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Abstract 

Cable termination is the weakest part in any HV underground cable system, as 

defects may be left in the main insulation during the installation process. In HVDC 

systems, the converters produce the intended DC voltage for transmission but there 

may also be AC harmonics superimposed. The frequency of the AC harmonics could 

be in kHz range. The superimposed harmonics on the HVDC may have synergistic 

effects on cable insulation and may lead to further degradation in the cable insulation. 

In addition, for the sake of environmental protection, XLPE is no longer the suitable 

choice for underground cable insulation as it cannot be recycled. Thermoplastic 

material may be a candidate. There is little published information on the behaviour 

of thermoplastic materials under combined AC and DC voltages. 

In thermoplastic materials, HDPE film and PP film were selected as the target 

material to study in this project. As the properties of HDPE are similar to those of 

XLPE, the data obtained from HDPE was regarded as a bench-mark. It was decided 

to use the thermo-electrical stress to age the samples. For thermal stress, 90C was 

chosen as the aging temperature for HDPE, while 90C and 110C were chosen for 

PP. For the electrical stress, AC & DC combined voltage was used to age the 

samples. DC voltage was 6 kV. The superimposed frequency of AC voltage was 1 

kHz, 1.5 kHz, 2 kHz and 2.5 kHz. The AC/DC voltage ratio is from 10%, 30% and 

50%. In this project, the effect of frequency and voltage ratio on HDPE and PP 

degradation under superimposed stresses was studied using the following approaches: 

Equivalent Phase Resolved Partial Discharge (PRPD) plots, Fourier Transform 

Infrared - Attenuated Total Reflection (FTIR-ATR) Spectroscopy and Dielectric 

Spectroscopy (DS) measurements were carried out. The performance of HDPE and 

PP were compared. 
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1. Introduction 

1.1 Project Background 

1.1.1 HVDC Power System with AC Components 

With the steadily increasing demand for electric energy, the high voltage direct current 

(HVDC) transmission system will be enlarged to satisfy the demand of electric energy. 

HVDC transmission lines can be classified as over-head lines and 

underground/submarine cable systems. The latter one is much more suitable for 

somewhere like cities and underwater where over-head lines are hard to install. 

In addition, as environmental protection and sustainable development issues attract 

more and more attention nowadays, more power generation methods are being used. 

In history, coal was the major source for thermal power generation in the electrical 

energy industry. When coal is burned, CO2 will be created which is not environmental 

friendly. With the decrease of coal resources and increase of CO2 emission, it is 

required to produce electric power in sustainable ways. Sun, wind and hydro are 

sustainable sources, which could be used as the substitutes for coal. Among the 

renewable sources, wind energy attracts more and more attention [1-3]. As these 

sources are remote from users, HVDC transmission provides an efficient way to 

transmit power from such remote sources with converters rectifying the power at the 

sending end of transmission line and invertors converting the DC power to AC power 

for consumers at the receiving end. 

The converter is a key component in HVDC system, which is used to rectify 

alternating voltages. Classic HVDC systems are based on Line Commutated 

Converters (LCC), while modern HVDC systems use voltage source converters (VSC) 

[4-5]. 

However, as the switching of the power electronics in the converters cannot be 
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ignored, the output DC voltage of both converter types is normally superimposed with 

transients [6-8]. The switching frequency can go to the kHz range [6-7]. 

 

1.1.2 Cable Termination and Its Problems 

As cable terminations are the weakest part in cable systems, it is of interest to 

investigate the performance of insulation in cable terminations. Cable termination is a 

kind of cable accessory, which is installed at the end of the cable to connect with the 

power system or other electrical facilities. Although most reports are for high voltage 

alternating current (HVAC) terminations, the manufacture process of DC cable 

termination is similar to that of AC cable termination. Therefore, the reports can still 

be used to predict potential problems in DC systems. Cable terminations need to be 

sealed and insulated very well. The manufacturers normally provide the components, 

including premoulded rubber stress cone, stress cone stopper, clamping ring and stress 

cone compression kit. The components are assembled with the end of cable and 

become a cable termination. 

Typical cable consists of core, main insulation, semi-conducting layer and shield layer. 

Air gap may occur on the main insulation as shown in Figure 1.1. 

 

 

Figure 1.1. Air-gap on insulation in cable termination [9]. 

 

For underground/subsea cable termination installation, the semi-conducting layer and 
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shield layer of the cable need to be removed. The way to strip both layers is 

ring-cutting around the outer semi-conductive layer truncation, then cutting the 

semiconducting layer along the axial and finally strip away the cut part. However, as 

it is hard to control the depth of the tool, damage can occur to the cable insulation. 

The ring-cutting defect and slitting defect remain on the outer surface of the cable 

insulation and introduce air filled gaps between the cable surface and the joint 

assembly. When electric strength is high, partial discharge may occur in the airgaps 

present in these areas of defects and may cause breakdown eventually. As 

manufacturing processes have improved the number of defects in the bulk of the cable 

insulation is reducing. Therefore, the ring-cutting defects and slitting defects are the 

most significant cause of partial discharge sites in cable insulation [10-11]. 

In many cases, although cable terminations would pass an on-site voltage test, after 

some time, failures occurred. In most cases, these failures were caused by ring-cutting 

defects and slitting defects around the semiconducting layer truncation. Examples of 

defects and damage are shown in Figure 1.2 and Figure 1.3. 

 

 

Figure 1.2. Ring-cutting defect and the corresponding breakdown phenomenon [12]. 

 

 

Figure 1.3. Slitting defect and the corresponding breakdown phenomenon [12]. 
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In addition to these defects in cable terminations, the IEEE C-19W group [13] 

believes that in extruded-insulation cable system, typical insulation defects will 

including cavity defects and other air gaps 

• inside cable main insulation 

• on the interface between insulation and the semiconducting layers 

• on the interface between cable main body and terminations 

 

When electric field is high, partial discharge (PD) will happen in the air-gaps. In solid 

dielectrics, PD could cause irreversible mechanical, thermal and chemical degradation 

of the insulation material. PD event could make insulation material deteriorate, lead to 

decline of insulation properties and to electrical breakdown [14]. 

Water treeing may occur under superimposed voltages [7]. Therefore, the 

superimposed voltages generated by converters may further age the main insulation in 

termination. It is of interest to have an investigation about the impact of superimposed 

voltages on the properties of cable insulation. 

The impact of DC stresses and the combined DC and periodic transients associated 

with converters on partial discharge activity and the subsequent aging of the 

insulation is of interest due to the increasing use of HVDC transmission systems. This 

project investigates possible effects by considering discharges similar to those 

expected in an air gap on the surface of cable insulation. The discharges are driven by 

a combination of DC and sinusoidal voltages which will give an indication of the 

possible impact of converter waveforms on cable terminations. 

 

1.2 The Objectives of the Project 

To investigate the changes in aging in polymer insulation caused by partial discharges 

in an airgap stressed with combinations of DC and AC voltages. 
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To achieve this aim: 

• To investigate the effects of differing magnitudes and frequency of the 

superimposed AC stress on the performance of the polymer. This has been 

performed at elevated temperatures to accelerate the aging of the polymer to 

allow experimental tests to be performed in a reasonable timescale. 

• To monitor the partial discharge activity during the aging of the samples and to 

derive parameters such as the cumulative energy per second associated with the 

discharge activity. 

• To develop a novel parameter apparent cumulative energy per second (𝐸𝐶𝐴
̇ ) 

which will be linked to the apparent cumulative energy which is based on the real 

energy delivered to quantify partial discharge. 

• To assess the changes in the material properties through the use of FTIR-ATR 

which has allowed values of the Carbonyl Index to be derived. In addition 

changes in the conductivity and susceptibility as a result of aging have been 

derived using dielectric spectroscopy. 

• To study the correlation of Carbonyl Index, conductivity and susceptibility with 

𝐸𝐶𝐴
̇  and to analyse the aging process. 

• To investigate and compare the aging behaviour of two polymers: high-density 

polyethylene (HDPE) which is similar in its properties to XLPE a standard cable 

insulation and polypropylene (PP) which is an alternative insulation with lower 

environmental impact. 

The results obtained allow comparisons to be made between the behaviour of the 

polymers under different stress combinations and a possible explanation for the 

behaviour of the aging process has been developed. 

1.3 Structure of the Thesis 

The subsequent chapters of the thesis are as follow: 
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Chapter 2 is the literature review chapter. 

• Section 2.1 summarizes the stresses which cause degradation in cable insulation 

and introduces relevant aging mechanisms and models. 

• Section 2.2 introduces the fundamentals of dielectric spectroscopy (DS) 

measurement. 

• Section 2.3 introduces the fundamentals of Fourier transform infrared 

spectroscopy-attenuated total reflection (FTIR-ATR) measurement. 

• Section 2.4 introduces the fundamentals of phase resolved partial discharge 

(PRPD) measurement and reviews relevant experimental data and methods from 

the literature. This helps to build a basic understanding for this project. 

Chapter 3 describes the project design process. 

• Section 3.1 shows the criteria used for material selection and the introduction of 

the two materials investigated in this project. 

• Section 3.2 introduces the thermo-electrical aging system. In this section, 

information of the aging electrodes, temperature selection, AC & DC combined 

voltages production, the voltage ratio selection, superimposed frequency selection 

and aging duration selection. The set-up of the thermo-electrical aging system is 

also introduced. The phase resolved partial discharge (PRPD) measurement 

set-up and the method to collect PD data are described in detail. 

• Section 3.3 describes the Fourier transform infrared spectroscopy - attenuated 

total reflection (FTIR-ATR) measurement equipment. 

• Section 3.4 describes the dielectric spectroscopy (DS) measurement equipment 

and the way to undertake this measurement. 

Chapter 4 reports the results of HDPE samples aged at 90C with various 

superimposed frequencies and voltage ratios. 

• Section 4.1 describes the PRPD results. Mean with standard deviation of PD 

voltage, number of discharges and PD apparent cumulative energy per second are 
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three indexes used to demonstrate the PRPD results. How these three indexes 

change with superimposed frequency and voltage ratio is demonstrated. 

• Section 4.2 describes a proposed mechanism for the partial discharge generation. 

• Section 4.3 describes the FTIR-ATR results and discusses how the Carbonyl 

Index (CI) of HDPE samples change with superimposed frequency and voltage 

ratio. 

• Section 4.4 describes the DS results. Values for the conductivity and a dielectric 

susceptibility index are calculated and their variation with frequency and voltage 

ratio are summarized. 

• Section 4.5 summarizes the relationship of PD apparent cumulative energy per 

second, Carbonyl Index, conductivity and dielectric susceptibility index. 

Chapter 5 reports the results of PP samples aged at 90C using the same superimposed 

frequencies and voltage ratios as for the HDPE. 

• Section 5.1 describes the PRPD results. The data is analysed in the same way as 

in section 4.1 to derive the mean with standard deviation of PD voltage, number 

of discharges and PD apparent cumulative energy per second for the different 

aging conditions. 

• Section 5.2 describes the FTIR-ATR results. As in section 4.3 this data is used to 

derive the behaviour of CI as a function of the aging conditions. 

• Section 5.3 describes the DS results with derivation of the conductivity and 

susceptibility indexes for the various aging conditions in the same way as in 

section 4.4. 

• Section 5.4 summarizes the results in Section 5.1- Section 5.3. 

Chapter 6 reports the results of PP samples aged at 110C using the same 

superimposed frequencies and voltage ratios as in Chapters 4 and 5. 

• Section 6.1 describes the PRPD results. The data is analysed in the same way as 

in section 4.1 and 5.1 to derive the mean with standard deviation of PD voltage, 
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number of discharges and PD apparent cumulative energy per second for the 

different ageing conditions. 

• Section 6.2 describes the FTIR-ATR results. As in section 4.3 and 5.2 this data is 

used to derive the behaviour of CI as a function of the aging conditions. 

• Section 6.3 describes the DS results, with derivation of the conductivity and 

susceptibility indexes for the various aging conditions in the same way as in 

section 4.4.  

• Section 6.4 summarizes the results in Section 6.1- Section 6.3. 

Chapter 7 is a discussion chapter. In this section, the results in Chapter 4 to Chapter 6 

are discussed and comparisons are made between the behaviours of HDPE at 90C, 

PP at 90C and PP at 110C. 

• Section 7.1 examines how apparent cumulative energy per second (�̇�𝐶𝐴), changes 

with superimposed frequency and voltage ratio. The temperature effect on �̇�𝐶𝐴 is 

also discussed. 

• Section 7.2 summarizes conductivity (σ) changes with superimposed frequency 

and voltage ratio. The temperature effect on σ is also discussed. 

• Section 7.3 summarizes dielectric susceptibility index (I) and number of 

carbonyl group (N1(C=O)) change with superimposed frequency and voltage ratio. 

• Section 7.4 summarizes Carbonyl Index (CI) change with superimposed 

frequency and voltage ratio. The relationship between CI and is N1(C=O) is also 

discussed. 

• Section 7.5 compares measured indices change with apparent cumulative energy 

per second of each material according to the data in Section 7.1-7.4. 

Chapter 8 shows the achievement of this project in detail, draws conclusions and 

makes suggestions for future work in this area. 
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2. Literature Review 

This project required knowledge of engineering and chemistry. This chapter will 

introduce some background information involved in this project. The experimental 

data for this project is shown in Chapter 4-6 in detail. The results will be discussed in 

Chapter 7. 

In Section 2.1, the stresses which cause degradation in cable insulation are 

summarized and relevant aging mechanisms and models will be introduced. 

In Section 2.2, the fundamentals of DS measurement are introduced. 

In Section 2.3, the fundamentals of FTIR-ATR measurement are introduced. 

In Section 2.4, the fundamentals of PRPD measurement are introduced. Relevant 

experimental data and methods from the literature are reviewed. 

Section 2.5 is a summary.  

This helps to build a basic understanding for this project. 
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2.1 Stresses Faced by Cable Insulation and Their Models 

The life of high voltage cable systems are highly dependent on the life of the main 

insulation. In this section, stresses faced by cable insulation and the aging 

mechanisms will be summarized. 

2.1.1 Aging Stresses 

After a period of operation, the stresses discussed below will lead to degradation in 

the cable insulation. On the macro-scale, degradation of dielectric materials leads to: 

insulation resistance reduction; surface cracking; hardness increase; dielectric loss 

increase and insulation breakdown. On the micro-scale, degradation of dielectric 

materials occurs as electric trees or water trees [1]. The mechanism of insulation 

degradation is a complicated topic and it varies with different external factors. 

According to different external factors, the aging stress can be classified into electrical 

aging, thermal aging, mechanical aging and environmental aging (including factors 

such as moisture, contamination and radiation). The mechanism of each aging stress is 

summarized as follows: 

a) Electrical aging: Electrical stress is the main cause for insulation 

degradation. During the manufacturing process or installation process, 

defects will occur on a cable is main insulation [2]. As the insulation is 

exposed to high external electrical strength conditions for a long time, partial 

discharges can occur in the defect areas, leading to partial degradation and 

finally developed breakdown to destroy the dielectric properties of the 

insulation [3, 4]. 

b) Thermal aging: When operating, cables can be in a high temperature 

condition. High external temperatures, the internal dielectric load current and 

short-circuit currents could lead to heating of the cable insulation and 

temperature increases [5]. Thermal aging is a kind of chemical aging that 
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makes chemical properties of material change in high temperature conditions. 

Under high temperature conditions, chemical reactions such as oxidation and 

thermal decomposition, would take place and degrade the material. In 

chemical reactions, temperature is an important factor which affects the 

reaction rate. A chemical reaction usually occurs more rapidly as the 

temperature increases. In particular, oxidation reactions degrade the material 

and affect the electrical and mechanical performance of the insulation.  

Degradation also leads to change of mechanical properties, such as 

elongation at break and tensile strength, of the material [6]. 

c) Mechanical aging: Micro-defects [7] may occur in cable insulation during 

manufacture, installation and operation. If the insulation is exposed to 

mechanical stress for a long time, micro-defects could be enlarged leading to 

breakdown and damage to the insulation. 

d) Environmental aging: Environmental aging includes factors such as 

moisture [8], contamination [9] and irradiation [10]. During the installation 

process and in service, moisture and other contaminants can be introduced to 

the cable and affect cable performance. The presence of moisture and other 

contaminants could affect dielectric losses and capacitance of the material, 

lead to electrical tracking, water treeing and corrode elements of the cable. 

Cables may also be used in irradiated environments: the radiation may 

initiate chemical processes that degrade the insulation. 

 

All aging stresses mentioned above, plus the aging mechanisms and effects produced, 

are summarized in Table 2.1. 
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Table 2.1. Summary of aging causes and effects [11]. 

Aging factor Aging mechanisms Effects 

Thermal 

• High temperature 

• Temperature 

cycling 

• Chemical reaction 

• Incompatibility of materials 

• Thermal expansion 

• Diffusion 

• Anneal lock-in mechanical stresses 

• Melting / flow of insulation 

• Hardening, softening, loss of mechanical 

strength, embrittlement 

• Increased tan delta 

• Shrinkage, loss of adhesion, separation, 

delamination at interfaces 

• Swelling 

• Loss of liquids, gases 

• Conductor penetration 

• Rotation of cable 

• Formation of soft spots, wrinkles 

• Increased migration of components 

Low temperature • Cracking 

• Thermal contraction 

• Shrinkage, loss of adhesion, separation, 

delamination at interfaces 

• Loss / ingress of liquids, gases 

• Movement of joints, terminations 

Electrical 

Voltage, ac, dc, impulse • Partial discharge (PD) 

• Electrical treeing (ET) 

• Water treeing (WT) 

• Dielectric losses and capacitance 

• Charge injection 

• Intrinsic breakdown 

• Erosion of insulation: ET 

• PD 

• Increased losses and ET 

• Increased temperature, thermal aging, 

thermal runaway 

• Immediate failure 

Current • Overheating • Increased temperature, thermal aging, 

thermal runaway 

Mechanical 

Tensile, compressive, 

shear stresses, fatigue, 

cyclic bending, 

vibration 

• Yielding of materials 

• Cracking 

• Rupture 

• Mechanical rupture 

• Loss of adhesion, sepatation, 

delamination at interfaces 

• Loss / ingress of liquids, gases 

Environmental 

Water / humidity 

Liquids / gases 

Contamination 

• Dielectric losses and capacitance 

• Electrical tracking 

• Water treeing 

• Corrosion 

• Increased temperature, thermal aging, 

thermal runaway 

• Increased losses and ET 

• Flashover 

Radiation • Increased chemical reaction rate • Hardening, softening, loss of mechanical 

strength, embrittlement 
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2.1.2 Aging Models 

As thermo-electrical aging was applied in this project, the aging models summarized 

mainly focus on electrical aging, thermal aging and combined aging. 

2.1.2.1 Electrical Aging Model 

Electrical stress is a major cause of insulation degradation. For aging due to electrical 

stressing only, the widely used empirical models are the inverse power model and 

exponential model [12]. 

Inverse power model is shown as follows: 

𝐿 = 𝑘𝐸−𝑛                          (2.1) 

where, L is the lifetime of a material, E is the electrical field strength, k and n are 

constants that are determined experimentally. The inverse power model is in 

agreement with the behaviour expected from Weibull statistics [13]. A problem with 

the power model, as shown in equation 2.1, is that the expected lifetime approaches 

infinity as the field approaches zero [12]. To address this problem the equation can be 

modified into the form: 

𝐿(𝐸) = {

𝐿0, 𝐸 < 𝐸0

𝐿0 (
𝐸

𝐸0
) , 𝐸 ≥ 𝐸0

 

Where it is assumed that the electric field has no impact on the lifetime of the material 

for electric fields below a threshold 𝐸0  and 𝐿0  is the lifetime under these 

conditions. 

Exponential model is shown as follows: 

𝐿 = 𝑎 × 𝑒𝑥𝑝(−𝑏𝐸)                      (2.2) 

where, L is the lifetime of a material, E is the electrical field strength, a and b are 

constants that are determined experimentally. 
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2.1.2.2 Thermal Aging Model 

As lifetime of most electrical equipment depends on thermal properties of insulation 

[14], thermal stress is another important factor that affects electrical insulation life. 

The well-known Arrhenius equation [15] describes chemical reaction rate changes 

with temperature, which is shown as follows: 

𝑅𝑡 = 𝐴𝑒𝑥𝑝 (−
𝐵

𝑇
)                        (2.3) 

Where, Rt is thermal aging rate, A and B are constants (B is the ratio of the activation 

energy to Boltzman’s constant), T is the absolute temperature. 

Dakin adopted this relationship to describe the thermal aging of materials. According 

to Dakin’s theory, by assuming that the lifetime is inversely related to the aging rate, 

the thermal life model [16] was established as below: 











T

B

A
L exp

1
                      (2.4) 

Where, L is the lifetime of the insulation at absolute temperature T, the value of A can 

be established if the lifetime of the insulation 𝐿0 is known at ambient temperature 𝑇0. 

Equation 2.4 can be rewritten as: 











0

0 exp
1

T

B
L

A
                    (2.5) 

Substituting the value of 1/A into equation 2.4 leads to the expression: 
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Which can be rewritten in the form: 
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Plots of the log of lifetime against ∆(1 𝑇⁄ ) allows the value of the constant B to be 

determined. 

2.1.2.3 Thermo-electrical Aging Model 

The investigation of thermo-electrical aging of materials can be traced to 1948. Dakin 

proposed that degradation rate would be affected by thermal activation when partial 

discharge took place [16]. P. Cygan et al. [17] reviewed single factor aging models 

and thermo-electrical multifactor aging models. The basis of the competing theories 

of Simoni, Ramu, Fallou, Crine and Montinari are presented in appendix A. 

2.2 Dielectric Spectroscopy Measurement 

2.2.1 Permittivity and Dissipation Factor 

Real permittivity (also called dielectric constant) and dissipation factor [18-19] are 

two essential factors to evaluate the dielectric properties of material. When a dielectric 

layer is placed within a parallel-plate capacitor, the current I as a result of an AC 

sinusoid voltage U with angular frequency applied across the capacitor is: 

I=jε*C0U                               (2.8) 

Where, ε* is the complex permittivity of the dielectric material ε*=ε'-jε'', C0 is the 

capacitance when a vacuum exists between the parallel-plates of the capacitor. The 

equivalent circuit of the dielectric material and the relevant phase diagram can be seen 

in Figure 2.1. 
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(a)                                (b) 

 

Figure 2.1. (a) Circuit model for dielectric material; (b) The relative vector diagram 

[20]. 

 

Assume that voltage U is in the real axis (x axis) in Figure 2.1(b) and has no 

component in the imaginary axis (y axis). The current I could be described as having 

real axis component ε''C0U and imaginary axis component jε'C0U. Equation (2.9) 

could be expanded as below: 

I= jε'C0U+ ε''C0U=j(ε'-jε'') C0U               (2.9) 

Which shows that the definition of the complex permittivity written below is 

consistent: 

ε*=ε'-jε''                            (2.10) 

where, ε' is the real permittivity representing the capacitive polarization of the 

material and ε'' is the imaginary permittivity representing loss processes as a result of 

conductivity and polarization losses. ε''=σ/ where σ is the conductivity. The tangent 

of dielectric loss angle tanδ (also called dissipation factor) can be written as [21]: 

 

𝑡𝑎𝑛𝛿 =
𝜀′′

𝜀′
                                                         (2.11) 

Complex permittivity and dissipation factor vary with the external frequency because 

each polymer polarization process corresponds to a certain frequency range. Different 

types of polarization will be introduced and summarized in detail in the Section 2.2.2. 
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2.2.2 Types of Polarization 

When an external AC voltage applied, the polarization process of polymer may occur. 

Polarization is the process when charge redistributes within a material under the 

influence of an external electric field. The polarization acts to reduce the internal field 

within the material and leads either to changes in the voltage across the material or a 

flow of current in the external circuit if a constant voltage is applied across the system. 

As the polymer polarization is not an instantaneous process the change in polarization 

will not appear simultaneously with the shift of external voltage. This gives rise to a 

relaxation phenomenon. Dielectric relaxation will oppose polarization and create 

power losses. Therefore, dielectric polarization and relaxation is a combined process. 

This complex dielectric properties can be seen in the dielectric spectroscopy 

spectrum. 

Dielectric polarization can be classified into electronic polarization, ionic polarization, 

dipolar polarization and space charge polarization [22-25]. The different kinds of 

polarizations and their behaviour with frequency as shown in Figure 2.2. 

 

 

Figure 2.2. Real and imaginary part of permittivity varies with frequency [26]. 

 

Details are summarized as follows: 

 Electronic polarization: In the atoms of the dielectric materials, the centre of 

electron cloud distorts from the nucleus when an external voltage is applied. This 

process is called electronic polarization. As electronic polarization can quickly 
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respond to the shift of an applied field, it just needs about 10-15 s to establish. On 

dielectric spectrum, electronic polarization occurs in the ultraviolet frequency 

range (around 1015 Hz [27]). 

 Ionic polarization: This mechanism occurs in ionic crystals and occurs due to 

relative displacements of the positive and negative ions as a result of the applied 

field. The displacement of mobile ions creates a dipole moment and therefore a 

polarisation in the system. Ions exist in polymers but in normal conditions their 

concentration is low and their behaviour is more often associated with space 

charge polarisation. However, ionic polarisation is also used to describe the 

behaviour of functional polar groups within a molecule, where a dipole moment 

exists across a bond. Application of the applied electric field causes changes in 

the lengths of such bonds and leads to a net polarisation in the system. Ionic 

polarization needs about 10-13 s to establish. In a dielectric spectrum, ionic 

polarization occurs in the 109 to 1013 Hz frequency range and is associated with 

infrared spectroscopy. 

 Orientation polarization: Under external electric stress, at lower frequencies 

polar groups can rotate around the backbone of the molecule or change the 

molecular orientation. The polarization caused by diversion of molecular chains, 

side groups and dipole moments is called orientation polarization. As a polymer 

structure is complex and the motion of the dipoles can be impeded by adjacent 

polymer molecules, this polarization needs about 10-10-10-2 s to establish. 

Orientation polarization occurs in the low frequency area (about 103 to 108 Hz). 

 Space charge polarization: In non-uniform polymers, distribution of free 

electrons changes with external voltage so that space charge collects close to both 

electrodes [28]. In addition, the migration of any ions present, through hopping 

processes, can contribute to this process. This polarization needs a long time to 

establish. It occurs in the very low frequency range (about 10-3 to 102 Hz). 
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In a certain frequency area, when relaxation occurs, the dielectric constant decreases 

as the frequency increases. It is also found that the dielectric loss increases. As the 

frequency increases, the polarization process cannot respond to the shift of the 

external electric field and hence, the degree of polarization and therefore ε' decreases. 

As the net change in polarization is decreasing the relaxation makes less contribution 

to energy loss. Therefore, energy dissipation reduces. The process can be 

demonstrated as a peak in loss spectrum. Dielectric spectroscopy in the range of 

(10-2-104 Hz) can provide information about changes in the number of dipolar groups 

present in the system from changes in the value of ε'. If loss peaks are present, 

information about changes in the molecular and crystalline structure can be obtained 

from shifts in the position of loss peaks. 

 

2.3 Fourier Transform Infrared Spectroscopy - Attenuated 

Total Reflection (FTIR-ATR) Measurement 

FTIR provides information about the chemical structure of a polymer and allows the 

identification of chemical bonds presents. Although it is not possible to directly find 

out the complete molecular structure of the polymer from FTIR, changes in the 

concentrations of groups attached to polymer molecules can be determined which 

provide insights to the chemical reactions occurring in a molecule. 

An FTIR-ATR spectrum provides information from the surface of the sample rather 

than the bulk. As the degradation process is expected to be on the surface of the 

sample in this project, FTIR-ATR is a good tool to analyse changes in the chemical 

structures. 

 



44 

 

2.3.1 Fundamental 

When preforming FTIR-ATR measurement, the sample is in close contact with the 

ATR crystal. This crystal should be of a relatively higher refractive index compared to 

the sample. When the IR beam is directed into the crystal, total internal reflection will 

take place as incident angle θ is larger than the critical angle θc, the reflection can be 

obtained. The critical angle is defined in equation 2.12 [29]: 

 









 

1

21sin
n

n
c                         (2.12) 

Where, θc is the critical angle, n1 is the refractive index of the crystal and n2 is the 

refractive index of the sample. 

The ATR phenomenon is shown graphically for a single reflection ATR in Figure 2.3. 

 

Figure 2.3. Graphical representation of a signal reflection ATR [30]. 

 

As shown in Figure 2.3, when reflection occurred inside the crystal, an evanescent 

wave is created and penetrated into sample to a certain depth. The evanescent wave 

occurs due to the constructive interference of the H fields associated with the incident 

and reflected E fields and must exist to insure continuity in the Maxwell equations at 

the boundary. The evanescent wave decays exponentially within the material due to 

the requirements of energy conservation. The depth of penetration is wavelength 
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dependent and normally is in the range of about 0.5 microns to about 5 microns, 

which will be much smaller than the whole depth of the sample. Part of the 

evanescent wave will be absorbed by the sample so that the reflected IR beam is 

attenuated. The attenuated IR beam passes back to the detector and the system will 

generate the IR spectrum. The depth of penetration (dp) is given by equation (2.13) 

[31], 

2

2
22

1 sin2 nn
d p







                       (2.13) 

Where, dp is the penetration depth, α is the angle of incidence of the IR beam relative 

to a perpendicular from the surface of the crystal, λ is the wavelength of the light, n1 is 

refractive index of the crystal and n2 is the refractive index of the sample. 

2.3.2 IR Spectrum 

The infrared spectrum covers a wide wavelength range (0.78~1000 μm). It is common 

to use wavenumber rather than wavelength to describe the IR spectrum. Wavenumber 

ν has a reciprocal relationship with wavelength λ, as shown in equation (2.14): 

ν=10000/λ                               (2.14) 

where, ν unit in cm-1, λ unit in μm. 

The whole spectrum could be divided into three regions: 

• near-infrared region (13000~4000 cm-1) 

• mid-infrared region (4000~400 cm-1) 

• far-infrared region (400~10 cm-1) 

The IR region typically used for FTIR-ATR is the mid-infrared. The mid-infrared 

range can be divided into two regions: the 4000~1300 cm-1 region and the 1300~400 

cm-1 region. Strong and sparse absorption peaks appear in the first region. The peaks 

are generated by stretching vibration in the molecular structure. The peaks in this 

region are helpful to identify molecular groups in materials. The second region is 

called fingerprint region as materials have a unique spectrum in this area. In this 
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region, although peaks are weak, intensive and hard to distinguish, they are good for 

determining small differences in molecular structures in different materials. Therefore, 

a spectrum is useful for distinguishing between similar compounds. 

Details about wavenumber range and corresponding function groups are shown in 

Appendix B [32]. 

2.4 Phase Resolved Partial Discharge (PRPD) Measurement 

2.4.1 Partial Discharge 

Partial discharge (PD) was defined by IEC 60270 [33] as a “localized electrical 

discharge that only partially bridges the insulation between conductors and which 

can or cannot occur adjacent to a conductor”. 

2.4.1.1 Classifications of Partial Discharge 

Partial discharge includes a wide group of discharge types [34-36]: 

• corona discharge 

• surface discharge 

• internal discharge 

• electrical trees 

The different types of discharge are schematically presented in Figure 2.4. 

 

(a) Corona discharge      (b) Surface discharge 
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(c) Internal discharge        (d) Electrical trees 

Figure 2.4. Types of partial discharges [37]. 

 

1) Corona discharges [38-41] 

In electrical equipment or systems, an electric field could be enhanced due to sharp 

points, rough surfaces or small radii of metal conductors. The local electric field near 

these defects may be 10 times higher than the average [42]. The higher local electric 

field can encourage transient gas ionization and cause streamer discharges that do not 

completely cross the gap to another conductor or terminate on a dielectric surface 

(Dielectric Barrier Discharge). This kind of discharge is called corona discharge 

Figure 2.4(a). Corona discharges appear in gaseous dielectrics. 

2) Surface discharges 

Surface discharge [43-46] occurs along the interfaces of two dielectrics, Figure 2.4(b), 

where the electric field component parallel with the interface is high. The interfaces 

could be the interface of a solid and a liquid or the interface of a solid and a gas. For 

polymer insulation, surface discharges may encourage chemical reactions and 

therefore lead to deterioration of the electrical and mechanical properties of the 

surface. Surface discharges can take place at cable terminations. Stages of PD induced 

damage at the insulator surface are shown in Figure 2.5. 
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Figure 2.5. Stages of PD induced damage at the insulator surface [47]. 

 

 

3) Internal discharge [48] 

For insulation materials, no matter how good the manufacturing process is, cavities or 

voids cannot be avoided within the insulation or at boundaries between solid 

dielectrics [49] (Figure 2.4(c)). The cavities or voids are commonly filled with 

mediums with lower electric strength (e.g. gas or liquid). Under high electrical field, 

discharges occur within these cavities due to a combination of dielectric mismatch 

enhancing the local field and reduced breakdown strength compared to the solid 

insulation and may initiate a breakdown eventually [50]. 

4) Electrical trees 

Electrical treeing [51-52] could be regarded as a special kind of internal discharge. 

Electrical treeing originates from defects in a polymeric insulation or from high field 

regions on the conductor. The treeing process causes the development of channels 

within the insulation with a branching structure. The diameter of these channels are 

normally of the order of μm. PD activity occurs within the gas filled channels and will 

contribute to the further development of the channel. When a channel traverses the 

dielectric between the conductors, the dielectric strength is severely reduced and a 

breakdown will rapidly occur in the insulation system. 
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2.4.1.2  Effects of Partial Discharge 

PD events can cause deterioration of insulation material, leading to a decline of 

insulation properties and result in electrical breakdown [53]. In HV cables and 

equipment, PD events damage the insulation and may cause a total breakdown in the 

electric facilities. PD activity is often accompanied by emission of sound, light, heat 

and causes chemical reactions. The energy realised by the PD results in [54-57]: 

• The emission of electromagnetic radiation in the form of: radio waves, light (U.V. 

and visible) and heat. 

• Acoustic emission in the audio and ultrasonic regions. 

• The production of gases, such as ozone and nitrous oxides. 

PD normally causes insulation damage in the following ways: 

• High energy electron or ions 

• Thermal effects 

• Interactions with ozone and reactive gas species 

• UV radiation from the discharges 

• Mechanical effect 

For each of the above, details are explained in the following: 

• High energy electrons or ions: The charged particles can be the electrons injected 

from a conductor or the electrons and ions produced during the development of 

the PD. These charged particles are accelerated by the local field and thermal 

processes and obtain high energy. When high energy electrons or ions hit the 

surface of the material [58-59], the molecular chains may be broken and the 

molecular structure may be damaged.  

• Thermal effect: When a PD occurs, it will lead to local heating and high 

temperatures [60]. These high temperature could cause thermal cracking or 

chemical decomposition of the polymer. High temperature not only causes 

thermal cracking, but also causes cracking caused by oxidation. The increase in 
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the temperature causes an increase of conductivity and energy loss of the polymer. 

These mechanism can cause polymer failure eventually. 

• Ozone and reactive gas interactions [61]: PD could generate excited molecules or 

secondary active products (such as O, O2
+ and O2

-). These new products can react 

with the polymer surface and cause damage and erosion. The polymer may be 

affected by erosion more than high energy charged particles or thermal factors. 

The short lived, active oxygen species mainly react with surface of the polymer. 

Secondary products such as ozone (O3) and nitric oxide (NO) could react with PE 

to create carbonyl compounds or nitro compounds. O3 can react with air and 

moisture to produce compound such as nitric acid and nitrous acid, which not 

only erode polymer but can also erode the metal material. 

• UV radiation from the discharges: PD could generate UV radiation. The bond 

strength for a C-C bond, typical for a polymer backbone is 3.59eV. UV photons 

with a frequency higher than 0.8 PHz have an energy greater than this. Therefore 

if a polymer molecule absorbs one of these photons this can result in a C-C bond 

breaking. This will affect the insulation properties. 

• Mechanical effect: The PD leads to an increase in the temperature of the gas in its 

local region. This can lead to an increase in pressure or the generation of acoustic 

waves. These lead to an increased and changing mechanical stress on the polymer 

which can lead to fatigue cracking. The presence of these cracks can lead to new 

sites for the initiation of PD activity.  

All of the mechanisms above can contribute to damage of the surface which may lead 

to, pits appearing on the surface. With time and repeated activity the depth of these 

pits increases, leading to eventual insulation breakdown [62] as a result of partial 

discharge activity at the surface of the sample. 

 

The five main damage mechanisms may occur simultaneously but vary with material 

and with working conditions. Sometimes, one mechanism is the main factor. High 
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energy electrons or ions would be the main factor to degrade a polymer under high 

electric field and larger air gap conditions. Thermal effects would be the main factor 

for a polymer with higher dissipation loss, lower heat resistance or operating under 

higher temperature. Ozone interaction would be the main factor under contamination 

condition. 

 

2.4.1.3  Mechanisms of Partial Discharge 

PD mechanisms can be classified into three categories: 

• Townsend discharge 

• Streamer discharge 

• Pitting 

1) Townsend discharge 

The Townsend discharge occurs within a short-gap and happens when the following 

condition is met: 

• The product of the size of the cavity times the pressure in the cavity exceed the 

Paschen’s curve for the gas within the cavity. 

An example of a Paschen’s curve for air is shown in Figure 2.6. 

 

Figure 2.6. Paschen’s curve [63]. 
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The Townsend breakdown mechanism requires one or more free electrons [64] to 

appear in the gap between electrodes. The electron is accelerated by the external 

electrical field and collides with the air atoms. If the electron gains sufficient energy 

between collisions, new electrons and positive ions will be generated through the 

collision. These new electrons also get energy from the external electric field and 

collide to produce more charged particles. Through this way, the number of electrons 

grows exponentially creating an electron avalanche. As the mass of an electron is less 

than that of an ion, electrons move faster than ions in electrical field. In addition, the 

positive ions move in the opposite direction to the electrons when they reach the 

negative electrode, they can have sufficient energy to cause the release of more 

electrons from this electrode triggering further avalanches and causing the discharge 

to become self-sustaining. Negative ions may also be present in the system due to 

attachment. If attachment is occurring the electron population will be reduced and the 

rate of ionization will decrease. 

The Townsend discharge includes the following forms: rapid and slow rise time 

spark-type pulses, true pulseless glows [65] or pseudo-glow discharges [66-67] which 

are all cathode emission sustained discharges. The rise time of these pulses can be as 

long as several tens of nanoseconds and their duration can last several hundreds of 

nanoseconds [58]. 

2) Streamer discharge 

The streamer discharges occur in long gaps. They do not depend on secondary 

electron cathode emission, but depend on photoionization in the gas. If the avalanche 

triggered by the presence of a free electron grows sufficiently large (~108 electrons) 

significant charge separation occurs between the rapidly moving electrons and the 

much slower ions. This space charge field results in high electric fields in the region 

in front of the negative head of the avalanche and behind the slow moving ion trace. 

These high field regions can lead to the formation of new avalanches ahead of and 

behind the original avalanche. As fast moving electrons in the avalanches encounter 
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the positive ion traces recombination occurs, producing photons with sufficient energy 

to cause further free electrons in the gas. The streamer discharge therefore involves an 

ionization wave propagation in these high field regions. The presence of space charge 

fields have an important role in the corona and spark discharge in non-uniform field 

gaps. Streamer discharges are commonly of shorter duration than Townsend 

discharges; the streamer discharge pulse length can vary from 1 ns to 10 ns [68]. 

 

3) Pitting Produced by Discharges [68] 

When partial discharges occur in a cavity, pitting of the wall may occur under AC 

voltage. During these discharges, chemical reactions occur and by-products are 

produced. After a long period of discharging, the concentration of these by-products is 

sufficiently large that they form a conductive layer of crystals at the cavity wall. When 

these crystals are formed they have sharp edges, resulting in field enhancement at the 

sharp edges of the crystals. At these edges, due to the field enhancement, discharges 

occur far earlier than in other locations in the material. The discharges take place in 

smaller space and have a low magnitude in combination with a relative high repetition 

rate. The literature suggests [69-70] that these discharges are occurring through a 

glow or a pseudo-glow discharge mechanism. Due to the low magnitude (0.2pC) and 

the high repetition rate discharges associated with pitting are much harder to measure. 

 

2.4.2 PRPD Measurement 

PD analysis has been widely used in electric equipment insulation diagnosis [71]. 

PD measurement can be dated to 1936, when Arman and Starr [72] applied resonance 

circuits with narrow-band amplifiers to detect PD in dielectric material. Tanaka and 

Okamote [73] recorded PD data by the first sophisticated computer based system. The 

PD data recorded by the digital systems were helpful in distinguishing different 

discharge sources. The measurement of PD in gas, liquid and solid showed that a few 
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parameters could be used to describe different discharges. The IR experience provided 

basic understanding for future investigations and diagnosis of PD in insulation 

[74-91]. 

2.4.2.1 PD Characteristics (AC Stress) 

As until recently, most of the cables in power systems operate under AC conditions, 

research about partial discharge are mainly under AC stress [33, 92-104]. The 

traditional PD detection method was according to Standard IEC60270. 

The PD measurement system recommended by IEC 60270 is shown in Figure 2.7. In 

Figure 2.7, Tr is the HV test transformer, Zn is the noise blocking filter, Ca is virtual 

test object capacitance, Ck is the coupling capacitor, Zm is the measuring impedance as 

part of the coupling device and Mi is the PD measuring instrument. Zn is to remove 

electromagnetic noise from the HV side of Tr. Ck is in series with Zm. 

 

Figure 2.7. PD measurement circuit [33]. 

The PD measurement circuit in this project is shown in Section 3.2.5. 

The phase-resolved distributions of three discharge types (Streamer-like. 

Townsend-like and Pitting) of cavity within a PE sample can be shown in Figure 

2.8-2.10. In each figure, x-axis is the phase-angle  (90, 180, 270 and 360 are 

mentioned), y-axis (from top to the bottom) are the maximum discharge magnitude 

Hqmax, the average discharge magnitude Hqn and the number of discharges per phase 

window Hn. 
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Figure 2.8. Phase-resolved distributions as observed by detection of Streamer-like 

discharges in a cavity in PE [92]. 

 

 

Figure 2.9. Phase-resolved distributions as observed by detection of Townsend-like 

discharges in a cavity in PE [92]. 
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Figure 2.10. Phase-resolved distributions as observed by detection of Pitting 

discharges in a cavity in PE [92]. 

It can be seen that the shapes of the distributions of Hqmax, Hqn Hn with phase are 

significantly different for the Townsend, streamer and pitting discharges indicating the 

utility of this approach to identifying the causes of PD activity. 

 

2.4.2.2 Partial Discharges and Aging Modelling 

1) AC Stress 

G C. Montanari [93] proposed the insulation aging model of XLPE cable and the 

generator stator bar, which showed that insulation aging characteristics meeting a 

certain functional relation with tree discharge length or partial discharge frequency. R. 

Bozzo [94] applied Weibull model to investigate the electrical tree aging 

characteristics in insulation and to analyse the shape parameters and scale parameters 

of partial discharge activity in air gaps. The results demonstrated that there was a 

good correlation between Weibull distribution and electrical tree generation and 

development of the aging process in organic solid insulation under different voltages. 

Contin [95] analyzed PD characteristics of polyethylene (PE) and epoxy insulators 

under long-term voltage stress and reached a similar conclusion to Bozzo. He also 

showed the unreliability of applying maximum apparent discharge in insulation 
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diagnosis. M. Dilorenzo [96] carried out accelerated aging test according to CIGRE II 

protocol to examine the aging mechanisms of internal cavities in insulation and 

demonstrated there was a linear relationship between PD energy and the duration of 

aging under different temperatures. With continuous research, the previous method of 

determining insulation condition according to PD maximum apparent discharge was 

gradually replaced. For example, G. C. Stone [97] studied the statistical data of the 

PD characteristics of the solid insulation from generator windings which had been in 

service between 1 and 50 years and determined that the maximum discharge level of 

aged insulation was approximately equal to or even lower than that seen in new 

insulation. 

D. Adhikari et al. [98] investigated the PD characteristics, analysed the degradation of 

PD and compared properties of poly(ether sulphone) (PES), poly(ethylene 

terephthalate) (PET), poly(propylene) (PP) and low-density poly(ethylene) (LDPE). 

The results show that LDPE and PP has a lower PD resistance than PET and PES. S. 

Rudd et al. [99] applied PRPD as an input and introduced a knowledge-based system 

(KBS) to help to classify defect types in either IEC 60270 and ultra-high frequency 

(UHF) sensor data. Through the KBS system, it is possible to identify the physical PD 

processes according to PD pattern. The knowledge can be applied on various 

equipment, including transformers and gas insulated substations (GIS), as PD 

performance is independent of the type of equipment. I.K. Kyere et al. [100] 

examined XLPE samples with artificial defects at different depths from the surface 

and the results shown that 3D PRPD was a good method to identify the defects 

through the combined information it provided on the distribution of the charge 

associated with the PD activity as a function of phase (, n, q). 

In summary, the investigations of PD characteristics in insulation in power systems 

under AC stresses were developed and the methods increased. The methods used for 

AC stress could also be used for the analysis of PD characteristics under DC&AC 

combined stresses. 

2) DC Stress 
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Although there are lots of studies about PD features arising from faults in insulations 

in AC power systems, there are fewer researches in PD characteristics in DC power 

systems. Among the DC-stress studies, most were for PD analysis in DC only stress 

and it is rare for the analysis of DC and AC combined stresses to be considered. 

E. Takahashi et al. [105] studied PD features of oil-paper insulation faults under 

combined AC&DC voltages and under a polarity reversed voltage. They analyzed the 

DC electrical field distribution and verified the existence of space charge. They 

studied the method of calculating electric field distribution in complex voltages and 

the PD features under combined AC&DC voltages. R. Sarathi and G. Koperundevi 

[106-107] made special models and used UHF signals to analyze the PD phenomena 

from freely moving metallic particles in transformer oil under combined AC&DC 

voltages. Fewer scholars have studied the PD features under the combined stresses. 

Their objectives and emphasis were different from those in this work. In fact, the PD 

analysis was limited to DC voltage. 

The concept of PD phenomena in HVDC systems was defined as more than one 

repeat discharge per minute but this was only applied in the military area at that time. 

Until 1950s, with the development of DC power transmission systems, when PD in 

DC equipment attracted more attention. At that time, due to the dominance of AC 

transmission systems in the 20th century, research concentrated on PD under AC 

conditions. People used the AC PD detection method to measure DC PD signals. The 

main targets were cables. The parameters helped to evaluate the stage of insulation 

included number of discharge and quantity of discharge. American Sandia Lab [108] 

applied DC PD detection techniques to detect cable aging condition, results described 

the relation between cable storage time and number of discharge, quantity of 

discharge. The results demonstrated that PD was the main cause for cable degradation. 

Peter H. F. Morshuis, Johan J. Smit, U. Fromm et al. investigated the PD phenomenon 

under DC voltage [109-114]. They focused on determining the phenomena, revealing 

the mechanisms and finding the causes. Their achievements summarized below: 

a) Established capacitance resistance equivalent circuit model for oil-paper 
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under DC voltage, analyzed incipient discharge voltage value and extinction 

voltage recovery time in air gaps. 

b) Demonstrated that discharges with small pulse values satisfied the Townsend 

discharge mechanism. As the size of the air gap increased, the pulse width 

increased. Pulses with steep rising edges satisfied the streamer discharge 

criteria. 

c) DC electric field distribution was determined by conductivity of insulation 

material. As conductivity is highly dependent on temperature, temperature 

would affect the DC electric field distribution and hence, the pulse frequency. 

A conductivity increase of two orders of magnitude could cause pulse 

frequency to increase by two orders of magnitude. 

d) The repetition rate of DC PD was low. The discharge interval could be 

30mins or even 60mins. With the increase of DC voltage, the value of 

discharge pulse was a constant but frequency increased exponentially. 

e) When PD arose from a fault in an internal area, the following amplitude 

discharge pulse was not affected by the previous one. When PD cause from a 

fault in oil, the following discharge pulse amplitude had a positive correlation 

with the previous one. For creeping discharge, the following discharge pulse 

amplitude had a negative correlation with the previous one. 

A. Caballini and G C. Montanari et al. [115-116] worked to distinguishing PD pattern 

which appeared on HVDC apparatus. The work showed that corona discharge was 

easy to distinguish, but it is hard to distinguish internal discharge and surface 

discharge. Investigation of the effect of moisture on surface discharge demonstrated 

that the frequency of PD depended on moisture but the amplitude did not. Internal 

discharge highly depended on temperature, but not moisture. 

Erling Ildstad and Terje Haave [117] investigated partial discharge characteristics in 

HVDC cable, carried out modelling simulation and researched the influence of 

temperature and external voltage on partial discharge. They figured out that the pulse 

width increase could be due to the larger conductivity, the higher electric field or the 
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bigger air gap. 

3) Combined AC and DC Stress 

Fewer paper exist about PD under AC&DC stress. M. Azizian Fard et. al [118] 

applied rippled DC voltages on samples with artificial voids and investigated the PD 

characteristics with various harmonic orders and amplitudes. The results showed that 

compared to the sample aged by purely DC voltage, the samples aged by combined 

AC&DC voltage have a higher PD pulse repetition rate. The rate of PD pulses 

increases with increasing of harmonic orders and amplitudes. 

 

2.5 Summary 

In this chapter, the stresses which cause degradation in cable insulation have been 

summarized and the aging models have been introduced. Possible ageing stresses used 

in the literature have been discussed. It is clear that there is little research on the area 

of combined AC&DC stress indicating that the proposed research to investigate the 

effect of the combined voltages on the properties of polymer is timely. The 

fundamentals of the measurement techniques that will be used to monitor the stressing 

of and the changes in the polymer: PRPD measurement; FTIR-ATR measurement and 

DS measurement; have been introduced. PRPD measurements will be used to 

investigate the polymer during aging. After aging FTIR-ATR and DS will be used to 

investigate the changes in the chemical structure and the electrical properties of the 

insulation systems. The comparison of the results will help to build an understanding 

of relationship between the electrical energy dissipated in the PD activity and the 

changes of the polymers. 
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3. Project Design 

 

Before experiments are undertaken, target material should be chosen from many kinds 

of polymers. Information of the experiment circuit and equipment will also be 

introduced in this chapter. 

Section 3.1 shows the criteria used to select high-density polyethylene (HDPE) and 

polypropylene (PP) as target materials in this project. The properties of the two 

materials are introduced. 

Section 3.2 introduces the thermo-electrical aging circuit and the PD detection system. 

The information of each piece of equipment in the circuit is provided. The way to 

produce combined AC & DC voltages is described. Details of aging electrodes and the 

experimental arrangements are provided. In addition, it also provides information on 

decisions of aging temperatures, voltage ratios, superimposed frequencies and aging 

duration. The method used to collect PD data is described in detail. 

Section 3.3 provides information on the FTIR-ATR measurement equipment. 

Section 3.4 provides information on the DS measurement equipment and the way that 

these measurements were undertaken. 
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3.1 Material Selection 

3.1.1 Selection Criteria 

For cable insulation, thermal stress and electrical stress are the two main factors that 

cause insulation degradation. Therefore, people are normally concerned about: 

Whether the material can work without breakdown under the operating temperature 

and voltage?  What the electric strength and dielectric properties of the materials will 

be? The electrical strength is important as it will control the maximum voltage that 

can be applied to the insulating system. The dielectric properties will be important as 

they will control the capacitance and conductance of the cable. High values of 

capacitance can introduce a significant current component associated with the 

charging and discharging of the cable. The conductance will contribute to losses in the 

cable and may lead to heating of the cable insulation.  

Will it cost too much when this material is used? Therefore, before making a decision, 

people should take the cost, electric strength and dielectric properties of the material 

into consideration. 

As XLPE is a popular insulation material nowadays, it was intended that the 

properties of XLPE would be used as a bench-mark. However it was difficult to get 

suitable XLPE film to test. Among thermoplastic materials, HDPE has the most 

similar properties to XLPE (Table 3.1).Therefore it was decided to use HDPE films to 

provide a bench mark assuming that their behaviour would be similar to XLPE results. 

PP was selected due to its low cost, good breakdown strength as well as good thermal 

and dielectric properties. Details is shown in Table 3.1. 
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Table 3.1. Polymer selection criteria. 

 Density Melting 

temperature 

(℃) 

Breakdown 

voltage 

(kV/mm) 

Dielectric 

constant 

Dissipation 

factor 

Test 

method 

ASTM 

D792 

-- ASTM 

D149 

ASTM 

D150 

ASTM D150 

XLPE 0.907~0.976 130 20~47.2 2.30~3.70 3.0E-4~0.010 

HDPE 0.947~0.977 127~136 19.7~30.3 2.24~2.60 2.0E-5~2.7E-4 

PP 0.910~1.20 140.6~182.2 18.1~20.1 2.29~2.31 2.0E-4~3.1E-3 

 

Further details of the structure and properties of HDPE and PP are given in Sections 

3.1.2-3.1.3. 

Thermoplastic materials can be divided into different categories [1]: 

1) Crystalline thermoplastics: In a crystalline thermoplastic structure, the molecules 

are arranged in order, as shown in Figure 3.1. With increasing temperature, 

molecules will obtain higher energy to break the existing order and the crystalline 

structure will be turned into an amorphous structure. However, when it is cooled 

down, the molecular structure may not return to the original state. The percentage 

of crystalline region depends on temperature and how quickly the temperature 

changed. If it is cooled quickly, most of the molecules would have not enough 

time to respond to the change and the resulting crystalline regions would be small. 

If the temperature changes slowly, most of the crystalline region will be retained. 

Undoubtedly, a thicker sample will have relatively more crystalline region 

retained because of non-uniform temperature variation during cooling compared 

with that in a thinner sample. Crystalline thermoplastics have higher and more 

clearly defined melting temperatures. 

2) Amorphous thermoplastic material: Properties of amorphous thermoplastic 

materials are quite different from those of crystalline thermoplastic materials. 

Molecules in amorphous thermoplastic material structures are not arranged in 

order as shown in random structure of amorphous region in Figure 3.1. 
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3) Semi-crystalline thermoplastics: Semi-crystalline polymers have the status 

between crystalline material and amorphous material. Therefore, their properties 

lie between those of crystalline materials and that of amorphous materials. 

 

 

Figure 3.1. Amorphous region and crystalline region in polymer [2]. 

 

3.1.2 High-density Polyethylene (HDPE) 

Polyethylene (PE) is a kind of thermoplastic resin formed through polymerization of 

ethylene. With its simple chemical structure, PE has became one of the most popular 

resins. PE was widely used due to its low cost, easy manufacture, higher chemical 

resistance and higher environmental resistance. 

The physical and chemical properties of more complex PE materials are different due 

to their different manufacture processes. The properties mainly depend on density, 

crystallinity, molecular weight, molecular weight distribution, degree of branching of 

the chain and crystallization. PE is a typical semi-crystalline polymer, i.e. a material 

with crystalline regions and amorphous regions. In crystalline regions, the molecules 

are arranged regularly and the intermolecular forces are higher than in amorphous 

regions. There is no certain melting temperature in amorphous regions changes being 
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defined by the glass transition temperature Tg. This reflects the change in state of the 

amorphous regions from one were the polymer chains a relatively immobile and are 

locked in position (the glassy state) to one where polymer chains can move past each 

other leading to a state that is effectively an extremely viscous liquid. Tg is of the 

order of −125℃ for polyethylene so the amorphous regions will not be in a glassy 

state. The mechanical properties of amorphous regions are lower than those of 

crystalline regions. The degree of crystallization has linear relation with density. The 

existence of side branches in PE molecules impede the formation of the well 

organised crystalline structures. Therefore, a reduction of number and size of side 

branches should in carefully controlled increase the degree of crystallization and 

therefore density. In general, with increased crystallisation and density, the properties 

of PE such as tensile strength, stiffness, hardness and heat resistance increase. 

Two main types of PE are low density polyethylene (LDPE) and high density 

polyethylene (HDPE), as shown in Figure 3.2. 

 

Figure 3.2. Molecular structure of LDPE and HDPE [3]. 

 

LDPE and HDPE have different molecular weight, molecular weight distribution and 

branched structure. In Figure 3.2, LDPE has more side branches both long and short. 

HDPE has a linear molecular chain with fewer small branches compared to LDPE but 

no long branches, as shown in Figure 3.2. HDPE is a semi-crystalline polymer with a 

high degree of crystallization. Therefore, the mechanical properties of HDPE are 

better than those of LDPE. The specific gravity of HDPE is in range of 0.941~0.965 

g/cm3 [4]. The melting temperature of HDPE is 130C. 

In addition, HDPE has good chemical stability, can operate at low temperatures and 

has good insulation properties, which make it widely used in electric wires, cable 
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insulation, tubes, commodities, industrial packing film, constructional materials, 

mechanical elements, coating and other industries. HDPE has good heat resistance, 

good cold resistance, good chemical stability, higher stiffness and toughness, higher 

mechanical strength, excellent insulation properties and higher environmental stress 

cracking resistance. With such advantages, HDPE can be used in food, automotive 

and chemical industries. HDPE is suitable for various manufacture processes, such as 

hollow blow moulding, injection moulding and extrusion, to make products which are 

applied in cable coating, tubes and sheets and so on. HDPE has a wide range of 

applications in various fields due to its lower costs and good machinability. However, 

HDPE is difficult to bond and can expand at high temperature. It still need to be 

developed. 

 

3.1.3 Polypropylene (PP) 

Polypropylene (PP) has been in industrial use since 1957. In general, PP is the popular 

and fast-growing material. 

Advantages of PP are summarized as below: 

 Lower specific gravity: the specific gravity is normally between 0.89~0.91. It has 

one of the lower values among general polymers in use. 

 Excellent dielectric properties. 

 Good thermal properties: the melting temperature of polypropylene is 160C, 

which is the best thermostablity among general polymers in use. 

 Good physical and mechanical properties: polypropylene has high surface 

hardness, good elasticity and good abrasion resistance. 

 Good chemical stability: no reaction when in contact with most chemicals. High 

resistance to chemical corrosion. 

 Good properties for manufacturing: polypropylene is easy to manufacture. 

Extrusion, injection moulding and blow moulding are the common methods to 
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make polypropylene products. 

Disadvantages of PP are: 

• Crack development when PP material is being bended   

• Expansion at high (close to melting) temperatures  

According to various positions of methyl (CH3) groups in the long chain, 

polypropylene can be classified into isotactic polypropylene (iPP), syndiotactic 

polypropylene (sPP) and atactic polypropylene (aPP), as shown in Figure 3.3. 

 

  

Figure 3.3. Different kinds of polypropylene (PP): isotactic (iPP); syndiotactic (sPP) 

and atactic (aPP) [5]. 

 

The structure of the three form of PP shown in Figure 3.3, are summarized as follows: 

a) Isotactic polypropylene (iPP): all methyl groups are positioned at the same side 

with respect to the backbone of the chain plane. 

b) Syndiotactic polypropylene: the methyl groups are positioned at alternate sides of 

the backbone of the chain plane. 
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c) Atactic Polypropylene: the methyl groups are positioned randomly. 

3.2 Thermo-electrical Aging Experiment with PD Detection 

Set- up 

3.2.1 Thermo-electrical Aging Experiment Set-up 

The circuit of the thermo-electrical aging experiment with PD detection is shown in 

Figure 3.4. The thermo-electrical system is shown in the dashed box area. 

 

 

Figure 3.4. Thermo-electrical aging system. 

Types of each piece of equipment in the thermo-electrical system are shown in Table 

3.2, with details of each. 

Table 3.2. Name and types of experimental set-up. 

 Name Types 

HV power supply 

with current-limiting 

protection 

Signal 

generator 

Agilent 33500B Series Waveform 

Generator 

Power amplifier Model 50/12 produced by TRek Inc. 

with a gain of 5000. Details are given in 

the following paragraph. 

Temperature controlled oven Maximum temperature 200 °C 

Electrodes Stainless steel 

Oscilloscope YOKOGAWA DL6154 10GS/s 1.5GHz 
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The H.V. power supply was a combination of a signal generator and power amplifier 

(mentioned in Table 3.2). The signal generator produced a signal of several volts with 

the combined voltages at high frequency and was used as an input to the power 

amplifier with a gain of 5000 to achieve the high voltage output. The power amplifier 

could produce any waveform as long as the output voltage range for DC or peak AC 

lies between +/- 50 kV. The output current range for DC or peak AC lies between +/- 

12 mA. The oven was used to provide a high ambient temperature to accelerate the 

aging of the samples. The oven could operate at temperatures up to 200C. 

The test sample and the stainless steel electrodes (shown in Figure 3.4) were placed in 

the oven to control the ambient temperature the test sample was exposed to. 

Sphere-plane electrodes are used in this project (see Figure 3.5) as it produces a 

slightly non-uniform electric field which is appropriate for modelling discharges in a 

coaxial cable geometry. This is explained in more detail in Section 3.2.2. Each 

polymer sample was 60×60 mm in size and was cut from sheets of 50 µm thickness. 

Individual 50 µm samples suffered from bulk breakdown at voltages below that 

required to initiate PD activity. Therefore a 100 µm thickness of insulation was 

formed by placing two sample films between the sphere-plane electrodes. The total 

thickness of the sample was therefore 100. As the ageing occurs on the upper surface 

of the upper film, the upper film is used for DS measurement and its upper surface is 

used for FTIR-ATR measurement. The upper sphere electrode with a 20 mm diameter 

was connected to the high voltage power supply, while the lower electrode was 

connected to ground. The samples were exposed to air at atmospheric pressure during 

aging. 

3.2.2 Electrode Geometry 

The geometry of the electrodes is shown in Figure 3.5. 
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Figure 3.5. Thermo-electrical aging electrodes. 

The degree of uniformity of an electric field η, is defined as [6]: 

max
ˆ

ˆ

E

E mean                            3.1 

Where, meanÊ and maxÊ  are the peak value of the mean and the maximum field 

intensities in a dielectric respectively. The value of η lies between 10  . η can 

also be represented by p (the geometrical characteristic factor for electrode 

configurations). 

r

dr
p


                           3.2 

Where, r is the radius of the upper electrode, d is the shortest gap distance between 

the two electrodes,  p1 . 

)( pf                           3.3 

where , 𝑓(𝑝) represents the “ degree of non-uniformity”of an electric field. The 

degree of uniformity η as a function of geometrical characteristic p in different 

electrode configurations is shown in Figure 3.6. 
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Figure 3.6. Schwaiger curves for fields with spherical, cylindrical and curved 

electrode configurations [6]. 

 

According to equation 3.2, p of the sphere-plane electrode system used in this project 

is: 
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According to Figure 3.6, η of sphere-plane electrode system is close to 1 (which is a 

slightly non-uniform electric field).  

Needle-plate electrodes produce an extremely non-uniform electric field. Parallel 

plate electrodes produce a uniform electric field. These two kinds of electrodes cannot 

model the electric field in cable systems. As defects in cable insulation suffer a 

slightly non-uniform electric field, the sphere-plane electrodes are used in this project. 

 

3.2.3 Voltages Applied to the Samples 

It was decided that a positive DC stress with a superimposed AC waveform would be 

applied to the samples. The resultant AC & DC combined voltage waveform is shown 

in Figure 3.7. 



84 

 

 

Figure 3.7. AC&DC combined voltage waveform. 

 

The voltage ratio (AC%) was used to describe the combined voltage stress, as shown 

in equation 3.5: 

                          3.5 

where, VDC is the DC voltage, VAC is the peak value of the AC voltage. In this project, 

the voltage ratios were chosen as 10%, 30% and 50%. This was because in service 

conditions, the voltage ratio could reach 10% at the output side of converter [7]. To 

accelerate the aging of the samples and to see how polymer properties vary with 

AC/DC voltage ratios and superimposed frequencies, higher AC/DC voltage ratios (30% 

and 50%) were also selected. To assess the degree of aging of the polymer chemical 

properties, dissipation factor (tanδ) and dielectric constant (ε’) were investigated. 

In this project, the DC voltage was chosen as 6 kV. This was because when higher DC 

voltages were applied, breakdown was happening within 10 mins at the 50% voltage 

ratio. When the DC voltage was much lower than 6 kV, it took several hours to see 

property changes as a result of aging. Therefore, 6 kV was a suitable choice. The DC 

electric field across the polymer was 6104 kV/m. To achieve the 10%, 30% and 50% 

voltage ratios the AC peak values were chosen as 0.6 kV, 1.8 kV and 3 kV. 

As the superimposed frequency of the resulting waveform in HVDC cable systems 

could be in the kHz frequency (as mentioned in Section 1.1.1), the aging frequencies 

were chosen as 1 kHz, 1.5 kHz, 2 kHz and 2.5 kHz. 

%100% 
DC

AC

V

V
AC
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3.2.4 Thermal Properties of the Polymers and Thermal Ageing 

Conditions 

The thermal properties of HDPE and PP in terms of their melting behaviour are shown 

in the Differential Scanning Calorimetry (DSC) thermograms in Figure 3.8 and Figure 

3.9 respectively. 

 

Figure 3.8. DSC result of HDPE. 

From Figure 3.8, the melting temperature (Tm) of HDPE was 128°C. The aging 

temperature should be below the melting temperature of the material. As cable 

operating temperatures can reach 90°C [8], in this project, the aging temperature for 

HDPE was set as 90°C. 
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Figure 3.9. DSC result of PP. 

 

From Figure 3.9, the melting temperature (Tm) of PP was 161°C. To allow comparison 

with the results of HDPE, PP was aged under 90°C as well. As PP has a higher 

melting temperature (compared with HDPE), PP cables may be operated at a higher 

temperature. To investigate the behaviour of PP at such higher temperatures, 110°C 

was chosen as a second aging temperature for PP. 

From initial trials it was found that changes in the properties between the aged sample 

and the reference sample could be detected by DS and FTIR-ATR measurements 

without breakdown, with an aging duration of 1h. The 1h ageing duration was as a 

result of operational limitations in the amplifier used to generate the applied voltages. 

The aging conditions of HDPE and PP are summarized in Table 3.3 and Table 3.4, 

respectively. 
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Table 3.3. Aging conditions of HDPE. 

Conditions Values 

Temperature 90 °C 

Voltage DC 6 kV 

Ratio of AC ripple over DC 

voltage (AC%) 

10%, 30% and 50% 

Frequency 1 kHz, 1.5 kHz, 2 kHz and 2.5 kHz 

Duration 1h 

 

Table 3.4. Aging conditions of PP. 

Conditions Values 

Temperature 90 °C and 110 °C 

Voltage DC 6 kV 

Ratio of AC ripple over DC 

voltage (AC%) 

10%, 30% and 50% 

Frequency 1 kHz, 1.5 kHz, 2 kHz and 2.5 kHz 

Duration 1h 

 

3.2.5 PD Detection System 

As shown in Figure 3.4, the PD detection system consisted of a current transformer 

(CT), coaxial cables, an oscilloscope and a computer. The CT was a high frequency 

current transformer (HFCT, type KH-100M) with 2k-120MHz bandwidth and a 

sensitivity of 1mA-0.2mV. The computer was connected with the oscilloscope through 

a USB cable. The PD data was collected by LabVIEW virtual instrument. 

As it was not possible to calibrate the experimental system in terms of charge, the 

recorded PD pulses are expressed in Volts in this study because the output of the 

HFCT is in Volts. However, this deficiency is not a problem because the author was 

looking at the relative behaviour of polymers after aging. During the one hour aging 

period, the system captured the resolved PD signals over 2 cycles of the AC 

component of the applied waveform every 2.4 seconds. When analyze the data, the 

first cycle of the 2 cycles is chosen. Therefore, 1500 packets of data was collected 
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during the 1h aging time. 

The output signal of the CT includes substantial noise. The noise includes Gaussian 

white noise, random noise and the leakage current signal. To increase the accuracy of 

partial discharge signals analysis, it was necessary to carry out de-noising processing. 

As wavelet domain de-noising technology could decompose the PD signals in 

different frequency range, it is possible to set the threshold value in each frequency 

range to filter the corresponding Gaussian white noise. As PD signals also have a 

concussion index attenuation characteristic, the sym8 wavelet is much more suitable 

for PD signal analysis [9]. The wavelet analysis based on the sym8 package in Matlab 

is shown in Figure 3.10. The original and de-noised signal are shown in Figure 3.11 

and Figure 3.12 respectively. 

 

 

Figure 3.10. Wavelet analysis based on sym8. 
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Figure 3.11. Original signal. 

 

 

Figure 3.12. De-noised signal. 

 

As the time for each PRPD measurement was 1 hour, there were 1500 packets of data 

collected in total. After MatLab processing, an Excel spreadsheet was generated. In 

the spreadsheet, each PD amplitude (𝑣) and the corresponding AC source phase () 

were recorded. According to the data from the spreadsheet, the equivalent PRPD plots 

(equivalent because charge in Coulombs was not used) could be generated. PD 

activity is related to the phase of the applied AC voltage. PD voltage amplitude was 

used to represent the PD charge. In this study, the PD mean amplitude, the number of 

discharges and the PD cumulative apparent energy ECA and the apparent energy per 

second 𝐸𝐶𝐴
̇  were used to describe the PD activities. The derivation of ECA and 𝐸𝐶𝐴

̇  

is shown below. 

For each PD pulse, real PD energy should be calculated by equation 3.6. 
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Where, E is real PD energy, RD is the resistance of the discharge channel, g is 

trans-resistance gain of the current transformer, t is time, T is the pulse duration which 

is assumed to be constant. vMeas(t) is the measured voltage amplitude which changes 

with duration for each pulse, 

)()( tgItv DMeas                       3.7 

Where, ID is the transient current flowing through the current transformer. 

The total PD energy during aging will be the sum of the energy of each PD pulse as 

shown in equation 3.8, assuming that discharge channel resistance RD was also 

constant. 
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Where, Ek is real PD energy for each pulse, k is an index, n is the number of PD 

pulses. Assuming T is a constant, equation 3.8 could be changed to equation 3.9. 
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As the total PD energy calculated according to equation 3.9 is not real energy but 

should be proportional to the real energy, it was called the apparent cumulative energy 

ECA in this study. 
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The value of ECA in equation 3.10 has been calculated over a fixed number of cycles 

of the applied voltage N. As different frequencies are being considered in the AC 

component of the sample electrical stress direct comparisons of ECA may not be 

informative. Therefore a second parameter 𝐸𝐶𝐴
̇ , the apparent cumulative energy per 

second was calculated. 

𝐸𝐶𝐴
̇ =

𝑓

𝑁
𝐸𝐶𝐴                          3.11 
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The parameter 𝐸𝐶𝐴
̇  allows direct comparison between the experiments were different 

values of frequency for the superimposed AC waveform where used. It is equivalent 

to the average apparent power delivered by the PD activity. 

PD results were gathered and processed for 7 samples for each test condition. 

 

3.3 FTIR-ATR Measurement 

The FTIR-ATR measurements were carried out by model Nicolet iS 16 produced by 

Thermo Fisher Company, which could measure the absorbance of the sample from 

350 cm-1 to 4000 cm-1. Three samples aged under the same sets of test conditions 

were used for the measurements. An aged sample is shown in Figure 3.13. The 

diameter of the region of discoloration, assumed to correspond to the area of aging, 

increases with the increase of superimposed frequency or increase of voltage ratio. 

The radius of the aging area reached a maximum of 6 mm for a voltage ratio of 50% 

and an AC frequency of 2.5 kHz. Initial measurements showed that more significant 

changes in the ATR spectra were observed at positions close to the center of the aged 

area as compared to measurements taken at the edge of the aged area. It was therefore 

decided to base the ATR measurements for each sample on six separate points in the 

aged area at a distance of 1mm from the centre of the aged area. 

 

 

Figure 3.13. Aging area in HDPE. 

Aging area 
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3.4 Dielectric Spectroscopy Measurement 

The broadband dielectric spectroscopy measurement was carried out by using a model 

Concept82, which was produced by NOVOCONTROL Company. The equipment 

could measure the dielectric response of the sample from 3 μHz to 3 GHz. Before 

doing the DS measurement, each sample should be placed in a gold plating machine 

to deposit a layer of gold through sputtering. The layer of gold was 20 mm in diameter 

on both faces and ensured good electrical contact with the electrodes. No Guard ring 

was used in the DS measurement. For each sample, the area directly below the 

electrode was the aging area (Figure 3.13). The DS results will provide information on 

dielectric properties of aging area for each condition. 3 samples were tested for each 

test condition. 

The dielectric spectroscopy measurement provides information about the real part and 

the imaginary part of the complex permittivity as well as the dissipation factor. The 

data is stored in computer and displayed using WinDETA software. The structure of 

the test system is shown in Figure 3.14. 

  

(a)                           (b) 

Figure 3.14. Sample holder for dielectric spectroscopy [10]. 
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4. HDPE Results 

 

HDPE samples are aged at 90C with a 6 kV DC voltage at 3 different AC/DC voltage 

ratios (10%, 30% and 50%) and four frequencies (1 kHz, 1.5 kHz, 2 kHz and 2.5 kHz). 

After ageing PRPD, FTIR-ATR and DS measurements were carried out for analysis. 

In this chapter, the data obtained is reported and summarized. 

Section 4.1 presents the PRPD results. The mean 𝑉𝑃𝐷
̅̅ ̅̅ ̅and standard deviation 𝜎𝑃𝐷 of 

PD voltage, number of discharges 𝑛𝑃𝐷, the apparent cumulative PD energy 𝐸𝐶𝐴 and 

the apparent cumulative energy per second �̇�𝐶𝐴 are the indexes used to describe the 

PRPD results. How these indexes change with superimposed frequency and voltage 

ratio are shown. The standard deviation for PRPD results is within 10% range. 

Section 4.2 discusses a possible mechanism for the observed behaviour of the PRPD 

results. 

Section 4.3 presents the FTIR-ATR results. The method used to calculate the 

Carbonyl Index (CI) as a way of assessing the degree of aging is introduced. The way 

that the CI of HDPE samples change with superimposed frequencies and voltage 

ratios is summarized. The standard deviation for FTIR-ATR results is within 3% 

range. 

Section 4.4 presents the DS results. The method of calculating the low frequency 

conductivity σ and a susceptibility index 𝜒𝐼 from the values of 휀′ and 휀′′ as a way 

of assessing the degree of aging is introduced. The behaviours of σ and 𝜒𝐼 with 

different superimposed frequencies and voltage ratios are summarized. The standard 

deviation for DS results is within 2% range. 

Section 4.5 examines the relationship of �̇�𝐶𝐴 , CI, σ and 𝜒𝐼  across the various 

experimental conditions. 

Section 4.6 presents some general conclusions on the behaviour of the HDPE samples 
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under combined DC and AC electrical stress. 

4.1 PRPD Results 

When the voltage ratio is 10%, there was no detected PD signals at any of the AC 

frequencies considered. When AC% was increased to 30%, PD signals could be 

detected. The equivalent PRPD plots of samples aged by 30% AC/DC voltage ratio at 

frequencies of 1 kHz is shown in Figure 4.1. 

 

Figure 4.1. PRPD of HDPE aged with 1 kHz, 30% voltage ratio. 

 

In Figure 4.1, the y-axis describes the measured discharge amplitudes in unit of volts. 

In the first half cycle, PD generally occurs in the rising 1st quadrant of the applied 

voltage. In the second half cycle, PD generally appears in the falling 3rd quadrant. 

The equivalent PRPD plots of samples aged by 50% AC/DC voltage ratio at 

frequencies of 1 kHz is shown in Figure 4.2. Compared with Figure 4.1, the 

amplitudes of PD in Figure 4.2 have doubled in both the 1st quadrant and the 3rd 

quadrant. In Figure 4.2, the phase dependence of PD in the 1st quadrant is similar with 
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that in Figure 4.1, while the phase of PD in 3rd quadrant shifts about 20 degree to 

about 180 degrees. A possible explanation of this behaviour is discussed in Section 

4.2. 

 
Figure 4.2. PRPD of HDPE aged with 1 kHz, 50% voltage ratio. 

 

The equivalent PRPD plots of samples aged by 50% voltage ratio at frequencies of 1.5, 

2 and 2.5 kHz are shown in figures 4.3-4.5. 
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Figure 4.3. PRPD of HDPE aged with 1.5 kHz, 50% voltage ratio. 

 

 

Figure 4.4. PRPD of HDPE aged with 2 kHz, 50% voltage ratio. 
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Figure 4.5. PRPD of HDPE aged with 2.5 kHz, 50% voltage ratio. 

 

Figure 4.2-4.5 shows that with the superimposed frequency increasing, the discharge 

amplitudes decreases in the 1st quadrant. In the third quadrant there is a significant 

increase in discharge amplitudes at 2.5 kHz and a suggestion of an increase of 

amplitude with frequency at lower frequencies. Similar changes are observed in the 

data for the 30% voltage ratio in HDPE but the changes in the first and third quadrant 

are smaller. The number of PD pulses per cycle decreases with increasing frequency. 

As the AC frequency increases the period of the waveform decreases and, given that 

the recording time is fixed by the number of cycles recorded and so will decrease, 

therefore the number of PD events recorded would be expected to decrease. 

To help to analyse the PD activity over all the cycles during the aging period, four 

initial parameters were calculated: the number of discharges 𝑛𝑃𝐷 , the mean PD 

voltage  𝑉𝑃𝐷
̅̅ ̅̅ ̅, the standard deviation of the PD voltages 𝜎𝑃𝐷 and 𝐸𝐶𝐴 the apparent 

cumulative energy, see Section 3.2.5. The data is summarized in Figure 4.6 – Figure 

4.8, Table 4.1 - Table 4.5. 

As PD only appears at 30% and 50% voltage ratio, the mean PD voltage with standard 
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deviation of HDPE is shown in Table 4.1. 

Table 4.1. Mean PD voltage with standard deviation of HDPE at 30% and 50% 

voltage ratios. 

Frequency 

(kHz) 

PD voltage (V) at 30% 

voltage ratio 

PD voltage (V) at 50% 

voltage ratio 

𝑉𝑃𝐷
̅̅ ̅̅ ̅ 𝜎𝑃𝐷 𝑉𝑃𝐷

̅̅ ̅̅ ̅ 𝜎𝑃𝐷 

1 0.237 0.022 0.72 0.065 

1.5 0.241 0.027 0.76 0.073 

2 0.247 0.03 0.81 0.076 

2.5 0.251 0.036 1.08 0.113 

 

Figure 4.6 can be drawn according to the data in Table 4.1. 

 

Figure 4.6. Mean with standard deviation of PD voltage. 

 

In Figure 4.6, for the HDPE samples aged at 30% voltage ratio, 𝑉𝑃𝐷
̅̅ ̅̅ ̅ is around 0.25 V. 

The value does not change too much with change of superimposed frequency. For the 

HDPE samples aged at 50% voltage ratio, 𝑉𝑃𝐷
̅̅ ̅̅ ̅ is more than three times the value at 

30% voltage ratio. In addition when the superimposed frequency is below 2 kHz, the 

mean PD voltage increases slowly with superimposed frequency and it is around 0.8 V 

at 2 kHz. The value increases rapidly to about 1.1 V when the superimposed frequency 

increases to 2.5 kHz. Possible reasons for this difference in the behaviour of 𝑉𝑃𝐷
̅̅ ̅̅ ̅ as a 
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function of voltage ratio and frequency are discussed in Section 4.2. 

Data on the number of discharges recorded 𝑛𝑃𝐷 and the total measurement time 

Τ𝑀𝑒𝑎𝑠 = 1500 𝑓⁄  is shown in Table 4.2 and Table 4.3 for 30% and 50% voltage ratio, 

respectively. From 𝑛𝑃𝐷  and  Τ𝑀𝑒𝑎𝑠  the mean discharge rate �̇�𝑃𝐷 = 𝑛𝑃𝐷 Τ𝑀𝑒𝑎𝑠⁄    

can be calculated. 

Table 4.2. Number of discharges of HDPE at 30% voltage ratio. 

Frequency (kHz) 𝑛𝑃𝐷 Τ𝑀𝑒𝑎𝑠(s) �̇�𝑃𝐷(𝑠−1) 

1 6619 1.5 4413 

1.5 6612 1 6612 

2 6571 0.75 8761 

2.5 6513 0.6 10855 

 

In Table 4.2, there is little change in the 𝑛𝑃𝐷 as the frequency is changed. However 

when the difference in period of the AC stress component is taken into account it can 

be seen that the mean discharge rate �̇�𝑃𝐷 was increasing. 

Table 4.3. Number of discharges at 50% voltage ratio. 

Frequency (kHz) 𝑛𝑃𝐷 Τ𝑀𝑒𝑎𝑠(s) �̇�𝑃𝐷(𝑠−1) 

1 19030 1.5 12687 

1.5 17534 1 17534 

2 16337 0.75 21783 

2.5 13289 0.6 22148 

 

Superimposed frequency vs. �̇�𝑃𝐷 is shown in Figure 4.7, the data is according to that 

in Table 4.2 and Table 4.3. 
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Figure 4.7. �̇�𝑃𝐷(𝑠−1) of HDPE at 30% and 50% voltage ratio. 

 

In Figure 4.7, �̇�𝑃𝐷(𝑠−1) increases with the increase in the superimposed frequency in 

each curve. For HDPE aged at 30% voltage ratio, �̇�𝑃𝐷(𝑠−1) increases with the 

superimposed frequency in 5000-10000 range. For HDPE aged at 50% voltage ratio, 

the value is at least 2 times that of 30% voltage ratio at each frequency. 

Data of apparent cumulative energy 𝐸𝐶𝐴 and the apparent cumulative energy per 

second �̇�𝐶𝐴 at 30% and 50% voltage ratio is shown in Table 4.4 and Table 4.5, 

respectively. 

Table 4.4. Apparent cumulative energy per second of HDPE at 30% voltage ratio. 

Frequency (kHz) 𝐸𝐶𝐴  Τ𝑀𝑒𝑎𝑠(s) �̇�𝐶𝐴 

1 1569 1.5 1046 

1.5 1593 1 1593 

2 1623 0.75 2164 

2.5 1635 0.6 2725 

 

Table 4.5. Apparent cumulative energy per second of HDPE at 50% voltage ratio. 

Frequency (kHz) 𝐸𝐶𝐴  Τ𝑀𝑒𝑎𝑠(s) �̇�𝐶𝐴 

1 13702 1.5 9135 

1.5 13326 1 13326 

2 13233 0.75 17644 

2.5 14352 0.6 23920 
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Figure 4.8 is drawn according to the data from Table 4.4 and Table 4.5. 

 

Figure 4.8. �̇�𝐶𝐴 of HDPE at 30% and 50% voltage ratio. 

 

In Figure 4.8, �̇�𝐶𝐴  of each voltage ratio increases with the increase in the 

superimposed frequency. At 30% voltage ratio, the value increases steadily in the 

range from 1000 to 3000. At 50% voltage ratio, the values are significantly higher 

than the corresponding values at the 30% voltage ratio at each frequency. The value is 

about 9000 at 1 kHz and as the superimposed frequency increases, the value rapidly 

increases to about 24000 at 2.5 kHz. 

 

4.2 Proposed Mechanism of Partial Discharge 

The discharge patterns observed are broadly similar to those reported in [1] and are 

typical of surface discharges occurring in the system. The authors in [1] attributed the 

small number of discharges in the first quadrant to the low probability of initiating 

electrons being produced from the dielectric surface. The higher number of discharges 

in the third quadrant was associated with the greater number of initiating electrons 
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that would be produced from the metallic electrode when it is at a more negative 

potential than the polymer surface. However in their work a simple AC field was 

being applied across the system. The situation in this experimental work is more 

complex. If simple capacitive division is considered under combined AC and DC 

stress the voltage difference between the electrode and the surface does not become 

negative when the phase angle is greater than 180 due to the presence of the DC 

component of the voltage at the surface of the polymer. The voltage difference is 

greater during the first half cycle than the second half cycle. From results presented 

for a void under combined AC and DC stressing [2] the majority of discharges were 

observed in the first quadrant which would be expected as the electrons would always 

be emitted by a polymer surface in a void so no change in the number of electrons 

initiating avalanches would be expected with different gap polarities. To explain the 

discharge pattern observed charge transfer due to PD activity must be taking place to 

increase the DC potential of the surface to a level that causes field reversal in the third 

cycle allowing the higher electron emissivity of the metal electrode to come into play. 

This process can be explained as Figure 4.9. Assume external voltage is VE and the 

resulting potential distribution on the surface as a function of radial position on the 

surface is VS(r). 

 

Figure 4.9. Mechanism of PD during aging. 
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The voltage across the gap will be given by: 

𝑉𝐼(𝑟) = 𝑉𝐸 − 𝑉𝑆(𝑟) = (1 − 𝛼(𝑟))𝑉𝐸                 4.1 

Where 𝛼(𝑟)  is a function depending on the system geometry in the range of 0 ≤

𝛼(𝑟) ≤ 1. At the limits of 𝑟 ,  𝛼(0) = 1 and 𝛼(∞) = 1. At any point on the surface 

the potential across the gap due to the combined stress will be positive and have a 

maximum value when the AC voltage is at its +ve peak and at its minimum when the 

AC voltage is at its –ve peak.  

Therefore in the first quarter cycle, when 𝑉𝐼(𝑟)  exceeds the partial discharge 

inception voltage (PDIV), PDs will occur in the air gap in the triple junction (the area 

between the sphere electrode and upper surface of the sample) and also possibly 

across the surface of the sample. The direction of the field which is from the electrode 

to the surface will cause electrons to move to the electrode and positive ions created 

during the discharge to move to the surface of the HDPE. The positive charges 

establish an additional potential on the surface 𝑉𝑄(𝑟) . The resulting voltage 

𝑉𝐼(𝑟) across the triple junction is: 

𝑉𝐼(𝑟) = (1 − 𝛼(𝑟))𝑉𝐸 − 𝑉𝑄(𝑟)                     4.2 

This reduction in the voltage across the region of discharge activity means that to 

reach the PDIV, VE needs to increase which will occur in the first quarter cycle. In the 

second quarter cycle, as 𝑉𝐸 and 𝑉𝑆 decrease, 𝑉𝑄(𝑟) will tend to surpress partial 

discharge activity. If the charge is still present on the surface during the next positive 

half cycle then 𝑉𝑄(𝑟) will tend to surpress the PD activity in this half cycle. 

During the negative half cycle if sufficient charge has been deposited on the surface  

𝑉𝑄(𝑟) may become sufficiently large that although the value of 𝑉𝐸 and therefore 

𝑉𝑆(𝑟) will always be positive with 𝑉𝐸 > 𝑉𝑆(𝑟)  the value of 𝑉𝐼(𝑟) can become 

negative. This occurs in the regions where 
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𝑉𝑄(𝑟) > (1 − 𝛼(𝑟))𝑉𝐸 

This field reversal allows the greater electron emissivity of the metal electrode to 

come into play leading to a large number of discharges occurring. 

As the magnitude of the superimposed AC voltage increases, 𝑉𝑄(𝑟) increases and the 

decrease in 𝑉𝐸 in the second half cycle results in larger negative values of 𝑉𝐼(𝑟) and 

therefore greater discharge activity in the third quadrant. 

The value of VQ(r) will tend to decrease with time due to charge mobility across the 

surface. It is known, the charge dissipation rate has a positive relation with the charge 

mobility. More transfer of charge per cycle, across the surface away from the triple 

junction, will occur at lower frequencies due to the longer period. Therefore the value 

of 𝑉𝑄(𝑟) is likely to be smaller at lower frequencies leading to less discharge activity 

in the third quadrant. This approach provides an explanation for the observed 

discharge pattern. However it does not include the effects of the charge transfer in the 

third quadrant on the value of VQ. This requires further investigation to look at the 

competing processes of higher electron emission and reduced voltage across the gap 

and surface. 

 

4.3 FTIR-ATR Result 

In this section, the FTIR-ATR results and analysis of the Carbonyl Index will be 

demonstrated. The Carbonyl Index provides a way to estimate the degree of aging that 

has occurred in the sample. 

Details of the main peaks of reference for HDPE are shown in Table 4.6. 
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Table 4.6. Wavenumber and vibration of main peaks in HDPE [3]. 

Wavenumber (cm-1) Vibration 

2914 CH2 asymmetric stretching 

2847 CH2 symmetric stretching 

1472 and 1461 Bending deformation 

1378 CH3 symmetric deformation 

1367 and 1353 Wagging deformation 

1302 Twisting deformation 

718 and 730 Rocking deformation 

 

In Table 4.6, the reference for HDPE mainly consists of methylene groups. Methylene 

groups can be described with four peaks, 2914 cm-1, 2847 cm-1, 1472 cm-1 and 718 

cm-1. Among them, 1472 cm-1 and 718 cm-1 can be divided into 1472 cm-1 and 1461 

cm-1, 730 cm-1 and 718 cm-1, respectively. 

When the HDPE samples are aged, hydroxyl groups (O-H) and carbonyl groups (C=O) 

can occur [4]. The O-H group appears between 3500 cm-1 to 3000 cm-1. The C=O 

group appears between 1750 cm-1 and 1600 cm-1. The C-O group which may also 

occur during ageing, appears at 1200 cm-1. The likely aging mechanism will involve 

chain scission with subsequent reactions causing the formation of O-H and C=O 

groups in the sample. If this process is occurring, it would be expected that the 

methylene peaks in the spectra would be reduced while the peaks associated with 

carbonyl groups would increase. Carbonyl Index (CI), an index of aging, is defined as 

the ratio of the absorbance of the carbonyl group A1720 to that of the absorbance at 

1463 cm-1 [5-7]. For HDPE, CI is shown in equation 4.3 [8]: 

1463

1720

A

A
CI 

                         4.3 

The FTIR-ATR results of HDPE, which change with superimposed AC power 

frequency and with three voltage ratios, are shown in Figure 4.10-4.21. 
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4.3.1 10% Voltage Ratio 

Full-scale and detailed sectional views of FTIR-ATR spectra at 10% voltage ratio are 

shown in Figure 4.10-4.13. When a HDPE sample is subjected to DC stress at 90C, 

the intensity of peaks at 2914 cm-1 and 2847 cm-1 are lower than in the reference see 

Figure 4.11. Any increase in the peaks associated with the carbonyl group is hard to 

see Figure 4.13. This suggests that aging is occurring at a relatively low rate under DC 

conditions. When HDPE samples are aged under combined AC and DC stresses, the 

changes in the peaks at 2914 cm-1 and 2847 cm-1 show a further slight decrease in 

intensity. This suggests that aging is occurring at a higher but still relatively low rate 

under combined AC and DC stress at 10% voltage ratio. 

 
Figure 4.10. FTIR-ATR results of HDPE (aged under 10% voltage ratio at various 

frequencies). 
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Figure 4.11. FTIR-ATR results for HDPE detailed view of C-H-groups (aged under 10% 

voltage ratio at various frequencies). 

 

Figure 4.12. FTIR-ATR results for HDPE detailed view of OH-group (aged under 10% 

voltage ratio at various frequencies). 

No O-H 

occurring 
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Figure 4.13. FTIR-ATR results for HDPE detailed view of carbonyl group and C-O 

group (aged under 10% voltage ratio at various frequencies). 

 

4.3.2 30% Voltage Ratio 

Full-scale and detailed views of FTIR-ATR spectra at 30% voltage ratio are shown in 

Figure 4.14-4.17. The spectra for unaged samples and for samples subjected to a 

purely DC stress are included for reference. Figure 4.15 shows the methylene group 

absorption bands at 2914 cm-1 and 2847 cm-1 in HDPE. The absorption of the 

methylene groups for all aged samples are less than the reference unaged sample. The 

effect on the absorption of the methylene groups for the HDPE aged by combined 

voltages is more significant than for the sample aged only with DC. The change in 

absorption also depends on the superimposed frequency. Looking at the intensity due 

to the carbonyl groups in Figure 4.17 show there is no change between the reference 

unaged sample and the DC sample. When samples are subject to combined AC and 

DC voltages, the change in absorption indicates that C=O groups are being created. 

The absorption of C=O groups is dependent on the superimposed frequency. These 

changes indicated that an oxidative aging process is occurring and that it is enhanced 

by the combination of AC and DC voltages. 

No C=O 

occurring 
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Figure 4.14. FTIR-ATR results of HDPE (aged under 30% voltage ratio at various 

frequencies). 

 

Figure 4.15. FTIR-ATR results for HDPE detailed view of C-H-groups (aged under 30% 

voltage ratio at various frequencies). 
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Figure 4.16. FTIR-ATR results for HDPE detailed view of OH-group (aged under 30% 

voltage ratio at various frequencies). 

 
Figure 4.17. FTIR-ATR results for HDPE detailed view of carbonyl group and C-O 

group (aged under 30% voltage ratio at various frequencies). 
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4.3.3 50% Voltage Ratio 

Full-scale and detailed views of FTIR-ATR spectra at 50% voltage ratio are shown in 

Figure 4.18-4.21. The behaviour is similar to that observed at 30% voltage ratio with 

the decrease in methylene absorption being dependent on the superimposed frequency 

and carbonyl absorption observed in samples aged by AC and DC superimposed 

voltages. However, at 50% voltage ratio, there is evidence of the formation of O-H 

groups and C-O groups which is not observed at 30% voltage ratio. The absorption of 

O-H and C-O groups is enhanced by increasing of superimposed frequency. 

 

Figure 4.18. FTIR-ATR results of HDPE (aged under 50% voltage ratio at various 

frequencies). 
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Figure 4.19. FTIR-ATR results for HDPE detailed view of C-H-groups (aged under 50% 

voltage ratio at various frequencies). 

 

Figure 4.20. FTIR-ATR results for HDPE detailed view of OH-group (aged under 50% 

voltage ratio at various frequencies). 
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Figure 4.21. FTIR-ATR results for HDPE detailed view of carbonyl group and C-O 

group (aged under 50% voltage ratio at various frequencies). 

 

4.3.4 Carbonyl Index Comparison 

According to Figure 4.10-4.21 and Carbonyl Index (CI) equation (4.3), the CI of 

HDPE aged at 30% and 50% voltage ratio can be summarized in Table 4.7 and Table 

4.8, respectively. As there was no absorption observed at 1720 cm-1 the CI for 10% 

voltage ratio HDPE will be zero. 

Table 4.7. Carbonyl Index of HDPE aged at 30% voltage ratio. 

Frequency (kHz) A1720 A1463 CI 

1 0.0109 0.1187 0.0921 

1.5 0.0117 0.1183 0.0986 

2 0.0154 0.1153 0.1336 

2.5 0.0198 0.1151 0.1719 
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Table 4.8. Carbonyl Index of HDPE aged at 50% voltage ratio. 

Frequency (kHz) A1720 A1463 CI 

1 0.0274 0.1088 0.2523 

1.5 0.0378 0.1024 0.3689 

2 0.0390 0.0898 0.4339 

2.5 0.0402 0.0851 0.4728 

 

Based on the data in Table 4.7 and Table 4.8, CI of HDPE aged at 30% and 50% 

voltage ratio is summarized in Figure 4.22. 

 
Figure 4.22. Carbonyl Index of HDPE aged at 30% and 50% voltage ratio. 

 

In Figure 4.22, for the 30% voltage ratio, CI increases as the superimposed frequency 

increases within a range of 0.09 to 0.17. The gradient is 0.0549 (Hz-1). At 50% voltage 

ratio, the CI value increases significantly, it is about 2.7 times that of the 30% voltage 

ratio. The gradient increases to 0.1453 (Hz-1). This is because the apparent cumulative 

energy per second increases significantly in 50% voltage ratio (as mentioned in 

Section 4.1). The changes in the CI value can be correlated with changes of 

susceptibility index and conductivity of HDPE samples, see Section 4.5. 
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4.4 Dielectric Spectroscopy Results 

This section contains the measurement of dielectric constant ε' and dissipation factor 

tanδ of HDPE (shown in Figure 4.23-4.28). The samples were aged with the same 

three voltage ratios and four superimposed frequencies. The investigated frequency 

for the DS measurements is in range of 10-2 to 104 Hz. 

4.4.1 10% Voltage Ratio 

The dielectric constant and dissipation factor of HDPE aged at 10% voltage ratio are 

shown in Figure 4.23-4.24. 

 

Figure 4.23. Dielectric constant of HDPE aged under 10% voltage ratio at various 

frequencies. 
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Figure 4.24. Dissipation factor of HDPE aged under 10% voltage ratio at various 

frequencies. 

 

In Figure 4.23, ε' of each sample is nearly constant in the frequency range from 10-2 to 

104 Hz. Across all aging conditions the values are within the range of 2.35 to 2.5.The 

value of ε' of samples subjected to DC stress is higher than that of the unaged 

reference sample. All samples aged by combined AC and DC voltages are slightly 

higher than the DC value. 

In Figure 4.24, tanδ of all aged samples are higher than the reference value in the 

frequency range from 10-2 to 104 Hz. The tanδ of samples subject to DC with AC 

superimposed frequency overlap with the sample aged by pure DC. The small 

differences, if any, between the DC aged and DC/AC aged samples may be explained 

by the lack of evidence for significant differences in the formation of polar molecular 

groups produced in 10% voltage ratio stressed material (see Section 4.3.1). 

4.4.2 30% Voltage Ratio 

The dielectric constant and dissipation factor of HDPE at 30% voltage ratio are shown 
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in Figure 4.25-4.26. 

 

 

Figure 4.25. Dielectric constant of HDPE aged under 30% voltage ratio at various 

frequencies. 

 

Figure 4.26. Dissipation factor of HDPE aged under 30% voltage ratio at various 

frequencies. 
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In Figure 4.25, ε' of the unaged reference sample and the sample subjected to a purely 

DC stress are included for reference. ε' of samples subjected to combined AC and DC 

voltages increase slightly above this level. Across all aging conditions the values lie in 

the region around 2.45 to 2.52. 

In Figure 4.26, tanδ of samples subjected to combined AC and DC voltages no longer 

overlap with the DC value and appear to be increasing with the applied AC frequency. 

There is also evidence of an increase in tan at low frequencies. These changes may 

be occurring due to the formation of polar groups as shown in the FTIR-ATR results 

in 4.3.2. 

4.4.3 50% Voltage Ratio 

The dielectric constant and dissipation factor of HDPE at 50% voltage ratio are shown 

in Figure 4.27-4.28. 

 

Figure 4.27. Dielectric constant of HDPE aged under 50% voltage ratio at various 

frequencies. 
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Figure 4.28. Dissipation factor of HDPE aged under 50% voltage ratio at various 

frequencies. 

 

In Figure 4.27, ε' of samples subjected to combined AC and DC stress are much 

higher than the DC and reference values and higher than the corresponding values for 

the 30% voltage ratio. The values across the aging conditions lie in the region from 

2.55 to 2.9. It is clear to see ε' increases with the increase of the superimposed 

frequency. This is because many more polar molecular groups are generated at 50% 

voltage ratio, such as O-H, C=O, C-O as mentioned in Section 4.3.3. As superimposed 

frequency increases, the amount and kinds of polar molecular groups increases which 

make ε' increase. 

In Figure 4.28, tanδ of all samples subjected to combined AC and DC voltages are 

higher than the DC value. For each curve, tanδ increases for measurement frequencies 

below 1 Hz. For samples aged by combined voltages, overall tanδ increases with 

increases in the superimposed AC frequency. This is because more polar groups are 

formed at the higher frequency values as discussed in Section 4.3.3. The peak 
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observed at low measurement frequencies is associated with DC conduction processes 

which will be discussed in section 4.4.4.1. 

4.4.4 Discussion 

4.4.4.1 Conductivity 

In the low frequency range, an observed increase in imaginary permittivity ε″ coupled 

with a relatively constant value of ε’ is associated with DC conduction [9]. The 

relation is shown in equation 4.4: 




 0                             4.4 

Where, σ is the conductivity,  is the angular frequency. 

If the conductivity at low frequencies is constant, a plot of ε″ against 1/ should 

produce a straight line. The gradient of the line gives σ/ε0 of HDPE samples. This 

analysis was performed and the results are shown in Figures 4.29 to 4.31. The data 

used to make these plots is shown in Tables C.1 to C.3 in Appendix C. 

 

Figure 4.29. ε″ vs. 1/ of HDPE aged by 10% voltage ratio. 
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Figure 4.30. ε″ vs. 1/ of HDPE aged by 30% voltage ratio. 

 

 

Figure 4.31. ε″ vs. 1/ of HDPE aged by 50% voltage ratio. 

 

Based on the gradients obtained from Figure 4.29-4.31, the calculated conductivity of 

HDPE can be summarized in Table 4.9 and Figure 4.32. 
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Table 4.9. Conductivity of HDPE. 

Waveform 

Conductivity (fS/m) 

10% Voltage 

Ratio 

30% Voltage 

Ratio 

50% Voltage 

Ratio 

Reference 0.1832 0.1832 0.1832 

DC 0.7735 0.7735 0.7735 

DC+1kHz 1.0797 0.9912 5.1950 

DC+1.5kHz 1.1771 1.0709 6.0446 

DC+2kHz 1.0443 1.0797 9.0270 

DC+2.5kHz 1.2125 1.5311 19.1160 

The data from Table 4.9 is plotted in Figure 4.32 below. 

 
Figure 4.32. Conductivity of HDPE. 

 

From this table and figure it can be seen that the conductivity under DC stressing is 

greater than that for the unaged sample. The conductivity is also higher under 

combined stress as compared to DC stressing. The conductivity is significantly higher 

for the 50% voltage ratio aging and there is a clear increase in the conductivity with 

AC component frequency. This increase in conductivity may be occurring for the 10% 

and 30% voltage waveforms but the trend is much less clear. 
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4.4.4.2 Dielectric Susceptibility Index (I) 

’ is the real part of dielectric susceptibility of a material, which is defined as: 

1                               4.5 

To have a way of quantifying the change in the permittivity a dielectric susceptibility 

index (I) was defined as: 

REF

REFAI








                         4.6 

Where, A  is the dielectric susceptibility of an aged sample and REF  is the 

dielectric susceptibility of the reference sample. The index reflects the change in the 

susceptibility normalised by the susceptibility of the unaged sample and reflects the 

normalised changes in the polarisation density in the material at constant field. 

The values calculated are shown Table 4.10 and their behaviour as a function of AC 

frequency are shown in Figure 4.33. As by definition the values of I of reference 

unaged samples will be zero, they are not included in this table. 

Table 4.10. Dielectric susceptibility index I of HDPE. 

Waveform 
Susceptability Index I 

10% Voltage Ratio 30% Voltage Ratio 50% Voltage Ratio 

DC 0.0571 0.0571 0.0571 

DC+1kHz 0.0749 0.0822 0.1444 

DC+1.5kHz 0.0896 0.0970 0.2243 

DC+2kHz 0.0970 0.1043 0.2985 

DC+2.5kHz 0.1043 0.1117 0.4058 
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Figure 4.33. Dielectric susceptibility index I of HDPE. 

 

From Figure 4.33 it can be seen that the susceptibility index, as defined above by the 

authors, increases with the frequency of the AC component of stressing for all voltage 

conditions. There appears to be a slight difference in the values for 10% and 30% 

voltage ratio with the results at 30% being higher. 

4.5 Discussion 

It is useful to explore the relationships between the apparent cumulative energy per 

second �̇�𝐶𝐴 and the indices derived from the FTIR-ATR and DS results which are 

expected to relate to the degree of aging. The relationship between Carbonyl Index 

(CI) and apparent cumulative energy per second �̇�𝐶𝐴 is shown in Table 4.11 and 

Figure 4.34. 

Table 4.11. Apparent cumulative energy per second vs. Carbonyl Index. 

Frequency 

(kHz) 

30% Voltage Ratio 50% Voltage Ratio 

�̇�𝐶𝐴 CI �̇�𝐶𝐴 CI 

1 1046 0.0921 9135 0.2523 

1.5 1593 0.0986 13326 0.3689 

2 2164 0.1336 17644 0.4339 

2.5 2725 0.1719 23920 0.4728 
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In Figure 4.34, it can be seen that as the value of �̇�𝐶𝐴 increases the value of CI is 

increasing. It also appears that the CI value may be saturating at large values of �̇�𝐶𝐴. 

 
Figure 4.34. Apparent cumulative energy per second vs. Carbonyl Index. 

 

The relationship of �̇�𝐶𝐴 and σ is shown in Table 4.12 and Figure 4.35. 

Table 4.12. Apparent cumulative energy per second vs. conductivity. 

Frequency 

(kHz) 

30% Voltage Ratio 50% Voltage Ratio 

�̇�𝐶𝐴 σ (fS/m) �̇�𝐶𝐴 σ (fS/m) 

1 1046 0.9912 9135 5.1950 

1.5 1593 1.0709 13326 6.0446 

2 2164 1.0797 17644 9.0270 

2.5 2725 1.5311 23920 19.1160 

 

In Figure 4.35, the conductivity is increasing as the value of �̇�𝐶𝐴 increases. Unlike 

the behaviour of CI there is no evidence of any saturation. This may be due to the fact 

that the CI derived from the FTIR-ATR measurements only reflects the changes in the 

surface layer of the polymer while conductivity reflects a bulk change in the system. 
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Figure 4.35. Apparent cumulative energy per second vs. conductivity. 

The relationship of �̇�𝐶𝐴and I is shown in Table 4.13 and Figure 4.36. 

Table 4.13. Apparent cumulative energy per second vs. I. 

Frequency 

(kHz) 

30% Voltage Ratio 50% Voltage Ratio 

�̇�𝐶𝐴 I �̇�𝐶𝐴 I 

1 1046 0.0822 9135 0.1444 

1.5 1593 0.0970 13326 0.2243 

2 2164 0.1043 17644 0.2985 

2.5 2725 0.1117 23920 0.4058 

 

 

Figure 4.36. Apparent cumulative energy per second vs. Susceptibility Index. 
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As with the CI and conductivity the susceptibility index I increases as �̇�𝐶𝐴 

increases. Unlike CI and in a similar manner to the conductivity there is no evidence 

of saturation in the behaviour of I and at large values of �̇�𝐶𝐴 the rate of change 

seems to be increasing. This again may occur as I reflects the behaviour of the bulk 

of the material. 

The relationship of CI and conductivity (σ) is shown in Figure 4.37. 

In Figure 4.37, as would be expected from Figure 4.34 and Figure 4.35 as the value of 

CI increases the value of conductivity increases. At lower values of CI there is a 

broadly linear relationship between CI and conductivity. At high values of CI the 

value of conductivity increases more rapidly due to the observed saturation in the 

Carbonyl Index. 

 
Figure 4.37. Carbonyl Index vs. conductivity. 

 

The relationship of CI and I is shown in Figure 4.38. 
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Figure 4.38. Carbonyl Index vs. I. 

 

As would be expected from Figure 4.34 and Figure 4.36 as the value of CI increases 

the value of I increases. At lower values of CI there is a broadly linear relationship 

between CI and I. Again at higher values of CI the value of I increases more rapidly 

due to the observed saturation in the Carbonyl Index. This appears to occur at a lower 

value of the Carbonyl Index. 

4.6 Conclusions 

From the PD data it can clearly be seen that the AC frequency has an effect on both 

the phase distribution of the partial discharge activity and the magnitude of the partial 

discharge activity. The behaviour observed is similar to that observed for surface 

discharges under purely AC conditions. However the situation with combined AC and 

DC stress is more complicated and for this behaviour to be observed the potential of 

the surface must increase to a value above the minimum potential caused by the 

applied stress. The mechanism by which this occurs is not clear at this point. 

The apparent cumulative energy per second has been calculated and this index 

increases as the voltage ratio increases and as the frequency of the AC component is 
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increased. 

From the FTIR-ATR values for the Carbonyl Index which reflects the chemical 

changes on the surface have been calculated. The changes in the Carbonyl Index with 

frequency and voltage ratio correlate with the apparent cumulative energy per cycle.  

From the dielectric spectroscopy data values for the conductivity and an index 

reflecting the change in susceptibility have been calculated. These indeces also 

correlate with the apparent cumulative energy per cycle. 
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5. Results of Polypropylene Aged by 90C 

 

PP samples were aged at 90C with 3 voltage ratios (10%, 30% and 50%) and four 

frequencies (1 kHz, 1.5 kHz, 2 kHz and 2.5 kHz) using the same approach as for 

HDPE. Again the PRPD, FTIR-ATR and DS measurements were carried out to 

analyse the changes due to aging. In this chapter, the data is demonstrated and 

summarized. 

Section 5.1 describes the PRPD results. The mean and standard deviation of PD 

voltages, the number of discharges, the PD apparent cumulative energy and the 

apparent cumulative energy per second are the indeces used to describe the PRPD 

data. How these indeces change with superimposed frequency and voltage ratio are 

reported. The standard deviation for PRPD results is within 10% range. 

Section 5.2 describes the FTIR-ATR results. The behaviour of the Carbonyl Index of 

samples changes with various superimposed frequencies and voltage ratios is 

summarized. The standard deviation for FTIR-ATR results is within 3% range. 

Section 5.3 describes the DS results. The variation of the conductivity and dielectric 

susceptibility index with superimposed frequencies and voltage ratios are summarized. 

The standard deviation for DS results is within 2% range. 

Section 5.4 shows the relationship of PD apparent cumulative energy per second, 

Carbonyl Index, conductivity and dielectric susceptibility index. 

Section 5.5 is the conclusions. 
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5.1 PRPD Results 

When the voltage ratio is 10%, there is no detected PD signal at any of the AC 

frequencies considered. PD signals could be detected at 30% and 50% voltage ratio. 

The PRPD patterns of PP (Appendix F) and their behaviour for different frequencies 

and voltage ratios aged at 90C is similar to that of HDPE. 

The data of mean PD voltage with standard deviation, number of discharges and PD 

apparent cumulative energy per second is shown in Table 5.1-5.5 and Figure 5.1-5.3. 

As PD appears at 30% and 50% voltage ratio, data of the mean PD voltage with 

standard deviation is shown in Table 5.1. 

 

Table 5.1. Mean PD voltage with standard deviation for PP aged at 90C and 30% and 

50% voltage ratios. 

Frequency 

(kHz) 

PD voltage (V) at 30% voltage 

ratio 

PD voltage (V) at 50% 

voltage ratio 

𝑉𝑃𝐷
̅̅ ̅̅ ̅ 𝜎𝑃𝐷 𝑉𝑃𝐷

̅̅ ̅̅ ̅ 𝜎𝑃𝐷 

1 0.215 0.0203 0.55 0.05 

1.5 0.214 0.0205 0.61 0.056 

2 0.216 0.0205 0.68 0.062 

2.5 0.223 0.021 0.76 0.069 

 

Figure 5.1 is drawn according to the data in Table 5.1. 
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Figure 5.1. Mean with standard deviation of PD voltage. 

 

In Figure 5.1, for PP samples aged at 30% voltage ratio, 𝑉𝑃𝐷
̅̅ ̅̅ ̅ is around 0.2 V at any 

of the AC frequencies considered. The value does not change significantly with 

change of superimposed frequency. This may be because at this voltage ratio, the 

combined voltage is not high enough to cause sufficient charging on the surface to 

develop a large number of discharges in the 3rd quadrant. When the voltage ratio 

increases to 50%, 𝑉𝑃𝐷
̅̅ ̅̅ ̅ is at least 0.3 V higher than the value of 30% voltage ratio at 

each frequency. The mean PD voltage increases along with the increase of 

superimposed frequency. It is 0.55 V at 1 kHz and increases to 0.76 V at 2.5 kHz. 

Again, the discharge behaviour is depressed in the first quadrant and increases 

significantly in the third quadrant. Depending on the mechanism of partial discharge 

(mentioned in Section 4.2). 

Data of number of discharge 𝑛𝑃𝐷 and the mean discharge rate �̇�𝑃𝐷(𝑠−1) is shown in 

Table 5.2 and Table 5.3 for 30% and 50% voltage ratio, respectively. 
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Table 5.2. Number of discharges of PP aged by 90C at 30% voltage ratio. 

Frequency (kHz) 𝑛𝑃𝐷 Τ𝑀𝑒𝑎𝑠(s) �̇�𝑃𝐷(𝑠−1) 

1 5880 1.5 3920 

1.5 5819 1 5819 

2 5771 0.75 7695 

2.5 5637 0.6 9395 

 

Table 5.3. Number of discharges of PP aged by 90C at 50% voltage ratio. 

Frequency (kHz) 𝑛𝑃𝐷 Τ𝑀𝑒𝑎𝑠(s) �̇�𝑃𝐷(𝑠−1) 

1 17400 1.5 11600 

1.5 16810 1 16810 

2 15713 0.75 20951 

2.5 13133 0.6 21888 

 

�̇�𝑃𝐷(𝑠−1) vs. superimposed frequency is shown in Figure 5.2. 

 

Figure 5.2. �̇�𝑃𝐷(𝑠−1) of PP aged by 90C at 30% and 50% voltage ratio. 

 

In Figure 5.2, �̇�𝑃𝐷(𝑠−1) increases with the increase in the superimposed frequency 

for both voltage ratios. When aged at 30% voltage ratio, �̇�𝑃𝐷(𝑠−1) increases with the 

superimposed frequency from 4000 at 1 kHz to 9000 at 2.5 kHz. For PP samples aged 
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at 50% voltage ratio, �̇�𝑃𝐷(𝑠−1) increases from 11600 to 21888 discharges per second 

over the same frequency range. At each frequency the value at 50% voltage ratio is at 

least 2 times that of 30% voltage ratio. 

Data of apparent cumulative energy 𝐸𝐶𝐴 and the apparent cumulative energy per 

second �̇�𝐶𝐴 at 30% and 50% voltage ratio is shown in Table 5.4 and Table 5.5, 

respectively. 

Table 5.4. Apparent cumulative energy per second of PP aged by 90C at 30% voltage 

ratio. 

Frequency (kHz) 𝐸𝐶𝐴  Τ𝑀𝑒𝑎𝑠(s) �̇�𝐶𝐴 

1 1264 1.5 842 

1.5 1245 1 1245 

2 1247 0.75 1663 

2.5 1257 0.6 2095 

 

Table 5.5. Apparent cumulative energy per second of PP aged by 90C at 50% voltage 

ratio. 

Frequency (kHz) 𝐸𝐶𝐴  Τ𝑀𝑒𝑎𝑠(s) �̇�𝐶𝐴 

1 9570 1.5 6380 

1.5 10370 1 10370 

2 10880 0.75 14507 

2.5 11400 0.6 19000 

 

Figure 5.3 shows the behaviour of the data from Table 5.4-5.5. 
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Figure 5.3.  �̇�𝐶𝐴 of PP aged by 90C at 30% and 50% voltage ratio. 

 

In Figure 5.3, �̇�𝐶𝐴  of each voltage ratio increases with the increase of the 

superimposed frequency. At 30% voltage ratio, the value increases steadily from 842 

to 2095. At 50% voltage ratio, the values significantly increase to at least 8 times that 

of the value at 30% voltage ratio at each frequency with the value increasing from 

6380 at 1 kHz to 19000 at 2.5 kHz. 

As the behaviour of the PD activity is similar to that for HDPE it is assumed that the 

mechanism of PD discussed in Section 4.2 also applies to the PP behaviour. 

 

5.2 FTIR-ATR Result 

In this section, the FTIR-ATR results and analysis of Carbonyl Index will be reported 

and discussed. 

Details of main peaks of reference for PP are shown in Table 5.6. 
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Table 5.6. Peaks of reference PP [1]. 

Wavenumber 

(cm-1) 

Vibration 

2955 CH3 asymmetric stretching vibrations 

2922 Main chain CH2 asymmetric stretching vibration 

2873 CH3 symmetric stretching vibrations 

2843 Main chain CH2 symmetric stretching vibration 

1460 CH3 asymmetric deformation vibrations or CH2 scissor vibrations 

1378 CH3 symmetric deformation vibrations 

1167 C-C asymmetric stretching, CH3 asymmetric rocking and C-H 

wagging vibrations 

998 CH3 asymmetric rocking vibrations 

974 CH3 asymmetric rocking and C–C asymmetric stretching 

vibrations 

901 CH3 asymmetric rocking and C–C asymmetric and symmetric 

stretching vibrations 

844 CH2 rocking vibrations 

810 CH2 rocking vibrations 

 

Details of new peaks which appear in aged PP are shown in Table 5.7. 

Table 5.7. New peaks in aged PP [1]. 

Wavenumber (cm-1) Shape Vibration 

3650-3300 Broad OH stretching vibrations 

1738 Broad The presence of carbonyl (C=O) groups in ketones, 

aldehydes and carboxylic acids 

1647  The formation of hydrogen bonds between 

hydrogen atoms of aldehydes, carboxylic acids and 

alcohols at the surface. Hydrogen bonding tends to 

decrease the double-bond character of the C=O 

group, which results in a shift of the C=O 

absorption band to a lower frequency. 

C=C stretching vibrations 

 

It is believed that the broad O-H peak belongs to the O-H groups of alcohols and 

carboxylic acids, while the C=O peak confirms the presence of aldehydes, ketones 

and carboxylic acids on the surface. The Carbonyl Index (CI) can be used to define 

the degree of aging that has occurred based on FTIR-ATR measurements. For PP, CI 

[2] is shown in equation 5.1: 
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1460

1738

A

A
CI                          5.1 

Where, A1738 is the absorbance of carbonyl group (-CO-); A1460 is the absorbance of 

methylene group (-CH2-), symmetric stretching vibration. 

The changes in the FTIR-ATR results of PP aged by 90C with different 

superimposed frequency and in three voltage ratios are shown in Figure 5.4-5.15. 

5.2.1 10% Voltage Ratio 

Full-scale and detailed sectional views of FTIR-ATR spectra of PP aged at 90C with 

the 10% voltage ratio are shown in Figure 5.4-5.7. When PP samples are subjected to 

DC stress at 90C, the intensity of peaks between 3000 cm-1-2800 cm-1 are slightly 

lower than in the unaged reference (Figure 5.5). Any increase in the peaks associated 

with the carbonyl group is hard to see in Figure 5.7. This suggests that aging is 

occurring at a relatively low rate under DC conditions. When PP samples are aged 

under combined AC and DC stresses, the changes in the peaks in range of 3000 

cm-1-2800 cm-1 decrease further slightly. This suggests that aging is, similar to that in 

HDPE, occurring at a relatively low rate under combined AC and DC stress at 10% 

voltage ratio. 
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Figure 5.4. FTIR-ATR results of PP (aged under 10% voltage ratio at various 

frequencies). 

 

Figure 5.5. FTIR-ATR results for PP detailed view of C-H-groups (aged under 10% 

voltage ratio at various frequencies). 
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Figure 5.6. FTIR-ATR results for PP detailed view of OH-group (aged under 10% 

voltage ratio at various frequencies). 

 

Figure 5.7. FTIR-ATR results for PP detailed view of carbonyl group (aged under 10% 

voltage ratio at various frequencies). 
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5.2.2 30% Voltage Ratio 

Full-scale and detailed sectional views of FTIR-ATR spectra of PP aged at 90C in 30% 

are shown in Figure 5.8-5.11. The spectra for unaged samples and for samples 

subjected to a purely DC stress are included for reference. Figure 5.9 shows the 

absorption peaks 3000 cm-1-2800 cm-1 for all aged samples are less than the unaged 

reference sample. The effect on the absorption of the peaks at 3000 cm-1-2800 cm-1 

for the PP aged by combined voltages is more significant than for the sample aged 

only with DC. The change in absorption also depends on the superimposed frequency. 

Figure 5.11 shows evidence of carbonyl groups appearing. There is no change 

between the reference unaged sample and the DC sample. When samples are aged by 

combined AC and DC voltages, the carbonyl group absorption peak starts to appear. 

The intensity of the carbonyl group peak increases with the superimposed frequency. 

These changes indicated that an oxidative aging process is occurring and that it is 

enhanced by the combined AC and DC stress. 

 

Figure 5.8. FTIR-ATR results of PP (aged under 30% voltage ratio at various 

frequencies). 
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Figure 5.9. FTIR-ATR results for PP detailed view of C-H-groups (aged at 30% 

voltage ratio with various frequencies). 

 

Figure 5.10. FTIR-ATR results for PP detailed view of OH-group (aged at 30% 

voltage ratio with various frequencies). 
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Figure 5.11. FTIR-ATR results for PP detailed view of carbonyl group (aged under 30% 

voltage ratio at various frequencies). 

5.2.3 50% Voltage Ratio 

Full-scale and detailed sectional views of FTIR-ATR spectra of PP aged at 90C in 50% 

are shown in Figure 5.12-5.15. The behaviour is similar to that observed at 30% 

voltage ratio with a decrease in the 3000 cm-1-2800 cm-1 absorption band (Figure 5.13) 

being dependent on the superimposed frequency and carbonyl absorption (Figure 5.15) 

observed in samples aged by AC and DC superimposed voltages. However, at 50% 

voltage ratio, there is evidence of the formation of O-H groups which is not observed 

at 30% voltage ratio (Figure 5.14). The absorption of O-H groups is enhanced by the 

increase of the superimposed frequency. 
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Figure 5.12. FTIR-ATR results of PP (aged under 50% voltage ratio at various 

frequencies). 

 

Figure 5.13. FTIR-ATR results for PP detailed view of C-H-groups (aged at 50% 

voltage ratio with various frequencies). 
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Figure 5.14. FTIR-ATR results for PP detailed view of OH-group (aged at 50% 

voltage ratio with various frequencies). 

 

Figure 5.15. FTIR-ATR results for PP detailed view of carbonyl group (aged under 50% 

voltage ratio at various frequencies). 
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5.2.4 Carbonyl Index Comparison 

From the data in Figure 5.8-5.15 and Carbonyl Index (CI) equation (5.1), the CI of PP 

aged at 90C and at 30% and 50% voltage ratio can be calculated and is shown in 

Table 5.8 and Table 5.9, respectively. As there was no absorption observed at 1738 

cm-1 the CI of PP for the 10% voltage ratio will be zero. 

Table 5.8. Carbonyl Index of PP aged at 90C at 30% voltage ratio. 

Frequency (kHz) A1738 A1460 CI 

1 0.0158 0.0673 0.2350 

1.5 0.0179 0.0636 0.2815 

2 0.0194 0.0582 0.3341 

2.5 0.0221 0.0562 0.3932 

 

Table 5.9. Carbonyl Index of PP aged at 90C at 50% voltage ratio. 

Frequency (kHz) A1738 A1460 CI 

1 0.0227 0.0514 0.4419 

1.5 0.0293 0.0379 0.7729 

2 0.0404 0.0371 1.0887 

2.5 0.0582 0.0330 1.7636 

 

Figure 5.16 is based on the data in Table 5.8 and Table 5.9 for the CI of PP aged at 

90C with the 30% and 50% voltage ratios. 

 

Figure 5.16. Carbonyl Index of PP aged by 90 C at 30% and 50% voltage ratio. 
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In Figure 5.16, at 30% voltage ratio, CI increases from 0.23 to 0.39 with an increase 

of the superimposed frequency. The gradient is 0.1347 (Hz-1). At 50% voltage ratio, 

CI value increases significantly. The gradient increases to 0.8854 (Hz-1). This is 

because the apparent cumulative energy per second increases significantly more in the 

50% voltage ratio than in 30% voltage ratio tests (as mentioned in Section 5.1). The 

changes in the CI value can be correlated with changes of susceptibility index and 

conductivity of PP samples, this will be demonstrated in Section 5.4. 

 

5.3 Dielectric Spectroscopy Results 

In this section, ε' and tanδ of PP aged under 90C are shown in Figure 5.17-5.22. The 

samples were aged with the same three voltage ratios and four superimposed 

frequencies. In all figures, the investigated frequency for the DS measurements is in 

the range of 10-2 to 104 Hz. 

5.3.1 10% Voltage Ratio 

The dielectric constant and dissipation factor of PP aged at 90C at 10% voltage ratio 

are shown in Figure 5.17-5.18. 
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Figure 5.17. Dielectric constant of PP aged under 10% voltage ratio with various 

frequencies. 

 

Figure 5.18. Dissipation factor of PP aged under 10% voltage ratio with various 

frequencies. 
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In Figure 5.17, ε' of each sample is almost constant in the measurement frequency 

range of 10-2-104 Hz. All values are within the range from 2.4 to 2.5. The ε' of the 

sample subjected to purely DC stress overlaps with ε' of the unaged reference sample. 

ε' of all samples aged by combined AC and DC voltages are slightly higher than the 

DC value. 

In Figure 5.18, tanδ of all aged samples are higher than the reference value in the 

frequency range from 10-2 to 104 Hz. The tanδ of samples subject to combined AC 

and DC voltages cannot be separated from the sample aged by pure DC stress. The 

small differences, if any, between the DC aged and DC/AC aged samples may be 

explained by the lack of evidence for the formation of polar molecular groups 

produced in 10% voltage ratio (see Section 5.2.1). 

 

5.3.2 30% Voltage Ratio 

The dielectric constant and dissipation factor of PP aged at 90C at 30% voltage ratio 

are shown in Figure 5.19-5.20. 

 

Figure 5.19. Dielectric constant of PP aged under 30% voltage ratio at various 

frequencies. 
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Figure 5.20. Dissipation factor of PP aged under 30% voltage ratio at various 

frequencies. 

In Figure 5.19, ε' of the reference sample and the sample subjected to a purely DC 

stress are included for reference. The ε' of samples subjected to combined AC and DC 

voltages appear to be slightly larger. The values of ε' lie between 2.4 to 2.55.  

In Figure 5.20, the tanδ of samples subjected to combined AC and DC voltages are 

slightly higher than the DC value and appear to be increasing with applied AC 

frequency. There is also evidence of an increase in tan at low frequencies. 

 

5.3.3 50% Voltage Ratio 

The dielectric constant and dissipation factor of PP aged at 90C and at 50% voltage 

ratio are shown in Figure 5.21-5.22. 
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Figure 5.21. Dielectric constant of PP aged under 50% voltage ratio at various 

frequencies. 

 

Figure 5.22. Dissipation factor of PP aged under 50% voltage ratio at various 

frequencies. 
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In Figure 5.21, ε' of samples subjected to combined AC and DC at 50% ratio stress are 

much higher than the DC value. The values lie in the region from 2.5 to 2.75. It is 

clear to see that ε' increases with increasing of superimposed frequency. This is 

because there were more polar molecular groups, such as O-H, C=O, generated at 50% 

voltage ratio, as shown in Section 5.2.3. As the superimposed frequency increases, the 

amount and kinds of polar molecular groups (O-H and C=O) increase which leads to 

ε' increasing. 

In Figure 5.22, tanδ of all samples subjected to combined AC and DC voltages are 

higher than the DC value. For each curve, tanδ increases with the measurement 

frequency below 1 Hz. For samples aged by combined voltages, overall tanδ increases 

with increase of the superimposed AC frequency. Similar to the results for HDPE, the 

peak observed at low measurement frequencies is associated with DC conduction 

processes which will be discussed in section 5.3.4.1. 

 

5.3.4 Discussion 

5.3.4.1 Conductivity 

Plots of 휀′′ vs. 1 𝜔⁄  were made in a similar manner to 4.4.4.1 and were found to be 

linear. Values of σ/ε0 were extracted from the gradients of these plots. The derived 

behaviour for the low frequency conductivity for PP aged at 90C and at 10%, 30% 

and 50% voltage ratio are summarized in Appendix D: Table D.1-D.3 and Figure 

5.23-5.25. 
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Figure 5.23. ε″ vs. 1/ of PP aged at 90C and at 10% voltage ratio. 

 

 

Figure 5.24. ε″ vs. 1/ of PP aged at 90C and at 30% voltage ratio. 
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Figure 5.25. ε″ vs. 1/ of PP aged at 90C and at 50% voltage ratio. 

 

Based on Figure 5.23-5.25, conductivity of PP aged by 90C can be summarized in 

Table 5.10 and Figure 5.26. 

Table 5.10. Conductivity of PP aged by 90C. 

Waveform Conductivity (fS/m) 

10% Voltage Ratio 30% Voltage Ratio 50% Voltage Ratio 

Reference 0.2673 0.2673 0.2673 

DC 0.4292 0.4292 0.4292 

DC+1k 0.5275 0.5275 4.0091 

DC+1.5k 0.5487 0.5390 5.4074 

DC+2k 0.5142 0.6646 8.6907 

DC+2.5k 0.5168 0.7372 12.3900 
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Figure 5.26. Conductivity of PP aged by 90C. 

 

According to the data in Table 5.10 and Figure 5.26, for PP aged at 90C under purely 

DC voltage, the conductivity is higher than that seen for the unaged sample. For 

samples aged by combined AC and DC voltages, the conductivity is even higher. For 

the samples aged at 10% and 30% voltage ratios, the conductivity of all samples are 

below 1 fS/m. At 10% voltage ratio, no significant dependence on frequency of the AC 

voltage component is observed, at 30% voltage ratio the conductivity appears to 

increase for the higher frequencies of the AC voltage component. For the samples 

aged at 50% voltage ratio, the value of conductivity increases significantly and it is 

clear that the conductivity increases with increasing AC frequency. 

 

5.3.4.2 Dielectric Susceptibility Index (I) 

The calculated values of I of PP aged at 90C are shown in Table 5.11 and their 

behaviour as a function of AC frequency are shown in Figure 5.27. 
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Table 5.11. Dielectric susceptibility index I of PP aged by 90C. 

Waveform 
Susceptibility Index I 

10% 30% 50% 

DC 0 0 0 

DC+1k 0.0214 0.0286 0.0949 

DC+1.5k 0.0286 0.0500 0.1296 

DC+2k 0.0429 0.0643 0.1755 

DC+2.5k 0.0500 0.0714 0.2500 

 

 

Figure 5.27. Dielectric susceptibility index I of PP aged at 90C. 

From Figure 5.27 it can be seen that for all three voltage ratios I increases with 

increasing frequency of the AC component of stress. At any given frequency the value 

of I increases with the voltage ratio. The gradients of the lines of best fit also 

increase with increasing voltage ratio. 

5.4 Discussion 

The relationship between Carbonyl Index (CI) and apparent cumulative energy per 

second (�̇�𝐶𝐴) is shown in Table 5.12 and Figure 5.28. 
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Table 5.12. Apparent cumulative energy per second vs. Carbonyl Index. 

Frequency 

(kHz) 

30% Voltage Ratio 50% Voltage Ratio 

�̇�𝐶𝐴 CI �̇�𝐶𝐴 CI 

1 842 0.2350 6380 0.4419 

1.5 1245 0.2815 10370 0.7729 

2 1663 0.3341 14507 1.0887 

2.5 2095 0.3932 19000 1.7636 

 

In Figure 5.28, it can be seen that as the value of �̇�𝐶𝐴 increases, the value of CI is 

increasing and that the behaviour appears to be linear. 

 

Figure 5.28. Apparent cumulative energy per second vs. Carbonyl Index. 

 

The relationship of �̇�𝐶𝐴 and σ is shown in Table 5.13 and Figure 5.29. 

 

Table 5.13. Apparent cumulative energy per second vs. conductivity. 

Frequency 

(kHz) 

30% Voltage Ratio 50% Voltage Ratio 

�̇�𝐶𝐴 σ (fS/m) �̇�𝐶𝐴 σ (fS/m) 

1 842 0.5275 6380 4.0091 

1.5 1245 0.5390 10370 5.4074 

2 1663 0.6646 14507 8.6907 

2.5 2095 0.7372 19000 12.3900 
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In Figure 5.29, the conductivity is increasing as the value of �̇�𝐶𝐴 increases, as with 

the Carbonyl Index there is a strong linear correlation between the conductivity and 

the apparent cumulative energy per second �̇�𝐶𝐴. 

 

Figure 5.29. Apparent cumulative energy per second vs. conductivity. 

 

The relationship of �̇�𝐶𝐴 and I is shown in Table 5.14 and Figure 5.30. 

Table 5.14. Apparent cumulative energy per second vs. I. 

Frequency 

(kHz) 

30% Voltage Ratio 50% Voltage Ratio 

�̇�𝐶𝐴 I �̇�𝐶𝐴 I 

1 842 0.0286 6380 0.0949 

1.5 1245 0.0500 10370 0.1296 

2 1663 0.0643 14507 0.1755 

2.5 2095 0.0714 19000 0.2500 
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Figure 5.30. Apparent cumulative energy per second vs. I. 

 

As with the CI and conductivity the Susceptibility index I increases as �̇�𝐶𝐴  

increases. The relationship is clearly linear at higher values of �̇�𝐶𝐴 associated with 

the 50% voltage ratio. At lower values of �̇�𝐶𝐴 there may be a different relationship 

between I and the apparent cumulative energy per second. 

In Figure 5.31, as would be expected from Figure 5.28 and Figure 5.29 as the value of 

CI increases the value of conductivity increases. There is a broadly linear relationship 

between CI and conductivity. 

 

Figure 5.31. Carbonyl Index vs. conductivity. 
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As would be expected from Figure 5.28 and Figure 5.30 as the value of CI increases 

as the value of I increases. There is a broadly linear relationship between CI and I. 

Though they may be differences in behaviour at low values of CI associated with 

stressing at the 30% voltage ratio. 

 

Figure 5.32. Carbonyl Index vs. I. 

 

5.5 Conclusions 

The PD mechanism of PP aged at 90C is similar to that of HDPE. 

The apparent cumulative energy per second (�̇�𝐶𝐴) has been calculated and this index 

increases as the voltage ratio increases and as the frequency of the AC component is 

increased. The value is 842 at 1 kHz at 30% voltage ratio and 19000 at 2.5 kHz at 50% 

voltage ratio. 

From the FTIR-ATR values for the Carbonyl Index which reflects the chemical 

changes on the surface have been calculated. The changes in the Carbonyl Index with 

frequency and voltage ratio correlate with the apparent cumulative energy per cycle. 

The value is 0.2350 at 1 kHz at 30% voltage ratio and 1.7636 at 2.5 kHz at 50% 

voltage ratio. 
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From the dielectric spectroscopy data values for the conductivity (σ) and an index 

reflecting the change in susceptibility (I) have been calculated. These indeces also 

correlate with the apparent cumulative energy per cycle. The value of σ is 0.5275 fS/m 

at 1 kHz at 30% voltage ratio and 12.3900 at 2.5 kHz at 50% voltage ratio. The value 

of I is 0.0286 at 1 kHz at 30% voltage ratio and 0.2500 at 2.5 kHz at 50% voltage 

ratio. 
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6. Polypropylene aged at 110C 

 

PP samples are aged at 110C with the same 3 voltage ratios (10%, 30% and 50%) 

and four frequencies (1 kHz, 1.5 kHz, 2 kHz and 2.5 kHz) as used in chapters 4 and 5. 

The PRPD, FTIR-ATR and DS measurements were carried out for analysis. In this 

chapter, the data is demonstrated and summarized. 

Section 6.1 describes the PRPD results. The mean and standard deviation of PD 

voltages, the number of discharges, the PD apparent cumulative energy and the 

apparent cumulative energy per second are the indeces used to describe the PRPD 

data. How these indeces change with superimposed frequency and voltage ratio are 

reported. The standard deviation for PRPD results is within 10% range. 

Section 6.2 describes the FTIR-ATR results. The behaviour of the Carbonyl Index of 

samples changes with various superimposed frequencies and voltage ratios is 

summarized. The standard deviation for FTIR-ATR results is within 3% range. 

Section 5.3 describes the DS results. The variation of the conductivity and dielectric 

susceptibility index with superimposed frequencies and voltage ratios are summarized. 

The standard deviation for DS results is within 2% range. 

Section 6.4 shows the relationship of PD apparent cumulative energy per second, 

Carbonyl Index, conductivity and dielectric susceptibility index. 

Section 6.5 is the conclusions. 
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6.1 PRPD Results 

As with HDPE and PP aged at 90C, when the voltage ratio was 10%, no PD signals 

were detected at any of the AC frequencies considered. PD signals could be detected 

at 30% and 50% voltage ratio. The PRPD patterns of PP aged at 110C (Appendix G) 

behave in a similar manner to those of HDPE and PP aged at 90C when the voltage 

ratios and frequencies are varied. 

As before, statistical data of the mean PD voltage with standard deviation, the number 

of discharges was extracted and the PD apparent cumulative energy and apparent 

cumulative energy per second were calculated. This is shown in Table 6.1-6.5 and 

Figure 6.1-6.3. 

 

Table 6.1. Mean PD voltage with standard deviation of PP aged by 110C at 30% and 

50% voltage ratios. 

Frequency 

(kHz) 

PD voltage (V) at 30% voltage 

ratio 

PD voltage (V) at 50% 

voltage ratio 

𝑉𝑃𝐷
̅̅ ̅̅ ̅ 𝜎𝑃𝐷 𝑉𝑃𝐷

̅̅ ̅̅ ̅ 𝜎𝑃𝐷 

1 0.233 0.022 0.72 0.066 

1.5 0.24 0.025 0.82 0.072 

2 0.244 0.027 0.88 0.08 

2.5 0.315 0.031 1.22 0.117 

 

Figure 6.1 is drawn according to the data in Table 6.1. 
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Figure 6.1. Mean with standard deviation of PD voltage. 

 

In Figure 6.1, for PP samples aged at 30% voltage ratio, 𝑉𝑃𝐷
̅̅ ̅̅ ̅ is in the range from 0.2- 

0.3 V. The value is reasonably constant 0.24 V in the range of 1-2 kHz but slightly 

increased to 0.315 V at 2.5 kHz. For the 50% voltage ratio, the mean PD voltage was 

at least 3 times that of the value of 30% voltage ratio at each frequency. 𝑉𝑃𝐷
̅̅ ̅̅ ̅ 

increases along with the increase of superimposed frequency. The value is below 0.9 

V at 1-2 kHz but rapidly increases to 1.22 V at 2.5 kHz. 

Data of number of discharge 𝑛𝑃𝐷 and the mean discharge rate �̇�𝑃𝐷(𝑠−1) is shown in 

Table 6.2 and Table 6.3 for 30% and 50% voltage ratio, respectively. 

 

Table 6.2. Number of discharges of PP aged at 110C and at 30% voltage ratio. 

Frequency (kHz) 𝑛𝑃𝐷 Τ𝑀𝑒𝑎𝑠(s) �̇�𝑃𝐷(𝑠−1) 

1 7789 1.5 5193 

1.5 7755 1 7755 

2 7739 0.75 10319 

2.5 7183 0.6 11971 
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Table 6.3. Number of discharges of PP aged at 110C and at 50% voltage ratio. 

Frequency (kHz) 𝑛𝑃𝐷 Τ𝑀𝑒𝑎𝑠(s) �̇�𝑃𝐷(𝑠−1) 

1 19951 1.5 13301 

1.5 18880 1 18880 

2 17150 0.75 22867 

2.5 14005 0.6 23342 

 

�̇�𝑃𝐷(𝑠−1) vs. superimposed frequency is shown in Figure 6.2, from the data in Tables 

6.2 and 6.3. 

 

Figure 6.2. �̇�𝑃𝐷(𝑠−1) of PP aged by 110C at 30% and 50% voltage ratio. 

Although the data in Table 6.2 and 6.3 again suggests that the partial discharge 

activity is falling with increasing frequency, once the changes in record time are taken 

into account �̇�𝑃𝐷(𝑠−1)  is increasing with frequency. As was observed before in PP 

at 90C and for HDPE. The discharge activity is significantly larger for the 50% 

voltage ratio. 

Data of apparent cumulative energy 𝐸𝐶𝐴 and the apparent cumulative energy per 

second �̇�𝐶𝐴 at 30% and 50% voltage ratio is shown in Table 6.4 and Table 6.5, 

respectively. 
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Table 6.4. Apparent cumulative energy per second of PP aged at 110C and at 30% 

voltage ratio. 

Frequency (kHz) 𝐸𝐶𝐴  Τ𝑀𝑒𝑎𝑠(s) �̇�𝐶𝐴 

1 1815 1.5 1210 

1.5 1861 1 1861 

2 1888 0.75 2517 

2.5 2263 0.6 3772 

 

Table 6.5. Apparent cumulative energy per second of PP aged at 110C and at 50% 

voltage ratio. 

Frequency (kHz) 𝐸𝐶𝐴  Τ𝑀𝑒𝑎𝑠(s) �̇�𝐶𝐴 

1 14365 1.5 9577 

1.5 15482 1 15482 

2 15620 0.75 20827 

2.5 16964 0.6 28273 

 

Figure 6.3 is drawn according to the data from Table 6.4-6.5. 

  

 

Figure 6.3. �̇�𝐶𝐴 of PP aged at 110C and at 30% and 50% voltage ratio. 

In Figure 6.3, each curve increases with increasing superimposed frequency. At 30% 

voltage ratio, the value increases steadily from 1210 to 3772. At 50% voltage ratio, 

the values significantly increase to about 8 times of the value at 30% voltage ratio at 

each frequency and with increase in superimposed frequency increases, the value 
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rapid increases to 28273 at 2.5 kHz. 

The possible mechanisms to explain the observed PD behaviour were discussed in 

Section 4.2. 

 

6.2 FTIR-ATR Results 

The FTIR-ATR results of PP aged at 110C show that the behaviour is similar to that 

observed of PP aged by 90C: absorption of C-H groups of all aged PP samples are 

lower than the reference unaged PP sample. It is hard to see any increase in the peaks 

associated with the carbonyl group in the reference unaged sample, the sample  

exposed to only DC and the samples aged by AC and DC combined voltages at 10% 

voltage ratio. Carbonyl groups appear at 30% and 50% voltage ratio. O-H groups 

appear in samples aged at 30% and 50% voltage ratio. The intensity of carbonyl group 

and O-H group increases with the superimposed frequency. These changes indicate 

that an oxidation aging process was occurring and it was enhanced by the combined 

AC and DC voltages. As the aging temperature was 20C higher than in Chapter 5 any 

chemical reactions initiated by the partial discharges may progress more rapidly and 

have a different final equilibrium condition. This is supported by the behaviour of the 

absorption (of C-H group decreasing but the absorption of C=O group and O-H group 

is increasing). Details are shown in Section 6.2.1-6.2.3. 
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6.2.1 10% Voltage Ratio 

 

Figure 6.4. FTIR-ATR results of PP (aged under 10% voltage ratio at various 

frequencies). 

 

Figure 6.5. FTIR-ATR results for PP detailed view of C-H-groups (aged under 10% 

voltage ratio at various frequencies). 
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Figure 6.6. FTIR-ATR results for PP detailed view of OH-group (aged under 10% 

voltage ratio at various frequencies). 

 

Figure 6.7. FTIR-ATR results for PP detailed view of carbonyl group (aged under 10% 

voltage ratio at various frequencies). 
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6.2.2 30% Voltage Ratio 

 

Figure 6.8. FTIR-ATR results of PP (aged under 30% voltage ratio at various 

frequencies). 

 

Figure 6.9. FTIR-ATR results for PP detailed view of C-H-groups (aged under 30% 

voltage ratio at various frequencies). 
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Figure 6.10. FTIR-ATR results for PP detailed view of OH-group (aged under 30% 

voltage ratio at various frequencies). 

 

Figure 6.11. FTIR-ATR results for PP detailed view of carbonyl group (aged under 30% 

voltage ratio at various frequencies). 
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6.2.3 50% Voltage Ratio 

 

Figure 6.12. FTIR-ATR results of PP (aged under 50% voltage ratio at various 

frequencies). 

 

Figure 6.13. FTIR-ATR results for PP detailed view of C-H-groups (aged under 50% 

voltage ratio at various frequencies). 
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Figure 6.14. FTIR-ATR results for PP detailed view of OH-group (aged under 50% 

voltage ratio at various frequencies). 

 

Figure 6.15. FTIR-ATR results for PP detailed view of carbonyl group (aged under 50% 

voltage ratio at various frequencies). 
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6.2.4 Carbonyl Index Comparison 

The CI of PP aged at 110C at 30% and 50% voltage ratios can be summarized in 

Table 6.6 and Table 6.7, respectively. As there is no absorption observed at 1738 cm-1 

for the 10% voltage ratio, the CI of PP will be zero. 

 

Table 6.6. Carbonyl Index of PP aged at 110C and at 30% voltage ratio. 

Frequency (kHz) A1738 A1460 CI 

1 0.0242 0.0639 0.3787 

1.5 0.0314 0.0456 0.6886 

2 0.0425 0.0448 0.9487 

2.5 0.0603 0.0407 1.4816 

 

Table 6.7. Carbonyl Index of PP aged at 110C and at 50% voltage ratio. 

Frequency (kHz) A1738 A1460 CI 

1 0.0642 0.0418 1.5359 

1.5 0.0843 0.0396 2.1288 

2 0.0907 0.0368 2.4647 

2.5 0.0924 0.0355 2.6028 

 

Based on the data in Table 6.6 and Table 6.7, the CI of PP aged at 110C and at 30% 

and 50% voltage ratio is summarized in Figure 6.16. 

 

Figure 6.16. Carbonyl Index of PP aged at 110 C and at 30% and 50% voltage ratio. 
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In Figure 6.16, at 30% voltage ratio, CI increases with increase of the superimposed 

frequency within 0.4 to 1.5. The gradient is 0.7137 (Hz-1). At 50% voltage ratio, CI 

value increases significantly. The gradient increases to 0.7073 (Hz-1). This is because 

the apparent cumulative energy per second increases significantly in 50% voltage 

ratio (as mentioned in Section 6.1). The changes in the CI value can be correlated with 

changes of susceptibility index and conductivity of PP samples as shown in Section 

6.4. 

6.3 Dielectric Spectroscopy Results 

The change in dielectric constant and dissipation factor of PP with superimposed 

frequencies and in three voltage ratios are shown in Figure 6.17-6.22. The 

investigation frequency range is 10-2 to 104 Hz. 

6.3.1 10% Voltage Ratio 

The dielectric constant and dissipation factor of PP aged at 110C and at 10% voltage 

ratio are shown in Figure 6.17-6.18. 
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Figure 6.17. Dielectric constant of PP aged under 10% voltage ratio at various 

frequencies. 

 

Figure 6.18. Dissipation factor of PP aged under 10% voltage ratio at various 

frequencies. 
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In Figure 6.17, ε' of each sample remain almost constant in the measurement 

frequency range of 10-2-104 Hz. All values are within the range from 2.4 to 2.5. ε' of 

the sample subjected to purely DC stress is slightly higher than ε' of unaged reference 

sample. All samples aged by combined AC and DC voltages are slightly higher than ε' 

of sample aged by purely DC voltage. The samples also appear to have an increasing 

values of ε' as the frequency increases. This was not observed so clearly in the PP 

sample aged at 90C. 

In Figure 6.18, tanδ of all aged samples are higher than the reference value in the 

frequency range from 10-2 to 104 Hz. tanδ of samples subject to DC and AC 

superimposed frequency are slightly higher than the DC value and appear to be 

increasing with applied AC frequency. The formation of the low frequency peak 

associated with conductivity appears to be stronger in the results obtained at 110C. 

These changes suggest that the rates associated with the chemical reactions leading to 

dipole formation and conductivity have been enhanced, as expected by the increase in 

temperature. 

6.3.2 30% Voltage Ratio 

The dielectric constant and dissipation factor of PP aged at 110C using a 30% 

voltage ratio are shown in Figure 6.19-6.20. 
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Figure 6.19. Dielectric constant of PP aged under 30% voltage ratio at various 

frequencies. 

 

Figure 6.20. Dissipation factor of PP aged under 30% voltage ratio at various 

frequencies. 
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In Figure 6.19, ε' of an unaged sample and for a sample subjected to a purely DC 

stress are included for reference. ε' of samples subjected to combined AC and DC 

voltages are larger than those for the reference sample and the sample exposed to DC 

stress only. The values fall in the range between 2.45 and 2.6. Across the range of 

measuring frequencies employed for the DS measurements, the value of ε' appears to 

increase with the increase in frequency of the AC component of the ageing stress. 

In Figure 6.20, tanδ of samples subjected to combined AC and DC voltages increase 

slightly and again seem to have a dependence on the applied frequency of the aging 

stress. These changes may be occurring due to the formation of polar groups as shown 

in the FTIR-ATR results in Section 6.2.2. There is also evidence of an increase in tan 

at low frequencies. This suggests that additional charge carriers or trapping sites have 

been created during aging. 

 

6.3.3 50% Voltage Ratio 

The dielectric constant and dissipation factor of PP aged at 110C and at 50% voltage 

ratio are shown in Figure 6.21-6.22. 
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Figure 6.21. Dielectric constant of PP aged under 50% voltage ratio at various 

frequencies. 

 

Figure 6.22. Dissipation factor of PP aged under 50% voltage ratio at various 

frequencies. 

In Figure 6.21, the ε' of samples subjected to combined AC and DC stress are much 
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higher than the DC value and are significantly higher than those obtained under the 

same conditions with a 30% voltage ratio. The values lie in the region from 2.8 to 

3.25. It is clear to see that ε' increases with the increase of superimposed frequency. 

This is because more polar molecular groups are generated at 50% voltage ratio (such 

as O-H, C=O as mentioned in Section 6.2.3). As superimposed frequency increases, 

the amount and kinds of polar molecular groups increase which make ε' increase 

higher. 

In Figure 6.22, tanδ of all samples subjected to combined AC and DC voltages are 

higher than the DC value. For each curve, tanδ increases with the measurement 

frequency below 1 Hz. For samples aged by combined voltages, overall tanδ increases 

with the increase of the superimposed AC frequency. This is because more polar 

groups are formed at the higher frequency values. The peak observed at low 

measurement frequencies is associated with DC conduction processes which will be 

discussed in Section 6.3.4.1. 

 

6.3.4 Discussion 

6.3.4.1 Conductivity 

Plots of ε'' vs 1 𝜔⁄  for PP aged at 110C using the 10%, 30% and 50% voltage ratio 

derived from are shown in Appendix E: Table E.1-E.3 and Figure 6.23-6.25. 
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Figure 6.23. ε″ vs. 1/ of PP aged at 110C at 10% voltage ratio. 

 

 

Figure 6.24. ε″ vs. 1/ of PP aged at 110C at 30% voltage ratio. 
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Figure 6.25. ε″ vs. 1/ of PP aged at 110C at 50% voltage ratio. 

 

Based on Figure 6.23-6.25, the low frequency conductivity of PP aged at 110C can 

be calculated and the results are summarized in Table 6.8 and Figure 6.26. 

 

Table 6.8. Conductivity of PP aged at 110C. 

Waveform Conductivity (fS/m) 

10% Voltage Ratio 30% Voltage Ratio 50% Voltage Ratio 

Reference 0.2699 0.2699 0.2699 

DC 0.9116 0.9116 0.9116 

DC+1k 0.8602 1.3187 10.7970 

DC+1.5k 1.2567 1.3541 16.8150 

DC+2k 1.3010 1.9470 22.3020 

DC+2.5k 1.3718 1.6904 32.6565 
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Figure 6.26. Conductivity of PP aged at 110C. 

 

According to the data in Table 6.8 and Figure 6.26, for PP aged at 110C under purely 

DC voltage, the conductivity is about three times higher than that derived for the 

unaged sample. For samples aged by combined AC and DC voltages, the conductivity 

is even higher. For the samples aged at 10% and 30% voltage ratios, the conductivity 

is in general higher than the DC value and may be showing an upward trend with the 

frequency of the AC stressing component. However the conductivity of all the 

samples aged by 10% and 30% voltage ratios are below 2 fS/m and the increase in the 

conductivity is therefore not very clear. For the samples aged at 50% voltage ratio, the 

value of conductivity increases significantly and it is clear that the conductivity 

increases with increasing AC frequency. 

 

6.3.4.2 Dielectric Susceptibility Index I 

The calculated values of I, as described in Section 4.4.4.2, of PP aged at 110C are 

shown in Table 6.9 and their behaviour as a function of AC frequency is shown in 

Figure 6.27. 
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Table 6.9. Dielectric susceptibility index I of PP aged at 110C. 

Waveform 
Susceptibility Index I 

10% 30% 50% 

DC 0.0214 0.0214 0.0214 

DC+1k 0.0357 0.0500 0.2643 

DC+1.5k 0.0429 0.0786 0.3000 

DC+2k 0.0500 0.0857 0.3786 

DC+2.5k 0.0714 0.1042 0.6033 

 

 

Figure 6.27. Dielectric susceptibility index I of PP aged at 110C. 

 

It is clear that for all three voltage ratios that I is increasing with the frequency of the 

AC stress component. It is also clear that the behaviour of I is dependent on the 

voltage ratio of the stressing conditions. 

6.4 Discussion 

The relationship between Carbonyl Index (CI) and apparent cumulative energy per 

second (�̇�𝐶𝐴) is shown in Table 6.10 and Figure 6.28. 
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Table 6.10. Apparent cumulative energy per second vs. Carbonyl Index. 

Frequency 

(kHz) 

30% Voltage Ratio 50% Voltage Ratio 

�̇�𝐶𝐴 CI �̇�𝐶𝐴 CI 

1 1210 0.3787 9577 1.5359 

1.5 1861 0.6886 15482 2.1288 

2 2517 0.9487 20827 2.4647 

2.5 3772 1.4816 28273 2.6028 

 

In Figure 6.28, it can be seen that as the value of �̇�𝐶𝐴 increases the value of CI is 

increasing. It also appears that the CI value may be saturating at large values of �̇�𝐶𝐴. 

The change in the behaviour of the Carbonyl Index however is also associated with a 

change of the aging conditions from the 30% to the 50% voltage ratio. 

 

Figure 6.28. Apparent cumulative energy per second vs. Carbonyl Index. 

 

The relationship of �̇�𝐶𝐴 and σ is shown in Table 6.11 and Figure 6.29. 

Table 6.11. Apparent cumulative energy per second vs. conductivity. 

Frequency 

(kHz) 

30% Voltage Ratio 50% Voltage Ratio 

�̇�𝐶𝐴 σ (fS/m) �̇�𝐶𝐴 σ (fS/m) 

1 1210 1.3187 9577 10.7970 

1.5 1861 1.3541 15482 16.8150 

2 2517 1.9470 20827 22.3020 

2.5 3772 1.6904 28273 32.6565 
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In Figure 6.29, the conductivity is increasing as the value of �̇�𝐶𝐴 increases. Unlike 

the behaviour of CI there is no evidence of saturation. This may be due to the fact that 

the CI derived from the FTIR-ATR measurements only reflects the changes in the 

surface layer of the polymer while conductivity reflects a bulk change in the system. 

 

 

Figure 6.29. Apparent cumulative energy per second vs. conductivity. 

 

The relationship between �̇�𝐶𝐴 and I is shown in Table 6.12 and Figure 6.30. 

Table 6.12. Apparent cumulative energy per second vs. I. 

Frequency 

(kHz) 

30% Voltage Ratio 50% Voltage Ratio 

�̇�𝐶𝐴 I �̇�𝐶𝐴 I 

1 1210 0.0500 9577 0.2643 

1.5 1861 0.0786 15482 0.3000 

2 2517 0.0857 20827 0.3786 

2.5 3772 0.1042 28273 0.6033 

 

As shown in Figure 6.30, as with the CI and conductivity, the susceptibility index I 

increases as �̇�𝐶𝐴 increases. Unlike CI but in a similar manner to the conductivity, the 

data falls close to a straight line and there is no evidence of saturation in the behaviour 

of I. At large values of �̇�𝐶𝐴 the rate of change seems to be increasing. This again 

may occur as I reflects the behaviour of the bulk of the material. 
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Figure 6.30. Apparent cumulative energy per second vs. I. 

 

In Figure 6.31, as would be expected from Figure 6.28 and Figure 6.29 as the value of 

CI increases the value of conductivity increases. There is some suggestion however of 

their being differences between the behaviour of the results with low values of CI 

associated with ageing at a 30% voltage ratio and the higher values associated with 

the 50% voltage ratio. 

 

 

Figure 6.31. Carbonyl Index vs. conductivity. 
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In Figure 6.32, as would be expected from Figures 6.28 and Figure 6.30 as the value 

of CI increases the value of I increases. At lower values of CI there is a broadly 

linear relationship between CI and I. At higher values of CI, the value of I increases 

more rapidly due to the observed saturation in the Carbonyl Index. This appears to 

occur at a lower value of the Carbonyl Index. Again there is some suggestion however 

of their being differences between the behaviour of the results with low values of CI 

associated with aging at a 30% voltage ratio and the higher values associated with the 

50% voltage ratio. 

 

 

Figure 6.32. Carbonyl Index vs. I. 

 

6.5 Conclusions 

The PD mechanism of PP aged at 110C is similar to that of PP aged at 90C. 

The apparent cumulative energy per second (�̇�𝐶𝐴) has been calculated and this index 

increases as the voltage ratio increases and as the frequency of the AC component is 

increased. The values however are higher than those observed for stressing at 90C. 

The value is 1210 at 1 kHz at 30% voltage ratio and 28273 at 2.5 kHz at 50% voltage 
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ratio. 

From the FTIR-ATR values for the Carbonyl Index which reflects the chemical 

changes on the surface have been calculated. The changes in the Carbonyl Index with 

frequency and voltage ratio correlate with the apparent cumulative energy per second. 

The value is 0.3787 at 1 kHz at 30% voltage ratio and 2.6028 at 2.5 kHz at 50% 

voltage ratio. 

From the dielectric spectroscopy data, values for the conductivity (σ) and an index 

reflecting the change in susceptibility (I) have been calculated. These indeces also 

correlate with the apparent cumulative energy per second. The value of σ is 1.3187 

fS/m at 1 kHz at 30% voltage ratio and 32.6565 fS/m at 2.5 kHz at 50% voltage ratio. 

The value of I is 0.0500 at 1 kHz at 30% voltage ratio and 0.6033 at 2.5 kHz at 50% 

voltage ratio. 
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7. Discussion 

In this chapter, results from chapter 4-6 are summarized and discussed. The discussion 

will give some insights into the mechanism of material aging. 

Section 7.1 discusses changes in the apparent cumulative energy per second (�̇�𝐶𝐴) 

with different material and temperature. 

Section 7.2 discusses the changes in conductivity (σ) with different materials and 

temperature. 

Section 7.3 discusses changes in dielectric susceptibility index (I) with different 

materials and different aging condition. Number of carbonyl group (N1(C=O)) in each 

material and at both temperatures is calculated. 

Section 7.4 discusses changes in Carbonyl Index (CI) with different materials and 

different aging condition. The relationship of CI and N1(C=O) is discussed. 

Section 7.5 compares changes in measured indices with apparent cumulative energy 

per second of each material according to the data in Section 7.1-7.4. 

Section 7.6 is a conclusion part. 
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7.1 Apparent Cumulative Energy Per Second 

The �̇�𝐶𝐴 of HDPE aged at 90C, PP aged at 90C and 110C at the 30% and 50% 

voltage ratios are shown in Table 7.1-7.2 and Figure 7.1-7.2, respectively. 

Table 7.1. Apparent cumulative energy per second at 30% voltage ratio. 

Frequency (kHz) HDPE PP 90C PP 110C 

1 1046 842 1210 

1.5 1593 1245 1861 

2 2164 1663 2517 

2.5 2725 2095 3772 

 

 

Figure 7.1. Apparent cumulative energy per second at 30% voltage ratio. 

 

Table 7.2. Apparent cumulative energy per second at 50% voltage ratio. 

Frequency (kHz) HDPE PP 90C PP 110C 

1 9135 6380 9577 

1.5 13326 10370 15482 

2 17644 14507 20827 

2.5 23920 19000 28273 
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Figure 7.2. Apparent cumulative energy per second at 50% voltage ratio. 

Figure 7.1 and Figure 7.2 show that in the measured frequency range, �̇�𝐶𝐴  follows 

the order: (PP aged at 110C)>(HDPE aged by 90C)>(PP aged by 90C), at both 

voltage ratios. A similar ranking can be observed in the behavior of the mean 

discharge energy (see Table 4.1, Table 5.1 and Table 6.1) and the number of 

discharges (see Table 4.2-4.3, Table 5.2-5.3 and Table 6.2-6.3). 

For PP aged at 90C and 110C, the data shows a temperature effect in all 

measurements across the frequency range. This may be because of changes in the 

mobility of charge carriers which may affect the distribution of the surface potential 

VQ(r). This redistribution of charge would modify the voltage in the gap and may 

increase the size of the active area on the surface of the material. High temperature 

may also effect the morphology of the surface of the polymer which could lead to 

changes in the behaviour of the breakdowns. The increase in temperature would also 

lead, following the behaviours predicted by the aging models in Section 2.1, to an 

increase in the aging of the surface that would again modify the behaviour of the 

partial discharges in the gap. The increase in temperature would be expected to cause 

an increase in the emission of electrons from the electrode but the difference in 

electron emission associated with a change of temperature from 363K to 383K is 
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likely to be small. 

7.2 Conductivity (σ) 

Data of σ is shown in Table 7.3-7.4 and Figure 7.3-7.4. 

 

Table 7.3. Conductivity (fS/m) at 30% voltage ratio. 

Frequency (kHz) HDPE PP 90C PP 110C 

1 0.9912 0.5275 1.3187 

1.5 1.0709 0.5390 1.3541 

2 1.0797 0.6646 1.9470 

2.5 1.5311 0.7372 1.6904 

 

 

Figure 7.3. Conductivity (fS/m) at 30% voltage ratio. 

 

Table 7.4. Conductivity (fS/m) at 50% voltage ratio. 

Frequency (kHz) HDPE PP 90C PP 110C 

1 5.1950 4.0091 10.7970 

1.5 6.0446 5.4074 16.8150 

2 9.0270 8.6907 22.3020 

2.5 19.1160 12.3900 32.6565 
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Figure 7.4. Conductivity (fS/m) at 50% voltage ratio. 

Conductivity has the same trend as �̇�𝐶𝐴: PP aged at 110C>HDPE aged at 90C>PP 

aged at 90C. 

As the measurement of the dielectric spectra were performed at the same temperature 

(23C) and field conditions, the changes in conductivity observed in the PP samples 

cannot be attributed to a change in the effective mobility as a function of temperature. 

So the changes observed in the values of σ must be as a result of changes within the 

polymers as a result of the electrothermal aging rather than as a direct result of 

measurements being made at the different aging temperatures. 

Some insights as to the possible changes in the system resulting in the observed 

change in conductivity can be made by assuming that the mobility arises from charge 

carriers hopping between trapping sites in the polymer. For mobility, the current flux J 

would take the form: 

J=NμE                             7.1 

Where N is the number density of charge carriers, μ is the mobility and E is the 

applied field. 
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An expression for the expected mobility for a hopping conduction process following 

Mott and Gurney [1] is: 

𝜇 =
2𝑣𝑎

𝐸
𝑒𝑥𝑝 (−

𝐺

𝑘𝑇
) 𝑠𝑖𝑛ℎ (

𝑞𝐸𝑎

2𝑘𝑇
)                 7.2 

Where v is the frequency associated with detrapping, a is the separation between 

adjacent trapping sites. G is an activation energy associated with the potential barrier 

between trapping sites, E is the applied field, k is Boltzmanns constant and T is the 

absolute temperature. At low values of qEa/2kT the sinh term approximates to 

qEa/2kT and the equation above takes the form: 

𝜇 =
𝑞𝑣𝑎2

𝑘𝑇
𝑒𝑥𝑝 (−

𝐺

𝑘𝑇
)                     7.3 

Therefore the expected mobility flux can be written as: 

𝐽 = 𝑁
𝛼

𝑘𝑇
𝑒𝑥𝑝 (−

𝐺

𝑘𝑇
) 𝐸                   7.4 

Where =qva2. 

Expressing the flux in terms of a conductivity j=σE implies that the conductivity will 

take the form: 

𝜎 = 𝑁
𝛼

𝑘𝑇
𝑒𝑥𝑝 (−

𝐺

𝑘𝑇
)                    7.5 

Therefore, if the temperature at which the conductivity is measured is fixed, changes 

can only occur due to changes in the value of N,  or G. 

A decrease in the value of the activation energy could occur as a result of 

modifications to the polymer structure, e.g. either modifying the existing trapping site 

or by introducing additional trapping sites in the polymer with a lower potential 

barrier. The addition of new sites in the polymer would have an impact on the 

parameter =qva2 as the separation of traps a would change. Finally increasing the 

number of charge carriers available in the system would cause an increase in the 
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conductivity. It is not possible from the data currently available in this project to 

determine the relative changes in N,  and G responsible for the observed increase in 

conductivity in the samples. Possible approaches to analyse this problem are given in 

the final chapter. 

 

7.3 Dielectric susceptibility index (I) 

Data of I is shown in Table 7.5-7.6 and Figure 7.5-7.6. 

Table 7.5. I at 30% voltage ratio. 

Frequency (kHz) HDPE PP 90C PP 110C 

1 0.0822 0.0286 0.0500 

1.5 0.0970 0.0500 0.0786 

2 0.1043 0.0643 0.0857 

2.5 0.1117 0.0714 0.1042 

 

 

Figure 7.5. I at 30% voltage ratio. 
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Table 7.6. I at 50% voltage ratio. 

Frequency (kHz) HDPE PP 90C PP 110C 

1 0.1444 0.0949 0.2643 

1.5 0.2243 0.1296 0.3000 

2 0.2985 0.1755 0.3786 

2.5 0.4058 0.2500 0.6033 

 

 

Figure 7.6. I at 50% voltage ratio. 

 

The measurements of ε' were all carried out at a common temperature so the changes 

observed in the values of ε' must again be as a result of changes within the polymers 

as a result of the electrothermal aging rather than as a direct result of measurements 

being made at the different temperatures. Therefore the increase in the polarization is 

probably due to changes in the structure of the polymer or to an increases in the 

number of dipoles in the system. As the dielectric spectra is relatively flat at higher 

frequencies, this means that there is unlikely to be a high frequency peak which would 

shift to lower frequencies as a result of structural modifications occurring in the 

polymers due to aging. Therefore the increase in the polarization of the system is 

likely to be due to an increase in the number of dipoles present in the system. An 

increase in the number of carbonyl groups, which have a significant dipole moment 
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has been observed in the FTIR-ATR results. 

There is an expression relating polarization vector P to dipole moments and their 

number densities when the system has reached equilibrium. 

𝑃 =
𝑁𝑝0

2

3𝑘𝑇
𝐸                       7.6 

Where N is number density of dipoles, 𝑝0  is dipole moment, T is absolute 

Temperature. This 1/T relationship is known as Curie’s law. This is assuming no 

significant interactions between the dipoles [2]. 

If it is assumed that the dipoles in the system are behaving independently, an 

expression for the polarization in the system can be written as: 

𝑃 = (
𝑁0𝑝0

2

3𝑘𝑇
+

𝑁𝐶=𝑂𝑝𝐶=𝑂
2

3𝑘𝑇
) 𝐸                  7.7 

Where N0 represents the effective number density and p0 is the dipole moment of all 

dipoles other than those associated with C=O groups and NC=O and pC=O represents 

the polarization component associated with the carbonyl groups. NC=O is known to 

change from the FTIR-ATR results. 

The initial dielectric susceptibility 0 can be expressed as: 

𝜒0 = (
𝑁0𝑝0

2

3𝑘𝑇
+

𝑁0(𝐶=𝑂)𝑝𝐶=𝑂
2

3𝑘𝑇
)                  7.8 

If it is assumed that N0 has not significantly changed and the change in  is purely due 

to a change in the number of carbonyl groups, the dielectric susceptibility after aging 

1 can be expressed as: 

𝜒1 = (
𝑁0𝑝0

2

3𝑘𝑇
+

𝑁1(𝐶=𝑂)𝑝𝐶=𝑂
2

3𝑘𝑇
)                  7.9 

The difference between 0 and 1 is: 
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𝜒1 − 𝜒0 = (
𝑁1(𝐶=𝑂)−𝑁0(𝐶=𝑂)

𝑇
)

𝑝𝐶=𝑂
2

3𝑘
                   7.10 

And 

𝜒1 − 𝜒0 = (
∆𝑁(𝐶=𝑂)

𝑇
)

𝑝𝐶=𝑂
2

3𝑘
           7.11 

Therefore, changes in the susceptibility should be directly related to changes in the 

concentration of carbonyl groups within the polymer. 

In the analysis above we have assumed that the dipole moment 𝑝𝐶=𝑂of each material 

stays constant before and after aging which allowed its elimination from the change in 

susceptibility. However direct comparisons between the changes in susceptibility and 

the concentration of carbonyl groups between different polymers may not be possible 

as 𝑝𝐶=𝑂of HDPE may not have the same value as 𝑝𝐶=𝑂of PP. 

For each material, equation 7.8 can be written as: 

∆𝜒 ∝
𝑁1(𝐶=𝑂)−𝑁0(𝐶=𝑂)

𝑇
                  7.12 

As carbonyl absorption peaks were not detected in the FTIR-ATR spectra in the 

unaged reference sample, therefore it can be assumed that 𝑁0(𝐶=𝑂) is zero, equation 

7.9 can be expressed as 

∆𝜒 ∝
𝑁1(𝐶=𝑂)

𝑇
                  7.13 

Therefore, N1(C=O) of materials aged at 30% and 50% voltage ratio are summarized in 

Table 7.7-7.8 and Figure 7.7-7.8. 

Table 7.7. N1(C=O) at 30% Voltage Ratio. 

Frequency (kHz) HDPE PP 90C PP 110C 

1 57.4235 20.3159 35.5380 

1.5 67.7591 35.5380 55.8539 

2 72.8529 45.6960 60.9181 

2.5 78.0059 50.7601 74.0375 
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Figure 7.7. N1(C=O) at 30% Voltage Ratio. 

 

Table 7.8. N1(C=O) at 50% Voltage Ratio. 

Frequency (kHz) HDPE PP 90C PP 110C 

1 100.8391 67.4630 187.8479 

1.5 156.6634 92.1027 213.2280 

2 208.4896 124.7384 269.0819 

2.5 283.4156 177.6900 428.7956 

 

 

Figure 7.8. N1(C=O) at 50% Voltage Ratio. 
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In Figure 7.7-7.8, N1(C=O) of HDPE increases with increase of the superimposed 

frequency and increase of the voltage ratio. N1(C=O) of PP shows a dependence on the 

aging temperature. At the same aging condition, higher temperatures causes higher 

values of N1(C=O). The change of N1(C=O) may be correlated with the change of CI. 

7.4 Carbonyl Index (CI) 

The Carbonyl Index (CI) of HDPE and PP aged at different voltage ratios are shown 

in Table 7.9-7.10 and Figure 7.9-7.10. 

Table 7.9. CI at 30% voltage ratio. 

Frequency (kHz) HDPE PP 90C PP 110C 

1 0.0921 0.2350 0.3787 

1.5 0.0986 0.2815 0.6886 

2 0.1336 0.3341 0.9487 

2.5 0.1719 0.3932 1.4816 

 

 

Figure 7.9. CI at 30% voltage ratio. 
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Table 7.10. CI at 50% voltage ratio. 

Frequency (kHz) HDPE PP 90C PP 110C 

1 0.2523 0.4419 1.5359 

1.5 0.3689 0.7729 2.1288 

2 0.4339 1.0887 2.4647 

2.5 0.4728 1.7636 2.6028 

 

 

Figure 7.10. CI at 50% voltage ratio. 

 

As shown in Figure 7.9 and Figure 7.10, the Carbonyl Index of PP follows the order: 

PP aged at 110C> PP aged at 90C. This is probably because higher temperature 

encourages the oxidation process. Therefore, the number of polar groups increases 

with increasing temperature. 

N1(C=O) vs. CI of HDPE and PP are shown in Table 7.11-7.13. 
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Table 7.11. N1(C=O) vs. CI for HDPE. 

Frequency 

(kHz) 

30% Voltage Ratio 50% Voltage Ratio 

N1(C=O) CI N1(C=O) CI 

1 57.4235 0.0921 100.8391 0.2523 

1.5 67.7591 0.0986 156.6634 0.3689 

2 72.8529 0.1336 208.4896 0.4339 

2.5 78.0059 0.1719 283.4156 0.4728 

 

 

Figure 7.11. N1(C=O) vs. CI for HDPE. 

In Figure 7.11, it can be seen that as the value of N1(C=O) of HDPE increases the value 

of CI is increasing. It also appears that the CI value may be saturating at large values 

of N1(C=O). This may be due to the fact that the CI derived from the FTIR-ATR 

measurements only reflects the changes in the surface layer of the polymer while 

N1(C=O) reflects a bulk change in the system. 

 

Table 7.12. N1(C=O) vs. CI for PP aged at 90C. 

Frequency 

(kHz) 

30% Voltage Ratio 50% Voltage Ratio 

N1(C=O) CI N1(C=O) CI 

1 20.3159 0.2350 67.4630 0.4419 

1.5 35.5380 0.2815 92.1027 0.7729 

2 45.6960 0.3341 124.7384 1.0887 

2.5 50.7601 0.3932 177.6900 1.7636 
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Figure 7.12. N1(C=O) vs. CI for PP aged at 90C. 

Figure 7.12 shows that as the value of N1(C=O) of PP aged at 90C increases the value 

of CI is increasing. Unlike the trend in Figure 7.11, there is no saturation of CI in 

Figure 7.12. This is probably because the aging rate of PP aged at 90C is not high 

enough, the changes in surface layer are similar to the changes in the bulk. 

 

Table 7.13. N1(C=O) vs. CI for PP aged at 110C. 

Frequency 

(kHz) 

30% Voltage Ratio 50% Voltage Ratio 

N1(C=O) CI N1(C=O) CI 

1 35.5380 0.3787 187.8479 1.5359 

1.5 55.8539 0.6886 213.2280 2.1288 

2 60.9181 0.9487 269.0819 2.4647 

2.5 74.0375 1.4816 428.7956 2.6028 
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Figure 7.13. N1(C=O) vs. CI for PP aged at 110C. 

Figure 7.12 shows that as the value of N1(C=O) of PP aged at 110C increases the value 

of CI is increasing. Again, the CI value may be saturating at large values of N1(C=O). 

This may be due to the higher aging conditions causing aging in the bulk as well as at 

the surface, these would not be detected by the FTIR-ATR. Therefore, the changes in 

the surface layer is no longer similar to changes in the bulk. 

 

7.5 Comparison between Energy in Discharges and Measured 

Indices 

According to the data from Section 7.1-7.4, changes in σ, N1(C=O) and CI with �̇�𝐶𝐴 

are shown in Figure 7.14-7.16. 

In Figure 7.14, N1(C=O) in each condition increases with increasing �̇�𝐶𝐴. The gradient 

(from low to high) is: PP aged at 90C (0.0075), HDPE aged at 90 C (0.0093) and PP 

aged at 110C (0.0133). Higher gradient means the cumulative apparent energy �̇�𝐶𝐴 

impact more on N1(C=O) of the sample. The results show that for samples aged at 90C, 

the conductivity of PP increases less than HDPE; when PP is aged at 110 C, the 
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conductivity increases larger than that of HDPE. 

 

 

Figure 7.14. N1(C=O) vs. �̇�𝐶𝐴. 

 

A change in CI results from a change in N1(C=O). In Figure 7.15, CI in each condition 

increases with increase in �̇�𝐶𝐴. As the CI of HDPE cannot be compared with the CI of 

PP, it is useful to get the information through the shape of curves. Unlike the situation 

in Figure 7.14, saturation can be seen in HDPE samples aged at 90 C and PP samples 

aged at 110 C. This is because samples are aged at higher aging levels. N1(C=O) of 

aged samples at these two conditions reach the threshold values, that is, even N1(C=O) 

increases the CI performs as a constant as CI can just show part of the changes (in the 

surface layer). However, saturation is not shown in PP aged at 90 C, this is probably 

because N1(C=O) does not reach the threshold value at this condition and samples are at 

lower ageing level. 
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Figure 7.15. CI vs. �̇�𝐶𝐴. 

A change in σ also results from a change in N1(C=O). In Figure 7.16, the gradient (from 

low to high) is: PP aged at 90C (0.0006), HDPE aged at 90 C (0.0007) and PP aged 

at 110C (0.0012). The higher the value of the gradient, the higher the value of σ of 

the sample affected by cumulative apparent energy per second �̇�𝐶𝐴. The results show 

the same trend as can be seen in Figure 7.14 as both results are affected by changes in 

the bulk properties of the polymer. 

 

Figure 7.16. σ vs. �̇�𝐶𝐴. 
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In summary, HDPE age at 90 C and PP aged at 110 C are at higher aging levels but 

PP aged at 90 C is at lower aging level. 

7.6 Conclusions 

The conclusions drawn from the information in Section 7.1-7.5 are as follows: 

 As expected the change in properties as a result of aging showed a 

dependence on temperature in PP. This agrees with Arrhenius and the 

other aging models introduced in Section 2.1. 

 The energy provided by the partial discharges �̇�𝐶𝐴  also showed a 

temperature dependence in PP. 

 The energy provided by the partial discharges in the system is dependent 

on voltage ratios. The energy is also dependent on the superimposed 

frequencies. 

 As the Carbonyl Index and the susceptibility index are both dependent 

on the number of carbonyl bonds present, there is a strong correlation at 

lower degrees of aging. The changes in relationship at higher aging 

levels can be explained in terms of the damage to the polymer starting to 

extend beyond scan depth of FTIR-ATR. 

 The conductivity parameter associated with a different property of the 

system from CI and susceptibility also correlates strongly with aging. 

 Most importantly there are clear and close to linear relationships between 

the CI conductivity and susceptibility index and the energy provided by 

the discharges. 
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8. Project Achievements, Conclusions and Recommendation 

of Future Work 

8.1 Achievements and Conclusions 

In this project, HDPE and PP were chosen as the target materials to analyse. HDPE 

has broadly similar properties to XLPE (a common service insulation) and was 

available in a suitable form. The properties of HDPE were regarded as a bench-mark. 

As cable insulation is exposed to thermal and electrical stressing in service, in this 

project, thermo-electrical stress was used to age the samples. Cable insulation may 

have to operate at 90C. Therefore, HDPE and PP samples were aged by 90C. For 

comparison, 110C was applied to PP to investigated reaction at higher temperature. 

For electrical stress, combined AC & DC voltage waveform was chosen as the applied 

voltage. The voltage ratio between the AC and DC components was chosen as 10%, 

30% and 50%. The superimposed frequency was 1, 1.5, 2 and 2.5 kHz. PRPD was 

used to detect the PD activities during the aging process. FTIR-ATR and DS 

measurements were used to analyse and evaluate the change of chemical properties 

and dielectric properties of polymers after aging, respectively. 

Project achievements are summarized as follows: 

• The behaviour of PD activities in a triple junction when combined AC & DC 

voltage is applied has been characterised for certain conditions of stress. Changes 

in the PRPD pattern were observed as a function of the applied voltage and 

frequency. A mechanism has been proposed to explain the effect of the 

superimposed frequency on PD activity of HDPE and PP. 

• A simple method to calculate the PD apparent cumulative energy per second (�̇�𝐶𝐴) 

has been implemented. �̇�𝐶𝐴 should correspond to the power delivered to the 

polymer as a result of PD activity. The behaviour of �̇�𝐶𝐴 as a function of the 

voltage and frequency has been derived. 
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• From the FTIR-ATR results, the Carbonyl Index (CI) has been calculated, two 

other parameters affected by the ageing, the conductivity (σ) and dielectric 

susceptibility index (I) of each material, have been calculated from the DS data. 

The behaviour of these three parameters appears to be closely correlated with the 

value of �̇�𝐶𝐴  over the values of voltage and AC frequency used to age the 

samples. A 4th parameter related to the susceptibility index N1(C=O), which is 

related to the concentration of carbonyl groups, has been calculated to explain the 

correlation between CI and the susceptibility index. 

8.2 Suggestions for Future Work 

The results presented in this project show that a great deal of further investigation is 

needed in the area of combined AC and DC thermoelectric stressing. To improve our 

understanding of the mechanism of cable insulation under superimposed voltages and 

to quantify the effects the following experiments would be useful: 

a) In this project the DC voltage was positive, to understand the mechanism of PD 

better it would be useful to perform a set of similar experiments using a negative 

DC voltage to see the impact of this on the partial discharge behaviour. 

b) Further analysis of the partial discharge data that already exists in the project 

should be undertaken. The data should be plotted in an equivalent to the n--q 

form and the temporal development of the partial discharge activity over the one 

hour aging period. It may also be possible to look at the phase angle sequences 

for the data. 

c) In this project, to investigate how polymers degradation is affected by voltage 

ratios, the voltage ratio was increased to 50% (much higher than in operation). 

But this does not establish a relation between the experiment and the real world. 

Future work should establish the relationship between experimental 1 h aging 

under 50% voltage ratio and the lifetime of cable operation under 10% voltage 

ratio or below in practice. In the future, it would be of value to establish an 
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equation relating the aging parameters in experimental work and the real life of 

cable insulation. This would involve a large experimental program to look at a 

suitable number of aging stresses to determine the life relationships of the 

material. This investigation would also help to understand the observed changes 

in the system and the mechanisms underlying them. 

d) In this project, the PD apparent cumulative energy per second was used instead of 

the real PD energy. Despite the good correlations observed with other parameters 

assumptions such as constant discharge resistance and constant discharge time 

were made. In the future, it may useful to establish a PD measurement system that 

is able to record the duration of each PD pulse so that a better approximation to 

real PD energy could be calculated. 

e) The combined voltage stress was set by the signal generator and it was amplified 

by power amplifier. As the signal generator can only set the digital values, it is 

hard to measure the PDIV in this system. In the future, the system can be 

developed so that PDIV could be measured. 

f) Investigations need to be carried out to look at the competing processes of higher 

electron emission and reduced voltage across the gap and surface. The 

investigation will help to establish a good understanding of mechanism of aging 

by combined AC/DC stress. 

g) In this project, Carbonyl Index of HDPE cannot be compared with that of PP. It 

would be better to refine the method of calculation to allow direct comparison of 

the Carbonyl Index of different materials. 

h) This project focuses on the change of dielectric properties and chemical 

properties of PP after aging, but mechanical properties were not included. 

Mechanical property is another important index to describe a material. 

Mechanical property can also provide evidence to evaluate whether a material 

could be a good cable insulation material in practical applications. In the future, 

the change of mechanical properties (such as tensile strength, compressive 

strength, stiffness, surface roughness, flexibility, brittleness and etc…) of PP after 
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aging by combined AC & DC voltages could be studied. The results will provide 

more information to evaluate PP as an insulation material. 
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Appendix 

Appendix A Thermo-electrical Aging Model 

 

 

1) Simoni’s Model 

This was based on a model proposed by Eyring. It has been difficult to find an 

original reference for Eyring’s model for electro thermal stressing. Many authors 

quote [1] but examination of this book, while showing the derivation of the Eyring 

rate equation of temperature. 

 

𝑅(𝑇) = 𝐴𝛽(𝑇) exp (
𝐵

𝑘𝑇
)                       (1) 

Where A and B are constants and 𝛽(𝑇) is a function of temperature depending on the 

form of the chemical reaction, does not show the derivation of the equation for 

electro-thermal ageing. 

From [2-3] the general form of the Eyring rate equation for thermal and a single 

additional stress S is: 

 

𝑅(𝑇) = 𝐴𝛽(𝑇) exp (
𝐵

𝑘𝑇
) exp ((𝑎 +

𝑏

𝑇
) 𝑓(𝑆))              (2) 

 Where a and b are constants and 𝑓(𝑆) is a function of the non thermal stress 

applied to the system  

In [4] Simoni proposed that the rate of reaction under combined electrical and thermal 

stressing would take the form: 

𝑅(𝑇, 𝐸) = 𝐴 exp (−
𝐵

𝑇
) exp ((𝑎 +

𝑏

𝑇
) 𝑓(𝐸))             (3) 
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Where A and B are constants as in equation 2.3 while a and b as two additional 

constants. 𝑓(𝐸) is an arbitrary function of the electric field. In a similar manner to 

the approach adopted with equation 2.3 to 2.4 the inverse of this equation gives the 

predicted lifetime: 

𝐿(𝑇, 𝐸) =
1

𝐴
exp (

𝐵

𝑇
) exp (− (𝑎 +

𝑏

𝑇
) 𝑓(𝐸))            (4) 

If 𝑓(𝐸) = 0 it can be seen that the equation takes the form for simple temperature 

dependent aging. 

As with the Arrhenius equation the constant 1 𝐴⁄  can be replaced using the 

expression for the lifetime 𝐿0 when 𝐸 = 0 ⇒ 𝑓(𝐸) = 0. Again using ∆ (
1

𝑇
) =

1

𝑇0
−

1

𝑇
  

the equation becomes: 

𝐿(𝑇, 𝐸) = 𝐿0 exp (−𝐵∆ (
1

𝑇
)) exp (− (𝑎 +

𝑏

𝑇0
− 𝑏∆ (

1

𝑇
)) 𝑓(𝐸))  (5) 

Simoni [4] showed that an exponential dependence on field at constant temperature 

could be achieved by setting 𝑓(𝐸) = 𝐸 

𝐿(𝑇, 𝐸) = 𝐿0 exp (−𝐵∆ (
1

𝑇
)) exp (− (𝑎 +

𝑏

𝑇0
) 𝐸 + 𝑏∆ (

1

𝑇
) 𝐸)   (6) 

And that a power dependence for E could be achieved by setting 𝑓(𝐸) = ln(𝐸 𝐸0⁄ ) 

𝐿(𝑇, 𝐸) = 𝐿0 exp (−𝐵∆ (
1

𝑇
)) (

𝐸

𝐸0
)

−(𝑎+
𝑏

𝑇0
−𝑏∆(

1

𝑇
))

       (7) 

Based on the equation above and fitting to experimental data, Simoni then proposed 

[5] the model as follows, again compatible with the inverse power model for electrical 

aging: 

𝐿(𝑇, 𝐸) = 𝐿0𝑒𝑥𝑝 (−𝐵∆ (
1

𝑇
)) (

𝐸

𝐸0
)

−𝑁

 , EE0              (8) 

where, L0 is time to breakdown when E=E0 under room temperature, E is the external 

electric field, E0 is the value of threshold field below which the electrical stress has no 
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impact on the model as described above. 𝑁 = 𝑛 − 𝑏∆ (
1

𝑇
), n and b are constants with 

based on [4] 𝑛 = 𝑎 +
𝑏

𝑇0
. As before: ∆ (

1

𝑇
) =

1

𝑇0
−

1

𝑇
 which Simoni refers to as the 

“Thermal Stress”. 

2) Ramu’s Model 

Ramu’s model [6] is also based on Eyring’s theory. In Ramu’s model, threshold value 

was not assumed to exist. 

In its first version the lifetime was assumed to take the form of: 

𝐿(𝑇, 𝐸) = 𝑘(𝑇)𝐸−𝑚(𝑇)exp (
𝐵

𝑇
)               (9) 

Where B has the same meaning as in the Simoni Model, the activation energy divided 

by Boltzmanns constant, and the functions 𝑘(𝑇) and 𝑚(𝑇) are given by: 

𝑘(𝑇) = exp (𝑘1 +
𝑘2

𝑇
) ,   𝑚(𝑇) = 𝑚1 +

𝑚2

𝑇
   

By dividing the lifetime 𝐿(𝑇, 𝐸) by the lifetime at ambient conditions 𝑇0and a 

reference field 𝐸0: 𝐿(𝑇0, 𝐸0) = 𝐿0 the following relationship was derived: 

𝐿(𝑇, 𝐸) = 𝐿0
𝑘(𝑇)

𝑘(𝑇0)

𝐸𝑚(𝑇)

𝐸𝑚(𝑇0)

exp(
𝐵

𝑇
)

exp(
𝐵

𝑇0
)
              (10) 

Substituting for the functions 𝑘(𝑇) and 𝑚(𝑇) Ramu derived the following: 

𝐿(𝑇, 𝐸) = 𝐿(𝑇0, 𝐸0) exp (−
𝑘2

𝑇0
 
∆𝑇

𝑇
) (

𝐸

𝐸0
)

−(
𝑚2

𝑇

∆𝑇

𝑇
)

exp (−
𝐵

𝑇0
 
∆𝑇

𝑇
)  (11) 

Here ∆𝑇 = 𝑇 − 𝑇0. Note the expressions within the exponential terms are identical to 

the term ∆ (
1

𝑇
) used in the Simoni Model. 

∆ (
1

𝑇
) =

1

𝑇0
−

1

𝑇
=

𝑇 − 𝑇0

𝑇0𝑇
=

1

𝑇0

∆𝑇

𝑇
 

Simoni and Montanari [7] pointed out that there was an error in the derivation of 

Ramu’s equation and that the term dealing with the dependence on E should take the 

form: 

𝐸𝑚(𝑇)

𝐸𝑚(𝑇0) = 𝐸
𝑇0
𝑇 ∙ (

𝐸

𝐸0
)

−(𝑚1+
𝑚2
𝑇0

)

                (12) 

Leading to: 



219 

 

𝐿(𝑇, 𝐸) = 𝐿(𝑇0, 𝐸0) exp (−
𝑘2

𝑇0
 

∆𝑇

𝑇
) 𝐸

𝑇0
𝑇 (

𝐸

𝐸0
)

−(
𝑚2

𝑇

∆𝑇

𝑇
)

exp (−
𝐵

𝑇0
 

∆𝑇

𝑇
)   (13) 

The presence of the term 𝐸
𝑇0
𝑇  comes from the difference in approach between Simoni 

and Ramu. Simoni uses the term 𝐸0 to represent the threshold field below which no 

field driven ageing occurs, Ramu uses the term 𝐸0 as a reference field and does not 

believe that a threshold field exists [7]. 

Later in [6] Ramu presents a simplified expression for fitting of experimental data for 

the lifetime based on equation 2.18 above which takes the form: 

𝐿(𝑇, 𝐸) = 𝑘(𝑇0) exp (−
𝑘2

𝑇0

∆𝑇

𝑇
) ∙ (

𝐸

𝐸0
)

−
𝑏

𝑇0

∆𝑇

𝑇
∙ exp (−

𝐵

𝑇0

∆𝑇

𝑇
)     (14) 

Which is then rearranged to the form: 

𝐿(𝑇, 𝐸) = 𝑘(𝑇0) exp (−
(𝑘2+𝐵)

𝑇0

∆𝑇

𝑇
) ∙ (

𝐸

𝐸0
)

−
𝑏

𝑇0

∆𝑇

𝑇
          (15) 

It should be noted in this expression that 𝑏 = 𝑚2. Comparing this with Simoni’s 

expression for lifetime: 

𝐿(𝑇, 𝐸) = 𝐿0 exp (−𝐵∆ (
1

𝑇
)) (

𝐸

𝐸0
)

−(𝑎+
𝑏

𝑇0
+𝑏∆(

1

𝑇
))

      (16) 

And as 

1

𝑇0

∆𝑇

𝑇
≡ ∆ (

1

𝑇
) 

We can see that the two expressions are very similar as 𝑘(𝑇0) ≡ 𝐿0. The significant 

differences are: Firstly in the exponential term Simoni has assumed that the effective 

activation energy for the thermal aging reaction is a constant while Ramu assumes 

that this activation energy has a dependence on temperature; Secondly there are 

differences in the form of the exponent for the relative field term with Simoni 

suggesting that a constant term 𝑎 +
𝑏

𝑇0
 should be included. This is the result of his use 

of the Eyring equation as a starting point for his derivation. 

Simoni and Montari [7] however pointed out that a term 𝐸
𝑇0
𝑇  should be included in 

the equation above. 

The version of Ramu’s model quoted in [8] is similar to the above though it states that 
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it is based on Eyring’s system and inherently takes into account thresholds in both the 

thermal and electrical aging: the equation takes the form of: 

𝐿(𝑇, 𝐸) = 𝑐(𝑇)𝐸−𝑛(𝑇)𝑒𝑥𝑝 (−𝐵∆ (
1

𝑇
)) , E>E0             (17) 

Where, 𝑐(𝑇) = 𝑒𝑥𝑝 (𝑐1 − 𝑐2∆ (
1

𝑇
)) , 𝑛(𝑇) = 𝑛1 − 𝑛2∆ (

1

𝑇
) , c1, c2, n1 and n2 are 

constants. ∆ (
1

𝑇
) has the same meaning as in Simoni model. It is not clear in this 

statement of the Ramu model why the term (
𝐸

𝐸0
)

−𝑛(𝑡)

 has been replaced by 𝐸−𝑛(𝑡) 

in this representation of the model. One effect of this would be to allow the possibility 

in a step change in the lifetime as the electric field is increased past the threshold 

value 𝐸0. 

3) Fallou’s Model 

Based on the exponential model of electrical aging, Fallou [9] raised a semi-empirical 

aging equation as below: 

𝐿 = 𝑒𝑥𝑝 (𝐴(𝐸) +
𝐵(𝐸)

𝑇
) , E>0                (18) 

Where A(E)=A1+A2E and B(E)=B1+B2E are determined from empirical 

time-to-breakdown curves under room temperature. If this expression is compared 

with the exponential model of aging from Simoni, described above: 

𝐿(𝑇, 𝐸) = 𝐿0 exp (−𝐵∆ (
1

𝑇
)) exp (− (𝑎 +

𝑏

𝑇0
) 𝐸 + 𝑏∆ (

1

𝑇
) 𝐸)    (19) 

This can be rearranged into a similar form: 

𝐿(𝑇, 𝐸) = 𝐿0 exp (−𝐵∆ (
1

𝑇
)) exp (− (𝑎 +

𝑏

𝑇0
) 𝐸 + 𝑏∆ (

1

𝑇
) 𝐸)    (20) 

𝐿(𝑇, 𝐸) = exp (ln 𝐿0 − (𝑎 +
𝑏

𝑇0
) 𝐸 −𝐵∆ (

1

𝑇
) −𝑏∆ (

1

𝑇
) 𝐸)      (21) 

𝐿(𝑇, 𝐸) = exp (ln 𝐿0 − (𝑎 +
𝑏

𝑇0
) 𝐸 −𝐵 (

1

𝑇0
−

1

𝑇
) −𝑏 (

1

𝑇0
−

1

𝑇
) 𝐸)   (22) 

𝐿(𝑇, 𝐸) = exp ((ln 𝐿0 −
𝐵

𝑇0
) − (𝑎 +

2𝑏

𝑇0
) 𝐸 +

1

𝑇
(𝐵 + 𝑏𝐸))     (23) 

Therefore the parameters for the functions 𝐴(𝐸) and 𝐵(𝐸) can be mapped directly 

onto the parameters in Simoni’s exponential model. 
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𝐴1 = ln 𝐿0 −
𝐵

𝑇0
, 𝐴2 = − (𝑎 +

2𝑏

𝑇0
) , 𝐵1 = 𝐵, 𝐵2 = 𝑏 

4) Crine’s Model 

Crine [10] approach was based on principle of reaction kinetics, rather than looking at 

the basic Arrhenius relationship and adding a field dependent factor, as with Simoni, 

Ramu and Falou. He considered the effects that the applied electric field had on the 

potential barrier controlling the ageing reaction. He considers that the aging reaction 

occurs as a result of the disruption of the relatively weak van der Waal’s bonds 

between the polymer molecules (0.1 to 0.4 eV) [11]. If these bonds are disrupted the 

molecules in the polymer can rearrange, increasing crystallinity and leading to the 

formation of micro voids in the amorphous regions. It is assumed that the disruption is 

caused by the motion of electrons under the influence of the applied field. The free 

energy associated with the reaction path with and without stress is shown in Figure 

2.1. 

 
Figure A. 1 Changes in free energy barrier for the aging reaction in the presence and 

absence of an electric field. From [11] 

 

The barrier height in the direction of the reaction ∆𝐺+ is given by: 

∆𝐺+ = ∆𝐻+ − 𝑇∆𝑆+ 

Where ∆𝐻+ is the activation enthalpy and ∆𝑆+ is the entropy of reaction for the 

forward process. The probability of a successful transition between the initial unaged 

state and the final aged state from chemical kinetics is therefore: 

𝑝+ =
𝑘𝑇

ℎ
exp (−

∆𝐺+

𝑘𝑇
) 
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Where ℎ is Planck constant, there is a corresponding probability for the reverse 

reaction, where molecular reorganization occurs and returns the system to a less aged 

state. 

𝑝− =
𝑘𝑇

ℎ
exp (−

∆𝐺−

𝑘𝑇
) 

The net probability p of aging occurring is therefore. 

𝑝 = 𝑝+ − 𝑝− =
𝑘𝑇

ℎ
[exp (−

∆𝐺+

𝑘𝑇
) − exp (−

∆𝐺−

𝑘𝑇
)]        (24) 

If ∆𝐺+ is smaller than ∆𝐺− the net probability is positive and aging will take place. 

Crine defined the lifetime 𝐿 of the system as being the inverse of the net probability. 

𝐿 ≃
1

𝑝
 

This approach corresponds to the Arrhenius approach adopted by Simoni and Falou 

for thermal aging with ∆𝐺 𝑇⁄ = 𝐵. 

When considering the effects of an electric field for simplicity and clarity Crine 

assumed that the barrier was symmetrical: ∆𝐺+ = ∆𝐺− = ∆𝐺0. In this case in the 

absence of a field the probability of ageing occurring once the sample has reached its 

equilibrium state is zero. Reaction kinetics will cause the sample to move from an 

unaged state to an equilibrium aged state even if the probabilities are equal because of 

differences in the concentration of unaged and aged material. The presence of an 

electric field in the system leads to molecular distortions which have the effect of 

distorting the molecular structure which modify the barrier heights in the forward and 

reverse directions. He states that the change in energy can be calculated in terms of 

the charge on the electron 𝑒 the value of the field 𝐸 and the volume of the molecular 

chains affected  corresponding to the size of micro- cavity formed during ageing.  

𝑊 = 𝑒𝜆𝐸                          (25) 

Therefore the probabilities of the forward and reverse reactions occurring become: 

𝑝+ =
𝑘𝑇

ℎ
exp (−

∆𝐺0−𝑒𝜆𝐸

𝑘𝑇
) = exp (

𝑒𝜆𝐸

𝑘𝑇
)

𝑘𝑇

ℎ
exp (−

∆𝐺0

𝑘𝑇
)      (26) 

𝑝− =
𝑘𝑇

ℎ
exp (−

∆𝐺0+𝑒𝜆𝐸

𝑘𝑇
) = exp (−

𝑒𝜆𝐸

𝑘𝑇
)

𝑘𝑇

ℎ
exp (−

∆𝐺0

𝑘𝑇
)     (27) 
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In the expression for 𝑝+ the term exp(𝑒𝜆𝐸 𝑘𝑇⁄ ) is always greater than or equal to 

one, while in the expression for 𝑝− the term exp(−𝑒𝜆𝐸 𝑘𝑇⁄ ) while greater than 

zero is always less than or equal to one. Therefore the value of 𝑝+ ≥ 𝑝−. 

The net probability in the presence of the electric field therefore becomes: 

𝑝 = 𝑝+ − 𝑝+ =
𝑘𝑇

ℎ
exp (−

∆𝐺0

𝑘𝑇
) [exp (

𝑒𝜆𝐸

𝑘𝑇
) − exp (−

𝑒𝜆𝐸

𝑘𝑇
)]      (28) 

This can be represented in a more compact form by using the 𝑠𝑖𝑛ℎ function. 

𝑝 =
2𝑘𝑇

ℎ
exp (−

∆𝐺0

𝑘𝑇
) [sinh (

𝑒𝜆𝐸

𝑘𝑇
)]                 (29) 

Therefore the time to insulation failure, 𝐿, which is the inverse of the net probability, 

is given by 

𝐿 ≃
ℎ

2𝑘𝑇
exp (

∆𝐺0

𝑘𝑇
) [csch (

𝑒𝜆𝐸

𝑘𝑇
)]                  (30) 

This approach predicts a different behaviour for lifetime compared to the models 

considered earlier in this chapter.  

At electric field above critical value: 

csch (
𝑒𝜆𝐸

𝑘𝑇
) ≃ 2 exp (−

𝑒𝜆𝐸

𝑘𝑇
) ⟶ 𝐿 ≃

ℎ

𝑘𝑇
exp (

∆𝐺0

𝑘𝑇
) exp (−

𝑒𝜆𝐸

𝑘𝑇
)  (31) 

Giving an exponential model of ageing. This behavior has been reported by Montinari 

et al in experiments on mini cable samples insulated with XLPE at fields above 

15kVmm-1 [12]. 

At electric field below critical value: 

csch (
𝑒𝜆𝐸

𝑘𝑇
) ⟶ 0 ⟹ 𝐿 ⟶ 𝐿0 

Indicating that little or no electrical ageing will take place. Between these two regimes 

there is a transition between the two limiting behaviours.  

Useful fits of this model to experimental data have been achieved [24] particularly in 

the high field regime. However the parameter 𝜆 is itself field dependent at lower 

fields which introduces complexity into the fitting process [11]. 

5) Montanari’s Model 

Montanari’s model [13] is based on modifying the well-known Weibull distribution to 

take into account Simoni’s model of insulation lifetime. The basic 2 parameter 
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Weibull distribution is: 

𝐹(𝑡) = 1 − exp ((
𝑡

𝛼
)

𝛽

)                  (32) 

𝐹(𝑡) is the probability of failure having occurred by time 𝑡, 𝛼 is the scale parameter 

which gives the time at which the probability of failure is 63.2% ( 𝐹(𝑡) = 0.632 ). 

𝛽  is the shape parameter. Under combined thermal and electrical stresses the 

parameters ∝ and 𝛽 are functions of the temperature and applied field: 𝛼(𝑇, 𝐸) 

and 𝛽(𝑇, 𝐸). 

As 𝛼(𝑇, 𝐸) refers to a constant probability of failure, Montanari assumed that it was 

directly related to the expression of the lifetime. Therefore assuming that lifetime 

followed Simoni’s expression as given in equation 2.13. 

∝ (𝑇, 𝐸) = 𝛼0 exp (−𝐵∆ (
1

𝑇
)) (

𝐸

𝐸0
)

−𝑛𝑐(𝑇)

            (33) 

In this expression 𝛼0 is the time for there to be a 67.3% probability of a failure to 

have taken place at 𝑇 = 𝑇0, 𝐸 = 𝐸0 and the endurance coefficient 𝑛𝑐 takes the form 

of:  

𝑛𝑐(𝑇) = 𝑛0 − 𝑏∆ (
1

𝑇
)                      (34) 

Where 𝑛0 is the endurance coefficient derived for room temperature 𝑇 = 𝑇0.   

If the electrical strength 𝐸𝑆 using a linear ramping field can be measured at the 

ageing temperature 𝑇𝐾  and the time to failure 𝑡𝑠 under a constant field of 𝐸, it is 

possible to use an alternative form for the scale parameter as a function of 𝐸 again 

based on the Simoni model: 

𝛼(𝐸)𝑇=𝑇𝐾
= 𝑡𝑆 (

𝐸

𝐸𝑆
)

−𝑛𝑐

                  (35) 

It can be seen that the temperature dependence of 𝛼 is not explicitly stated. However 

the parameters 𝑡𝑆, 𝐸𝑆  and 𝑛𝑐   are all functions of temperature 𝑇, in this case 

evaluated at 𝑇 =  𝑇𝐾. 

Substituting these equations for 𝛼 above into the Weibull function leads to two 

expressions for the Weibull distribution under combined thermal and electrical 

stressing. The first is based on the full Simoni expression: 
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𝐹(𝑡) = 1 − exp ((
𝑡

𝛼0
exp (𝐵∆ (

1

𝑇
)) (

𝐸

𝐸0
)

𝑛𝑐(𝑇)

)
𝛽(𝑇,𝐸)

)       (36) 

The second is based on data extracted at constant temperature 𝑇𝐾: 

𝐹(𝑡) = 1 − exp ((
𝑡

𝑡𝑆
(

𝐸

𝐸𝑆
)

𝑛𝑐(𝑇𝐾)

)
𝛽(𝑇,𝐸)

)            (37) 

To complete the probabilistic approach the behaviour of the parameter 𝛽(𝑇, 𝐸) must 

be determined. If the measurement temperature 𝑇𝐾 is set to 𝑇0, then ∆ (
1

𝑇
) = 0. 

Under these conditions the expression based on the Simoni model for the Weibull 

distribution becomes:  

𝐹(𝑡) = 1 − exp ((
𝑡

𝛼0
(

𝐸

𝐸0
)

𝑛𝑐(𝑇0)

)
𝛽(𝑇0,𝐸)

)           (38) 

Which can be rearranged as 

𝐹(𝑡) = 1 − exp (
𝑡

𝛼0
(

𝐸

𝐸0
))

𝛾(𝑇0,𝐸)

            (39) 

This is another 2 parameter Weibull distribution with a shape parameter 𝛾(𝑇0, 𝐸). It 

can be seen that: 

𝛾(𝑇0, 𝐸) = 𝛽(𝑇0, 𝐸)𝑛𝑐(𝑇0) = 𝛽(𝑇0, 𝐸)𝑛0          (40) 

Therefore under these conditions: 

𝛽(𝑇0, 𝐸) =
𝛾(𝑇0,𝐸)

𝑛0
                          (41) 

The behaviour of 𝛽(𝑇0, 𝐸) can therefore be determined by performing a Weibull plot 

of the sample lifetime at 𝑇0  as a function of field. The gradient of the plot 

corresponds to the parameter 𝛾(𝑇0, 𝐸). 

From experimental data there is little variation in the value of the gradients of a 

Weibull plots of lifetime as a function of field for different isotherms [13]. 

𝛾(𝑇, 𝐸) =  𝛾(𝑇0, 𝐸) = 𝛾0                    (42) 

Therefore Montinari stated that a more general expression for 𝛽(𝑇0, 𝐸) can be 

assumed. 

𝛽(𝑇, 𝐸) =
𝛾0

𝑛𝐶(𝑇)
                       (43) 
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Therefore a plot of log lifetime as a function of ∆ (
1

𝑇
) at 𝐸 = 0 will allow the 

determination of the parameter 𝐵. A plot of log lifetime vs log ∆ (
1

𝑇
) at a constant 

field  𝐸𝐾 > 𝐸0  will allow the parameter of 𝑛𝐶(𝑇) to be determined. Finally a 

Weibull plot of lifetime as a function of applied field at ambient conditions (𝑇 = 𝑇0) 

allows the parameters 𝛼0and 𝛾0 to be determined. This provides sufficient data to 

predict the lifetime for all values of 𝐸 and 𝑇 having occurred after a time 𝑡 is given 

by F (statistical calculation of Weibull distribution. The equation is shown as below: 
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where, ts is the time to breakdown under electric field Es, t is time to breakdown under 

electric field E, ),( TE is the shape parameter, n is the voltage endurance coefficient 

at temperature T. 
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Appendix B - Characteristic IR absorption frequencies of 

organic functional groups 

Table B. 1 Characteristic IR absorption frequencies of organic functional groups 

Function 

group 

Type of 

vibration 

Characteristic 

wavenumber (cm-1) 

Intensity 

Alcohol 

O-H Stretch, 

H-bonded 

3200-3600 Strong, broad 

O-H Stretch, 

free 

3500-3700 Strong, sharp 

C-O Stretch 1050-1150 Strong 

Alkane 

C-H Stretch 2850-3000 Strong 

-C-H Bending 1350-1480 Variable 

Alkene 

=C-H Stretch 3010-3100 Medium 

=C-H Bending 675-1000 Strong 

C=C Stretch 1620-1680 Variable 

Alkyl halide 

C-F Stretch 1000-1400 Strong 

C-Cl Stretch 600-800 Strong 

C-Br Stretch 500-600 Strong 

C-I Stretch 500 Strong 

Alkyne 

C-H Stretch 3300 Strong, sharp 

C=C Stretch 2100-2260 Variable, not present in 

symmetrical alkynes 

Amine 

N-H Stretch 3300-3500 Medium (primary amines have 

two bands; secondary have one 

band, often very weak) 

C-N Stretch 1080-1360 Medium-weak 

N-H Bending 1600 Medium 

Aromatic 

C-H Stretch 3000-3100 Medium 

C=C Stretch 1400-1600 Medium-weak, multiple bands 

Analysis of C-H out-of-plane bending can often distinguish substitution patterns 

Carbonyl 

C=O Stretch 1670-1820 Strong (conjugation moves 
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absorptions to lower wave 

numbers) 

Ether 

C-O Stretch 1000-1300 

(1070-1150) 

Strong 

Nitrile 

C-N Stretch 2210-2260 Medium 

Nitro 

N-O Stretch 1515-1560 and 

1345-1385 

Strong, two bands 
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Appendix C - ε″ vs. 1/ of HDPE 

 

Table C. 1 ε″ vs. 1/ of HDPE aged by 10% voltage ratio 

Frequency 

[Hz] 
1/ 

ε″ 

Reference DC DC+1k DC+1.5k DC+2k DC+2.5k 

1.0316 0.15428 5.01E-04 0.00243 0.00287 0.00309 0.00341 0.00345 

0.42985 0.370257 6.00E-04 0.00257 0.0029 0.0031 0.00344 0.00344 

0.1791 0.888637 6.59E-04 0.00272 0.00285 0.00306 0.00341 0.0034 

0.07463 2.132587 7.01E-04 0.00292 0.00317 0.00312 0.00342 0.00391 

0.0311 5.117522 7.31E-04 0.00311 0.00336 0.00382 0.00403 0.00431 

0.01296 12.28047 8.71E-04 0.00372 0.00453 0.00444 0.00461 0.0052 

0.01 15.91549 8.99E-04 0.0039 0.00465 0.00523 0.00533 0.00552 

 

Table C. 2 ε″ vs. 1/ of HDPE aged by 30% voltage ratio 

Frequency 

[Hz] 
1/ 

ε″ 

Reference DC DC+1k DC+1.5k DC+2k DC+2.5k 

1.0316 0.15428 5.01E-04 0.00243 0.00322 0.00365 0.00428 0.00427 

0.42985 0.370257 6.00E-04 0.00257 0.00319 0.0037 0.00433 0.00434 

0.1791 0.888637 6.59E-04 0.00272 0.00336 0.00372 0.00441 0.00454 

0.07463 2.132587 7.01E-04 0.00292 0.00353 0.00392 0.00461 0.00467 

0.0311 5.117522 7.31E-04 0.00311 0.00357 0.00409 0.0048 0.00497 

0.01296 12.28047 8.71E-04 0.00372 0.00472 0.00493 0.0056 0.0062 

0.01 15.91549 8.99E-04 0.0039 0.00492 0.00568 0.00635 0.0072 

 

Table C. 3 ε″ vs. 1/ of HDPE aged by 50% voltage ratio 

Frequency 

[Hz] 
1/ 

ε″ 

Reference DC DC+1k DC+1.5k DC+2k DC+2.5k 

1.0316 0.15428 5.01E-04 0.00243 0.0041 0.00521 0.00654 0.01045 

0.42985 0.370257 6.00E-04 0.00257 0.00424 0.00582 0.00663 0.01083 

0.1791 0.888637 6.59E-04 0.00272 0.00447 0.00604 0.00754 0.01275 

0.07463 2.132587 7.01E-04 0.00292 0.00487 0.00653 0.00897 0.01575 

0.0311 5.117522 7.31E-04 0.00311 0.00705 0.00834 0.01205 0.0223 

0.01296 12.28047 8.71E-04 0.00372 0.01072 0.014 0.01834 0.03621 

0.01 15.91549 8.99E-04 0.0039 0.01355 0.01598 0.0231 0.04539 
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Appendix D - ε″ vs. 1/ of PP aged by 90C 

Table D. 1 ε″ vs. 1/ of PP aged by 90C at 10% voltage ratio 

Frequency 

[Hz] 
1/ 

ε″ 

Reference DC DC+1k DC+1.5k DC+2k DC+2.5k 

1.0316 0.15428 7.82E-04 0.00145 0.00175 0.00204 0.00228 0.00288 

0.42985 0.370257 8.80E-04 0.00148 0.00177 0.00217 0.00213 0.00294 

0.1791 0.888637 9.40E-04 0.00162 0.00191 0.00209 0.00222 0.00291 

0.07463 2.132587 1.01E-03 0.00174 0.00197 0.00221 0.00242 0.00307 

0.0311 5.117522 1.09E-03 0.00184 0.00219 0.00224 0.00261 0.0033 

0.01296 12.28047 1.28E-03 0.00214 0.00266 0.00271 0.00301 0.00371 

0.01 15.91549 1.32E-03 0.00227 0.00265 0.00314 0.00307 0.00376 

 

Table D. 2 ε″ vs. 1/ of PP aged by 90C at 30% voltage ratio 

Frequency 

[Hz] 
1/ 

ε″ 

Reference DC DC+1k DC+1.5k DC+2k DC+2.5k 

1.0316 0.15428 7.82E-04 0.00145 0.00186 0.0022 0.00239 0.00264 

0.42985 0.370257 8.80E-04 0.00148 0.00188 0.00217 0.0025 0.00267 

0.1791 0.888637 9.40E-04 0.00162 0.0018 0.00223 0.00243 0.00263 

0.07463 2.132587 1.01E-03 0.00174 0.00198 0.00231 0.00269 0.00267 

0.0311 5.117522 1.09E-03 0.00184 0.00202 0.00233 0.00273 0.00287 

0.01296 12.28047 1.28E-03 0.00214 0.00243 0.00283 0.00343 0.00351 

0.01 15.91549 1.32E-03 0.00227 0.00286 0.0032 0.00357 0.00398 

 

Table D. 3 ε″ vs. 1/ of PP aged by 90C at 50% voltage ratio 

Frequency 

[Hz] 
1/ 

ε″ 

Reference DC DC+1k DC+1.5k DC+2k DC+2.5k 

1.0316 0.15428 7.82E-04 0.00145 0.00374 0.0046 0.00527 0.00551 

0.42985 0.370257 8.80E-04 0.00148 0.00387 0.0047 0.00547 0.00578 

0.1791 0.888637 9.40E-04 0.00162 0.00386 0.00479 0.00576 0.00609 

0.07463 2.132587 1.01E-03 0.00174 0.0048 0.006 0.00679 0.00745 

0.0311 5.117522 1.09E-03 0.00184 0.00613 0.0079 0.00954 0.01145 

0.01296 12.28047 1.28E-03 0.00214 0.0089 0.01153 0.01644 0.02142 

0.01 15.91549 1.32E-03 0.00227 0.01107 0.01448 0.021 0.02773 
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Appendix E - ε″ vs. 1/ of PP aged by 110C 

 

Table E. 1 ε″ vs. 1/ of PP aged by 110C at 10% voltage ratio 

Frequency 

[Hz] 
1/ 

ε″ 

Reference DC DC+1k DC+1.5k DC+2k DC+2.5k 

1.0316 0.15428 7.82E-04 0.00171 0.00295 0.00363 0.00399 0.00397 

0.42985 0.370257 8.80E-04 0.00162 0.00291 0.00368 0.00403 0.00393 

0.1791 0.888637 9.40E-04 0.00181 0.003 0.00357 0.00406 0.00412 

0.07463 2.132587 1.01E-03 0.00164 0.00311 0.00361 0.00415 0.00435 

0.0311 5.117522 1.09E-03 0.00218 0.00321 0.00403 0.00451 0.00455 

0.01296 12.28047 1.28E-03 0.00271 0.00424 0.00531 0.00549 0.0056 

0.01 15.91549 1.32E-03 0.00338 0.00436 0.00575 0.00644 0.00658 

 

Table E. 2 ε″ vs. 1/ of PP aged by 110C at 30% voltage ratio 

Frequency 

[Hz] 
1/ 

ε″ 

Reference DC DC+1k DC+1.5k DC+2k DC+2.5k 

1.0316 0.15428 7.82E-04 0.00171 0.00278 0.00358 0.00419 0.00535 

0.42985 0.370257 8.80E-04 0.00162 0.00273 0.00361 0.00433 0.00563 

0.1791 0.888637 9.40E-04 0.00181 0.00281 0.00368 0.00449 0.00569 

0.07463 2.132587 1.01E-03 0.00164 0.00286 0.00378 0.00446 0.00577 

0.0311 5.117522 1.09E-03 0.00218 0.0032 0.00406 0.00501 0.00608 

0.01296 12.28047 1.28E-03 0.00271 0.0043 0.00521 0.00662 0.0079 

0.01 15.91549 1.32E-03 0.00338 0.00517 0.00609 0.00787 0.00841 

 

Table E. 3 ε″ vs. 1/ of PP aged by 110C at 50% voltage ratio 

Frequency 

[Hz] 
1/ 

ε″ 

Reference DC DC+1k DC+1.5k DC+2k DC+2.5k 

1.0316 0.15428 7.82E-04 0.00171 0.00519 0.00823 0.01208 0.01521 

0.42985 0.370257 8.80E-04 0.00162 0.00542 0.00859 0.01246 0.01642 

0.1791 0.888637 9.40E-04 0.00181 0.00655 0.00933 0.01332 0.01834 

0.07463 2.132587 1.01E-03 0.00164 0.00812 0.01035 0.01552 0.02201 

0.0311 5.117522 1.09E-03 0.00218 0.0124 0.01584 0.02252 0.03438 

0.01296 12.28047 1.28E-03 0.00271 0.02092 0.03051 0.04138 0.059 

0.01 15.91549 1.32E-03 0.00338 0.02424 0.03799 0.05183 0.0743 
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Appendix F – PRPD Plot of PP Aged at 90C 

 

Figure F. 1 PRPD of PP aged at 90C with 1 kHz, 50% voltage ratio 

 

Figure F. 2 PRPD of PP aged at 90C with 1.5 kHz, 50% voltage ratio 
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Figure F. 3 PRPD of PP aged at 90C with 2 kHz, 50% voltage ratio 

 

 

Figure F. 4 PRPD of PP aged at 90C with 2.5 kHz, 50% voltage ratio 
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Appendix G – PRPD Plot of PP Aged at 110C 

 

 

Figure G. 1 PRPD of PP aged at 110C with 1 kHz, 50% voltage ratio 

 

 

Figure G. 2 PRPD of PP aged at 110C with 1.5 kHz, 50% voltage ratio 
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Figure G. 3 PRPD of PP aged at 110C with 2 kHz, 50% voltage ratio 

 

 

Figure G. 4 PRPD of PP aged at 110C with 2.5 kHz, 50% voltage ratio 

 

 


