric loss tangent of unfilled PE is below 0.001 throughout the measured 

frequency range. The difference among unfilled PE, 0.5 phr and 1 phr nanocomposites 

is not significant. For 2 phr and 5 phr PE/ Al2O3-Pure samples, the dielectric loss 

increases as the frequency decreases with this behaviour being pronounced for 

PE/Al2O3-Pure@5phr sample. The phenomenon of the high dielectric loss at low 

frequency could be affected by the interfacial polarisation [129]–[132], which could be 

attributed to the charge build-up at the interfaces within the nanocomposite system.  

 

Figure 5.3 Dielectric constant of PE untreated-alumina nanocomposite. 
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Figure 5.4 Dielectric loss tangent of PE untreated-alumina nanocomposite. 

 

5.2.2 Measurement for PE Nanocomposites Containing KH570-

treated Nano-alumina 

 

The dielectric constant and dielectric loss of LDEP/ Al2O3-KH570 samples are shown 

in Figure 5.5 and Figure 5.6, respectively. The dielectric permittivity and dielectric loss 

of these samples are dependent both on the frequency and the filling percentage of 

nanoparticles. The dielectric constant of all samples slightly decreases with the increase 

of frequency and LDEP/ Al2O3-KH570@0.5 phr has the lowest value of dielectric 

constant. A slightly increase of dielectric constant is found as the amount of KH570-

treated nano-Al2O3 increases. In Figure 5.6, the dielectric loss of PE samples containing 

KH570-treated nano-alumina shows similar trends throughout the measured frequency 

range. The dielectric loss of samples containing KH570-treated nano-alumina becomes 

less sensitive to the filling content compared with that of samples containing untreated 
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nano-alumina. This may be due to the modified surface state of nano-alumina particles. 

The surface of the untreated nano-alumina is principally characterised by the hydroxyl 

groups while the surface of the KH570-treated nano-alumina is principally 

characterized by the methacrylate groups. Compared with methacrylate groups, the 

hydroxyl groups and any bound water on the surface of nano-alumina are more sensitive 

to the external electric field. 

 

Figure 5.5 Dielectric constant of PE KH570-alumina nanocomposite. 
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Figure 5.6 Dielectric loss tangent of PE KH570-alumina nanocomposite. 

 

5.2.3 Measurement for PP Nanocomposites Containing Untreated 

Nano-alumina 

Figure 5.7 shows the relationship between the dielectric constant of PP/Al2O3-Pure 

nanocomposites and the frequency. The dielectric constant of nanocomposites is 

slightly decreasing when the measurement frequency increases. There is no obvious 

difference between composite samples with no more than 2phr loading. The dielectric 

loss tangent of PP/untreated-alumina nanocomposites increases with the increase of 

filling content of nano-alumina, as displayed in Figure 5.8. All samples have 

approximately the same dielectric loss except the sample with 5 phr of nanoparticles. 

All the samples have a peak at the low frequency around 10 Hz and it should be caused 

by the interfacial polarization as discussed before. 
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Figure 5.7 Dielectric constant of PP untreated-alumina nanocomposite. 
 

 

 
Figure 5.8 Dielectric loss tangent of PP untreated-alumina nanocomposite. 
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5.2.4 Measurement for PP Nanocomposites Containing KH570-

treated Nano-alumina 

The dielectric constant and dielectric loss tangent of PP nanocomposites containing 

KH570-treated alumina are shown in Figure 5.9 and Figure 5.10, respectively. For PP/ 

Al2O3-KH570 samples, the dielectric constant does not appear to change with the 

increase of the filling content. It is noted that the changes are relatively small. The 

reason might be because the well-distributed nano-alumina particles within matrix PP 

impede the movement of the molecular chains, resulting in the limited influence on the 

dielectric constant. The loss tangent of PP/ Al2O3-KH570 at different filling content 

stay at a stable level and a similar peak is found at low frequency level as the result of 

interfacial polarization.   

 

Figure 5.9 Dielectric constant of PP KH570-alumina nanocomposite. 
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Figure 5.10 Dielectric loss tangent of PP KH570-alumina nanocomposite. 

 

5.2.5 Discussion 

The presented results summarize the dielectric response for PE and PP nanocomposites 

containing varying filling content of alumina and different surface conditions. For 

nanocomposite material, the change of dielectric response is affected by the interfacial 

relaxation, which is relevant to the interfacial polarization and the character of 

interfaces between the matrix polymer and nanoparticles. As discussed before, the 

interfacial polarization might occur at the interfacial region, resulting in the slight 

increment of the dielectric constant. However, the interaction between matrix polymer 

and nanoparticles could limit the movement of molecular chains thus suppress the 

polarisation. When the filling content increases, the agglomeration of nanoparticles 

becomes serious and the properties of the interface are then changed. It facilitates the 
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interfacial polarisation process, which will result in slightly higher dielectric loss and a 

wider span of the loss peak. The result is in consistent with previous studies [55], [132], 

[133]. The dielectric response should be determined by recognizing the dominant factor. 

From the obtained results, the interfacial polarisation becomes predominant when the 

filling content is increasing. 

Surface treatment of nanoparticles also plays an important role in determining the 

dielectric response of both PE and PP nanocomposites. It is believed that the functional 

groups on the surface of modified nano-alumina limit the movement of charges within 

nanocomposites, which then increase the permittivity [134], [135]. Unlike the 

composite samples containing the untreated nano-alumina particles, samples containing 

KH570-treated nano-alumina particles show different dielectric performances. The 

samples filled with KH570-treated nano-alumina have smaller variation in dielectric 

constant and reduced dielectric loss when comparing with nanocomposite filled with 

untreated alumina. The surface treatment of nanoparticle offset the polarisation caused 

by high filling content to some extent. The results show that it is possible to control the 

dielectric constant and dielectric loss of nanocomposites if the nanoparticles are with 

well surface modification. Besides, with surface treatment, the nanocomposites are less 

dependent on the frequency, which might be widely used in the electronics industry in 

the future.   
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5.3 Summary 

In this chapter, the dielectric permittivity was firstly introduced. The dielectric response 

of PE/ alumina nanocomposites and PP/ alumina nanocomposites was presented. The 

effect of nanoparticles on dielectric spectroscopy was also discussed. For unfilled PE 

and PP, there is barely any change for their dielectric constant and loss. For PE 

composites containing untreated nano-alumina, the dielectric constant and dielectric 

loss are strongly affected by the filling content of the nanoparticles and testing 

frequency. However, this has changed after the nano-alumina particles were treated by 

silane coupling agent KH570. The dielectric loss remains at a low level throughout the 

frequency range. This could be attributed to the improved dispersion of nanoparticles. 

The dielectric constant of PP nanocomposites with varying filling content showed small 

variation throughout the tested frequency. But obvious loss peaks were observed for 

them. Surface treatment of nanoparticles weakened the effect of filling content on 

dielectric loss.  Despite the differences in dielectric response of PE and PP 

nanocomposites, they are the result of a combination of the enhanced permittivity and 

the weakened polarisation around nanoparticles within nanocomposites. However, it is 

still not possible to fully explain the obtained results and the mechanism of the effect 

of nanoparticles on the dielectric response is still no consensus.     
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Chapter 6 Chapter 6 DC Breakdown Strength 

6.1 Introduction 

In the design of insulating material for HVDC power cable insulation, DC breakdown 

strength is an important parameter to evaluate the dielectric properties of insulation 

material. Dielectric breakdown strength is the potential gradient at which breakdown 

occurs. It describes the ability of insulating material in resisting decomposition under 

electrical stress and is usually stated as voltage per unit thickness.  

A number of researchers have proposed many theories to explain breakdown 

mechanisms from electrical, thermal, chemical and electrical aspects [75]. But now, it 

is still hard to determine the exact breakdown mechanism. Theoretically, the intrinsic 

breakdown strength is obtained for a perfect sample under ideal conditions. In other 

words, it is determined only by the physical characteristics of the material. However, it 

is very difficult to have a perfect sample in the laboratory as they are always with 

chemical impurities or defects at a microscopic level. Notably, the film samples with 

thinner thickness are still with fewer imperfections and samples with a thickness of 

around 100 µm are used to obtain the breakdown strength in this project.  

In practice, the breakdown strength of insulating material is determined not only by its 

intrinsic properties but also extrinsic factors such as electrode type, voltage rate and 

environmental condition [136]. Therefore, the test method and electrode configuration 

must be carefully selected. There are two popular approaches to measure the breakdown 
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voltage. One is the constant-stress testing. A constant electric voltage is applied across 

the testing sample and the time required to cause breakdown is measured. Another one 

is progressive-stress testing. The testing voltage applied across the sample is a function 

of time. The magnitude of voltage is recorded when the breakdown happens. Surveys 

such as that conducted by Stone et al. and Dissado et al. [137] show that the variation 

of the results of progressive-stress testing is smaller than that of constant-stress testing. 

Additionally, the constant-stress testing always requires an extended period of time due 

to the critical field control while the progressive-stress testing can be completed within 

a reasonably short time. Consequently, the progressive-stress testing is preferred in this 

project and the testing setup was introduced in Chapter 3. The DC voltage applied 

across the sample is increased continuously at a uniform rate of 1 kV/s according to 

IEC Standard 60243 [136]. In the matter of electrode configuration, the electrodes used 

in this test is a pair of stainless-steel ball electrodes with the diameter of 20 mm. As the 

radius of curvature of the ball electrodes is much greater than the thickness of the testing 

sample, it is believed to produce a uniform stress between electrodes. Commonly, the 

breakdown strength analysis of solid insulation material can be achieved by using two-

parameter Weibull distribution method according to IEEE Standard 930-2004. It is a 

kind of extreme value distribution in which the system fails when the weakest link fails.  

The function of the cumulative probability to failure for the two-parameter Weibull is 

in Equation (6.1)： 
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= − −  

   
  (6.1) 

where E is the measured DC breakdown strength; F(E) is the probability of failure 

under breakdown strength E; α is the scale parameter;.; describing the characteristic 

breakdown strength which has 63.2% probability to breakdown; β is the shape 

parameter, describing the discreteness of the breakdown data. The approximation for 

the most likely probability of failure is calculated according to the method reported by 

Ross[138], shown as Equation (6.2):  
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where i is the i-th of breakdown strength when the breakdown strength results are 

ordered in ascending order and n is the total number of breakdown tests, 20 times is 

believed to deliver a reliable breakdown strength result. In this study, n=20. In Minitab 

software, all the obtained breakdown data are listed in ascending order and the 

corresponding cumulative probability is assigned to each result. A fitted line is 

calculated based on the Maximum Likelihood Estimation theory with 95% confidence 

interval. The α and β parameters are also provided for further analysis.  

Figure 6.1 shows the example plot of the Weibull distribution. The Equation (6.1) can 

be transformed in to Equation (6.3) given by : 

 ( )log ln 1 ( ) log logF E E  − − = −    (6.3) 

It is an equation of a straight line. The slope β of the line is a measurement of the spread 
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of the Weibull distribution. The larger the value of β, the smaller is the variation of the 

experimental DC breakdown strength data. The vertical scale log[-ln(1-F(E))] is a non-

linear function of the probability of occurrence of the breakdown. The horizontal scale 

logE is the logarithm of the measured breakdown strength. The intercept – βlogα can 

be used to identify the characteristic breakdown strength at which point that 62.3% of 

the sample fails. The plot based on the Equation(6.3) is completed by using Origin 

software.    

 

 

Figure 6.1 Example plot of Weibull distribution. 

 

In this chapter, the electric strength of PE nanocomposites and PP nanocomposites are 

presented and discussed. Sample preparation and test setup have already been 

introduced in Chapter 3. Previous studies [139]–[142] have shown that polymer 

nanocomposites show higher dielectric breakdown strength than virgin polymer. 



149 

 

However, some opposite results have also been reported in [143]–[146]. The main 

objective of this chapter is to study the effect of filling content and surface treatment of 

nano-alumina on the breakdown strength of PE and PP nanocomposites and analyze the 

possible breakdown mechanisms of polymer nanocomposite.  

 

6.2 Results and Discussion 

6.2.1 Results of PE and PE Nanocomposites 

The DC breakdown results of unfilled PE and PE composites containing untreated 

nano-alumina with varying filling content are shown in Figure 6.2. The critical 

parameters of the Weibull distribution of these samples are summarized in Table 6.1. 

The DC breakdown strength of unfilled PE is about 339.7 kV/mm. Only the PE 

nanocomposite sample with 0.5 phr of untreated alumina has shown improved dielectric 

strength, 352.6 kV/m, which is about 3.7% higher than that of unfilled PE. However, 

the slight enhancement of DC breakdown is within the uncertainty of Weibull 

distribution. The sample with the addition of untreated nano-alumina of 1 phr has 

comparable DC breakdown strength as the unfilled PE. With further growth of the 

filling content, the DC breakdown strength continuously decreases. Especially when 5 

phr untreated nano-alumina is added into PE, a marked decline of 43.8 kV/mm in DC 

breakdown strength is noticed, which is about 12.9% lower than that of unfilled PE.  
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Figure 6.2 Weibull plots of DC breakdown strength of PE untreated-alumina 

nanocomposites. 

 

After conducting the surface treatment of nano-Al2O3, the DC breakdown strength of 

PE nanocomposites containing the KH570-treated nano-Al2O3 is higher than that of 

unfilled PE, as shown in Figure 6.3. The characteristic DC breakdown strength and the 

shape parameter are listed in Table 6.2. PE composite containing 0.5 phr of KH570-

treated nano- alumina shows the maximum DC breakdown strength of 394.6 kV/mm, 

which is 16.2% higher than that of unfilled PE. But as the filling content continuously 

increases up to 5 phr, the DC breakdown strength is gradually decreasing. Remarkably, 

the PE composite sample with 5 phr of KH570-treated nano-alumina has almost the 
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same DC breakdown strength of unfilled PE. Additionally, the shape parameter of 

samples with surface-modified nanoparticles is larger than that of the samples with 

untreated nanoparticles. As mentioned before, a larger shape parameter means, the 

smaller variation across the data set. This can also be observed in Figure 6.2 and Figure 

6.3. Taken together, surface treatment of nano-alumina has improved the DC 

breakdown strength of PE nanocomposites.   

 

Figure 6.3 Weibull plots of DC breakdown strength of PE/KH570-alumina 

nanocomposites. 
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Table 6.1 Parameters of Weibull plots of PE nanocomposites. 

Sample α （kV/mm） β 

PE 339.7 7.54 

PE/ Al2O3-Pure @0.5phr 352.6 5.73 

PE/ Al2O3-Pure @1phr 334.1 8.24 

PE/ Al2O3-Pure @2phr 301.5 7.87 

PE/ Al2O3-Pure @5phr 295.9 9.74 

PE/Al2O3-KH570 @0.5phr 394.6 9.07 

PE/ Al2O3-KH570 @1phr 363.1 12.57 

PE/ Al2O3-KH570 @2phr 350.3 8.20 

PE/ Al2O3-KH570 @5phr 337.4 9.96 

 

6.2.2 Results of PP and PP Nanocomposites 

The DC breakdown results of unfilled PP and PP composites containing untreated nano-

alumina with 0.5 phr, 1 phr, 2 phr and 5 phr filling content are showed in Figure 6.4. 

The obtained critical parameters of the Weibull distribution are also presented in Table 

6.2. The DC breakdown strength of unfilled PP is 429.1 kV/mm. After introducing the 

untreated nano-alumina, the DC breakdown strength of PP composites reduces. The 

breakdown strength of PP/untreated nano-alumina with 0.5 phr loading is comparable 

with that of unfilled PP but with poor distribution. The addition of 1 phr of untreated 

nano-alumina reduces the DC breakdown strength to 406.9 kV/mm, which is 5.2% 

lower than unfilled PP. The minimum DC breakdown strength is 295.9 kV/mm when 5 

phr of untreated nano-alumina is added into PP. It is 31.8% lower than that of the 

unfilled PP sample. Generally, the shape parameter also becomes smaller as the filling 

content increases. 
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Figure 6.4 Weibull plots of DC breakdown strength of PP untreated-alumina 

nanocomposites. 

 

When speaking about the PP nanocomposites filled with KH570-treated nano-alumina, 

the DC breakdown strength is significantly improved compared with the PP 

nanocomposites filled with untreated nano-alumina. The distribution plots are 

illustrated in Figure 6.5 and the key parameters are listed in Table 6.2. The DC 

breakdown strength increases along with the increasing filling content when it is no 

more than 1 phr. The DC breakdown strength reaches its maximum value of 491.0 

kV/mm, which is 14.4% higher than that of unfilled PP. With further increase of 

KH570-treated nano-alumina up to 5 phr, the DC breakdown strength of PP 

nanocomposite starts to decrease. The DC breakdown strength of the PP composite 
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sample containing 5 phr of KH570-treated nano-alumina is 392.4 kV/mm, 8.6% smaller 

than that of unfilled PP. Despite the changing breakdown strength, the shape parameter 

for all the samples are higher, suggesting that surface treatment of nano-alumina has a 

significant effect in enhancing the DC breakdown strength of PP nanocomposites.   

 

 

Figure 6.5 Weibull plots of DC breakdown strength of PE/KH570-alumina 

nanocomposites. 
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Table 6.2 Parameters of Weibull plots of PP nanocomposites. 

Sample α （kV/mm） β 

PP 429.1 9.90 

PP/ Al2O3-Pure @0.5phr 426.0 7.25 

PP/ Al2O3-Pure @1phr 406.9 6.99 

PP/ Al2O3-Pure @2phr 327.1 10.01 

PP/ Al2O3-Pure @5phr 292.9 7.35 

PP/ Al2O3-KH570 @0.5phr 484.4 16.16 

PP/ Al2O3-KH570 @1phr 491.0 16.81 

PP/ Al2O3-KH570 @2phr 470.4 10.95 

PP/ Al2O3-KH570 @5phr 392.4 15.19 

 

 

6.2.3 Discussion 

From the presented results, the introduction of nano-alumina has noticeable effect on 

improving the DC breakdown performance for both PE and PP nanocomposite. The 

comparison between nano-alumina composites against filling content is shown in 

Figure 6.6. According to the results, the DC breakdown strength of nanocomposites is 

strongly affected by the filling content and nanoparticle surface treatment.  
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Figure 6.6 Comparison of DC breakdown strength among different nanocomposite 

systems.  

 

From the literature review, it is commonly believed that an electronic process usually 

occurs in short time electrical breakdown. The density of free electrons and the energy 

they can gain are the main factors in this process [43], [77]. The electrons are from the 

impurity emission and electrode injection. When an external electric filed is applied, 

the free electrons can gain energy from the electric field and be accelerated, resulting 

in the ionization of macromolecules and the initiation of electron avalanche. Then, the 

local discharge take places in the material and leads to formation of the conducting 

channels and the final breakdown. But for polymeric material, the electron avalanches 

are unlikely to happen as the free path length of electron is short in polymer and the 
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injected electron from the electrons are easily trapped in the traps. So, the formation of 

breakdown in polymers are attributed to voids or low density region. The large voids 

can be formd during manufacture by impurities and additives’ decomposition, or by 

evaporation of decomposition products in different chemical reactions induced by hot 

electrons and electron and hole recombination, or by the interface defect at the large 

spherulite boundary, etc.. In other words, the electrical breakdown would benefit from 

the decrement of the free electron density, carrier mobility and voids and defects [147].  

PE nanocomposites containing untreated alumina and PE nanocomposites containing 

KH570-treated alumina have shown a similar trend of DC breakdown strength when 

the filling content is increasing. Generally, introduction of nanoparticles creates more 

interfacial areas between nanoparticles and base material due to the large specific 

surface area of the nanoparticles. The interface can introduce large amount of the charge 

traps within the composite [95], [118], [147], [148]. At a low filling level, the 

homocharges are likely to be trapped in the vicinity of the electrode by nano-alumina 

particles under a high electric field. Thus, further charge injection from the electrodes 

is then reduced, resulting in an increase in DC breakdown strength [82], [149], [150]. 

Moreover, the nanoparticles suppress the conduction current by reducing the local field 

of electrodes. Therefore, the breakdown is probably difficult to happen. The electrical 

breakdown strength is then improved. Therefore, the interaction area between matrix 

material and nanoparticles is critical. A novel barrier model is proposed by S.T. Li et al. 

[43], [151], [152] to explain the relationship between DC breakdown strength and 
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filling content. When the filling content is low, nanoparticles are well-distributed within 

composite and the interfacial regions are isolated from each other. At the same time, 

charge carriers collide with the traps generated by the nanoparticles and consume the 

energy gained from the applied electric field. Hence, a higher electric field is required 

to accelerate the electrons to cause a breakdown. But with the increasing filling content, 

the interfacial regions start overlapping. A possible conductive path is formed for charge 

carrier transportation. The charge carrier mobility under the DC electric field is then 

increased, which decreases the DC breakdown strength.     

The breakdown strength of PE nanocomposites containing KH570-treated alumina is 

always higher than that of PE nanocomposites containing the same amount of untreated 

alumina. This also evidently shows the importance of nanoparticle surface treatment on 

the enhancement of DC breakdown strength. The reason might be the untreated nano 

alumina particles show relatively poor distribution in the polymer matrix and large 

agglomerations of nanoparticles is found in Figure 4.10. In addition, the weak adhesion 

between the untreated nano-alumina and the PE matrix results in the formation of voids 

on the fracture of the nanocomposites. When external electric field is applied, these 

agglomerations and voids act as defects and that lead to distortion of electric field. Local 

partial discharge take places around the defects and the premature electrical breakdown 

occurs.  

The agglomeration of nanoparticles might be the main reason for reduced breakdown 
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strength when the filling content is increased. These nanoparticles can be treated as 

impurities and defects for matrix polymer. The imperfections of structure could result 

in the charge accumulation within nanocomposite. Previous studies have revealed this 

is a potential link between space charge accumulation and DC breakdown strength 

[154], [155]. The poor distribution of nanoparticles in nanocomposite can lead to more 

free volume to develop space charge under high DC field. For this reason, the DC 

breakdown strength of nanocomposites is reduced. From the SEM images shown in 

Chapter 4, it is clear that the untreated nano-alumina nanoparticles exhibit poor 

distribution in matrix PE with large clusters. Additionally, the poor adhesion between 

PE and untreated nano-alumina particles is also confirmed by the observation of the 

voids on the facture surface. These clusters and voids are weak points and act as defects 

under the electric field, which has a negative impact on the DC breakdown strength 

[153], [154]. Clusters and voids have weaker bonding between their atoms or molecules, 

which make them prone to deformation and failure under electrical stress. When an 

electric field is applied to the material, the molecules in the clusters and voids 

experience a stronger stress than the rest of the material due to their weaker bonding. 

This causes these weak points to break down more easily, leading to the formation of 

defects such as microcracks, which can in turn lead to partial discharge or even 

electrical breakdown. After conducting surface treatment by using KH570, particles 

within PE are well distributed in a smaller size and the agglomeration is barely observed. 

As a result, the DC breakdown strength of PE nanocomposite containing KH570-
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treated nano-alumina is higher than that of PE nanocomposite containing untreated 

nano-alumina with the same filling content. Moreover, all nanocomposites containing 

less than 5 phr KH570-treated nano-alumina have higher DC breakdown strength than 

unfilled PE. Similar results are also found for PP nanocomposites, as showed in Figure 

6.6. Such reason is also adequate in explaining the DC breakdown strength 

improvement of PP composites containing surfaced-treated nanoparticles. Similar 

results are also reported in [35], [144], [152], [153]. 

The morphology of nanocomposites seems to affect the DC breakdown strength. The 

POM results have confirmed that the spherulite size reduces as the filling content of 

nano-alumina increases for both PE and PP nanocomposites. The total length of the 

channel the breakdown must form is one of the determining factors influencing DC 

breakdown strength. The conducting channel for DC breakdown follows the interface 

between rather than through the nanoparticles. When nanoparticles are surface-treated 

and the filling content is appropriate, the agglomeration barely exists, indicating the 

alumina nanoparticles are well distributed within the matrix polymer. Before the 

intrinsic breakdown happens, a local breakdown may exist between each individual 

particle and base polymer. However, due to the small size of nanoparticles and reduced 

spherulite size, the total length of the breakdown path increases, which enhances the 

breakdown strength of the composite system [155], [156]. However, this may not be 

the dominant factor in deciding the DC breakdown strength.  
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In summary, the addition of surfaced-treated nano-alumina improves the DC 

breakdown strength of PE nanocomposites and PP nanocomposites. But the exact 

mechanisms are still not fully clear yet and some possible explanations are discussed 

as above.  

6.3 Summary 

In this chapter, the DC breakdown strength of PE/ alumina nanocomposites and PP/ 

alumina nanocomposites was investigated. Compared with the unfilled PE, unfilled PP 

has higher DC breakdown strength. In addition, PP/alumina nanocomposite shows 

higher breakdown strength than PE/alumina nanocomposite when they have the 

equivalent amount of nano-alumina.  

The effect of nano-alumina filling content on DC breakdown strength was also studied. 

For each type of polymer nanocomposite, DC breakdown strength firstly increase and 

then decreases when the filling content is rising. In addition, surface treatment of 

nanoparticles and the filling concentration play an important role in the DC breakdown 

performance of nanocomposites. All optimal results of DC breakdown strength in 

various nanocomposites were all found at a low filling level. Sample PE/Al2O3-KH570 

@0.5phr has 16.2% higher DC breakdown strength than unfilled PE. Sample PP/ Al2O3-

KH570 @1phr has 14.4% higher DC breakdown strength than unfilled PP. This is 

mainly due to the good dispersion and distribution of nano-alumina within the base 

polymer at low filling content, which is achieved by nanoparticle surface treatment. 
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High filling content may lead to agglomeration of nanoparticles and it is the source of 

the structural imperfections of the nanocomposite material.  

For a nanocomposite system with the same matrix polymer, the nanocomposite sample 

filled with KH570-treated alumina consistently exhibits higher DC breakdown strength 

compared with the nanocomposite sample filled with untreated alumina when the filling 

level is the same. Such observation is related to the effect of surface treatment on 

improving the dispersion of nanoparticles and amending the interphase area between 

matrix polymer and nano-alumina particles. Less agglomeration of nanoparticles and 

improved adhesion between matrix and nanoparticle are observed in Chapter 4. There 

are fewer defects and free volume to allow space charge development. Thus, a higher 

DC breakdown strength is measured when the sample is filled with modified 

nanoparticles. However, it is still hard to identify the exact DC breakdown mechanism 

in nanocomposite system as it might be a complex result of thermal, chemical and 

electrical mechanisms. 
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Chapter 7 Chapter 7 Space Charge Measurement and 

Trap Characterization  

7.1 Introduction 

Space charge has become the most critical factor in constraining the development of 

HVDC polymeric power cables. It results in the severe distortion of the electric field 

within the insulation material, which then could lead to local enhancement of the 

electric field. The consequent result would be the degradation and premature 

breakdown of the electrical insulation. Previous studies have revealed that the 

incorporation of nanoparticles can suppress space charge accumulation and electric 

field distortion of polymeric insulation material [60]. It is believed the traps generated 

in nanocomposites are tightly linked with these changes [149], [157]–[159]. But the 

exact mechanism of how the nanoparticle suppresses the space charge is still not clear. 

In this chapter, the space charge profiles of LDPE nanocomposite and PP 

nanocomposite are investigated. As the space charge is tightly linked with the charge 

transportation in the polymeric material, the trap information of nanocomposite is 

characterized. The effect of nanoparticles on the trap distribution in nanocomposites are 

also discussed. 

 

 



164 

 

7.2 Space Charge Formation and PEA System 

The space charge is formed when there is a difference between the charge injection rate 

and the charge dissipation rate under the electric field. Over the past decades, many 

studies have been carried out on the characterization and the suppression of space 

charge. According to Lewiner [160], there are three major space charge accumulation 

scenarios, as displayed in Figure 7.1.  

Under the first scenario, the dipoles are oriented under electric field and space charge 

occurs around both electrodes.  

Under the second scenario, heterocharge is formed due to the migration of ions under 

an electric field. The positive charges move to the negative electrode and the negative 

charges to the positive electrode inside the insulation. The mobility of different charges 

is different. As a result, a global positive space charge peak near the negative electrode 

and a global negative space charge peak near the positive electrode is observed.  

Under the third scenario, the homocharges are formed near the electrodes. When the 

mobility of charge is low, the charges injected from the electrodes will accumulate 

around the electrode with the same polarity. In other words, positive charges accumulate 

near the positive electrode and negative charges accumulate near the negative electrode. 
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Figure 7.1 Development of space charge in dielectric material under an electric field 

due to (a) dipole orientation, (b) migration of ions, (c) charge injection at interfaces 

between dielectric and electrodes.   

 

Many works have been done to suppress the space charge accumulation in polymeric 

insulating material. The space charge at the interface is usually suppressed by inserting 

a functional interlayer, such as PVF [100], PET [101] and FEP [102], between polymer 

and electrodes. As for the bulk space charge accumulation, it could be suppressed by 

adding organic fillers, inorganic fillers or other polymers into matrix polymer according 

to [11], [98], [161]. 

The space charge measurement can provide the charge distribution and electric field 

distribution inside the insulation material, which could be further used to study its 

ageing state. There are many detection techniques to measure the space charge of solid 
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dielectric materials as introduced in Chapter 2 Section 2.6. The pulsed electro-acoustic 

method, a non-destructive measuring method firstly proposed by T. Takada [162], is 

most widely used to characterize the charge distribution of solid insulating material at 

present. The principle of this method is that the acoustic pulses are generated by the 

displacement of the charges inside the sample when an electrical pulse is applied to the 

sample. The generated acoustic wave is then detected by the piezoelectric transducer 

connected to the ground electrode. The transducer converts the acoustic signal into an 

electrical voltage signal. The electrical signal is then amplified before sent to an 

oscilloscope for further analysis. Despite the fact that the PEA has been used by 

different researchers in the characterization of dielectric material, the results from 

different institutes are different due to the system resolution and testing procedure [120]. 

In 2012, a standard was provided by IEC to guide the measurement procedure [163]. 

The detail of the employed PEA measurement system have been described in Chapter 

3 Section 3.3.10. This system is designed and built by the High voltage Laboratory, 

Tsinghua University. The specific testing procedures are as following: 

a) The desired testing temperature is set through the temperature controller and 

keeps temperature for 1 hour. The pressure between the transducer and lower 

electrode is adjusted by using the nut to eliminate the effect of thermal 

expansion and contraction on the transducer.  

b) Apply the silicone oil between the electrodes and sample to ensure good 

acoustic coupling between the sample and the electrodes. The upper electrode 
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is connected to high voltage input and the lower electrode is grounded. A 

semiconducting layer is placed between the upper electrode and sample to 

match acoustic impedance and contact close with sample. 

c) Maintain this temperature for another 1 hour to stabilize the whole system 

before applying the high electric field.  

d) The polarization process is conducted under the DC electric field of 40 kV/mm 

for 30 mins. To reduce the error from the white noise, the sampling rate of the 

oscilloscope is set to 5000 Hz.  

e) The external electric field is then removed and the circuit is short-circuited, 

while acoustic signal is monitored during the depolarization process.  

f) The recorded data is processed by a deconvolution program in LabVIEW to 

obtain the space charge distribution and electric field distribution results.   

To quantify the development of space charge inside the nanocomposite sample, it is 

necessary to calculate the total amount of space charge accumulation at different times. 

The calculation is based on a subtraction method proposed by Liu et al. in [164], which 

is used to remove the capacitive charges from the electrode. The charge density of the 

injected charges in the sample and its induced image charge at the electrodes can be 

obtained by Equation(7.1), expressed as 

 ( ) ( ) ( )
app

acc app ref

ref

V
x x x

V
  = −  (7.1) 

where Vref is the reference voltage, Vapp is the applied voltage, ρacc(x) is the space charge 
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density after subtraction, ρapp(x) is the charge density at applied voltage and ρref(x) is 

the charge density at the reference voltage. In this study, the reference voltage is equal 

to the applied voltage. Therefore, the total charge amount in the sample bulk during the 

polarization process, Qp, could be calculated by 

 ( )p 0( ) ( , ) ( , )
a a

c c

x x

x x
Q t x t dx x t dx S = −    (7.2) 

Where ρ(x,t) is the charge density at position x and time t, xa is the anode position on 

the space charge spectrum, xc is the cathode position on the space charge spectrum, t0 

is the time of selected reference waveform and S is the area of electrode in the PEA 

system. In this study, the charge density at 1st second is taken as reference. The charge 

amount in the sample bulk during the depolarization process, Qd, could be calculated 

by  

 d ( ) ( , )
a

c

x

x
Q t x t dx S=   (7.3) 

where ρ(x,t) is the charge density at position x and time t, xa is the anode position on 

the space charge spectrum, xc is the cathode position on the space charge spectrum and 

S is the area of electrode in the PEA system. 

 

7.3 Results and Discussion for PE and PE nanocomposites 

7.3.1 Measurements for Unfilled PE  

Figure 7.2(a) shows the space charge behavior of the unfilled PE sample stressed at 20 
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kV/mm DC electric field for 600s. The horizontal axis of the graph represents the 

thickness of the sample and the vertical axis of the graph represents the volume density 

of the space charge inside the sample. The position of the cathode electrode, which is 

made of aluminum, is shown as the red dotted line. The position of the anode electrode, 

which is made by a semiconducting material, is shown as the black dotted line. The 

arrow in the graph indicates the increase in time. Homocharge injection is observed 

near both electrodes. A small amount of space charge is found near the cathode and it 

moves towards the bulk of the insulating material along with time. There is barely any 

space charge development near the anode. The peak of the charge distribution is 

becoming higher with time and this is because of the increases of the induced charges 

near the anode when more charges are injected near the cathode. 

To study the effect of the electric field strength on the space charge development, 

another higher DC electric field is then employed. Figure 7.2(b) displays the space 

charge behavior of the unfilled PE under DC electric field of 40 kV/mm. The 

homocharge development is identified again around both electrodes. The charge density 

is increased with the increase of the electric field strength. At the anode side, the amount 

of space charge is increased as compared with the observations for the case of 20 

kV/mm electric field. The injected space charge at both electrodes moves towards the 

bulk of the unfilled PE with time.  
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(a) 

 
(b) 

Figure 7.2 Space charge behavior of unfilled PE (a) under 20 kV/mm DC electric 

field at 30 °C, (b) under 40 kV/mm DC electric field at 30 °C. 
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7.3.2 Measurements for PE Nanocomposites containing 

Untreated Nano-alumina 

The space charge dynamics of PE/ untreated nano-alumina nanocomposites with 0 phr 

(unfilled PE), 0.5 phr, 1 phr, 2 phr and 5 phr filling content stressed under a 40 kV/mm 

DC electric field for 30 minutes at 30 °C are presented in Figure 7.3. All the tested 

samples suffered from homocharge accumulation and many space charge packets are 

found inside the film samples. The formed homocharges move towards the bulk of the 

insulation. In addition, no heterocharge is found for these samples. For the unfilled PE, 

the homocharge is mainly developed in the vicinity of the cathode. With the addition of 

0.5phr and 1phr untreated alumina, obvious injection of homocharge is observed around 

both electrodes, as shown in Figure 7.3(b) and (c). The movement of homo space charge 

near the anode is not obvious in PE nanocomposite sample containing 2 phr of untreated 

alumina. Overall, the depth and the charge density of the homocharge is increasing as 

the filling content increases.  

Figure 7.4 shows the space charge decay process of PE/ untreated alumina 

nanocomposites when the measurement circuit is short-circuited. The space charge 

decay process in a dielectric material involves the redistribution of charges inside the 

material, leading to a decrease in the net charge density over time. As these charge 

carriers move, they can neutralize some of the trapped charges, reducing the overall 

space charge density in the material. Compared with the polarization process, the effect 
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of induced charges around the electrodes could be eliminated when the applied voltage 

is removed, by which it shows the charge distribution inside the sample. The peaks 

observed between the dotted lines are caused by the accumulated charges in the sample 

bulk and the peaks near the two dotted lines are caused by the induced charges around 

the electrodes. From Figure 7.4, the charge accumulation in the PE/untreated alumina 

nanocomposites is homocharge injection. The accumulated charge decays rapidly with 

time after the DC electric field is removed. In addition, the PE nanocomposite sample 

containing 2 phr of untreated alumina has the least amount of space charge when 

compared with other nanocomposite samples with different filling content. 

The change of total charge of PE/ untreated alumina nanocomposites as a function of 

time is shown in Figure 7.5. At the end of 1800s polarization, the total charge amount 

of the unfilled PE is about 184.2 nC. The total amount of space charge of all tested 

samples gradually increases and turns to be stable over time. Moreover, it should be 

noticed that the total amount of space charge firstly decreases and then increases with 

the increasing filling content. The PE nanocomposite sample containing 2 phr of 

untreated nano-alumina particles exhibits the best performance in space charge 

suppression. When the filling content is high (5 phr in this case), the total amount of 

injected space charge is even higher than that of unfilled PE. 
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Figure 7.3 Space charge behavior of PE nanocomposites containing (a) 0 phr (b) 0.5 

phr (c) 1 phr (d) 2 phr (e) 5 phr of untreated nano-alumina stressed at 40 kV/mm DC 

electric field at 30 °C. 
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Figure 7.4 Space charge decay process of PE nanocomposites containing (a) 0 phr 

(b) 0.5 phr (c) 1 phr (d) 2 phr (e) 5 phr of untreated nano-alumina stressed at 40 

kV/mm DC electric field at 30°C. 
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Figure 7.5 Total charge amount during the polarization process in the PE 

nanocomposites samples containing untreated nano-alumina under the DC electric 

field of 40 kV/mm at 30 °C. 

 

7.3.3 Measurements for PE Nanocomposites containing KH570-

treated Nano-alumina 

The space charge dynamics of PE nanocomposite samples containing 0.5 phr, 1 phr, 2 

phr and 5 phr of KH570-treated nano-alumina under DC electric field of 40 kV/mm at 

30 °C are presented in Figure 7.6. Similar to the unfilled PE sample, the only 

homocharge is observed near both electrodes for all the tested samples. As compared 

with the nanocomposite samples filled with the same amount of unfilled nano-alumina, 

the space charge development of the samples filled with treated nano-alumina is 
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suppressed. The homocharge accumulation near the anode remains low, and the charge 

migration is rare after 300s. The charge density trades narrowly with the varying filling 

content. However, the movement of space charge towards the bulk of the sample is 

reduced as the filling content increases up to 2 phr. The density and depth of the space 

charge seem to become higher again for PE/ Al2O3-KH570@5 phr sample. 

The charge decay behavior of PE nanocomposites filled with surface treated alumina is 

shown in Figure 7.7. It has proved that the homocharge is actually injected at both 

electrodes. The accumulated space charge gradually decreases after removing the 

applied voltage, as previously reported. It should be noticed that the homocharge 

density of PE nanocomposite samples with KH570-treated alumina at 0s is smaller than 

that of PE nanocomposite samples with untreated alumina when the filling content is 

the same. Additionally, the accumulated space charges cannot completely dissipate 

without the help of an electric field with reverse polarity.   

Figure 7.8 shows the total charge dynamics of PE/ KH570-treated alumina 

nanocomposites. At 30 °C and 40 kV/mm, all the composite samples have less space 

charge injection than unfilled PE over the polarization period. For each sample, the 

amount of the injected homocharge increases with time. The total charge amount firstly 

decreases and then increases as the filling content of treated alumina increases. At the 

end of the measurement, samples containing 2 phr of KH570-treated alumina have the 

smallest amount of space charge, which is 84.2 nC.  
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Figure 7.6 Space charge behavior of PE nanocomposites containing (a) 0 phr (b) 0.5 

phr (c) 1 phr (d) 2 phr (e) 5 phr of KH570-treated nano-alumina stressed at 40 kV/mm 

DC electric field at 30 °C. 
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Figure 7.7 Space charge decay process of PE nanocomposites containing (a) 0 phr 

(b) 0.5 phr (c) 1 phr (d) 2 phr (e) 5 phr of KH570-treated nano-alumina stressed at 40 

kV/mm DC electric field at 30 °C. 
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Figure 7.8 Total charge amount during the polarization process in the PE 

nanocomposites samples containing KH570-treated nano-alumina under the DC 

electric field of 40 kV/mm at 30 °C. 

 

7.3.4 Discussion 

The addition of nano-alumina particles with and without surface treatment has shown 

different results of the space charge accumulation of PE nanocomposites, as displayed 

by the above results. All samples have been affected by the homo space charge 

accumulation in varying degrees. In contrast to earlier findings [10], [11], [60], [147], 

however, no evidence of heterocharge was detected in this study. For unfilled PE, the 

electric field with different strengths was applied and the density of space charge 

increased when a higher electric field was applied. With the addition of nanoparticles, 
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most of the samples showed suppressed space charge accumulation and the amount of 

homocharge firstly decreased and then increased with the increasing of filling content 

for both untreated and KH570-treated nanoparticles. A similar migration process of 

homocharge was observed and it moved from the sample surface towards the inside of 

the sample with time.  

The behaviour of space charge in nanocomposite is closely linked to carrier traps. T. 

Tanaka reported that the reduction of space charge accumulation in nanocomposites is 

caused by the increase of shallow traps and enhanced charge mobility [70]. But our 

results are in conflict with his model. The density of the deep trap level is profoundly 

increased in PE/ alumina nanocomposites based on TSDC results. In other word, the 

incorporation of nano-alumina introduces more deep traps in PE nanocomposite. With 

the addition of nano-alumina, the interphase between PE spherulites and the interfacial 

area between matrix PE and nanoparticles is increased, resulting in more traps are 

generated in the interface regions. When the homocharges are injected from the 

electrode, they are trapped by deep traps in the interface between electrode and 

specimen and forms a homo charge layer. This charge layer would block further charge 

injection by increasing the potential barrier and decreasing the electric field at the 

interface between electrode and specimen. Then, the space charge formation is 

suppressed. Furthermore, based on the results, the deep traps can also reduce the charge 

carrier mobility and then limits the ionization of impurity in the nanocomposites， 

which is in consistence with[149], [165]. 
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Both filling content and surface chemistry of the nanoparticles have a significant 

suppression effect on the development of homocharge in PE nanocomposite. By 

comparing the total charge of samples with and without surface treatment at the same 

filling content, the addition of surface-treated nano-alumina has exhibited a better space 

charge suppression effect at the end of polarisation. Better dispersion of nanoparticles 

can increase the interfacial regions in nanocomposites, resulting in more deep traps. 

These results are consistent with [114]. PE/Al2O3-KH570@2 phr sample has shown the 

least total charge, which could be attributed to the highest density of deep trap level. It 

is in good agreement with the TSC results in Chapter 7 Section 5. Hence, it can be 

concluded that the space charge behaviour of nanocomposites is mainly affected by the 

addition of nanoparticles and the resulting changes to the interfaces between the 

polymer and nanoparticles.  

7.4 Results and discussion for PP and PP nanocomposites 

7.4.1 Measurements for Unfilled PP Sample 

The space charge dynamics of unfilled PP stressed under a DC electric field of 20 

kV/mm is showed in Figure 7.9. After 600 s, only a very small amount of homocharge 

is recorded near both electrodes. The development of space charge near the cathode is 

marginal with time. The development space charge near the anode is also negligible.  

After increasing the DC electric field strength to 40 kV/mm, Figure 7.10 shows the 

space charge behavior of unfilled PP within 600 s. An increased homocharge 
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development was observed near both electrodes, compared with the previous results 

from the case of 20 kV/mm. The space charge packet in the vicinity of the cathode 

evidently moves towards the bulk sample. The peak of space charge density near anode 

becomes more significant with time, but its migration is minimal. The overall charge 

density is higher than that of unfilled PP stressed under a 20 kV/mm field. 

 

 

Figure 7.9 Space charge behavior of unfilled PP under a 20 kV/mm DC electric field 

at 30 °C. 
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Figure 7.10 Space charge behavior of unfilled PP under a 40 kV/mm DC electric field 

at 30 °C. 

 

7.4.2 Measurements for PP Nanocomposites containing 

Untreated Nano-alumina 

Figure 7.11 shows the space charge dynamics of PP nanocomposites containing 0 phr, 

0.5 phr, 1 phr, 2 phr and 5 phr of untreated alumina nanoparticles stressed under a 40 

kV/mm DC electric field for 30 min at 30 °C. Space charge accumulation is observed 

in the vicinity of both electrodes in PP nanocomposite and the amount of the injected 

charge is increasing over time. The migration of homocharge near the cathode is more 

obvious than that near anode. The injected electrons evidently move towards the bulk 

of the sample as polarizing time increases, but the injected electron holes hardly move. 

With the filling content increasing, the homo charge near both electrodes slightly 

decreases and the migration of injected electrons is reduced. The charge decay process 



188 

 

of PP nanocomposites, shown in Figure 7.12, further illustrates the existence of homo 

charge injection near both electrodes. The accumulated charges decay fast immediately 

after the electric field is removed for all PP/ untreated nano-alumina samples. The total 

charge of all tested samples is calculated and presented in Figure 7.13. The total charge 

for unfilled PP is 87.6 nC at the end of polarization. For each composite sample, the 

total injected charge increases with time and reduces as the filling content increases. 

The PP/ Al2O3-Pure@5phr shows the minimum total charge of 54.3 nC, which is 

reduced by 39 % compared with unfilled PP. 
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Figure 7.11 Space charge dynamics of PP nanocomposites containing (a) 0 phr (b) 

0.5 phr (c) 1 phr (d) 2 phr (e) 5 phr of untreated nano-alumina stressed at 40 kV/mm 

DC electric field at 30 °C. 
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Figure 7.12 Space charge decay process of PP nanocomposites containing (a) 0 phr 

(b) 0.5 phr (c) 1 phr (d) 2 phr (e) 5 phr of untreated nano-alumina stressed at 40 

kV/mm DC electric field at 30°C. 
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Figure 7.13 Total charge during the polarization process in the PP nanocomposites 

samples containing KH570-treated nano-alumina under the DC electric field of 40 

kV/mm at 30 °C. 

 

7.4.3 Measurements for PP Nanocomposites containing KH570-

treated Nano-alumina 

Figure 7.14 shows the space charge behavior of PP nanocomposites containing the 

KH570-treated nano-alumina with varying filling content. The space charge dynamics 

during the polarization process were recorded under a DC electric field of 40 kV/mm 

at 30 °C for 30 mins and then the charge decay during the depolarization process was 

measured for another 10 min. The development of homocharge is observed near both 

electrodes. The magnitude of space charge density is reduced with the introduction of 
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surface-treated nano-alumina. The injection depth of homo charges near the cathode is 

further suppressed with the increasing filling content. Especially for PP nanocomposite 

with 5 phr treated alumina, the magnitude of charge density in both electrodes is 

obviously reduced as compared with unfilled PP. All composites show a similar trend 

in the charge decay process as displayed in Figure 7.15. The injected space charges 

decay rapidly but there are still some remaining charges after 600s. Figure 7.16describe 

the change of total charge for each nanocomposite during the polarization process. All 

the PP/ KH570-alumina nanocomposites demonstrate superior space charge 

suppression ability as compared with unfilled PP. The total charge for PP 

nanocomposites containing KH570-treated alumina is smaller than that of PP 

nanocomposites containing untreated alumina when the filling content is the same. The 

total charge of PP/ Al2O3-Pure@5phr samples is 47.2 nC, reduced by 46% compared 

with the total charge of unfilled PP. 
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Figure 7.14 Space charge dynamics of PP nanocomposites containing (a) 0 phr (b) 

0.5 phr (c) 1 phr (d) 2 phr (e) 5 phr of KH570-treated nano-alumina stressed at 40 

kV/mm DC electric field at 30 °C. 
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Figure 7.15 Space charge decay process of PP nanocomposites containing (a) 0 phr 

(b) 0.5 phr (c) 1 phr (d) 2 phr (e) 5 phr of untreated nano-alumina stressed at 40 

kV/mm DC electric field at 30°C. 
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Figure 7.16 Total charge amount during the polarization process in the PP 

nanocomposites samples containing KH570-treated nano-alumina under the DC 

electric field of 40 kV/mm at 30 °C 

 

7.4.4 Measurements for Unfilled PP and PP Nanocomposite 

under Temperature Gradient  

After comparing the performance of PP/KH570-treated nano-alumina sample with 

different filling content, PP/nano-Al2O3-KH570@ 5 phr was selected to study the 

temperature dependent space charge dynamics. Unfilled PP was also tested as a 

reference. Figure 7.17 shows the time-dependent space charge behavior of unfilled PP 

and PP/nano-Al2O3-KH570@5 phr nanocomposite at different temperatures. The tests 

were conducted under a 40 kV/mm DC electric field 30 min. Figure 7.18 shows the 
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space charge decay process during the depolarization time for another 10 min. The tests 

were conducted at 30 °C, 50 °C, 70 °C and 90 °C.  

At 30 °C, obvious homo space charge injection is found near the cathode of unfilled PP 

and it moves towards the interior of the sample over time. It can also be observed that 

a few homo charges is injected near the anode. The total charge is slowly increased 

during the polarization time. At 50 °C, a clear increase of homocharge is found near 

both electrodes. More injected homo charges move to the deeper interior of unfilled PP 

over time. Nevertheless, when the temperature reaches 70 °C, apparent homocharge 

injections from both electrodes are measured and there is a significant space charge 

accumulation in the first 600s. The space charge from both electrodes migrates further 

deeper into the bulk of the unfilled PP sample. The neutralization of the electron 

injected from the cathode and the holes injected from the anode might occur inside the 

sample. As the temperature continuously goes up to 90 °C, an obvious positive space 

charge accumulation is observed in the bulk of unfilled PP samples, suggesting the huge 

amount of space charge is accumulated in the sample. The injection of homocharge 

from both electrodes is enhanced during the voltage-on period.  

Compared to the unfilled PP at the same temperature, PP/nano-Al2O3-KH570@5 phr 

exhibits a different space charge dynamic under the same electric field. Figure 7.23(b) 

shows only a small amount of homocharge injection from both electrodes during the 

polarization time at 30 °C. The injected space charge migrates slowly to the bulk of the 
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sample with time. Similar space charge development in PP/nano-Al2O3-KH570@5 phr 

at 50 °C is identified. However, when the temperature is rising up to 70 °C, more 

charges are injected from both electrodes and the injection depth is increasing with the 

stressing time. When it reaches 90 °C, a significant increase of homo space charge 

injection in the vicinity of both electrodes is recorded during the voltage-on time. A 

large number of positive charges move into the deeper interior position of the sample 

over time. 

Figure 7.17 compares the depolarization space charger behavior of unfilled PP and 

PP/nano-Al2O3-KH570@5 phr nanocomposite after the 40 kV/mm electric field is 

removed at different temperatures. The existence of the homocharge peaks near both 

electrodes could evidentially prove the space charge injection. In terms of unfilled PP, 

the space charge decays rapidly with time at 30 °C. But with the increasing testing 

temperature, the decay process becomes slower than that at 30 °C. At 70 °C and 90 °C, 

the injected homocharge accumulation can be observed in the bulk of the sample rather 

than in the vicinity of electrodes. PP/nano-Al2O3-KH570@5 phr sample shows fast 

charge dissipation during depolarization at each temperature. However, the density of 

remaining charges is increasing as temperature goes up.  
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 (a) Unfilled PP (b) PP/nano-Al2O3-KH570@5phr 

 

30 °C 

  

 

50 °C 

  

 

70 °C 

  

 

90 °C 

  

Figure 7.17 Temperature dependent space charge behavior of (a) unfilled PP, (b) 

PP/nano-Al2O3-KH570@5 phr nanocomposite. 
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 (b) Unfilled PP (b) PP/nano-Al2O3-KH570@5 phr 

 

30 °C 

  

 

50 °C 

  

 

70 °C 

  

 

90 °C 

  

Figure 7.18 Temperature dependent charge decay behavior of (a) unfilled, (b) 

PP/nano-Al2O3-KH570@5 phr nanocomposite. 
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7.4.5 Discussion  

Under DC electric field, the typical charge injection from electrodes is the carrier 

injection, which is realized by field assisted thermal-ionic emission (Schottky emission) 

[77], [166], [167]. The energy band structure for the polymer-electrode system is shown 

in Figure 7.19, where Ψm is the work function of the electrode material, χ is the electron 

affinity of polymer material, Ψi is the work function of the polymer, φ = Ψm - χ is the 

potential barrier of charge injection, Ec is the conduction band of polymer, Ev is the 

valence band of polymer, EFi is the Fermi energy level, Et is the trap energy level, Eg is 

the bandgap of polymer and E is the external electric field strength [168]. Under the 

electric field, the electrons from the cathode electrode would hop over the potential 

barrier at the interface between electrode and polymer through Schottky emission and 

reach the conduction band of the polymer. Some of the injected electrons are then 

trapped in the conduction band to form the space charge near the interface. In addition, 

the energy band in the polymer will tilt due to the bending of the conduction band under 

electric stress. Hence, the potential barrier for carrier injection near the anode is higher 

than that for negative charge injection from the cathode. Therefore, charges need more 

energy to hop into anode electrode than into cathode electrode. This is consistent with 

our findings in previous sections.  

By comparing the space charge behavior between unfilled PE sample and unfilled PP 

sample at same electric filed, it is found that homocharge was injected into both 
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materials, but the total charge of PE is more than that of PP under the same electric field 

and temperature. This difference could be explained based on the energy band theory 

of solid discussed above. When using the same electrodes, the potential barrier for 

charge injection, φ = Ψm – χ, is decided by the electron affinity of the polymer. The 

electron affinity of polyethylene material is 2.37 eV and the electron affinity of 

polypropylene material is 1.86 eV. Therefore, charge injection is more likely to happen 

in PE material.  
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Figure 7.19 Energy band diagrams for the polymer-electrode system (a) before the 

polymer is in contact with the electrodes; (b) when the polymer is attached to the 

electrodes; (c) when an external electric field is applied. 

 

The mobility of space charge is tightly relevant with the trap energy level and trap level 

density in the sample [169] and the relationship can be expressed as 

 0
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−

  (7.4) 

Where µ0 is the mobility of free carrier, N is the number of energy level vacancy, M is 
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the total number of traps, U is the trap energy level, K is the Boltzmann constant and T 

is the temperature. Both PE and PP are semi-crystalline polymers, so there are 

amorphous and crystalline regions inside the material. From the TSDC results in this 

study, the trap level density of PP is about the same as for PE, but the trap energy level 

of PP is higher than that of PE. Hence, the charge mobility of PE is higher than that of 

PP under the same testing condition, which results in a higher injection depth in PE.  

With the introduction of nanoparticles into PP, better space charge suppression has been 

observed in the nanocomposites. The total charge and injection depth decrease as the 

filling content increases. As discussed before, the addition of nano-alumina largely 

increases the interface area between nanoparticles and matrix PP and the interphase 

between PP spherulites, in which more deep traps are generated. The density of the deep 

trap is increasing with the increase of filling content as characterized by TSDC 

measurement. These deep traps can capture the homo space charges injected from the 

electrodes. The trapped charges can form the homo charge blocking layer around the 

interface between sample and electrodes and it can block the further injection of 

homocharge.  

Upon the surface treatment, the total charge in the PP composite samples containing 

KH570-treated nano-alumina is further reduced compared with PP composite samples 

containing the same filling content of untreated nano-alumina. The surface treatment 

improved the compatibility between nanoparticles and PP, resulting in better 
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distribution of nanoparticles in composite systems and reduction of the size of PP 

spherulites. As a result, the interfaces are significantly increased, which leads to the 

increased density of deep traps.  

When the temperature is low, the injected carriers can be easily captured by the traps 

and the space charge only accumulates around the electrodes. With the temperature 

increases, the trapped carriers are thermally excited and their mobility increases. The 

carriers then get out of the trap and start migrating again. Also, according to [12], [70], 

[170]–[172], the density of traps decreases due to the reduction of the interface between 

the phases at high temperature. Therefore, the charge injection for PP and its 

nanocomposites is increased when the temperature goes up.  

 

7.5 Trap Characterization 

7.5.1 Introduction 

The defects and chemical impurities in solid dielectrics could result in the localized 

states within the energy band gap of the material which can capture or trap an electron 

or a hole. These localized states are also called traps  for solid dielectrics. The traps 

electron and holes cannot move freely and contribute to the conduction or valence band 

of the dielectric, which results in decreased electrical conductivity. Therefore, the trap 

energy level and trap level density are important parameters in determining the 

electrical properties of nanocomposites. Generally, there are two kinds of traps, shallow 
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traps and deep traps. The shallow traps are generated due to different conformations of 

polymeric molecules. These confirmations can cause physical disorders, resulting in 

the localized states in the bandgap. These states assist the charge transportation, named 

as shallow traps. The shallow trap energy level is usually between 10-2 eV to 1 eV [59]. 

The deep traps are formed due to chemical disorders. The chemical disorders are caused 

by the side chains, additives, reaction products and impurities. The physical disorder is 

also developed around the chemical disorders as the electronic properties of the foreign 

atoms are different from that of the original atoms in the polymer backbone. Thus, it 

leads to the formation of additional deeper energy levels in the bandgap, also known as 

deep traps. The deep traps suppress the space charge and charge transportation. The trap 

distribution in the energy band of the polymer is shown in Figure 7.20. The width of 

the bandgap is about 9 eV for polymeric insulation material [75]. The electron traps and 

hole traps are distributed on the different sides of the Fermi level. The shallow traps of 

electron trap exist near the bottom of the conduction band and the deep traps of the 

electron trap exist near the Fermi level. The hole traps have the similar distribution rule. 

The electrical conductivity of a solid is related to the mobility and concentration of free 

charge carriers. The lower the mobility and the concentration of the free charge carriers, 

the lower the electrical conductivity of the solid. The detrapping of trapped electrons 

happens when electrons gain enough energy from the electric field. Then, the detrapped 

electrons start immigrating towards the opposite electrode. They might be trapped and 

detrapped for few times until they move to the opposite electrode.  
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Figure 7.20 Schematic representation of trap distribution in the energy band of a 

polymer. 

The detrapping of space charge in the polymeric dielectric is often achieved by thermal 

stimulation, electrical stimulation, or light stimulation. The distribution of the traps can 

be obtained by measuring the stimulated current and voltage during the detrapping 

process. Among these techniques, the thermally stimulated current method is the most 

widely used as it is fairly easy to conduct the test and obtain the trap energy level and 

trap density of insulation material. The TSC method includes the thermally stimulated 

polarization current (TSPC) method and thermally stimulated depolarization current 

(TSDC) method. TSDC is more commonly employed in the trap characterization of 

polymeric insulation material [173]–[175]. This method provides trap information of 

solid dielectric by measuring the depolarizing current caused by the depolarization and 
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charge detrpping during the heating process. Methods such as the initial rise method, 

peak temperature method and curve-fitting method for extracting the trap parameters 

from TSC curves have been reported in [119]. In this study, the modified thermally 

stimulated depolarization current is adapted as it can show the trap distribution in a 

continuous way. For the convenience of discussion about TSC theory, it is just the 

electron injection from the electrode that is considered. In other words, a electric field 

is applied across the sample and the anode electrode is in contact-blocking state [176]. 

The detected current in the measurement circuit of the conventional TSC method can 

be expressed as Equation (7.5): 
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where Nt(E) is the distribution function of a continuous trap level distribution, l is the 

spatial depth that the trap level distribution exists in the sample, e is the electronic 

charge quantity, f0 is a constant that shows the initial occupancy of a trap level, E is the 

energy level of trap, d is the thickness of the sample, β is the heating rate, v is the 

frequency factor, en(E, T) is the emission rate of electrons at trap level E and 

temperature T. The emission rate is calculated based on Equation (7.6):  
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where T is the temperature and k is the Boltzmann constant. The frequency is assumed 
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to be 1012 s-1 as discussed in [177]. Obviously, the calculation of trap level distribution 

would be very complex. F. Tian et al. developed a new function, G1(E, T), to calculate 

the weighted contribution of an electron at trap level E to the current at temperature T,  
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After using the integration approximation[176], the Equation (7.7) is then expressed as: 
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It was proved that there might be a significant difference between results from Equation 

(7.7) and Equation (7.8), another approximation by using a delta function is raised in 

[119]:  

 ( , ) ( ) ( )m mG E T A E E E= −  (7.9) 

where Em is the demarcation energy above which the traps are free from electrons and 

A is a function of Em. Assuming that all the traps are initially filled and f0 = 1, the trap 

level distribution, Nt(Em), can be directly calculated by using Equation (7.5) and (7.9) 

as follow: 
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The approximal value of A(Em) is equal to the maximum value of G1(E, T) according 

to [176]. Then the trap level distribution can be calculated in MATLAB based on the 
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TSC data. Figure 7.21 shows the measured current from TSC and the calculated density 

distribution of trap energy level of unfilled PE sample. A small peak of the thermally 

stimulated current can be firstly observed around the glass transition temperature of PE, 

-50 °C. The cause of this current peak is the movement of the molecular chain of PE. 

The corresponding peak of the trap energy level is about 0.65 eV. The traps near this 

peak are considered as shallow traps in PE. Another obvious current peak of 65 °C 

corresponds to the trap level of 0.96 eV. It can be identified as the deep traps due to the 

detrapping of the trapped charges [178]–[180]. The trap level density of deep traps in 

virgin PE is about 2.0×1019 /m3·eV, which is consistent with the results in [59], [181]–

[183]. T.Mizutani et al. also studied the trap energy level and trap level density of PE 

through X-ray-induced thermally-stimulated current technique and they have found 

there is always a trap energy level peak of PE around 50 °C. The trap depth was 

calculated to be 0.9 eV and the initial density of trapped carriers was 2.9×1020 /m3·eV 

[184]. The research reported by K.J. Kao et al. also supports the fact that PE has a trap 

peak around 0.97 eV [182]. The obtained trap information of PE nanocomposites and 

PP nanocomposites is presented and discussed in the next section. 
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Figure 7.21 TSC current (left) and calculated trap distribution (right) of virgin PE. 

 

 7.5.2 Results and discussion for PE Nanocomposites  

 

 

Figure 7.22 Trap distribution of PE nanocomposites containing KH570-alumina. 
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The density distribution of trap energy level of PE nanocomposites containing KH570-

treated nano-alumina particles with varying content is shown in Figure 7.22. The most 

obvious is that the addition of nano-alumina increases the trap level density compared 

with unfilled PE, namely the increase of the depolarization current from the TSC test. 

Additionally, the peak position of the trap energy level moves towards the low trap 

energy level as the filling content of nanoparticles increases. The PE/ Al2O3-

KH570@0.5 phr sample has shown the highest trap energy level of about 1.06 eV, 

suggesting more deep traps are produced in this nanocomposite. The trap level density 

of this sample is also increased to 1.0×1020 /m3·eV. It is impossible to show the whole 

peak of this sample due to the limited energy provided by the thermally stimulated 

method. In addition, to release the charges trapped in traps of 1.05 eV, the stimulation 

temperature should be raised around 100 °C, which is out of the normal working 

temperature range of PE. The peak position of samples containing 1 phr and 2 phr of 

nano-alumina is similar to unfilled PE but with a wider range. The density of them, 

6.3×1019 /m3·eV and 1.4×1020 /m3·eV respectively, are much higher than that of 

unfilled PE. The results indicate that more deep traps are formed in these samples. 

However, the peak trap level of PE/ Al2O3-KH570@5 phr reduces to 0.83 eV but with 

a high density of 1.1×1020 /m3·eV. In other words, more shallow traps are generated in 

such nanocomposite samples.  

Previous research has indicated that the origin of the traps in polymer nanocomposite 

consists of the traps induced by the chemical defects and the chemical bonds on the 
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surface of nanoparticles; the traps induced in the interphase region between the 

crystalline and amorphous regions and the interphase region between the spherulites; 

the traps induced in the interfacial region between the nanoparticles and the matrix. 

Moreover, according to previous studies [185]–[188], the discrete deep traps caused by 

chemical defects and chemical bonds are with energy levels between 1.0 and 5.0 eV 

and the continuous deep traps generated in the interface and interphase region of 

polymeric nanocomposites are about 1 eV. In this study, the detected traps of around 

0.97 eV in PE nanocomposites are considered to be the cavity traps formed in the 

interphase region between the amorphous region and crystalline region and the interface 

between the nano-alumina and matrix polymer. In these cavity traps, the electrons are 

trapped by the polarized PE molecules. This is because the short-range repulsive force 

between polymeric molecules decreases as the distance between the molecules is 

increased in the cavities [185]–[188]. The shallow traps at around 0.7 eV in PE 

nanocomposites are mainly produced during the glass transition process in the 

amorphous region. From the results, the peak trap energy level density of PE 

nanocomposites is about 3 to 7 times larger than that of unfilled PE, indicating that a 

large number of traps have been introduced. The increase of the number of traps for 

nanocomposites is because the total area of interfacial region between nanoparticles 

and matrix polymer is increased with the increase of the filling content. It can also be 

observed in the SEM images. In addition, TGA and FRIR results in Chapter 4 show that 

the KH570 coupling agent is chemically grafted on the surface of nano-alumina 
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particles. Hence, more deep traps should be generated in the nanocomposite sample. 

However, the charges trapped in these deep traps (>1.5 eV) are hard to be released by 

thermal stimulation. 

 

7.5.3 Results and discussion for PP Nanocomposites  

The trap energy level distribution of the PP nanocomposites is shown in Figure 7.23. 

Two peaks of trap energy level are found for each kind of nanocomposite sample. For 

unfilled PP, the first peak, located at around 0.75 eV, represents the shallow trap peak. 

The peak of the shallow trap level density is about 1.1×1019 /m3·eV. The corresponding 

temperature on the current curve of TSC is about -10 °C, which is the glass transition 

point of PP. Therefore, the shallow traps in PP/nano-alumina composite are formed due 

to the movement of the PP molecular chain. The second peak is the deep trap peak 

located at around 0.97 eV and the peak of deep trap level density is about 2.0×1019 

/m3·eV. These traps are generated by the relaxation of the charges trapped at the 

interphase region.  

With the addition of KH570-treated nano-alumina particles, the small peaks of PP 

nanocomposites are still at about 0.75 eV and the density remains at the same level. 

This is to say that the addition of nanoparticles does not affect the glass transition 

process of PP. But the behavior of deep trap peak becomes more complex for PP 

nanocomposites. It is found that the deep trap peak shows at a similar trap level as 
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unfilled PP (about 0.97 eV), while the peak becomes wider and significantly higher as 

the filling content increases. The trap level density at 0.97 eV of samples incorporating 

0.5 phr, 1 phr, 2 phr and 5 phr of KH570-treated nano-alumina is 3.9×1019 /m3·eV, 

5.5×1019 /m3·eV, 7.4×1019 /m3·eV and 2.2×1020 /m3·eV respectively. The results 

indicate that the density of the deep traps is greatly increased for PP/alumina 

nanocomposites and the density increases with the increase of filling content. Another 

important finding is that an additional trap level peak is observed in the range of 1.1 to 

1.2 eV for PP/Al2O3-KH570@0.5 phr and PP/Al2O3-KH570@1 phr, suggesting the 

deeper traps are generated in such composite systems. This should be attributed to 

chemical bonds in the interface area between the nanoparticles and matrix material is 

increased when the filling content is low (≤1phr). When the filling content is high (>1 

phr), the agglomeration of nanoparticles becomes serious, resulting in the reduction of 

the effective interfacial area. 

Similar to the previous discussion, the interphase between the crystalline region and 

amorphous region and the interfacial area between the matrix PP and nano-alumina 

play an important role in generating carrier traps of semicrystalline polymer 

nanocomposite. According to the POM results in Chapter 4, the nanoparticles act as 

heterogeneous nucleating agents, which reduces the PP spherulite size and increases 

the total number of PP spherulite. The interphase between crystalline and amorphous 

regions and the interphase between spherulites are then obviously increased compared 

with unfilled PP. Moreover, the interface area between the matrix PP and nano-alumina 
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increases compared with unfilled PP. Consequently, both the density and proportion of 

the deep traps of PP nanocomposite are increased.  

 

Figure 7.23 Trap distribution of PP nanocomposites containing KH570-alumina. 

 

To further study the dominant factor in determining the trap distribution of PP 

nanocomposites, some chemical and morphological analysis for PP nanocomposites 

has been conducted in Chapter 4. The crystallinity was calculated based on the DSC 

results and characterize interphase between the crystalline region and the amorphous 

region. The SEM results can semi-quantitatively demonstrate the interfacial area 

between the polypropylene and the nano-alumina particles. The obtained spherulite 

data from POM images can semi-quantitatively shows the interphase between 
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spherulites. Compared with PP/Al2O3-KH570@2 phr sample, PP/Al2O3-KH570@5 phr 

has similar crystallinity, less effective interface area, but more interphase region 

between spherulites, resulting in more deep traps. It suggests that the interphase 

between spherulites seems to be the dominant factor for the increase of the traps in PP/ 

nano-alumina composites.    

 

7.6 Summary 

In this chapter, space charge dynamics of PE nanocomposites and PP nanocomposites 

are presented and discussed. Homocharge accumulation was observed near both 

electrodes for all the nanocomposite samples. For unfilled PE, the space charge density 

increases with the increased electric field. The introduction of untreated nano-

aluminum can slightly reduce the space charge accumulation. The space charge 

accumulation in nanocomposite samples containing KH570-treated alumina is 

obviously reduced as compared with unfilled PE. The total charge firstly decreases and 

then increases as the filling content increases. PE/KH570-treated alumina@2phr 

sample shows the minimum space charge, which could be attributed to the increased 

density of deep traps. Compared with unfilled PE, unfilled PP sample has less space 

charge accumulation at the same electric field and temperature. This phenomenon is 

explained based on the energy band theory. The PP nanocomposite samples containing 

both untreated and KH570-treated alumina show a reduced intake of space charge 
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during polarization. The total charge amount at the end of polarization decreases as the 

filling content increases. The addition of surface-treated nano-alumina also reduces 

electric distortion. Under temperature gradient, PP nanocomposite exhibits better space 

charge suppression compared with unfilled PP. The space charge behavior is tightly 

linked with traps in the sample. When nanoparticles are introduced, the TSC results 

reveal that more deep traps are introduced in nanocomposites. In general, deep traps 

can significantly suppress space charge accumulation, while shallow traps have little 

effect. This is because deep traps can capture and trap the charge carriers, reducing the 

number of free carriers available for space charge formation. The reduced space charge 

in nanocomposites is mainly attributed to the suppressed charge injection from the 

electrodes, which is resulted from the trapped injected charge in deep traps. 

Additionally, deep traps can also reduce the dielectric loss and increase the DC  

breakdown strength of material by capturing and trapping the charge carriers, reducing 

their mobility. In conclusion, designing and optimizing the trap level in nanocomposite 

dielectrics is important for suppressing space charge and improving dielectric 

properties.  
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Chapter 8 Chapter 8 DC conductivity  

8.1 Introduction 

For good HVDC cable insulation, except for excellent space charge suppression ability 

and high DC electrical breakdown strength, a reasonable DC conductivity is another 

important parameter to evaluate. The electrical volume conductivity plays a vital role 

in determining the electric field distribution of polymeric insulation material. It strongly 

depends on the strength of the electric field and temperature. The value of DC volume 

conductivity determines the DC losses. A lower DC volume conductivity would lead to 

a lower DC loss. It is of great importance in limiting the temperature rise in cable 

insulation and increasing its lifetime. The measurement of DC conductivity could also 

be used to evaluate insulation ageing of high voltage electric applications. Additionally, 

the obtained DC conductivity information could contribute to the design of future 

polymeric nanocomposite insulation systems [61], [189], [190].  

The measurement of conductivity of polymeric insulating material is usually conducted 

by measuring the leakage current under DC electric field. The leakage current, which 

is caused by the movement of charges under the DC electric field, exists in all non-ideal 

dielectric materials. The leakage current consists of three parts, the capacitive charging 

current (ic), the absorption current (ia), and the conduction current (ig), as shown in 

Figure 8.1. The capacitive charging current is dramatically high at the very beginning 

of applying a voltage across the sample and then rapidly reduces to zero. The absorption 



222 

 

current is gradually decreasing to zero over time. The conduction current is a constant 

current flow in the dielectric, which is usually employed to calculate the conductivity 

of different insulating materials. Therefore, in the actual measurement, the current value 

is relatively high when the voltage is first applied and then decreases with time to reach 

a quasi-steady state. For each tested sample, we take the average current value recorded 

in the last 10 seconds as its conduction current value. The DC conductivity could be 

calculated based on  

 = =
V

I d J

A E
   (8.1) 

Where I is the leakage current, V is the voltage across the sample, d is the thickness of 

the sample, A is the area of measurements electrodes, J is the current density and E is 

the electric field strength applied across the sample. 

 

Figure 8.1 Typical time variation of the leakage current in a dielectric material. 
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In this chapter, the leakage current of PE nanocomposites and PP nanocomposites are 

measured by using the experimental setup introduced in Chapter 3 Section 3.3.8. The 

DC conductivity was calculated based on the data obtained under 30 kV/mm at 30 °C. 

In addition, to study the addition of nano-alumina on the threshold electric field of 

electrical ageing in nanocomposite systems, the chosen PE nanocomposite sample and 

PP composite sample were tested from 5 kV/mm to 70 kV/mm with a step of 5 kV/mm 

at 30 °C. 

 

8.2 Results and Discussion 

8.2.1 Measurements for PE nanocomposites 

The leakage current of PE nanocomposites was monitored at 30 kV/mm and 30 °C for 

600 s, as shown in Figure 8.2. The leakage current of the unfilled PE sample and PE 

composite samples containing untreated nano-alumina approaches a constant value 

after 250 s. The leakage current of PE composite samples containing KH570-treated 

nano-alumina shows a different behavior with a dramatic decrease in the first 30 s and 

becomes a constant value after that. It should be the consequence of the slow 

polarization process, as discussed by A.T. Hoang et al.[191]. Figure 8.3 compares the 

DC conductivity of unfilled PE sample and PE nanocomposite samples containing 

untreated and KH570-treated nano-alumina particles. The conductivity of unfilled PE 

is about 4.86 ×10-15 S/m. All the composite samples show reduced conductivity as 
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compared with unfilled LDPE. Upon the surface treatment, the PE/Al2O3-KH570 

nanocomposite samples show smaller DC conductivity than the samples containing 

untreated nano-alumina with the same filling content. The DC conductivity of 

PE/Al2O3-KH570 nanocomposites firstly decreases and then increases with the 

increasing filling content. The PE/Al2O3-KH570@1 phr has the lowest DC conductivity 

among all the samples, which is about 7.12 ×10-16 S/m. The conductivity of unfilled PE 

is 4.86 ×10-15 S/m, which is about seven times greater than that of PE/Al2O3-KH570@1 

phr. 

 

  

Figure 8.2 The measured leakage current curves of (a) PE/ untreated nano-alumina 

samples and (b) PE/KH570-treated nano-alumina samples at 30 kV/mm and 30 °C.  
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Figure 8.3 The DC conductivity of PE and its nanocomposites under a 30 kV/mm DC 

electric field at 30 °C. 

 

8.2.2 Measurements for PP Nanocomposites 

Figure 8.4 shows the leakage current of PP nanocomposites recorded at 30 kV/mm and 

30 °C for 600 s. The leakage current of all samples reaches a quasi-steady state after 

200 s. The current curves are quite noisy. It might be because the current values are 

approaching the sensitivity limit of the instrument. Figure 8.5shows the DC volume 

conductivity of unfilled PP and PP nano-alumina composites as a function of filling 

content. The conductivity of unfilled PP is around 6.11 ×10-16 S/m. All PP composite 

samples show a reduction in DC conductivity compared with unfilled PP samples. For 

PP composites containing untreated nano-alumina particles, the DC conductivity 

decreases when the filling content is 0.5 phr and then increases when filling content is 

increasing from 1 to 5 phr. The conductivity of PP nanocomposites filled with KH570-
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treated nano-alumina decreases with the increasing filling content until 1phr and 

increases with a further increase of filling content until 5phr. The magnitude of 

conductivity of PP nanocomposites containing KH570-treated alumina is similar to that 

of PP nanocomposites containing untreated alumina, suggesting the surface 

modification by KH570 has limited influence on the improvement of DC conductivity. 

The PP/Al2O3-KH570@1 phr has the lowest conductivity of 4.40 ×10-17 S/m, which is 

about 14 times smaller than that of unfilled PP. 

 

  

Figure 8.4 The measured leakage current curves of (a) PP/untreated nano-alumina 

samples and (b) PP/KH570-treated nano-alumina samples at 30 kV/mm and 30 °C. 
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Figure 8.5 The DC conductivity of PP and its nanocomposites under a 30 kV/mm DC 

electric field at 30 °C. 

 

8.2.3 Discussion  

It is observed that the DC electrical conductivity of PE nanocomposites containing 

untreated and KH570-treated nano-alumina particles up to 5phr is lower than that of 

the unfilled PE sample. As for the PP nanocomposites, the samples filled with no more 

than 2phr nanoparticles have lower conductivity than unfilled PP. The reduction of 

conductivity is attributed to the increased interface between polymer and nanoparticles 

after introducing the nano-alumina particles. More traps are generated in the interfacial 

areas, which leads to the reduction of charge carrier mobility during the charge 

transportation [55], [64], [69], [149], [154], [192]. The increasing of conductivity at 
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high filling content is most likely due to the appearance of particle agglomeration. 

From the results, the DC electrical conductivity of unfilled PP is more than one order 

of magnitude smaller than that of unfilled PE. Additionally, the conductivity of PP 

nanocomposites containing KH570-treated nano-alumina is also one order of 

magnitude smaller than that of PE nanocomposites containing KH570-treated nano-

alumina when the filling content is the same. In other words, the PP nanocomposites 

own distinct advantage in reducing power losses when used as DC insulation material.  

The complete mechanism of charge transport in the polymeric dielectric is still not clear 

yet. Researchers have proposed different charge transport models to explain the 

experimental results. The space-charge-limited conduction (SCLC) model [193], [194] 

is the most widely accepted one to describe the charge transportation behaviors in a 

solid dielectric material. To perform the theoretical analysis of conduction current in 

thin or thick film specimens of solid dielectric material, the following assumptions are 

made. 

1) The characteristic of the carrier injection could be explained by using the energy 

band model. 

2) Only the injected hole carriers are considered and an ohmic contact is made 

between the film sample and electrode (A similar treatment could be performed 

when only injected electron carriers are considered). 

3) The current components due to carriers thermally generated and due to diffusion 

are neglected. 

4) The density of free holes follows the Maxwell-Boltzmann distribution, and the 
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trapped holes are distributed as the Fermi–Dirac statistics. 

5) The Pool-Frenkel effect, collusion ionization and high field-effect mobility are 

neglected. 

Figure 8.6 shows the typical J-E characteristic curve plotted in log-log scale for space-

charge-limited current. The J-E curve can be divided into three bounded regions, the 

linear region, the trapped-SCLC region and the square region. The carrier distribution 

in the dielectric film under different situations is shown in Figure 8.7.  

 

Figure 8.6 The J-E characteristic curve of space-charge-limited conduction current. 
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Figure 8.7 Carriers distribution in the dielectric film with space-charge-limited 

conduction theory.  

 

Linear region 

When the external electric field is low, the density of thermally generated free carriers 

in the film bulk is much larger than the density of injected carriers. The current follows 

ohm’s law and the relationship between current density and electric field can be 

expressed as  
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0J qn E=   (8.2) 

Where q is the electronic charge, n0 is the concentration of the free charge carrier in 

thermal equilibrium, µ is the carrier mobility and E is the applied electric field strength. 

The slope of the J-E curve in the log-log scale should be equal to 1. 

Trapped-SCLC region 

When the applied electric field is increased, the density of injected carriers becomes 

larger than the density of thermally generated free carriers. The injected carriers at the 

electrodes start migrating towards the bulk of insulation and some of the injected 

carriers are trapped by the traps in the dielectric, which results in the space charge 

accumulation. The current caused by the transportation of other injected free carriers is 

determined by the trap energy level and trap level density of the dielectric. The 

conduction current at this time is also named the trapped space-charge-limited current. 

In most cases, the trap density is following the exponential distribution. The 

relationship between current density and electric field in this region can be expressed 

as [193]: 
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Where l is the ratio between the characteristic temperature (Tc) of trap distribution and 

the absolute temperature (T) of trap distribution, Nv is the effective density of states in 

the valence band, ε is the permittivity, Ho is the function of the trap distribution and d 
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is the thickness of film sample. As Tc is usually larger than T, the index of the electric 

field (l+1) is always bigger than 2 [194]. Therefore, the slope of the J-E curve in the 

log-log scale is larger than 2 in the trap-filling region.  

Square (SCLC) region 

As the external electric field continuously increases, the traps are fully occupied by the 

injected carriers. The relationship between current density and electric field in this 

region follows the Child’s Law [195]: 

 

29

8

E
J

d


=  (8.4) 

Thus, the slope of the J-E curve in the log-log scale at the square region is equal to 2. 

The selected samples are tested under varying electric fields starting from 5 kV/mm 

until 70 kV/mm at 30°C. Figure 8.8 shows the J-E curves C of unfilled PE sample and 

PE/Al2O3-KH570@2 phr sample and Figure 8.9 displays the J-E curves of unfilled PP 

sample and PP/Al2O3-KH570@2 phr sample. At low field strength, the J-E 

characteristic follows the ohm’s law. With the increase of electric field strength, the J-

E curve is transferring from the ohmic region to the space-charge-limited region. In 

order to estimate the carrier mobility, the relationship between current density and 

electric field strength can be considered to follow the Child’s Law when the electric 

field is high enough. Hence, the carrier mobility could be calculated from the slope (k) 

of the J-E curve according to Equation(8.4), expressed as  
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where d is the sample thickness and it is 100 µm in this test; ε=ε0εr, ε0 is the vacuum 

permittivity and εr is the relative permittivity of the sample. Table 8.1 represents the 

calculated carried mobility of selected samples at 60 kV/mm. The carrier mobility of 

PP is about two orders of magnitude smaller than that of PE, indicating PP owns 

distinguished insulating properties when compares with PE. The carrier mobility of 

PE/Al2O3-KH570@2 phr sample is 2.37 ×10-7 m2/(V·s), which is more than 5 times 

smaller than that of unfilled PE. The carrier mobility of PP/Al2O3-KH570@2 phr 

sample is 6.54 ×10-9 m2/(V·s), which is about one order of magnitude smaller than that 

of unfilled PP. The results suggest that the addition of nano-alumina into matrix 

polymer can reduce the carrier mobility of nanocomposites. A large quantity of traps is 

generated in the interaction area between nanoparticles and matrix polymer and they 

can capture the carries. Thus, the carrier mobility is reduced. 

Table 8.1 Carrier transport rate in PE nanocomposites and PP nanocomposites 

 

Sample k  µ (m2/(V·s)) 

PE 3.25 ×10-13 1.30 ×10-6 

PE/Al2O3-KH570@2 phr 5.97 ×10-14 2.37 × 10-7 

PP 1.71 ×10-14 6.91 10-8 

PP/Al2O3-KH570@2 phr 1.62 ×10-15 6.54 ×10-9 
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Figure 8.8 The J-E curve of PE/alumina nanocomposites. 

 

Figure 8.9 The J-E curve of PP/alumina nanocomposites. 
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The electric field strength at the intersection point between the ohmic region and the 

space charge limited current region is called the electrical ageing threshold, above 

which the degradation of insulation occurs. The current density versus electric field of 

PE and its composites is plotted in log-log scale, as shown in Figure 8.10. The electric 

field for which the slope of log J-log E plot exceeds unity, i.e., the threshold for 

electrical ageing is indicated by the arrow. The J-V curve for both samples consists of 

two parts, the ohmic region and the trapped SCLC region. After fitting with the least-

squares method, the slopes for each part of the curve are recorded in Table 8.2. For both 

samples, the slopes in the ohmic area are near 1 and the slopes in the trapped SCLC 

region are larger than 2. The electrical ageing threshold at 30 °C for unfilled PE sample 

is 12.49 kV/mm. After adding 2 phr of KH570-treated nano-alumina into PE, the 

electrical ageing threshold is increased to 16.66 kV/mm.  

Figure 8.11 shows the field-dependent current density of PP and its composites plotted 

in log-log scale. The same method is adapted to complete the curve fitting. The 

electrical ageing threshold of PP composite samples is summarized in Table 8.3. For 

each sample, the J-E curve is divided into the ohmic current and trapped SCLC current 

by the electric ageing threshold field. The slope of ohmic current is near 1 and the slope 

of trapped SCLC current is above 2, which is consistent with the theoretical analysis. 

The HVDC cables usually operate at 15 kV/mm. To realize the reliable long-term 

operation of HVDC cables, the electrical ageing threshold of cable insulation material 

must be higher than 15 kV/mm. From the results, the electrical ageing threshold at 30 °C 
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for unfilled PP and PP/Al2O3-KH570@2 phr is 15.91 kV/mm and 27.17 kV/mm, 

respectively, which is larger than that of unfilled PE material at the same temperature. 

Introducing the surface treated nano-alumina into PP material could obviously improve 

its electrical ageing threshold. The PP nano-alumina composite material is suitable to 

be used as HVDC cable insulation.  

Additionally, as reported in [90], [196], the threshold value above which space charge 

accumulation occurs might be close to the threshold for electrical ageing under DC 

electric field. This is because the space charge and ohmic behavior of conduction 

current are mutually incompatible. The existence of space charge inescapable results in 

the distortion of the electric field and the non-linear behavior of current [194]. Hence, 

there is no space charge when the steady-state DC conduction current is in the ohmic 

region. The threshold for space charge accumulation defines the transition point of the 

electric field where a non-linear behavior of DC current occurs [90]. It is well-known 

that space charge accumulation is a challenging topic for HVDC cable insulation. From 

the J-E characteristic curves, the addition of nano-alumina particles could also increase 

the threshold of space charge accumulation.  
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Figure 8.10 Current density versus electric field of (a) PE and (b) PE/Al2O3-

KH570@2phr nanocomposite. 

 



238 

 

 

 

Figure 8.11 Current density versus electric field of (a) PP and (b) PP/Al2O3-

KH570@2phr nanocomposite. 
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Table 8.2 The electrical ageing threshold for PE and its nanocomposite. 

Sample Slope of ohmic 

current 

Slope of trapped 

SCLC current 

Electrical ageing 

threshold 

(kV/mm) 

PE 0.45 4.63 12.49 

PE/Al2O3-KH570@2 phr 0.31 3.09 16.66 

 

Table 8.3 The obtained electrical ageing threshold for PP and its nanocomposite. 

Sample Slope of ohmic 

current 

Slope of trapped 

SCLC current 

Electrical ageing 

threshold 

(kV/mm) 

PP 0.83 3.27 15.91 

PP/Al2O3-KH570@2 phr 0.51 2.97 27.17 

 

8.3 Summary 

In this chapter, the DC conductivity of PE nanocomposites and PP nanocomposites at 

30 kV/mm and 30 °C are analyzed. Results show the addition of nano-alumina could 

decrease the DC conductivity of nanocomposites as compared with the virgin base 

polymer. But with the increasing filling content, DC conductivity increases. DC 

conductivity of PP nanocomposites is about one order of magnitude smaller than that 

of PE composites. In addition, the steady-state conduction current behavior in solid film 

samples is studied based on SCLC theory. The electric field-dependent current density 

of some selected nanocomposite samples is measured. The carrier mobility is reduced 

with the addition of nanoparticles. 

Moreover, the electrical ageing thresholds of nanocomposites are calculated from the 
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J-E characteristic curves in the log-log scale. The results show that the inclusion of 

nano-alumina into the polymer can increase the electrical aging threshold. In conclusion, 

experimental results illustrate the improvement in DC conductivity and electrical 

ageing threshold after adding nano-alumina. However, more studies are still needed to 

explore the underlying charge transport mechanisms in nanocomposites. 
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Chapter 9 Chapter 9 Conclusions and Future Work 

9.1 Summary of Findings  

The main aim of this project is to improve the understanding of the potential issues of 

using thermoplastic polymeric nanocomposites for recyclable HVDC cable insulation. 

Particularly, the electrical performance of nanocomposites under high DC voltage stress 

should be evaluated. 

In this project, PE and PP were chosen as the matrix materials to synthesize polymer 

nanocomposites for potential HVDC cable insulation. Nano-alumina particles were 

selected as the target nano-filler. A successful and well-controlled surface modification 

method for nano-alumina by using KH570 silane coupling agent was developed and 

verified by using TGA and FTIR. Both PE nanocomposite thin film samples and PP 

nanocomposite thin film samples were successfully prepared in the form of varying 

surface treatment and filling contents. Overall, with regards to the recyclable HVDC 

cable insulation, a series of comprehensive studies on the physical, thermal, mechanical 

and electrical properties of four nanocomposite systems, i.e., PE/untreated-nano-

alumina, PE/KH570-treated-nano-alumina, PP/untreated-nano-alumina and 

PP/KH570-treated-nano-alumina, were conducted.  

The introduction of nanoparticles is found to affect the morphological structure of the 

matrix polymer. The morphological analysis was conducted by using POM and SEM 

in Chapter 4. Nanoparticle enhances the nucleation effect during the crystallization 
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process, resulting in the increased spherulite density and reduced spherulite size. Such 

effects become more apparent as the filing content is increased. With the surface 

treatment, this phenomenon is even more obvious. The surface treatment also improves 

the dispersion and distribution of nanoparticles in nanocomposites, which was observed 

through SEM images. The agglomeration of nanoparticles can still be observed with 

the high filling content. But the dimension of the agglomerations is largely reduced. 

From the DSC results, all the nanocomposite system shows stable thermal properties. 

The addition of untreated and KH570-treated nano-alumina did not have obvious 

influences on the melting traces and the melting temperature of PE nanocomposites and 

PP nanocomposites. Hence, the deduced lamellae thickness was similar for samples 

with the same matrix polymer. Together with POM results, introducing nano-alumina 

only had an impact on the nucleation but not on the crystallinity of polymer 

nanocomposites.  

Dielectric response of all nanocomposite systems was investigated in Chapter 5. 

Permittivity and dielectric loss tangent of virgin PE and virgin PP maintained constant 

over the whole measuring frequency. For PE nanocomposites containing the untreated 

nano-alumina, the dielectric constant and loss were influenced by the surface chemistry 

and filling content. The dielectric loss tangent increases with the increase of the filling 

content of nano-alumina, especially in the low-frequency region. This is less obvious 

for PE nanocomposites containing surface-treated nanoparticles. A similar phenomenon 

was observed in PP nanocomposites.  
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The effect of the addition of nano-alumina on the DC breakdown performance was 

studied in Chapter 6. With the increasing filling content, DC breakdown strength of all 

composite systems firstly increases and then decreases. Surface treatment of nano-

alumina can increase the DC breakdown strength when comparing to the samples 

containing the same amount of untreated nano-alumina. In general, the DC breakdown 

strength of PP nanocomposites is higher than that of PE nanocomposites when the nano-

fillers and the filling content are the same. Possible explanations for the obtained 

breakdown behaviors were discussed, but the exact breakdown mechanism for 

nanocomposite is still not clear.   

As for space charge dynamics presented in Chapter 7, homocharge accumulation was 

observed near both electrodes in all nanocomposite systems. The total charge amount 

for PE nanocomposites is reduced with the filling content no more than 2 phr. While 

for PP nanocomposites, the total charge amount continuously decreases as the filling 

content is increased. The total charge amount is further reduced in the nanocomposite 

samples containing KH570-treated alumina as compared with the samples containing 

the same amount of untreated alumina. In addition, the space charge injection for PP 

and its nanocomposites is enhanced when the temperature rises.      

Measurements of leakage current of nanocomposites in Chapter 8 indicate that the 

introduction of nano-alumina can reduce the DC conductivity in all the nanocomposite 

systems compared with unfilled polymers. However, DC conductivity increases with 
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the increasing amount of nano-alumina. PP/ Al2O3-KH570@1 phr sample has the 

lowest DC conductivity, which is about 14 times smaller than that of unfilled PP. 

Moreover, the electrical ageing threshold for some selected samples was studied based 

on SCLC theory. Results show that adding nano-alumina can improve the threshold of 

electrical ageing field in nanocomposite systems.    

By comparing the electrical properties of PE nanocomposites and those of PP 

nanocomposites, PP/KH570-treated nano-alumina composites at low filling content 

have shown higher DC breakdown strength, lower DC conductivity and less space 

charge accumulation.  

 

9.2 Conclusions 

The following conclusions are obtained for this research, which are also the main 

contributions of this research to knowledge: 

◆ Successful and well-controlled surface modification method for nanoparticles 

and the nanocomposite manufacturing method were developed to guarantee the 

validity of obtained experimental results.  

◆ Nanoparticles enhance the nucleating effect in nanocomposites and this 

phenomenon is more apparent when the filling content is increasing. 

◆ Nanoparticles have limited influence on the melting trace and the crystallinity 

of nanocomposites.   
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◆ The introduction of nano-alumina has a negative evidential impact on the 

mechanical properties in the PP nanocomposite system and this needs further 

improvement.  

◆ The inclusion of nano-alumina does not have significant influence on the 

dielectric spectroscopy both in the PE nanocomposite system and PP 

nanocomposite system. 

◆ The DC electrical properties, such as DC breakdown strength, DC conductivity 

and space charge behaviors of polymer/nano-alumina nanocomposites, are 

strongly influenced by the surface chemistry and filling content of nanoparticles.  

◆ Compared with unfilled PP, PP/ alumina nanocomposites show a better space 

charge suppression effect, in particular at high temperatures. 

◆ Deep traps in nanocomposite appear to be mainly determined by the interphase 

between spherulites. 

◆ A small amount of surface-treated nanoparticles can significantly reduce the DC 

conductivity in nanocomposites. The addition of nanoparticles increases the 

electrical ageing threshold. 

 

9.3 Future Work 

The experimental results and discussion presented in this project indicate that more 

work is required in the field of recyclable thermoplastic polymer nanocomposites. To 



246 

 

further understand the mechanisms of nanocomposite dielectrics and to quantify the 

influences of the addition of nanoparticles, the following work might be helpful: 

a) Space charge is one of the most important factors in constraining the 

development of HVDC polymeric power cables. How to effectively suppress 

the space charge has become a key issue in design the future polymeric HVDC 

cable. Hence, the space charge behavior of nanocomposites under a complex 

field should be further investigated. The complex field consists of the electric 

field, mechanical stress and temperature gradient. The obtained results will be 

invaluable in exploring the mechanisms of space charge formation, transport 

and dissipation.  

b) The poor mechanical properties of PP restrict its development as HVDC cable 

insulation. Therefore, it is necessary to improve the mechanical properties of 

the PP nanocomposite system. Published studies have shown that blending PP 

with other thermoplastic elastomers could improve its mechanical performance. 

Further improvement on the compatibility and reliability of the 

PP/elastomer/nanoparticles ternary system is still needed.    

c) The interfaces between the polymer and nanoparticles play significant roles in 

influencing the electrical properties of nanodielectrics, which is attributed to the 

special physical and chemical properties of the interfaces. Therefore, the 

characterization of the dielectric properties of interfaces should be investigated 

at the nanoscale. However, the required spatial resolution for the 
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characterization of such interfaces is far beyond the spatial resolution of most 

conventional methods. More advanced and accurate direct measurement 

methods should be developed to study the characteristics of the interfacial 

regions. 

d) This research evaluates the properties of polyethylene/nano-alumina and 

polypropylene/ nano-alumina as potential recyclable HVDC cable insulation. 

For polymeric nanocomposites, different fillers and matrix materials may have 

different interfaces, which results in distinct macroscopical properties. Hence, 

future research on different nanocomposite systems will be helpful to tailor the 

properties of nanocomposites and to design nanocomposite with specific 

purposes. Moreover, it can also provide some insights in revealing the 

underlying mechanisms of the nanocomposite.  
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