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Ageing detection and indications of insulation degradation are often achieved when
ageing is already significant, for example when partial discharge (PD) activity is
detected from a large enough micro-cavity. Little is known about the degradation before
PD activity occurs. Nowadays, long-term degradation in discharge free situations is
increasingly the subject of attention. This is because the size level of defects in the
insulation has been highly reduced thanks to progress in technology. However the stress
increase, due to a reduction of the cable insulation thickness for practical and economic
reasons, could amplify the effect of phenomena which were not considered as important
until recently. Internal defects cannot be completely eliminated from high voltage cable
insulation and one of cable manufacturers’ quality tests has revealed the presence of
micro-defects in some cross-linked polyethylene (XLPE) transmission cable main
insulation. The aim of this study was to investigate the significance of these micro-
defects on the degradation of the insulation under ac stresses.

In order to achieve that, a better characterisation and understanding of this phenomenon
was primordial. A procedure for the observation of this phenomenon was developed.
Since these features were a few microns across, they were likely to induce only a low
level of degradation and it was unlikely that they would sustain detectable (electrically)
discharges. A method for early detection of electrical ageing before the onset of PD
activity was therefore necessary and electroluminescence (EL) was selected. An
experimental arrangement was integrally designed to carry out EL measurements on
insulating samples in a uniform field configuration at room temperature under ac stress.
The experimental system, using a very sensitive cooled CCD detector, made it possible
to successfully measure (with short integration time) and monitor the integral
electroluminescence in LDPE and XLPE cable insulation samples under relatively low
voltages, and to determine the spectral range as well as allowing the imaging of this very
low level of light. The difference in temporal behaviour and spectral range of the
emission between XLPE cable samples containing micro-defects and samples without
micro-defects showed that the degradation of the insulation under ac stresses was
accelerated by the presence of the micro-defects.



A ma mére



Acknowledgements

I would like to express my gratitude to Professor Tony Davies for his advice, guidance and
encouragement during the course of this research. I would also like to express my
appreciation for the valuable help and assistance received from my colleagues within the
High Voltage Group, especially to Mr Roland Caldecutt, Mr Neil Palmer, Mr Brian Rogers,
Mr Mark Long, and Mr Fred Ho.

My grateful thanks are also extended to Pirelli Cables Company who are funding this
research project. Within this organisation, I would like to thank Mr Julian Head, Dr Steve
Norman, Mr Malcolm Simmons, and Mr Stewart Walker for their advice and
encouragement throughout the project. I am particularly grateful to Mr Stuart Jameson and

Mr John Bevis for their help with the work carried out at Pirelli Cables Eastleigh.

I am also grateful to my friends and family. I thank Jacques, my husband, for his love,

support and encouragement during this work.



Contents

Chapter 1  Introduction

1.1 High Voltage polymeric cable
1.2 Ageing of polymeric insulating materials

1.3 Research objectives

Chapter 2 Examination of production XLPE cable insulation

2.1 Introduction
2.2 Crosslinking of Low Density Polyethylene (LDPE)
2.2.1 Introduction
2.2.2 Dicumyl peroxide (DCP) crosslinking chemical process
2.2.3 Formation of crosslinking by-products
2.3 Examination after heating (oven test)
2.3.1 Experimental procedure
2.3.1.1 Test
2.3.1.2 Sample preparation
2.3.2 Results and discussion
2.4 Characterisation of the halo effect
2.4.1 Infra-red spectroscopy (FTIR)
2.4.1.1 Experimental procedure

2.4.1.2 Results and discussion

11

12
14
16

19

19
20
20
21
23
24
24
24
24
25
26
26
27
27



2.4.2 Staining of the cable insulation
2.4.2.1 Staining at elevated temperature
2.4.2.2 Staining at room temperature
2.4.2.3 Results of the naked eye observations and discussion
2.4.3 Conventional Optical Microscopy
2.4.3.1 Experimental procedure
2.4.3.2 Results and discussion
2.4.4 Scanning Electron Microscopy (SEM)
2.4.4.1 Cryogenic fracture
2.4.4.2 Etching technique
2.4.5 Confocal Laser Scanning Microscopy (CLSM)
2.4.5.1 Specimens
2.4.5.2 Results and discussion
2.4.6 Conclusions
2.5 Influence of the degassification process parameters
2.5.1 Introduction
2.5.2 Experimental procedure
2.5.2.1 Examination tests
2.5.2.2 Effect of the degassification temperature
2.5.2.3 Effect of the degassification duration
2.5.3 Results
2.5.3.1 Effect of the degassification temperature
2.5.3.2 Effect of the degassification duration
2.5.4 Discussion
2.5.5 Conclusions
2.6 Effect of the crosslinking by-products
2.6.1 Introduction
2.6.2 Experimental procedure
2.6.3 Results and discussion
2.7 Effect of ageing on the halo phenomenon
2.7.1 Introduction
2.7.2 Experimental procedure
2.7.3 Results

2.7.4 Discussion

29
29
30
30
31
31
32
34
34
36
37
37
38
42
43
43
43
43
45
45
45
45
46
46
48
48
48
49
49
50
50
50
51
57



2.8 Conclusions

Chapter 3: Electroluminescence from insulating polymers

3.1 Introduction
3.2 General mechanisms of luminescence
3.3 EL in polymers
3.3.1 Band theory applied to polymers
3.3.2 Charge injection mechanisms
3.3.3 Mechanisms of EL
3.3.3.1 Excitation mechanisms
3.3.3.1.1 Impact EL
3.3.3.1.2 Recombination EL
3.3.3.2 Relaxation mechanisms
3.3.4 Polymer luminescent properties
3.4 Literature Review
3.4.1 EL detection and sample configurations
3.4.1.1 Detection
- 3.4.1.2 Sample configuration
3.4.2 Influence of different gases on EL emission
3.4.2.1 Influence of electronegative gases: Oz, SFs
3.4.2.2 Influence of N, gas
3.4.3 Model of EL in PE
3.4.3.1 AC voltage
3.4.3.2 DC voltage
3.4.3.3 Impulse voltage
3.4.4 Discrimination between EL and discharge light

3.4.5 Identification of the components of the EL emission of

PE excited under ac voltage
3.4.6 Imaging the emission
3.4.7 Threshold voltage/field
3.4.7.1 Divergent field geometry
3.4.7.2 Uniform field geometry

59

61

61
62
64
64
66
71
71
73
74
75
76
77
77
77
78
80
80
81
82
82
84
85
85
86

89
89
90
90



3.4.8 Relationship between EL and ageing

3.5 Conclusion

Chapter4  Design and set-up of an EL experimental arrangement

4.1 Introduction
4.2 EL detection experimental arrangement design
4.2.1 Sample configuration
4 2.2 Light collection device: Charge-Coupled Device (CCD)
detector
4.2.2.1 CCD operation
4.2.2.2 CCD cooling
4.2.2.3 Electronics unit
4.2.2.4 ATI system software
4.2.2.5 Performance of the CCD used: comparison with
other detectors
4.2.3 High Voltage system
42.4 Vacuum/Pressure chamber design
4.2.5 Optical design
4.3 EL detection experimental arrangement set-up
4.3.1 Detection system performance
4.3.2 CCD readout set-up
4.3.3 Analysis of noise
4.3.3.1 Noise sources
4.3.3.2 Measurement of noise level on data

4.3.4 Impregnation time of polymer sample in the chamber

Chapter 5  Electroluminescence measurements: results and discussion

5.1 Introduction
5.2 Sample preparation
5.2.1 LDPE films
5.2.2 XLPE production cable insulation samples
5.2.2.1 Description of cable samples

5.2.2.2 Description of the microtoming technique

91
94

97

97
99
99
101

101
102
102
102
103

104
106
108
113
113
115
116
116
118
121

123

123
124
124
124
124
124



5.2.2.3 Surface roughness measurement
5.2.3 Sample preparation procedure
5.2.3.1 Sample arrangement
5.2.3.2 Mapping of the halo region
5.3 Imaging of the light emission
5.3.1 Experimental procedure
5.3.2 Results and discussion
5.4 Measurements of the integral light emission
5.4.1 Experimental procedure
5.4.2 Results and discussion
5.4.2.1 LDPE films
5.4.2.2 Study of production XLPE cable insulation
5.4.2.2.1 110kV XLPE cable insulation
5.4.2.2.2 400kV XLPE tested cable insulation
5.4.2.2.3 400kV XLPE untested cable insulation
5.5 Spectral analysis of the light emission
5.5.1 Experimental procedure
5.5.2 Results and discussion
5.5.2.1 LDRPE films
5.5.2.2 Study of production XLPE cable insulation

5.6 Conclusion

Chapter 6  Conclusions and further work

6.1 Conclusions

6.2 Further work

Appendix A Cable degassification simulation

A.1 Theory of diffusion in cable

A.2 Calculation of time required to de-methane cable at 65°C

Appendix B Transmittance of the gold layer

B.1 Principle

125
127
127
128
129
129
130
134
134
135
135
141
141
144
148
149
149
150
150
152
158

163

163
168

170

170
173

175

175



B.2 Result

Appendix C Surface roughness measurements

C.1 Surface roughness definition
C.2 Measurements
C.3 Results

C.3.1 2D scans

C.3.2 3D profile

References

177

178

178
179
180
180
180

182



List of Figures

Figure 1.1:

Figure 2.1:
Figure 2.2:
Figure 2.3:
Figure 2.4:
Figure 2.5:

Figure 2.6:
Figure 2.7:
Figure 2.8:
Figure 2.9:

Figure 2.10:
Figure 2.11:
Figure 2.12:
Figure 2.13:
Figure 2.14:
Figure 2.15:
Figure 2.16:
Figure 2.17:
Figure 2.18:

Typical construction of an HV polymeric cable

Peroxide crosslinking of polyethylene

Formation of by-products during DCP crosslinking

Halo effect in the main insulation

Concentration of acetophenone vs position along the radius
Concentration of by-products vs position along the radius
for a degassed cable sample

Methylene blue staining

Rhodamine staining

Near the semiconducting screen (1cm <> 23um)

Halo micro-features (1em <> 23pum)

Montage image (lcm <> 23um)

Cluster of micro-features (1cm <> 8um)

Undegassed 132 kV cable insulation sample

Degassed 132 kV cable insulation, halo region
Degassed 132 kV cable insulation, halo region

Halo region

Halo region, higher magnification

Halo region

Halo region, FITC stained sample



Figure 2.19:
Figure 2.20:
Figure 2.21:
Figure 2.22:

Figure 2.23:
Figure 2.24:
Figure 2.25:
Figure 2.26:
Figure 2.27:
Figure 2.28:
Figure 2.29:
Figure 2.30:
Figure 2.31:
Figure 2.32:

Superposition of 30 optical slices, FITC stained sample
Log t versus T
Methylene blue and rhodamine staining
Methylene blue (top) and rhodamine (bottom) staining
(a) untested
(b) tested
Tested sample, halo micro-features, reflected light (Icm <> 7um)
Untested sample, montage image (lcm <> 23pum)
Electrically aged sample (1cm <> 23um)
Slice cut parallel to the electric field, transmitted light (1cm <>7um)
Slice cut perpendicular to the field, transmitted light (1cm <> 7um)
Stereo image, halo micro-features
Halo micro-features
3D rotation
Craze and crack propagation

Mechanical stresses induced by an electric field E

Figure 3.1: Energy level diagram

Figure 3.2: Energy-band diagram for a covalently-bonded crystal

Figure 3.3: Metal-polymer interface energy barrier

(a) triangular barrier

(b) barrier lowered by Schottky effect

Figure 3.4: (1) impact-dominated luminescence

(2) recombination-dominated luminescence

Figure 3.5: Model of impact EL

Figure 3.6: Recombination EL

Figure 3.7: Diagram of needle-plane geometry

Figure 3.8: Trapping centres
Figure 3.9: Model of EL under ac

Figure 3.10:
Figure 3.11:

Typical long term light emission behaviour in an epoxy resin
Postulated steps in electrical ageing
A: repeat unit of the chain

B: chain defect



Figure 4.1: Experimental arrangement

Figure 4.2: Sample geometry

Figure 4.3: Sample arrangement

Figure 4.4: CCD array schematic

Figure 4.5: QE vs wavelength of the CCD used

Figure 4.6: High Voltage transformer calibration

Figure 4.7: High Voltage system

Figure 4.8: Section through the glass pipeline

Figure 4.9: Couplings

Figure 4.10: Transmission of Fused Silica and Fused Quartz (10 mm thick -
sample)

Figure 4.11: Ellipsoidal mirror, ray construction

Figure 4.12: Transmittance of gold layer for thickness range 25-50nm

Figure 4.13: Diagram of the filter unit fixing

Figure 4.14: Spectral sensitivity of the light detection system

Figure 4.15: Solid angle calculation

Figure 4.16: Decomposition of the CCD camera signal

Figure 4.17: Experimental evaluation of the noise level

Figure 5.1: Microtoming of XLPE insulation

Figure 5.2: Surface roughness profile

Figure 5.3: Measurements

Figure 5.4: Mapping of the halo region

Figure 5.5: CCD images (same LUT level). Applied ac field: (1) 20kV/mm,
(2) 40.9kV/mm, (3) 52.4kV/mm

Figure 5.6: CCD images (same LUT level). Applied ac field: (1) 20.3kV/mm,
(2) 30.4kV/mm, (3) 50.4kV/mm

Figure 5.7: CCD images on LDPE film. Applied ac field: (1) 20 kV/mm,
(2) 30kV/mm

Figure 5.8: Light intensity vs voltage and time

Figure 5.9: Long-term EL under a constant ac voltage of 5 kV



Figure 5.10:
Figure 5.11:
Figure 5.12:

Figure 5.13:
Figure 5.14:
Figure 5.15:
Figure 5.16:
Figure 5.17:
Figure 5.18:
Figure 5.19:
Figure 5.20:

Figure 5.21:
Figure 5.22:
Figure 5.23:
Figure 5.24:
Figure 5.26:
Figure 5.27:
Figure 5.28:
Figure 5.29:

Listof T

Light intensity vs electric field under N, pressure for

four different samples

Light intensity vs electric field under atmospheric

pressure for three different sample

Light intensity vs electric field under atmospheric

and nitrogen pressure

Light intensity vs voltage and time for sample in the clean region
Light intensity vs voltage and time for sample in the halo region
Light intensity vs voltage and time for sample in the halo region
Light intensity vs electric field for five different films

Light intensity vs voltage and time for sample in the clean region
Light intensity vs electric field for five different films

Light intensity vs voltage and time for sample in the halo region
Light intensity vs electric field; comparison between tested

and untested cable insulation in the clean region

Spectra of LDPE film

EL spectrum of XLPE film for an ac field of 53 kV/mm

EL emission spectra for ac fields of 34 and 44kV/mm

Spectrum of light at 45 kV/mm

Spectrum of light at 7 kV for XLPE1

Light intensity vs time and spectrum of light at 7 kV for XLPE2
Clean/halo region (type A) spectra for 8 kV

Clean/halo region (type B) spectra for 8 kV

ables

Table 2.1: Cable specifications

Table 2.2: Summary of the experiments

Table 4.1: Bandpass filters specifications



Chapter 1

Introduction

Polymeric insulation is extensively used in underground high voltage cable insulation. It
was in the 1960’s that the use of extruded polymeric materials made rapid progress with
the use of cross-linked polyethylene [1]. Extruded polymers are gradually replacing the
traditional oil-filled cable mainly because of the complexity, the high cost and the
relatively high dielectric losses of the latter. Today polymeric cables are rated at all system
voltages, from distribution class cables carrying voltages from 5 to 30kV to transmission

class cables reaching 400kV and even 500kV [2].

Polymers used as insulation materials in high voltage underground power cables have
excellent short-term dielectric properties such as high dielectric strength, ~900kV/mm,
low dielectric loss, 8 < 10, and high dc resistivity, > 10® Q.m. In addition they have good
short term mechanical properties together with high corrosion resistance. They can
however be susceptible to long term deterioration due to the application of high electrical
stress. For polymeric insulation to be satisfactory in service, scrupulous cleanliness is
essential. Improvements in manufacturing techniques and quality control have led to a

significant reduction in void size and levels of contamination. However even with present-



day technology, internal defects cannot be completely eliminated and a significant number
of service failures are initiated by these inherent defects. These may affect the insulation
in many ways by being, for instance, a source of gas discharges, by the enhancement of
the local field stress, and causing chemical deterioration or a mixture of all these. The
defects could, for example, act as points of electric stress enhancement in the insulation
where a tree like growth degradation would initiate which in turn would lead to
breakdown [3]. This project examines localised micro-defects which are present in the
insulation of power transmission class underground cables and investigates their
significance on the degradation of the insulation under ac stresses using a light collection

method.
1.1 High Voltage polymeric cable

The design of cables is regulated by a number of industrial, national and international
standards and guides [4]. They are related to voltage level, production technology or
customer preference. A typical construction of a high voltage (HV) cable comprises a
central stranded conductor, which carries the current. Only copper or aluminium are used
as conductor material in present day practice. The conductor is surrounded by a

semiconducting screen (see figure 1.1).

Semiconducting screens are used in all high voltage cables to ensure a smooth electrical
interface between conducting and insulating regions. Indeed the stranded profile of the
conductor surface would for example initiate localised field concentrations if interfaced
directly with the insulation, with consequent implications in electrical breakdown of the
insulation. A smooth semiconducting screen thus removes such field concentrations and
ensures a uniformly stressed screen/insulation interface. For XILPE cables the
semiconducting layers are formed by extrusion. They are compounds of carbon with
polymers chosen to accept a high carbon loading, be bondable to the insulation, be
compatible with the extrusion conditions and to be removable when required without

damaging the dielectric.



Extruded over the semiconducting screen is the insulating material, which is the most
important part of the cable. For cables operating at 66kV and above, the choice of
extruded insulation is essentially limited to polyethylene (PE), ethylene propylene rubber
(EPR), and crosslinked polyethylene (XLPE). PE is limited to a service temperature of
70°C due to its softening point. XLPE and EPR can withstand the higher operating
temperature of 90°C. EPR is inferior to XLPE in loss factor and initial dielectric strength,

but has greater resistance to partial discharge and moisture [4].

Surrounding the insulation is another semiconducting screen around which is the metallic
sheath, usually aluminium or lead for the UK. This sheath prevents the ingress of moisture
into the cable, which could electrically weaken the dielectric. Metal sheaths must be
protected against corrosion and for specially bonded systems they must be insulated from

earth. The cable is enclosed in a polymer jacket.

Semiconducting

conductor screen /

Stranded conductor

Semiconducting Insulation

dielectric screen

Polymer jacket

Figure 1.1: typical construction of an HV polymeric cable



Whilst several different materials have been developed and applied, crosslinked
polyethylene (XLPE) has emerged as the most favoured extruded insulation material. In

this thesis only XLPE insulation has been studied.
1.2 Ageing of polymeric insulating materials

Ageing can be caused by the electrical stress, for example if defects are present in the
insulation they will act as points of electrical stress enhancement where the degradation
can initiate. Besides the electrical stress, mechanical stresses are sources of ageing due to
the bending of the cable or due to vibrations in the ground. The cable is also subjected to
thermal stresses due to load cycling and seasonal temperature fluctuations. The cable may
also be subjected to environmental stresses due to moisture or gases present in the soil. All

these stresses acting singly or in combination cause degradation of the insulation.

In this thesis the emphasis has been placed on electrical ageing, meaning the form of
degradation for which an electric field is necessary. Although many physical and chemical
ageing processes occur in the absence of an electric field, like for example the formation
of free radicals (caused by thermal, oxidation, UV absorption, or mechanical reasons)
causing a deterioration of the insulation, the more severe forms of degradation are
however visible and specifically electric in origin. In good quality cable insulation it is
electrical trees and water trees which lead to the most damaging deterioration during

service. As their names indicate, the degradation takes the form of a tree like growth [3,

51.

Electrical trees usually grow in cables operating in a dry environment e.g. when they are
enclosed in conduits before they are buried in the ground. Water trees grow in cables
which operate in a humid environment where moisture is present. Only electrical tree
degradation has been considered as the cables studied in this thesis operate in a dry
environment. In recent years [5] some insight has been gained into the growth and the
propagation mechanisms of the electrical treeing. Since electrical trees usually start at

points of electric stress enhancement in the insulation, such points are simulated in the



research laboratory by embedding sharp needles into a polymer block [6, 51]. It has been
shown that electrical treeing has two distinct time periods in its development. The first is
the incubation period or initiation phase during which no partial discharges (PD) occur.
The second is the propagation period during which PD occur and the tree grows [7]. When
large enough cavities are created partial discharges occur in the gaseous contents of
microscopic voids when the field exceeds a threshold value depending on the void size
and the gas pressure. Once the PD have started, erosion processes will deteriorate the
surface of the void and repetitive discharges will cause the tree to grow. The initiation

phase of an electrical tree is not well understood.

Several mechanisms have been proposed for electrical tree initiation under ac stresses [8,
9]. These include:

- tree initiation by mechanical fatigue due to Maxwell stresses,

- tree initiation by partial discharges (hot electrons that can break polymer

bonds),

- tree initiation by charge injection and extraction.
Once a tree has started to grow it is only a matter of time, sometimes a few power cycles,
before final breakdown may occur. Hence a better understanding of the initiation phase is

primordial as are possible methods to evaluate the degree of ageing of the insulation.

Physico-chemical analysis such as infra-red spectroscopy or dielectric spectroscopy such
as loss tangent measurement can be carried out in order to evaluate material degradation
due to electrical stresses. However apart from severe ageing conditions that lead to heavily
degraded materials, it is often difficult to reach a conclusion since measurements scatter
over a wide range of the sample and the significant parameter which would be related to
the degree of ageing of the material is not known. Space charge has been recognised as
harmful and different measurement techniques have been developed such as the laser
induced pressure pulse technique (LIPP) or the pulse electroacoustic method (PEA) [10].

However doubts exist as to whether or not this method can give useful information on the

ageing and pre-breakdown processes [11].
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Electrical tree initiation and propagation can be detected by several methods among which
are: partial discharge detection, acoustic emission detection, current pulses, light emission
detection, optical microscopy, electron spin resonance (ESR) and thermally stimulated
currents (TSC) [5]. Light emission or electroluminescence, which is the first observable
process, occurs either prior to tree inception or at lower voltages in ramp experiments.
This process does not necessarily lead to electrical trees. However a region of

degeneration is irreversibly produced during its action [7].

Electroluminescence (EL) is defined as the emission of photons induced by the application
of an electric field. EL in this study is the light emitted by a material when an high electric
field is applied to it in discharge—free conditions. It is not related to a gaseous discharge
but it is a solid state physics effect. EL has been observed during the initiation stage of an
electrical tree at a voltage which is significantly below the partial discharge inception level
[7]. Therefore EL detection has been successfully used as a method which is sensitive
enough to reveal the early stages of polymeric degradation and to give information on

possible early degradation mechanisms prior to an electrical tree inception [7, 11}].

EL in semi-conducting polymers is an important field of research carried out in order to
develop electroluminescent device applications, including displays and lighting. This work
deals only with EL from insulating polymers which is an exciting field of research
because it has been associated with electrical ageing of polymeric materials and could

provide a basis for monitoring the degradation rate.

1.3 Research objectives

Ageing detection and indications of insulation degradation are often achieved when ageing
is already significant, for example when partial discharge activity is detected from a large

enough micro-cavity. Little is known about the degradation before PD activity occurs.

Nowadays, long-term degradation in discharge free situations is increasingly the subject of

attention. This is because the size level of defects in the insulation has been highly
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reduced thanks to progress in technology. However the stress increase (due to a reduction
of the cable insulation thickness for practical and economic reasons) could amplify the

effect of phenomena which were not considered as important until recently.

Internal defects cannot be completely eliminated from high voltage cable insulation and
one of cable manufacturers’ quality tests has revealed the presence of micro-defects in
some cross-linked polyethylene (XLLPE) transmission cable main insulation. The aim of
this study was to investigate the significance of these micro-defects on the degradation of

the insulation under ac stresses.

In order to achieve that, a better characterisation and understanding of this phenomenon
was primordial. A procedure for the observation of this phenomenon was developed and is
presented in Chapter 2. The microscopic observation techniques of electron, optical and
fluorescence microscopy were explored and the most appropriate was retained. Infrared
spectroscopy (FTIR) was also used for this purpose. In order to better understand what
produced this effect, the influence on the micro-defects of the industrial degassification

process parameters as well as the effect of electrical ageing was assessed.

Since these features were a few microns across, they were likely to induce only a low level
of degradation and it was unlikely that they would sustain detectable (electrically)
discharges. A method for early detection of electrical ageing before the onset of PD
activity was therefore necessary and electroluminescence (EL) had been used. The
available theory on EL of polymers is presented in Chapter 3 considering that EL of
insulating polymers is currently poorly understood. This can be explained by the few
research teams specialised in this field and by the difficulty of EL experiments that
involve very sensitive optical detection systems performed in an HV environment. The

two chapters following present the experimental work carried out on EL.
Chapter 4 describes the design and set-up of an experimental arrangement at Southampton

University High Voltage Laboratory in order to carry out EL measurements. This

experimental system allows the measurement and monitoring of the integral EL as well as

17



the imaging of the emission and permits to determine the EL spectral range. The electrical,

mechanical and optical aspects of the design are discussed.

Chapter 5 presents and comments on some results obtained from slices of commercial low
density polyethylene (LDPE) and samples microtomed from production high voltage cross
linked polyethylene (XLPE) cable insulation. The results are classified according to the
nature of the experiment:

- imaging of the emission,

- ramps tests with monitoring and measurement of the integral light intensity,

- spectral analysis of the emission at constant voltage.

A comparison is also made between XLPE samples containing micro-defects and samples

without micro-defects.

Chapter 6 presents the conclusions of the work carried out and recommendations for

further study in the light of the results presented.
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Chapter 2

Examination of production XLPE

cable insulation

2.1 Introduction

For insulating polymers to be satisfactory in service, a high level of cleanliness is
essential both during the fabrication of the polymer and the manufacture of the cable.
Improvements in manufacturing techniques have led to a significant reduction in void
size and level of contamination. However internal defects cannot be completely
eliminated. One of the cable manufacturer’s quality tests has revealed the presence of a
“smoky” ‘halo”’ effect in some crosslinked polyethylene (XLPE) cable main insulation.
Part of the quality test required samples of cables to be subjected to an “oven test”,
details of which are presented later in this chapter. This test originally revealed the

presence of halo bands inside the main insulation.

The aim of this study was to investigate the significance of the features present in the
‘halo’ on the degradation of the insulation under ac stresses. In order to achieve that, a

better characterisation of this phenomenon was primordial. Some original work was
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carried out in order to establish a procedure for the observation of this phenomenon as
this would allow the study of EL as a function of position within the cable insulation.
The microscopic observation techniques of electron, optical and fluorescence
microscopy were explored and the most appropriate were retained. Infrared spectroscopy
(FTIR) was also used to investigate the halo phenomenon. In order to better understand
what produced this effect, the influence on the halo region of the industrial
degassification process parameters has been assessed, as has the effect of ageing of cable

insulation.

In this thesis the terms micro-void or micro-crack describe cavities probably partly, or

wholly, filled with air, methane or peroxide decomposition products.

2.2  Crosslinking of Low Density Polyethylene (LDPE)

2.2.1 Introduction

In a power cable, a high current flows through a central conductor and the insulation
surrounding the conductor is subjected to relatively high temperatures together with a
temperature gradient. The polymer is therefore crosslinked to provide sufficient
mechanical strength to withstand the high temperature. PE is limited to a service
temperature of 70°C due to its softening point. XLPE can withstand the higher operating
temperature of 90°C. Chemical crosslinking is the most commonly used technique,

creating by-products in the process (see paragraphs 2.2.2 and 2.2.3).

The crosslinking by-products, such as acetophenone and cumylalcohol, increase the AC
breakdown voltage of the polymer and also are reported to cause space charge to be
trapped upon the application of DC voltage [12-14]. However, the by-products are
volatile and slowly diffuse out of the polymer. By the time the insulation is free of such

by-products, the dielectric strength is significantly lowered.
Because the cable user needs to know the ultimate lowest strength of the cable

insulation, the general practice is to decrease the concentration of the volatile

crosslinking by-products from the newly manufactured cable before they are
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commissioned into service. This is carried out by treating the cable directly afier
production for several days at a sufficiently high temperature, referred to in this thesis as
the degassification process. The temperature and the duration will depend on the
specifications of the cable. For example for the 132 kV XLPE cable the temperature is

85°C and the degassification duration is around 10 days.

2.2.2 Dicumyl peroxide (DCP) crosslinking chemical process

Dicumyl peroxide (DCP) is the most commonly used peroxide crosslinking agent. All
the cable insulations studied in this thesis were cured by adding 2% of DCP added to the

polymer.
The crosslinking process presents three different stages (see figure 2.1):
- The thermal decomposition of DCP: the DCP remains inactive at the
temperature used for cable insulation extrusion (130-150°C) and when the
temperature is raised to about 180°C it quickly decomposes. Cumyloxy

radicals are formed by the thermal decomposition of the DCP.

- The initiation: then the initiation of the crosslinking reaction starts, the

radicals react with the polymer chain by abstracting a hydrogen atom.

- The crosslinking of polyethylene then starts.
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Figure 2.1: Peroxide crosslinking of polyethylene
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2.2.3 Formation of crosslinking by-products

Chemical crosslinking of PE results in several decomposition products. In addition to
molecular crosslinks, by-products will be formed (see figure 2.2). The main by-products
(in terms of quantity created) are cumyl alcohol, acetophenone and methane. Water and
a-methylstyrene are produced in small quantity 0.01% [14] compared to 0.5% for
acetophenone and 1.4 % for cumyl alcohol. These by-products are volatile and slowly

diffuse out of the polymer.

Q‘ C —— OH cumyl alcohol
C
CH, Hy
|
@» C — O' Q_ T = O+ CH3 acetophenone
CH, CH;
CH,

@ C = cu, + HO  o-methylstyrene

Other possible reactions:

cH, +H —— CH

‘OH + H & — HZO

Figure 2.2: Formation of by-products during DCP crosslinking
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2.3 Examination after heating (Oven test)

A cable manufacturer’s quality test in order to detect faults in newly manufactured

cables is to examine cable samples after heating them in an oven. Samples were

examined from cable insulation at two different stages of production: before and after

the degassification process, which decreases the concentration of methane and peroxide

by-products and water.

2.3.1 Experimental procedure

2.3.1.1 Test

Sections of cable were heated in an oven at 150°C with the central conductor removed.

This temperature 1s higher than the melting point of the insulating polymer making it

possible to detect with the naked eye by transparency any defects inside the insulation

wall by placing it in front of a lamp.

2.3.1.2 Sample preparation

Table 2.1 gives a range of cables from which 5 cm long wafers were extracted for

examination.

Size

(mm)

110 kV

132 kV

220 kV

400 kv

Conductor

diameter

29.9

29.9

443

48

min. av.

Screen

1.5

1.5

1.6

2.5

min. av.

Insulation

15

20

22

28

Table 2.1: Cable specifications
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2.3.2 Results and discussion

For cable after degassification, the main insulation showed the presence of one or more
halos after 1 hour. A halo consists of a circular band or bands in the bulk of the
insulation concentric with the cable cross section. It appears like a smoky or more
opaque region compared to the surrounding area (see figure 2.3). This phenomenon was

not present in cable insulation immediately after manufacture and before degassification.

Halo band

Figure 2.3: Halo effect in the main insulation of 400 kV cable 5 cm section

The appearance of the halo effect changed from sample to sample. The 132 kV degassed
cable insulation had a denser and larger halo band (with a higher concentration of
defects) than the 220 kV and 400 kV cable insulation, while the 110 kV presented two
thin bands.

Some experiments showed that if an undegassed cable insulation sample (with no halo
effect present directly after melting of the crystalline phase) was left in the oven for
more than two hours, a thin halo started to grow near the outer semiconducting screen.
After four hours, two thin halos near each semicon screen were present. For degassed
cables (with halo effect present directly after melting of the crystalline phase), the halo

grew over a period of hours.
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Observations under an optical microscope after samples cooled in air to room
temperature showed that the halo region consisted of a high concentration of
microfeatures of about 1 micron diameter. These defects were observed to disappear
gradually during the course of three hours. One explanation could be that the features
were filled by the by-products of the crosslinking process or maybe by low molecular
weight material which both have the same refractive index as the crystalline phase. The

contrast was maybe simply too low to observe them as the polymer cools down.

In order to render the features visible without heating the samples to 150°C, which could
itself create features as these experiments showed, it was decided that some samples

should be stained (see section 2.4.2).

2.4 Characterisation of the halo effect

In order to improve the understanding of the nature of the features present in the halo
region, FTIR spectra were obtained, together with a mapping of the by-products

concentration across the section of the insulation.

2.4.1 Infra-red spectroscopy (FTIR)

In infra-red spectroscopy the energy required to cause a molecule to vibrate by
stretching or bending its bonds is provided by infra-red radiation. Precisely what
frequency is absorbed gives information which enables to identify the different types of
bonds a molecule contains [15]. Infra-red (IR) spectroscopy is used to provide a
fingerprint of a molecule or to identify synthesised compound. A monochromator is
usually used in a IR spectrometer. More recently Fourier transform IR (FTIR)
spectrometry which uses a Michelson interferometer have become common place in
research laboratories. The results presented were obtained by FTIR micro-spectroscopy

using an optical microscope, which allowed the analysis of sample area as small as

20x20 pm’.
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2.4.1.1 Experimental procedure

A mapping of peroxide decomposition products was carried out on undegassed and
degassed 132 kV cable insulation samples. Data were collected every 2mm along a
radius line drawn between the two semiconducting screens, starting at the inner screen.
The concentration of acetophenone and cumyl alcohol were monitored by integrating the
area under the peak corresponding to C=O stretch for acetophenone and to O-H stretch
for cumyl alcohol. Then a mapping of the concentration of acetophenone and cumyl-

alcohol versus the position along the radius was plotted (figures 2.4 and 2.5).

2.4.1.2 Results and discussion

e FTIR spectra carried out on degassed 132 kV cable insulation revealed no evidence of
compositional difference in the halo region as compared to the parent matrix. It could
therefore be assumed that the features observed in the halo region were not due to
external contamination or particles but was likely due to micro-voids or micro-cracks

present.

e The figures below are greatly influenced by sample preparation (a large quantity of by-
products diffused out of the sample). The maximum concentrations for undegassed cable

WEre!:

- acetophenone ~ 0.35 %
- cumyl alcohol ~ 0.47 %
After degassing, these fell to ~ 0.3 % for acetophenone (see figure 2.5) and ~ 0,35 % for

cumyl alcohol.

e FTIR measurements showed that there was a higher concentration of acetophenone and
cumyl alcohol in the middle of the degassed cable insulation (see fig. 2.4, 2.5) which
corresponds approximately to the region where the halo effect appeared. Two peaks
could be observed for both fresh and degassed cable in acetophetrone and cumyl alcohol
concenfration. This appears to be evidence of a relationship between by-products

concentration and the halo bands observed after staining.
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2.4.2 Staining of the cable insulation

In order to render the features visible without heating the samples to 150°C (see
paragraph 2.3) contrast enhancement based upon the staining of the polymer cavities
with a dye was carried out. To ensure that there was no artefact due to the use of a
specific dye several dyes were used:
- methylene blue dye using the Aschcraft procedure [16].This method has been
used for rendering water trees permanently visible and has become widely and
successfully used for dyeing XLPE as well as PE.

- rhodamine (fluorescent dye) was used in order to ensure that there was no

artefact due to the use of methylene blue.

The staining process, like all diffusion processes, is accelerated by increasing the
temperature and it is the only possibility for some dyes to penetrate inside the material.
However to ensure that the heating process during the staining was not responsible for
the presence of microfeatures, a suitable dye, fluorescein isothiocynate (FITC), was

found to carry out experiments at room temperature.

2.4.2.1 Staining at elevated temperatures

¢ Methylene blue staining

Both fresh and degassed insulation wafers of similar thickness were stained using this
preparation first at the boiling temperature of the solution, then at 70°C. The results
obtained were similar for both temperatures, only the duration to reach the same

approximate level of stain changed. The duration was of 15 minutes at boiling

temperature and near to one hour at 70°C for a sample thickness of approximately 1mm.

¢ Rhodamine staining

In order ensure that there was no artefact due to the use of methylene blue, another dye,

rhodamine (fluorescent dye), was used.
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Wafers from fresh and degassed cable insulation were stained at 60°C in a solution of

rhodamine for three and a half hours.

2.4.2.2 Staining at room temperature

Several dyes were tested: methylene blue, fluorescent dyes used in microscopical
biological studies like fluorescein isothiocynate (FITC) and calcofluor.

Wafers from 132 kV degassed cable were soaked for 2 2 months in a solution of the

above dyes.
2.4.2.3 Results and discussion of the naked eye observations after staining

The coloration of samples stained with methylene blue at elevated temperature ranged
from pink to a deep blue or violet depending on the thickness of the sample and the
temperature at which it was stained. The staining process, like all diffusion processes,
was accelerated by increasing the temperature. For comparison all samples were stained
at the same temperature with the same duration of impregnation (see paragraph 2.4.2.1)

and were of similar thickness. All samples stained with rhodamine were pink.
For methylene blue and rhodamine staining with temperature the observations were
similar:

- In samples from cables before degassification the staining was homogeneous.

- In degassed samples, the halo region appeared more stained than the rest of the

insulation (see figures 2.6 and 2.7).

e T g—

-

Figure 2.6: Methylene blue staining
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Figure 2.7: Rhodamine staining

One question needed to be asked at this stage: does methylene blue or rhodamine fill or
mark the defects without modifying them, or worse, does it create them ?

Some physical or chemical effects of methylene blue and rhodamine on polyethylene
cannot be excluded at the molecular level, but it is very unlikely that they could induce
perturbations at the supramolecular level observed, i.e. in the range of structures that
could be detected by optical microscopy (see section 2.4.3). Because the results
observed were similar with both dyes it could therefore be concluded that the defects

were not created or modified due to an artefact of a specific dye.

For samples stained at room temperature for a long duration, it was impossible to
observe anything with the naked eye. This could be because either a low level of dye or
no dye had penetrated inside the sample, both cases leading to no colour being
detectable with the naked eye at this temperature. These samples were examined in

Confocal Laser Scanning Microscopy (CLSM) (see section 2.4.5).
2.4.3 Conventional Optical Microscopy

2.4.3.1 Experimental procedure

Samples stained at elevated temperature using solutions previously described (section
2.4.2) were observed under an optical microscope, equipped with a motorised xyz stage,
in both transmitted and reflected light. A computer package allowed the superposition of
images captured from different focal planes and an image of large depth of field
(referred to later in this section as montage image) was rebuilt in order to obtain a better

image since the out-of-focus parts were removed.
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2.4.3.2  Results and discussion

Optical microscopy observations in transmission of degassed cable samples after

staining at various temperatures were similar to those obtained after the oven test (see

section 2.3):

- near the semiconducting layer, there were no features (see figure 2.8),

semiconducting screen

Figure 2.8: Near the semiconducting screen (1cm <> 23um)

- in the halo region (approximately in the middle of the insulation), there
was a multitude of micro-features of 1 to 1.5 microns across. These
micro-features appeared like isolated micro-voids, clusters of micro-voids
and arrays of micro-channels. The first image was captured in one focal
plane, the second one corresponds to the superposition of 10 images
captured every micron (Figures 2.9 and 2.10) hence showing an unblurred
image of features within a 10um slice. Figure 2.11 presents a cluster of

micro-features.
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Figure 2.9: Halo micro-features (1cm <> 23pum)

Figure 2.10: Montage image (1cm <> 23um)
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Figure 2.11: Cluster of micro-features (1cm <> 8um)

Due to light scattering, optical microscopy in association with methylene blue and
rhodamine staining, did not allow us to distinguish with exactitude the shape of the
defects or very small features against the background. Therefore, electron microscopy
and fluorescence microscopy observations, which offer the possibility to detect very
small objects in the nanometer range, were carried out. The confocal laser scanning
microscope (CLSM) used to carry out fluorescence microscopy allows the superposition
of optical sections giving a three-dimensional image which permits a better

quantification of the number of defects (see section 2.4.5).
2.4.4 Scanning Electron Microscopy (SEM)

The resolving power of the SEM (~5nm) is significantly greater than that of an optical
microscope. Therefore it allows more detailed study of surface structure. Another
advantage is its large depth of focus giving a clear impression of the three dimensional

characteristics of the surface.

2.4.4.1 Cryogenic fracture

Cross sections of 3 mm thick samples from unstained degassed and undegassed 132 kV
cable were fractured at low temperature after freezing with liquid nitrogen. The fractured

surfaces were coated with sputtered gold and examined using the SEM.
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In figures 2.12 and 2.13 a difference of structure is visible. In both cases the fractured
surface was rough however in figure 2.13 cavities can be observed which are not visible
in figure 2.12. The profile may have been strongly disturbed by the freeze fracture so it
was difficult to conclude if the features observed were related to the presence of halo
defects or if they were defects created by the freeze fracture. Therefore another

technique of sample preparation, the etching technique was also used.

> S omm
i

¥

Figure 2.13: Degassed 132 kV cable insulation, halo region
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2.4.4.2 Etching technique
. Sample preparation

Two series of samples removed from degassed 132 kV cable cross sections were studied.
The first one was stained with methylene blue, the other was unstained. Both were
microtomed at low temperature to expose a flat, internal surface, which was etched for 3
hours in a 1% solution of potassium permanganate in a mixture of concentrated
sulphuric acid, orthophosphoric acid and water [17]. After etching, the surfaces were

sputter-coated with gold and imaged with the SEM.

3 Results and Discussion

All samples presented a uniform fine-scale morphology. Unstained sample surfaces
presented no features. Stained sample surfaces presented a few features like microvoids
(Figure 2.14) in the area chosen, corresponding to the halo region when observed

optically in transmission.

Figure 2.14: Degassed 132 kV cable insulation, halo region

The etching process was likely to flatten voids, this explains why in the unstained etched
sample no features were present. For stained samples, the methylene blue (solid at room
temperature) could be deposited into existing cavities so the etching could remove it and

keep the shape of the cavity observable with SEM. This technique was not the most
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suitable for this study because a lot of features could be removed by the etching process.
We can conclude that SEM, either by freeze fracturing or etching, was not a suitable

technique to study the features present in the halo region.

2.4.5 Confocal Laser Scanning Microscopy (CLSM)

This technique has been largely used in microscopical biological studies. Schematically,
a laser source is focused inside the specimen and causes the sample to fluoresce as a
result of excitation of the material by light of shorter wavelength (see section 3.2) [18].
Fluorescence is then preferentially collected on a photomultiplier and recorded in a
computer. The Confocal Laser scanning microscope (CLSM) allows the superposition of
optical sections due to the confocal design, and a three-dimensional image is
reconstructed by scanning the specimen, hence allowing the quantification of the number

of defects and to obtain a better contrast because the out-of-focus fluorescence is

removed.

This technique can be used to produce brightness or colour contrast in the examination
of materials. The fluorescence is observed in two different types of specimens. One type
of specimen is composed of materials that have an intrinsic fluorescence (or
autofluorescence) or fluorescence due to traces of impurities. Other types of specimen
exhibit secondary fluorescence, which is the result of treating the specimen with a

solution of a fluorescent dye.

One of the most straightforward and useful image manipulations which may be applied
to 3D confocal data sets is the generation of stereoscopic pairs of images, permitting the
results to be inspected directly in three dimensions. Such stereo image pairs may be
viewed in a way that ensures that the right image is not seen by the left eye and vice
versa. The images are then displayed as a single red/green anaglyph photograph viewed

through red/green spectacles.

2.4.5.1 Specimens

Samples from 132 kV degassed cable were examined. One series was unstained and the

other stained:
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- with rhodamine and methylene blue at 70 °C during 3 hours,
- with FITC, methylene blue and calcofluor at room temperature for 2 %

months.
2.4.5.2 Results and discussion
¢ Untreated specimens

Some unstained samples from degassed cable insulation were examined. At visible
excitation sources 488nm and 568nm, some autofluorescence (fluorescence inside the
polymer) was obtained but the signal was weak, too noisy and the sample became
rapidly bleached or photodestroyed during prolonged exposure, hence the resolution was

Very poor.

A UV laser excitation could elicit enough autofluorescence but a surer way to increase
the fluorescent signal is to stain samples with a suitable fluorescent probe [18].This
method has been largely used in microscopical biological studies, where the fluorescent

dye is generally covalently linked to a drug or an immunological probe.
¢ Staining at elevated temperatures

A good signal was obtained with rhodamine at 543 nm excitation, allowing us to image
in fluorescence mode. No fluorescent signal was obtained with methylene blue but it was
possible to image in reflective mode (use of the reflected laser light), which brought no
more information than conventional optical microscopy. The images obtained are stereo
images so red/green glasses are required to see the 3D effect. They are the result of the

superposition of 40 optical sections of 0.9 micron each.

In the halo region, many features (Figure 2.15) could be seen. They appeared to be like
micro-voids. At higher magnification, we could see isolated micro-voids and some
clusters of micro-voids and micro-channels (Figures 2.16, 2.17). The micro-channels

appeared to have a random orientation.
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100 microns

Figure 2.15: Halo region

This technique, unlike previous methods allowed us to observe very fine micro-channels
precisely thanks to the better contrast obtained by staining with a fluorescent dye, the
three-dimensional effect and also the better resolution achieved with the confocal optical
design. The previous techniques did not allow us to distinguish between a cluster of
isolated voids and an array of voids connected by micro-channels. An estimated

5x10°/mm?> micro-defects were found.

Figure 2.16: halo region, higher magnification
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10 microns

Figure 2.17: Halo region

’ Staining at room temperature

For specimens stained with rhodamine and calcofluor no fluorescent signal was

obtained. Not enough dye had penetrated inside the samples.

It was possible to image the FITC stained sample using the A488nm laser. The signal
was noisy, hence it was more difficult to image than with samples stained at higher
temperatures where a lot of dye had penetrated inside the specimen. The images

obtained are displayed on the next page (Figures 2.18 and 2.19).

A stereo image of a large area inside the halo region shows a number of micro-features
(Figure 2.18). The figure 2.19 is the superposition of 30 optical slices (1 um each)
without stereoscopic effect. The image is viewed with an angle of 0° (flat section) and
90° (cross section). The projection image at 90° ensures that the microfeatures are inside
the bulk of the polymer sample and are not due to a surface effect. This image allows the

observation of the distribution of the features through the cross section of the sample.
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The halo microfeatures were visualised in samples stained at higher temperature as well
as in those stained at room temperature. It can therefore be assumed that it was not the
temperature during the staining process which caused them. For the following studies

only staining with temperature was performed.

Figure 2.18: Halo region, FITC stained sample

Figure 2.19: Superposition of 30 optical slices, FITC stained sample
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2.4.6 Conclusions

e A halo effect appeared in a select number of degassed cable main insulation after
degassification. No halo region was present in cable insulation immediately before

degassification.

e The halo effect was present in several cables (110 kV, 132 kV, 220 kV, 400 kV) with

different geometries: different size of conductor and different insulation wall thickness.

e FTIR spectra carried out on degassed cable insulation revealed no evidence of
compositional difference in the halo region as compared to the matrix. So the features
observed in the halo region were not due to external contamination or particles but it is

likely that they were micro-voids or micro-cracks.

e Observing the concentration of by-products along the insulation wall radius provided

evidence of an apparent link between these and the halo bands observed after staining.

e The halo region, when observed by different microscopic techniques after staining or
after the oven test, consisted of a multitude of micro-features of 1 to 1.5 microns across.
These micro-features appeared like isolated micro-voids, clusters of micro-voids and

arrays of micro-channels.

e Staining with temperature followed by Confocal Laser Scanning Microscopy in
fluorescence mode was the most suitable way to characterise the halo region. This
technique, unlike SEM and conventional optical microscopy allowed us to observe very
fine details precisely thanks to the three-dimensional effect, a better resolution being
achieved with the confocal optical design which cancels the out-of-focus blurring and

also the better contrast obtained by the fluorescence of the specific dye.

e The halo region micro-features were similar when examined after staining with
different dyes, so they were not due to perturbations introduced by a specific dye and
were visualised in specimens stained with temperature as well as those stained at room
temperature so it was not the temperature during the staining process which created

them.
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2.5 Influence of the degassification process parameters on the halo

region
2.5.1 Introduction

The production of micro-features in XLPE cable insulation may be due to several
possible causes, among which the more likely are:
- the heat treatment during the degassification process which could be
responsible of micro-voids formation for example due to: relaxation of internal
stresses frozen in the polymer, difference in thermal expansion coefficient of
different concentric layer of the insulation wall and subsequent contraction of the
insulation on cooling,
- the non-uniform dispersion of the antioxidant,
- the diffusion of by-products of the chemical crosslinking process through the

insulation wall.

In order to better understand what led to micro-void formation in cable insulation, first
the influence on the halo region of the parameters of temperature and duration of the
industrial degassification process was assessed. In production, cables newly
manufactured are degassed at 85°C for several days, the number of which depends on
the cable geometry. In order to study the influence of a reduction of the degassification
temperature, degassification simulation in an oven of cable pieces (110 kV) was carried
out at 65°C. To obtain the same conditions as in production, calculation of the time
required to de-methane cables at the chosen temperature was necessary. This calculation
is presented in appendix A. In order to observe the effect of the heat degassification

treatment duration, cable samples with different degassification time were studied.
2.5.2 Experimental procedure

2.5.2.1 Examination tests

This section briefly summarises the tests used to examine the halo phenomenon. All

cable samples were submitted to the same tests: examination after heating, staining of
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the insulation with dyes followed by naked eye observation and microscopic

examination.
[ ] Examination after heating (oven test):

Wafers (3 cm long) were extracted from all the cable samples and the conductors
were removed. All the samples were heated in an oven at 150°C and examined
by placing them in front of a lamp in order to detect any defects inside the

insulation wall by transparency.
| Staining of the cable insulation:

Contrast enhancement based on the staining of the polymer cavities with a dye

was carried out. In order ensure that there was no artefact due to the use of a

specific dye, two different dye solutions were used:

- Methylene blue (using the Asheraft solution [7]),
- Rhodamine B.

Cable slices of thickness varying between 1 and 2 mm were cut from cables.

Pieces of these slices were stained at 70°C for three hours.
= Microscopic examination:
» Conventional optical microscopy:

Stained samples were observed under an optical microscope, equipped with a
motorised xyz stage, in both transmitted and reflected light. Software allowed the
superposition of images captured from different focal planes and a montage
image is rebuilt in order to obtain a better image since the out-of-focus parts are

removed (see section 2.3.3.1).
» Confocal Laser Scanning Microscopy (CLSM):

Fluorescence microscopy was also carried out on samples stained with

rhodamine, in order to obtain more information.
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2.5.2.2 Effect of the degassification temperature

Two 490 mm cable lengths were placed in an oven at 65°C for the time calculated as in
appendix A, that is 16 days. Only samples removed from the middle of the cable lengths
were studied. This was to ensure that there were no edge effects and only the diffusion

through the semiconducting screens occurred in these specimens.

2.5.2.3 Effect of the degassification duration

In order to observe the effect of the heat degassification treatment duration, some pieces
0of 110 kV cable were double degassed:
- at 65°C in an oven: after having been degassed once the same cable
samples were placed again in the oven for the same period of time,
- at 85°C in production: after having been degassed once a length of
cable was cut and placed with new cable drums in the production

degassification room for the same period of time .

A degassed 132kV cable insulation sample was also placed in an oven at 150°C and

observed over a period of hours.

2.5.3 Results
2.5.3.1 Effect of the degassification temperature

The oven test, methylene blue and rhodamine staining followed by optical microscopical
observations showed the presence of the halo region in these wafers. The halo region
appeared similar (by its location in the insulation and in its physical appearance) to the

one in cable insulations degassed in production at 85°C and studied in sections 2.3 and

2.4.

The degassification temperature appeared to have no influence on the appearance and

shape of the halo.
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2.5.3.2 Effect of the degassification duration

For both sample series (double degassed at 65°C and 85°C) no difference in the halo
appeared after the oven test and the staining compared to single degassed samples at the

same temperature.

For the degassed cable insulation placed in an oven at 150°C, the halo band was noted to

grow with time for a few hours and then stopped growing.

It seems that an equilibrium state exists, when this state is reached no major evolutions
are visible with time. This could explained why no difference was observed between
single and double degassed samples. Up to this equilibrium state the halo changed with
time and this was observed by monitoring the degassed cable sample placed in the oven
at 150°C.

Discussion

2.5.4

The discussion refers to experiments carried out on different series of samples, the

history of which is shown in table 2.2:

Degassed in Heat Other
Cable series Type (kV) production at treatment Information
85°C

A 132 No 150°C, 4 Hours

B 110 No 65°C, 16 days

C 110, 220, 400 Yes No

D 110 No No 3 % months

E 132 No No 2 years

Table 2.2: Summary of the experiments
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The results of experiments carried out at different degassification temperature and for

different degassification duration can be summarised as follows:

At 150°C after four hours, a halo region was observed inside insulation samples

(A), which were clear before heat treatment (see corresponding table line),

At 65°C after 16 days, a halo region was present in the main insulation of cable

samples B.

At 85°C after 6 days a halo was also present in cable samples C.

These results suggest that, given the apparent relationship between time and

temperature, a halo should be observed at room temperature in an undegassed cable after

a suitable length of time.

In order to verify the hypothesis that the presence of the halo may not be due to a heat
treatment but to a diffusion process with time, a 3 %2 months old 132 kV undegassed
cable (D) was studied. The oven test at 150°C revealed nothing. The staining at 70°C

followed by naked eye observations revealed different results to those produced by the

oven test for the first time.

Until now the oven test and staining followed by microscopical observations and naked
eye observations had shown the same results. In this case the staining showed two thin
concentric bands where the oven test revealed nothing. This implies that to observe a
halo in the oven test, the halo band must have a very high density of micro-features in
order to be visible (smoky effect) by examination with the naked eye placed in front of a
lamp. It was also impossible to observe these bands under an optical microscope because

the bands were not sufficiently stained to obtain a good contrast.

A study was also carried out with a 2 year old 132 kV undegassed cable (E) to confirm
the previous results. The oven test at 150°C revealed a very thin halo band near the inner
semiconducting screen. The staining followed by naked eye observations showed four
concentric bands where the oven revealed only one. CLSM observations were carried
out since it was impossible to observe them by optical microscopy. It showed few micro-

voids in the halo band.
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2.5.5 Conclusions

From these series of experiments, it can be concluded that the halo effect appeared not to
be due to the heat treatment during the degassification process, since cable insulation
which had not undergone this treatment still presented this effect after a period of
approximately 3 % months. It may be due to the diffusion of by-products inside the main
insulation wall, this diffusion process being accelerated by the temperature.

Studies of the effect of the degassification heat treatment duration have shown that an
equilibrium state existed and when this state was reached no major evolutions were

visible with time. Up to this state the halo grew with time.

2.6  Effect of the crosslinking by-products

2.6.1 Introduction

A high density polyethylene (HDPE) cable (225kV) was examined. The results were
then compared to XLPE insulation samples commented on in section 2.3 and 2.4 in
order to observe the effect of crosslinking and more specifically the effect of

crosslinking by-products.

2.6.2 Experimental procedure

The cable samples were submitted to the same tests: examination after heating, staining
of the insulation with dyes followed by naked eye observation and microscopic

examination as described in section 2.5.2.
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2.6.3 Results and discussion

u Examination after heating:

Because the cable insulation was not crosslinked and hence had no
mechanical integrity above the melting point, the cable sample had to be
heated at 180°C and had to be turned frequently around its axis in order to
be able to observe as quickly as possible the insulation by transparency
before the cable sample collapsed under its weight. No ‘halo’ effect was

visible.
u Naked eye observation after staining:

The staining was homogeneous, no halo band appeared in the insulation

wall (see figure 2.21).

\

Figure 2.21: Methylene blue and rhodamine staining

u Microscopic examination: No micro-features were present in the

insulation wall.
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The fact that there was no halo region when the insulation was not crosslinked shows
that the halo effect present in XLPE cable insulation is not due to an artefact of the
antioxidant such as antioxidant agglomeration but can be explained by the presence of

crosslinking by-products.

FTIR measurements (section 2.4.1) showed that there was a higher concentration of
acetophenone and cumyl alcohol in the middle of degassed cable insulation which
corresponds approximately to the region where the halo effect appeared showing an

apparent link between both phenomena.

In the previous section 2.5, it was shown that the halo effect may have been due to the
diffusion of crosslinking by-products inside the main insulation wall, this diffusion
process being accelerated by the temperature. The fact that there was no halo region

when the insulation was not crosslinked confirms this explanation.
2.7 Effect of ageing on the halo phenomenon

2.7.1 Introduction

Two sample lengths of the same 400 kV degassed XLPE cable core were studied:
- one of the sample lengths had not been electrically tested
( sample A),
- the other (sample B) was subjected to a year electrical test
simulating extreme operating conditions.
Both cable samples were manufactured at the same time. The comparative analyses will

reveal the effect of electrical ageing on the halo effect.

2.7.2 Experimental procedure

The cable samples were submitted to the same tests: examination after heating, staining
of the insulation with dyes followed by naked eye observation and microscopic

examination as described in section 2.5.2.
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2.7.3 Results
B Examination after heating
For sample A (unaged sample):

The main insulation exhibited a smoky ‘halo’ effect in the middle of the insulation wall
consisting of two circular bands concentric with the cable cross section. Compared to the
surrounding area, they appeared like smoky or more opaque regions, separated by a

narrow clearer region.

For sample B (aged sample):

The halo region appeared like a wide band instead of the two bands observed in cable A.
B Naked eye observation after staining:

For sample A:

The staining of the cable insulation with methylene blue and rhodamine revealed the
same effect. The halo region appeared more stained than the rest of the insulation (see

Figure 2.22). However it was difficult to distinguish the two bands observed after the

oven test.
For sample B:

The halo region seems more stained and wider than in sample A.

For comparison, figure 2.22 shows sample A on the left and sample B on the right.
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(2) (b)

Figure 2.22: Methylene blue (top) and rhodamine (bottom) staining
(a) untested

(b) tested

B Microscopic examination after staining:

For sample A:

The halo region consisted of a multitude of micro-features of 1 to 1.5 microns across.
These micro-features appeared like isolated micro-voids, clusters of micro-voids and
arrays of micro-channels. Figure 2.24 corresponds to the superposition of 10 images

captured every micron.
For sample B:

The halo region was made up of a multitude of micro-features of 1 to 1.5 microns across
as in sample A. Closer examination seemed to suggest that at the densest point in the
‘halo’ the micro-features were longer, about 6um, and appeared to be oriented in the
direction of the electrical field as figure 2.25 shows. These kind of features were not

present in sample A.

52



At higher magnification and using only reflected light, these elongated features appeared

to be made of clusters of micro-voids arranged in the direction of the field (Figure 2.23).

Figure 2.23: Tested sample, halo micro-features, reflected light (1cm <> 7um)
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Figure 2.25: Electrically aged sample (1cm <> 23pum)
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The image in figure 2.26 was obtained from a slice cut in the direction of the electric
field, in figure 2.27 from a slice cut in the direction perpendicular to the electric field.

The micro-defects were oriented in the direction of the field.

Figure 2.26: Slice cut parallel to the electric field, transmitted light (1cm <> 7um)

Figure 2.27: Slice cut perpendicular to the field, transmitted light (1cm <> 7um)
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Confocal Laser Scanning Microscopic (CLSM) observations in fluorescence mode
showed the same tendency, the micro-features were oriented in one direction only
(Figures 2.28, 2.29).

Figure 2.28: Stereo image, halo micro-features

Figure 2.29: Halo micro-features
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Figure 2.30 shows a 3D rotation carried out by the imaging software on one micro-
feature. Each image, read from left to right, follows a successive rotation, turning the
feature through a total of 180°. It starts with an image at an orientation parallel to the
field, passes through an image of the feature oriented at 90° to the field and returns to the
original alignment. No oriented micro-channels or crazes were observed in the direction

perpendicular to the electrical field.

X
180° rotation
about y axis

e
5¥m
M

Figure 2.30: 3D rotation

2.7.4 Discussion

A difference in the ‘halo’ effect has been found in the cable insulation sample after
electrical testing. The halo region seemed more dense and wider than in the sample from
the same cable before electrical testing. At the densest point in the ‘halo’ the micro-

features were longer, about 6um, and orjented in the direction of the electrical field. At
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higher magnification, these elongated features appeared to be made of clusters of micro-

voids and micro-channels arranged in the direction of the field.

We can try to explain the effect of the field on the halo micro-features using a
mechanical approach because it calls to mind the formation and propagation of crazes
when a mechanical stress, o, is applied (see figure 2.31). It seems that in the presence of
electrically-caused (e.g. by Maxwell forces) mechanical stresses, the ‘halo’ micro-
features grow and are oriented in the direction of the electric field. This phenomenon

may possibly be explained by micro-void coalescence due to a mechanical tensile stress.

Stress o T

!

fffffffffff Direction of craze or crack
. S— propagation

Figure 2.31: Craze and crack propagation

It has been shown that a dielectric sample of macroscopic thickness d between metal
electrodes satisfying the condition that the field is zero in the regions z<0 and >d will be
subjected to stresses tending to expand it against its cohesive forces in directions
everywhere normal to the field. This has been generalised to three-dimensions. When a
field is applied as shown in figure 2.32, then the dielectric is subjected to a mechanical

stress o over a surface whose normal is collinear with the field. Thus stress surfaces will

exist orthogonal to the field at every point [19, 20].

Figure 2.32: Mechanical stresses induced by an electric field E [19]
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The stress is a tensile one so if imperfections like the halo micro-features exist, the
energy associated with the stress might be sufficient to extend them or create crazes via

micro-void coalescence in the direction of the electric field.

2.8 Conclusions

B A halo effect appeared in some cable main insulation after degassification. No halo
region was present in cable insulation immediately before degassification. The halo
effect was present in several cables (110 kV, 132 kV, 220 kV, 400 kV) with different
geometries: different size of conductor and different insulation wall thickness. The halo
region, when observed by different microscopic techniques, after staining or after the
oven test, consisted of a multitude of micro-features 1 to 1.5 microns across. These
micro-features appeared like isolated micro-voids, clusters of micro-voids and arrays of

micro-channels.

B Staining with temperature followed by Confocal Laser Scanning Microscopy in
fluorescence mode was the most suitable way to characterise the halo region. This
technique, unlike conventional optical microscopy allowed the observation of very fine
details precisely thanks to the three-dimensional effect, the better resolution achieved
with the confocal optical design which cancels the out-of-focus blurring and also the

better contrast obtained by the fluorescence of the specific dye.

B In order to better understand what produced this effect, the influence on the halo
region of the parameters of temperature and duration of the industrial degassification
process has been assessed. After this campaign of experiments, it was possible to
conclude that the halo effect appears not to be due to the heat treatment during the
degassification process, since cable insulation which had not undergone this treatment
still presented this effect after a period of approximately 3 % months. It might be due to
the diffusion of by-products inside the main insulation wall, this diffusion process being
accelerated by the temperature. The fact that there was no halo region when the
insulation was not crosslinked showed that the halo effect present in XLPE cable
insulation was not due to an artefact of the antioxidant, such as antioxidant

agglomeration, but could be explained by the presence of crosslinking by-products.
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FTIR measurements showed that there was a higher concentration of acetophenone and
cumyl alcohol in the middle of degassed cable insulation which corresponded
approximately to the region where the halo effect appeared, showing an apparent link

between both phenomena.

H A difference in the ‘halo’ effect had been found in the cable insulation sample after
electrical testing. The halo region seemed more dense and wider than in the sample from
the same cable before electrical testing. At the densest point in the ‘halo’ the micro-
features were longer, about 6pum, and oriented in the direction of the electrical field. At
higher magnification, these elongated features appeared to be made of clusters of micro-

voids and micro-channels arranged in the direction of the field.

B It seems that in the presence of electrically-caused (e.g. by Maxwell forces)
mechanical stresses, the ‘halo’ micro-features grow and are oriented in the direction of
the electric field. This phenomenon may possibly be explained by micro-void
coalescence due to a mechanical stress. The stress is a tensile one, so if imperfections
like the halo micro-features exist, the energy associated with the stress might be

sufficient to extend them or create crazes via micro-void coalescence in the direction of

the electric field.

B In order to assess the significance of these halo micro-features on the degradation of
the insulation when an ac stress is applied, a method which allowed the detection of the
early stages of the degradation well before partial discharges occur, was required. The
micro-voids observed being very small they were likely to induce a low level of
degradation. Electroluminescence (EL) measurements are known (see chapter 3) to

provide such a method.
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Chapter 3

Electroluminescence from insulating

polymers

3.1 Introduction

In general, luminescence is defined by the emission of light in the ultraviolet (UV), visible
and infrared (IR) ranges by an excited material. Depending on the origin of this excitation
several forms of luminescence exist. For example, photoluminescence results from an
excitation by photons in the UV or visible range, triboluminescence is induced by the
friction of two materials and chemiluminescence occurs during chemical reactions. Finally
electroluminescence (EL), which is the topic of this study, is a consequence of the excitation
by the application of an electric field. EL phenomena were first found in organic materials
in the 1960s [21, 22]. The basic mechanisms of luminescence are the same for all forms of
excitations. These mechanisms are described accurately using theories of quantum
mechanics while introducing the general principles of these theories [23, 24] the

development of the phenomenon of EL in polymers is expanded.
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3.2 General mechanisms of luminescence

In atomic or molecular systems luminescence is linked to the successive excitation and de-
excitation of their valence electrons. In order to understand these processes, a brief

summary of atomic and molecular energy structure is given.

M In an atom, the energy states are determined by the distribution of the electrons in
the atomic orbitals. The Pauli exclusion principle states that only two electrons can
be accommodated by a given atomic orbital and their spins must be paired. In the
ground state the electrons fill the lowest orbitals with two electrons per orbital.
When the atom is excited the electron can reach higher free orbitals and according to
different possible configurations multiple excited states are formed. The lowest

excited states correspond to the elevation of one electron to a higher orbital.

In the ground state the electrons have opposite spins and consequently their total
spin is zero. The ground state is called a singlet state (denoted Sp). When an electron
quits the ground state it can either keep a spin parallel to the first or undergo a
reversal of spin or spin-flip. In the first case the resultant spin remains zero: the
excited state is also a singlet state (denoted S;). In the second case the resultant spin
is equal to 1: the excited state is then called a triplet (denoted T,). The triplet states
are referred to as such because they are degenerated three times, that means they

correspond to three distinct sub-states.

W In a molecule, the energy states are described in a similar fashion by the theory of
molecular orbitals. According to this theory molecular orbitals can be obtained by
the linear combinations of the different constituent atoms’ orbitals. According to
their nature they are then labelled under the name of the orbitals o, 7, n... and to
each of them (except for n orbitals) there are corresponding superior orbitals called

antibonding molecular orbitals, denoted c*, ¥, ..
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In polymers, 7 orbitals are important. They are present at each double bond. The n
orbitals (or non-bonding orbitals) are present when there is a free pair, for example
in the case of a ketone groups (>C = O). Finally the ¢ orbitals are the most common

in polymers but they do not intervene in luminescence.

Similarly to atoms, a molecule reaches an excited state when an electron reaches a
free higher orbital. In organic molecules the first excited states generally correspond
ton-7 andm - 7 configurations, which explains why the o orbitals play no role in
luminescence. The excited molecular states are spread between singlet and triplet

states.

Figure 3.1 shows a simplified energy diagram on which all the possible transitions between
lowest energy states are represented: radiative transitions are represented using solid lines,
while non radiative transitions are represented with dotted lines. The ground state S, is

represented with the first excited state singlet S; and a little lower is the first excited state

triplet T;.
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Figure 3.1: Energy level diagram
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Fluorescence is defined by the transition from state S; to the ground state S,.
Phosphorescence is defined by the transition from state T; to the ground state. It should be
noted that phosphorescence is characterised by a long life, typically 10° times more than
that of fluorescence. In the solid state non radiative transitions compete with radiative ones.
The description of these processes will not be presented, only their names will be
mentioned. The non radiative transition between the state S; and Sy is called quenching

while the one between S; and T; is called intersystem crossing.

Several studies show that EL in polyolefins seems to be dominated by phosphorescence. As
excited triplets can decay unimolecularly, mostly by bond cleavage and rearrangements
involving breaking and formation of new chemical bonds, their detection in EL is a

signature of irreversible reactions [11, 25].

3.3 EL in polymers

Given the general description of luminescence, it is possible to extend the discussion of the

mechanisms of EL in polymers and more particularly in insulating polymers.
3.3.1 Band theory applied to polymers

The EL mechanisms are considered in the framework of electronic band theory which is
generally used for inorganic semiconductors. This is a big approximation because this
model assumes that the molecular orbitals are delocalised on the total “network” of
molecules, which is not the case in reality. The periodic potential resulting from a chain of
mers will set-up bands of extended electronics states and these bands are established with
only a few mers in the polymer chain. However we shall see that this model allows a
satisfactory description of EL phenomena. In this model one does not consider energy levels
but energy bands, which are made up of many electronic states. One should recall that there
are two energy bands, which are separated by a band gap sometimes known as the forbidden
band gap. The highest filled band at absolute zero is known as the valence band, and the

first unoccupied band as the conduction band.
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According to band theory, the conductivity in the material is linked to the increase in energy
of the electrons which pass from the valence band to the conduction band (see figure 3.2).
This process depends strongly on the width, Eg, of the gap, which can be used to classify
materials as either insulating (Eg > 5eV), semiconducting (Eg ~ 2eV) or conducting. The
band gap for PE is assumed to be ~ 8¢V to 10eV [5]. The fundamental ground state is
usually situated at the top of the valence band while the excited state is situated near the

conduction band.
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Figure 3.2: Energy-band diagram for a covalently-bonded crystal

In polymers (amorphous or semi-crystalline) the valence and conduction bands are less
clearly defined, and temporal and spatial inhomogeneities cause localised energy states
(charge traps) to occur in the band gap [5, 26]. Interruption of the periodicity of the potential
by chain irregularity (such as folds, chain ends, foreign atoms...) gives rise to a localisation

in space of the energy states.
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Every polymer has chemical entities which can act as traps for electrical charges. For
example every time a polymer bond is broken, it gives rise to a free radical, which has a
great affinity for electrons and hence acts as a trapping centre for negatives charges.
Moreover, attachment of electrons can occur at regions of low electron charge density e.g.
at the carbonyl groups, or they can be caged within groups of atoms. There are traps for
both electrons and holes; for example, while free radicals act as traps for electrons, the
hydroxyl (-OH) groups act as traps for holes. Charge trapping may take place not only at
chemical groups, but also at physical irregularities and amorphous-crystalline boundaries in
the semi-crystalline polymer. Traps are also classified as shallow and deep, depending on
their energy level. The depth of a trap is defined as the energy needed to liberate a charge
carrier. Trapped charges are released relatively more easily from the shallow traps (0.1eV to
0.3eV from the conduction band in PE) than from the deep traps (0.8eV to 1.4eV in PE)
[27].

3.3.2 Charge injection mechanisms

For EL to occur, charge injection at the electrode—polymer interface is necessary. The
nature of the electrode-insulator interface is complex. The energy-band diagram is
complicated by the presence of physical, chemical and electrical defects such as: surface
roughness, imperfect contact, chemical impurities and local polarisation resulting in band

bending, trap states...etc.

The shape of the injection barrier and the two mechanisms usually invoked to explain
electric field-assisted charge injection based on a simplified energy-band diagram is briefly

described.

When a contact between a polymer and a metal conductor is made, a state of equilibrium
across the interfaces has to be reached such that the vacuum and Fermi energy levels of the
insulation and metal become continuous across the interface. Electrons will flow from one

to another until the Fermi levels coincide.
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The nature of contact will depend on the relative work functions of the metal and insulation

[27]:
- if the work functions are equal the contact is called neutral,

- if the work function of the metal is less than that of the insulation then

the contact is called ohmic contact,

- if the work function of the metal is greater than that of the insulation the

contact is called blocking contact.

The following diagram (Figure 3.3) represents the two classical shapes of potential energy

barrier at the interface metal/insulator when an electric field is applied [28]:

M

Metal Polymer Metal

(1) tunnelling effect
(2) thermionic emission

(@ (b)
Figure 3.3: Metal-polymer interface energy barrier
(a) triangular barrier

(b) barrier lowered by Schottky effect
B In the first case the potential barrier is triangular. The theories were initially developed

for electron injection from the metal into a vacuum in which case the barrier height was

equal to the work function of the metal ¢r,. In the case of the metal-polymer interface this
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barrier height is modified by the local conditions. In an ideal case the electrons have to be

excited into the conduction band in the polymer in which case the barrier height would be

decreased by the electron affinity y of the polymer:
G0 = =% (3.1

where ¢, is the electron work function of the metal and y, the

electron affinity of the polymer.

e When the electric field is high enough (E> 3x10® V/m [29]) the process of field emission
occurs, in which charge carriers enter the insulator by tunnelling of the interfacial barrier.
This mechanism, called, the Fowler-Nordheim effect, is characterised by the following

expression of the current density [28, 29]:
T~ E? exp(— %] (3.2)

where E is the intensity of the electric field,

B a parameter which depends on the barrier shape.

For a triangular barrier shape B is given by:

*413/2
g SmV2m o " "232;‘1’ (3.3)

where m'is the carrier effective mass in the insulator,
¢, the barrier height,

e the electron charge,

and h the Plank constant.
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® Generally, it is assumed that the barrier at the interface between metal and insulator is not
triangular but gradually lowered under the effect of the coulombic image force (figure 3.3
(b)). This effect is called Schottky effect. The barrier is assumed to be due to the
electrostatic attraction between the electron and the metal, the latter being positively
charged since the electron has left it. This attraction gives rise to a gradually changing

barrier due to the potential energy of the electron.

Because of this effect the barrier height is reduced by A¢ which is a function of the electric

field intensity:

dme e,

A¢(eV)=[ <’E ) (3.4)

where ¢€,is the dielectric permittivity in vacuum,
g, the relative dielectric permittivity.

Above high field values [29] Fowler-Nordheim injection is more likely.

The effective barrier height is:

e3E 1/2
bur =4 “[mogr] (3.5)

Figure 3.3 shows that the maximum of the barrier is now situated at the distance Xy, from the

interface metal/insulator, which is a function of the applied electric field given by the

formula:

1/2
e
Y A 3.6
T [1671:80er] ©.6)
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e Charge carriers can enter the insulator by tunnelling of this type of interfacial barrier.
Then the current density variation is given by a relation similar to (3.2) in which we take

into account the reduction of the barrier height.
e Charge carriers can be thermally activated over the barrier, entering the sample with some
kinetic energy which is dissipated over a discrete distance. This mechanism by thermionic

emission is called Richardson-Schottky emission.

For this injection mechanism the current density expression is given by:

J=AT?exp- {Lis—fij (3.7)

1 e )" 4mmk 2
with B, =§( © ) and A =

where A is the Richardson-Schottky constant,
B, is the Schottky constant,

m the electron mass,

and k the Boltzmann constant.
In order to verify Richardson-Schottky injection, the plots of log (J/T?) versus E"? are
often constructed. These yield straight lines although at low fields space charges and surface

inhomogeneities tend to cause deviations.

The relation of the EL intensity versus the applied electric field has been fitted to that of the
injection current versus the electric field given by the charge injection mechanisms
presented above, assuming that the EL intensity I is proportional to the injection current [29,

33].
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In the case of the Fowler- Nordheim injection mechanism (equation 3.2) by field emission,

the relation between I and E could be written by:

IoE? exp(— —E—] 3.8)

In the case of the Richardson-Schottky injection mechanism (equation 3.7) the relation

between the EL intensity I and the electric field E was given by:

Iot exp(6 SllfT J (3.9)

It has been shown from EL experiments in LDPE samples using a pin-plane electrode
geometry (see section 3.4.1.2) giving a divergent field configuration that the Richardson-
Schottky plot (plot of In I versus E'?) gives a good fit to the experiment in the lower field
region, and the Fowler-Nordheim plot (plot of In (I/E?) versus 1/E) in the higher field region
[29, 33]. Thus it is possible to follow charge injection by monitoring the EL intensity.

3.3.3 Mechanisms of EL

By its nature EL involves the excitation of electronic states by a voltage applied to the
material. Two processes are involved [11, 30]: the excitation process or how the radiative

system is excited, and the relaxation mechanism or how the light is emitted.

3.3.3.1 Excitation mechanisms
The general phenomena of EL can be classified according to the mode of excitation [30].

- The high-field EL is defined by the assumption that an external electric field excites states
directly. This effect involves electron tunnelling from the valence to conduction band
(Zener effect) or field ionisation of impurity centres. Because of weak inter-molecular
interactions in organic solids the more probable excitation would be a result from an electric

field-induced perturbation of well-localised (practically intra-molecular) electronic states.
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In a large band gap insulator this mechanism could not play a role as calculations [31] show

that the field required to induce this effect is in excess of the breakdown field.

- Collision of accelerated charge carriers (hot carriers) generated in the bulk or injected at
the interfaces of the sample with luminescent centres, chemical and physical defects or

unperturbed molecules can lead to their excitation and subsequent radiative decay. The

emitted light is called impact EL.

- If electrons and holes are injected into the materials at their interfaces (i.e. electrical

contact) or are generated and their recombination generates excited states which give rise to

emission, we then have recombination EL.

The threshold fields required for EL distinguish between the three excitation mechanisms
[31]. Approximate local fields of 107 and 10° volts/cm are necessary for the direct field
jonisation and the impact excitation mechanisms respectively. The recombination

mechanism does not have a field threshold.

The different excitation mechanisms are represented schematically in figure 3.4.
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Figure 3.4: (1) impact-dominated luminescence

(2) recombination-dominated luminescence
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3.3.3.1.1 Impact EL

In this type of EL, the bulk created or injected charge carriers are accelerated out of
equilibrium with the material structure, so that they undergo inelastic collisions with

molecules and excite them (or ionise) to states from which radiative de-excitation results

(see figure 3.5).
B Impact ionisation mechanism

A mobile space charge is able to generate electron-hole pairs across the gap.A

molecular approach can be written as:
AB+e€ o —~ AB"+2 €

where € 1ot and € 4 stands for hot and thermalised electrons and AB is a

molecule.
This mechanism would require at least three conditions:
- high-field regions capable of accelerating charge carrier to large
kinetic energies must be produced,
- free charge carriers must be present,

- and the interaction with the luminescent centre must absorb a
significant fraction of the energy extracted from the field by the

charge carriers.
Free charge carriers can be supplied by injection from an electrode (see section

3.3.2), by field- or thermal-detrapping, or by some other mechanism.

B Impact excitation mechanism

Electrons are brought into excited states of the molecule without being free to move

in the conduction band while the electrostatic interaction is still binding them to the

centre.
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This excitation is referred to as an exciton and is well documented in the literature

[32].
A molecular approach can be presented as such:

AB + ¢ pot = AB" + e
where AB, a molecule, is excited in a state AB*, € net and e 4 stand for hot

and thermalised electrons.
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Figure 3.5: Model of impact EL

33312 Recombination EL

This process can take place at low fields and does not require any sort of threshold although
bipolar charging must be achieved. Under dc stress, space charges of opposite polarity can
be injected from anode and cathode. Under ac voltage, bipolar charging can be achieved by

injection in the vicinity of the same electrode acting as anode and cathode alternately.
A trapped space charge is characterised by carriers which reside for a long time on their

trapping site. Their kinetic energy is zero, but electronically excited states can be generated

upon their recombination with carriers of opposite polarity.
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Recombination can involve:
- band to band transitions,
- transitions between free carriers and deep traps acting as recombination
centres,

- transition between two trapping levels.
These can be represented (respectively) by the following:

Atey + p+th - A*
ent+ AT > A"
A"+B — AB’

where p+th stands for thermalised hole.

E,
@ Free electron
Conduction -®_ Trapped electron
band
-0 Trapped hole
E,  Energy gap
Valence
band

Figure 3.6: Recombination EL

3.3.3.2 Relaxation mechanisms

Once the excited state has been formed, its de-excitation involves radiative and non-
radiative transitions (see section 3.2). Among the radiative transition, two main pathways

can be distinguished: a physical and a chemical one.

In a physical process, the excited states return to their ground state without any chemical

reaction by a purely reversible effect and give rise to fluorescence emission (singlet to
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singlet transition), phosphorescence (triplet to triplet) transition (see section 3.2). The

relaxation can also be by quenching or energy transfer.

In a chemical process, the excited states can dissociate into molecular fragments which can

be very reactive and lead to further degradation reactions.

Possible chemical processes are:
AB" - A+B’
AB" > A+B
AB" > A'+PB

where AB” is a molecular excited state.

The balance between these two mechanisms is obviously very important for the relationship

between electrical degradation and EL emission. This relationship will be discussed later in

this thesis (see section 3.4.7).
3.3.4 Polymer luminescent properties

Chromophores are certain chemical groups in the polymer which absorb characteristic
radiation in comparison to the rest of the compound. It is useful at this point to distinguish
between two main classes of polymers: polymers that can emit light through chromophores
present in the monomer unit that form the backbone structure of the polymer (e.g. aromatic
polyesters) and polymers that can emit light through isolated impurity chromophores (e.g.

polyolefins).

Polyolefins are typical polymers which do not contain chromophores in the repeat units of
the macromolecule, but contain chromophores as defects. These defects could be:
- intrinsic as unsaturated species strongly bonded to the chain (e.g. vinyl, vinylene,
carbonyl efc.) situated in-chain, side-chain, or end-chain groups

- extrinsic as additives weakly coupled to chain (e.g. additives, antioxidants).
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Saturated polyolefins such as polyethylene (PE) in their pure form do not absord light of
wavelength > 300nm. However, commercial PE absorbs light in the near-UV range between
270 and 400nm and this is because of impurity chromophores. They can be introduced
during the various compounding and manufacturing stages of the polymeric insulation. For
example, during polymerisation Ti or Al catalytic residues or carbonyl and hydroperoxides
are introduced. During extrusion some oxide groups (OOH, -O-O-) are formed due to
thermal oxidation and metal oxides from the corrosion of the apparatus are also introduced
into the polymer. During storage poly-nuclear aromatics such as naphthalene and

anthracene, as well as charge transfer complexes are formed.

When crosslinked polyethylene (XLPE) is considered, chemical by-products of crosslinking
reactions can be another source of chromophores. Some studies have shown that the
presence of antioxidant in the polymer does not affect the EL spectrum [33]. The spectrum
is also similar when XLPE with residual acetophenone is considered [11, 33]. Aromatic

structures do not seem to be involved in EL emission even if they are readily excited by UV

irradiation [33].

3.4 Literature Review

3.4.1 Electroluminescence detection and sample configurations

3.4.1.1 Detection

EL in insulating polymers is very faint, and hence very sensitive optical detection methods
have to be used. Sensitive photomultiplier tubes (PMT) are usually used to detect and
measure the integral EL. They have a high sensitivity, a low background noise and an

extended wavelength response (250 to 900nm).

Interference optical filters are used in the light path of the PMT in order to determine the
spectral range of the light emission [7]. Lenses or ellipsoidal mirrors [34, 35, 74] have been

used to focus the active area of the sample onto the PMT photocathode.
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More recently, sensitive cooled detectors based on charge-coupled device (CCD)
technology, which have virtually no background noise, have been used as an imaging
camera [36-41, 43] or a multichannel optical analyser for spectral analysis of the emission

[42].
3.4.1.2 Sample configuration

Two electrode configurations are generally used to study EL from polymers: the divergent
field configuration and the uniform field configuration. A different type of configuration is
used to study EL from a surface layer of polytetrafluoroethylene (PTFE) [44] which consists
of two concentric electrodes and also a planar surface model has also been used to study EL

from alumina ceramic’s surface [45, 46].
® Divergent field configuration or pin-plane electrode geometry

Because EL was detected prior to electrical tree inception, a considerable amount of
work has been carried out to study EL in situations usually adopted for treeing
experiments, ie. the divergent field configuration. The sample consists of a needle
electrode inserted into the material (see figure 3.7). The ground electrode is usually a

conducting plane ~2mm from the tip electrode but a double-needle configuration has also

been used in the past [47].

Different sample preparation procedures have been adopted. Metallic electrodes were
either inserted in the polymer block at elevated temperature or compression moulded in
the sample (sandwiched between pre-moulded polymer plaques) or the polymer is
injection- moulded around the needle. Some tests have been performed with embedded
semi-conductor electrode tips made from partially crosslinked ribbons of carbon loaded

polymer [51].
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Figure 3.7: Diagrain of needle-plane geometry

This configuration is well adapted to correlate EL with ageing since the volume under
stress is well identified and the degraded region corresponds to the small emitting

volume near the needle tip.
B Uniform field configuration or plane-plane electrode geometry

Polymer films are sandwiched between two electrodes. Previously, one was a glass
electrode covered with a transparent conducting layer [21]. The light was detected
through the glass electrode. The use of semi-transparent metalised electrodes was
subsequently preferred [48] because the interface between the polymer and the electrode
is more efficiently controlled. The semi-transparent conducting layer is deposited by
thermal evaporation [49], or by metal sputtering which avoids heating during sample
preparation. Gold and aluminium are currently chosen as metal electrodes. Light can be

detected directly through the metallic layer by using a ring electrode [76, 78].
This configuration is well adapted to the obtaining of a fundamental understanding of

EL, such as the nature of the chemicals involved in the emission process and the

excitation mechanisms (in relation to the space charge distribution).
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3.4.2 Influence of different gases on EL emission

When the material under examination contained a dissolved gas in equilibrium, the
behaviour of the solid was found to depend on the chemical reabtivity of the gas and on its
electron affinity [50]. For semi-crystalline polymer, gases are localised solely in the
amorphous regions of the material and have zero solubility in the crystalline regions. In
LDPE and XLPE, it was shown that dissolved and adsorbed gas molecules changed the
emission threshold and light amplitude [29, 50-52]. However, it is important to point out
that it has been shown that EL is not due to radiative phenomena affecting the gas phase
(lonisation or excitation of the gas dissolved in the polymer under the influence of high
electric field). If it was the case, the spectra of the light obtained should be characteristic of
electronic de-excitation of the gas molecules. The spectra from samples impregnated with

various gases are identical which suggests that the gas phase is not responsible for EL [50].

The influence on EL of Oxygen (O;), Sulphur Hexafluoride (SF¢ ), and nitrogen (N), gases

which are currently used in high voltage applications is of importance.

3.4.2.1 Influence af electronegative gases: O;, SFg

The influence of oxygen is specifically considered because of its high reactivity and strong
electronegativity. It exists in the bulk as dissolved molecules and at the electrode-polymer

interface as adsorbed layers.

In the bulk, a lower oxygen concentration induces an increase in the time to electrical tree
inception, an increase in the tree inception voltage and a decrease in the photodegradation
due to UV emission [51]. This suggests that the oxygen present in the free volume of the

polymer plays an important role in the deterioration of LDPE insulation subjected to high

electric stress.

Hence an increase in the concentration of O, in polyethylene gives rise to two effects:
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- the material is degraded more quickly due to the strong reactivity of O,: radical sites are
created on the polymer chains and oxygen will react on these radicals to produce new
breaks in the bonds and the formation of carbonyl groups. These oxidation reactions are

well understood.

- the light emission is reduced, partly due to (i) the strong electron affinity of oxygen (it will
capture injected electrons), and partly due to (i) quenching (see section 3.2 figure 3.1) by

this gas of excited states responsible for the luminescence.

Oxygen also plays a role at the metal-polymer interface by introducing localised electronic
states thereby modifying the injection mechanisms [29]. Interfacial electronic states are
important in charge transfer at the metal-dielectric interface. They can be natural polymer
states due to either a structural disorder in the interfacial region, or to a higher degree of
oxidation of the polymer surface. They can be introduced through the existence of gaseous
atoms or molecules adsorbed at the polymer surface and trapped between the metal and the
dielectric. The contact is then metal-gas-dielectric. The surface states yielded by O, give
rise to the enhancement of charge injection from the electrode into the surface states.
However the electrons which are injected into the surface states yielded by O, contribute
little to the EL processes such as radiative recombination. Therefore, the presence of O, gas

results in a decrease of EL intensity but an enhancement of the electron injection [29].

The same behaviour was observed for SFe. The reactions were less efficient than in the

presence of oxygen [51].

3.4.2.2 Influence of N; gas

This gas is chemically inert so it does not react with the radicals created by the breaking of
polymer chains, neither does it capture electrons since it has no electron affinity [50, 51].
Hence it does not interfere with the light emission process (it does not change the EL
inception voltage and barrier height). Therefore, the EL characteristics from N, impregnated

samples are similar to that of degassed polymers [51].
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3.43 Model of EL in PE

Models proposed for EL emission under ac and dc stress and impulse voltages are well
documented. These models do not take into account the presence of gas molecules which
interfere with the mechanisms of EL according to their electron affinity and chemical
reactivity as developed in section 3.4.2. The experimental conditions usually adopted to
study EL are degassed samples in order to avoid the complicated effect of oxygen in the
bulk and at the metal-polymer interface. Some experiments were carried out at atmospheric
pressure using the pin-plane geometry but a large scatter in inception field and light

intensity was noted [51, 53].

3.4.3.1 AC voltage

A model has been proposed to explain EL when an ac voltage is applied to the polymer. It

has been proposed for polyethylene (LDPE and XLPE) by Laurent et al [50] and Bamyji ef al
[7, 52, 53].

They have assumed that hot-electrons mechanisms are impossible. They suggest that at
voltages just above the light inception level, EL is not due to hot electron impact (impact
EL, see section 3.3.3.1.1). It is almost impossible for electrons to gain sufficient energy (>
3.5 eV) from the electric field to cause impact ionisation or break bonds of the polymer
chain. It suggests that EL is most likely due to the recombination of charges (recombination

EL, see section 3.3.3.1.2) at the trapping centres in the polymer.

For light emission, charge injection at the electrode polymer interface is necessary (sce
section 3.3.2). The shallow and deep trapping levels (see section 3.3.1) in the band gap can
be separated by the so-called demarcation levels (figure 3.8). The shallow levels act as traps
for charge carriers while the deep traps act as recombination centres. Volume traps due to
methylene and carbonyl groups yield shallow trapping levels, while structural defects
located particularly at the interfaces of the amorphous and crystalline regions are

responsible for deep traps.
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Figure 3.8: Trapping centres

For electrons, the variation of the field causes injection during the negative half of the cycle

and extraction during the positive half. The proposed model is represent in figure 3.9.
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Figure 3.9: Model of EL under ac
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During the negative half cycle, above a certain threshold voltage level, denoted by the letter
A, electrons are injected into the polymer because of the high electric field. These electrons
get trapped into the shallow and deep traps of the polymer. Some of these electrons
recombine with the holes which were injected into the polymer during the previous half
cycle and which could not detrap when the polarity was reversed. The recombination of the

electrons and the holes gives rise to light emission.

During the decreasing portion of the negative half cycle (B to C) the electrons in the shallow
traps detrap but those in the deep traps cannot. When the polarity reverses holes are injected
into the polymer and are trapped in shallow and deep traps of the polymer. Some of these
holes will recombine with the electrons in the deep electron traps and light is again emitted
(D to E). When the voltage decreases the holes in the shallow traps will detrap but those in
the deep traps remain and recombine with the electrons emitted when the polarity is

reversed. This process is repeated every cycle of the ac voltage.

3.4.3.2 DC voltage

EL has never been observed for a constant de voltage using a pin-plane geometry (divergent
field). The field is reduced at the tip due to the localisation of the injected space charge
cloud and the system evolves towards the space charge limited case with space charge

spreading throughout the insulation with a low mobility [54].

The occurrence of light emission following double injection from anode and cathode and
subsequent bulk charge recombination has been investigated under a plane-plane geometry
in PE [55]. The effect was attributed to radiative recombination between trapped electrons

and trapped holes rather than to impact excitation.

A substantial amount of work has been carried out on polyethylene naphthalate (PEN) and
polyethylene terephtalate (PET) because the level of EL is higher than in PE making
spectral analysis under DC easier [56-59]. The results are in agreement with a model of EL

involving inelastic collisions of hot electrons with the polymer molecules.
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3.4.3.3 Impulse voltage

EL has also been investigated under impulse voltage because underground power cables in
service are inadvertently subjected to impulses generated by lightning and switching surges
and also in order to better understand the temporal behaviour of carriers injected into the
polymer. It has been shown that during each impulse, EL appears within two distinct

periods between which there is no EL activity and this is described fully in literature [60-
68].

3.4.4 Discrimination between EL and discharge light

It has been shown that optical methods are more sensitive to detect discharges than
electrical methods [69]. In order to distinguish between two different light emitting
phenomena, EL and discharge light, comparative studies have been carried out. The first
difference is that EL is about two orders of magnitude less intense than the light of partial
discharge (PD) during electrical tree growth. Reliable ways of discrimination between the

two processes rely on optical analyses in both energy and time domains [11].

W Spectral analysis of the light explores the energy domain. The light from discharges has a
maximum in the UV region (300 - 400 nm) of the optical spectrum which is due to CO, and
H, gases formed by the decomposition of the polymer due to the PD. EL in PE peaks
between 500 and 600nm. The clear separation between emission of light from PD and EL

denotes two different origins of the emission.

W Analysis in the time domain when samples are submitted to a constant stress level shows
high stability of the EL intensity vs. time, contrary to what is observed for discharge light
emission. In the latter case, strong fluctuations of the amplitude of the light signal are
recorded because the discharge activity in microvoids depends on the internal void pressure
and the electrical conductivity of the cavities [69, 72, 73]. Similar conclusions were
obtained from epoxy resin [36, 70, 71]. The phase angle dependence of the light emission is

another way that has been used to differentiate between the two processes [69, 74].
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3.4.5 Identification of the components of the EL emission of PE excited under ac

voltage

Different processes can contribute to the emission involved in EL as developed in section
3.3.3.1. Hot electrons can be involved through inelastic collisions with the molecules of the
dielectric. They can induce electronic excited states with or without the mediation of pairs
of charges (impact ionisation and impact excitation respectively). Light is then emitted
during charge recombination (for impact ionisation) or during relaxation of the excited
molecule (for impact excitation). Charge recombination on luminescent centres can be
responsible for EL in the absence of hot carriers if electrons and holes can be injected from

the interfaces or generated inside the material by electro-dissociation.

The emitting centres could be chromophores originally present in the polymer before
voltage application, or new chromophores formed during ageing of the material. Moreover
recent research [75], has shown that there is a component in the EL spectrum which is due
to a pure electrode effect. EL detected under uniform field configuration (plane-plane
electrode geometry), when polymer films are metalised on both sides, has two different
physical origins, each mechanism being characterised by a typical spectral distribution. One
is associated with the EL of the polymer and peaks between 500 and 600nm, the other is due
to a pure electrode effect and peaks between 700 and 800nm, i.e. in the red part of the
spectrum. The light from the metallic electrodes is due to radiative decay of surface
plasmons (SP) excited by injection current. This component is not present when the material

is excited under dc voltage.

The material EL is enhanced with respect to the red emission as the thickness of the film
increases for a given thickness of the metal layer. Moreover the two components do not
have the same field dependence [78]. At low field the red emission is dominant, while as the

field increases the polymer EL increases.

Another possible explanation of the red component of the EL spectrum is the existence of

interfacial electronic states at the metal-dielectric interface [76, 77]. These states could be
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populated during charge injection, and neutralised during voltage polarity reversal, the
excess energy being released by photon emission. Experiments carried out by Laurent ef a/
argue in favour of the SP explanation. Polypropylene (PP) films were surface grafted with
acrylic acid leading to a surface layer of poly(acrylic acid), -(CH,CHCOOH),-, chemically
attached to both sides of the polyolefin film. No differences were detectable in the red
domain of the EL spectrum between PP and grafied PP which shows that the surface states
and the interfacial region are not involved in the emission process in that part of the
spectrum [78]. Interfacial states common to many different polymers could exist if they are
due to the metal deposition procedure. They used two kinds of metal as electrodes [66], gold
and silver, deposited either by sputtering or by thermal evaporation. Despite very-different
interfacial characteristics for gold and silver electrodes they obtained similar red

components in the EL spectrum.

The EL of the polymer can be analysed after correction of the spectra of the light radiated
by the electrodes, which can be carried out easily because the two phenomena have different
spectral range and field dependence. The EL spectra assigned to the polymer is identical to
the spectra obtained with the pin-plane electrode geometry which reconciles the research

made on the two geometries (divergent field configuration and uniform field configuration)

by different research groups.

In order to identify the luminescent centres and to understand their role in the ageing
process Laurent et al have compared the spectral features of the light emitted by
polyethylene naphtalate 2,6 dicarboxylate (PEN) and polyolefins when the emitting states
are created by different excitation sources: UV irradiation, cold plasma interaction, thermal
oxidation and electric field [11, 25, 79-90]. Each source is characteristic of a particular
mechanism and, except for the electric field, they all excluded the electrode effects since

they were carried out on non-metallised samples.

B By using mild UV irradiation, they were able to record the Photoluminescence (PL)

spectrum of the polymer. They considered it to be the fingerprint of the physical de-
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excitation path (see section 3.3.3.2) involving the chromophores that are initially present in

the polymer before ageing.

B The luminescence due to the recombination of trapped charges (Plasmaluminescence
(PIL)) was studied after implantation of electric charges of both polarities at the surface of

the film by a cold helium plasma.

B Thermal oxidation gave access to the emission spectra (chemiluminescence)

characteristics of a possible chemical pathway.

In EL where highly conjugated polymers are being used as the emitting medium, the EL
spectrum closely resembles the polymer’s PL spectrum, indicating that the same excited
states give rise to both. The non-matching between the two kind of spectra in insulating
polymers can be considered as an indication of the occurrence of irreversible reactions. It
leads to the following options: either the chromophores involved in EL are specially excited
by the electric field or they are the products of a degradation reaction (chemical process
section 3.3.3.2). Similar chromophores can be involved in both photo- and electro-
stimulated emissions, but the balance between singlet and triplet electronic transitions (see
section 3.2) is not the same. They have shown that EL in polyolefins favors triplet states

which are long-lived states and are chemically reactive.

The spectral components involved in recombination-induced luminescence (PIL) are present
in the EL emission indicating that some EL does indeed arise from charge recombination.
They have concluded that unsaturated carbonyl of the dienone type (poly-enone sequences)
seems involved in the recombination processes. EL would be due to charge recombination
on these chromophores (deep traps for electrons and holes) and can possibly also be
emitted during their creation by chemiluminescence but a definitive interpretation would

require further work.
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3.4.6 Imaging the emission

The use of cooled CCD detectors has allowed imaging of the emitting volume in epoxy
samples using a divergent field configuration [36]. The intensity is maximum at the
interface between the electrode and the polymer but extends to 10 pm away inside the resin.

An extension of the bright volume is observed as a function of the stress duration.

Recently, imaging of a uniform field configuration has been carried out by Laurent et al for
polyethylene naphtalate 2, 6 dicarboxylate (PEN) [59] and LDPE [38, 91].

- Under ac stress, the emission pattern consists of a homogeneous emission level on which
are superimposed brighter spots. These spots are mainly responsible for the red emission
and appear at low field whereas the homogenous EL appears in the spectral range of the
material luminescence (see section 3.4.5) [91]. Surface plasmons are preferentially excited

in the vicinity of local defects of the metal-polymer interface that provide enhanced charge

injection.

- Under dc stress, the emission spreads over all the surface and the bright spots are not
observed. The absence of such localised emitting area together with the absence of the red
component confirm that surface plasmons are not excited under dc because the injection is

space charge limited.
3.4.7 Threshold voltage/field

EL starts above a certain voltage called threshold voltage (Viyes). The search for a physical
emission threshold is the subject of some controversy in the literature. It is difficult to define
a threshold since any observation depends on the limited sensitivity of the detection set-up.
In this section we will differentiate between EL experiments using the divergent field

configuration and the uniform field configuration.
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3.4.7.1 Divergent field geometry

Baumann et @l. claim [92] that EL in epoxy is emitted above a material-dependent threshold
which defines the onset of material ageing. They found that space charge and EL appear at
the same physical threshold which is the onset of a high mobility regime. This interpretation
is in conflict with the results of Champion ef al. yon epoxy [70]. They found an acceptable fit
with injection laws (see section 3.3.2) and a dependence of emission thresholds on radius of
curvature of the needle electrode. Their conclusion is that charge injection and EL occur as

soon as an electric field is applied. There is no field (or voltage) threshold.

For PE, Lebey et al. [47] found that the onset of the space charge effect and EL are
reasonably well correlated. Similar conclusions were drawn by Piestsh [93]. Bamji ef al.
argue in favour of a decoupling between the onset of a charge injection effect and the onset
of EL. Their light inception field is 300 kV/mm while they found that a field of 100 kV/mm

under ac stress is usually required to induce space charge accumulation [52, 94].

3.4.7.2 Uniform field geometry

In the case of uniform geometry, thresholds are well below those obtained for divergent
field experiments. In epoxy resin, Coisson et al. [95] report values of the order of 10
kV/mm for a frequency of 200 Hz. For PE (LDPE and XLPE) Laurent ef al. report values of
10 kV/mm under ac stress. Under dc stress the values are higher, 110 kV/mm for LDPE and
80 kV/mm for XLPE. For dc stress the onset of EL is related to a drastic change in the
conduction process, current and EL being proportional above a field threshold value. Then

the dc threshold are considered as physical thresholds corresponding to the onset of hot

electron effects [25, 96].

Under ac, the situation is more complex because of the two contributions to the light

emission, which are:

- surface plasmons excited by the injection current which dominates at low

field,
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- the EL due to the material excited by charge injection/extraction.
Then the threshold values derived from metallised polymer films stressed under ac are

‘apparent’ thresholds [96].
3.4.8 Relationship between EL and ageing

Different authors have proposed a mechanism of initial degradation based on the
characteristics of light emission with applied stressing voltage. This section will deal with

different observations and mechanisms postulated.

B Using the divergent field electrode geometry, it has been shown that the degraded
volume, which is correlated to the emitting volume at the tip of the needle, presents a higher

degree of unsaturated bonds, and free radicals [97-99].

Champion et al. [36, 70] proposed a mechanism for the initiation of electrical trees in epoxy
resin. They have found four regions of behaviour leading to the formation of an elemental
electrical tree and they are represented in figure 3.10.

Region (i) is characterised by EL concentrated at the pin tip (< 3um).

Region (ii) a steady but generally slower increase in the EL intensity may be due to
progressive material degradation at the pin tip-resin interface. This may occur because of
high energy injected charge carriers breaking bonds in the resin network. Alternatively UV-
induced bond scission could occur if the EL spectrum has components with energies greater
than 4 eV. To account for the intensity increase, bond breakage may lead to an increase in
the number of deep trap recombination centres.

Region (iii) is a transition region where the light emission intensity decreases
sharply. The most likely explanation is that gradual interface failure occurs, leading to a
reduction in the charge injected into the bulk of the resin.

Region (iv) is associated with the formation of micro-void and micro-channels at the

pin tip and micro-discharge activity.
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After region (iv) once the breakdown channels are greater than about 10pum more
conventional discharge appear (PD activity in growing tree) but this is not represented on

the diagram that follows.

(i1) (iii) (iv)

MAY

—>
=
N’

\
\
(

__p Time

Figure 3.10: Typical long term light emission behaviour in an epoxy resin

For PE (LDPE and XLPE) a similar mechanism was proposed by Kaminaga et al. [72, 73,
98] which takes into account the important action of oxygen in polyolefins. However, the
EL intensity has been found to decrease with time of voltage application [43]. This decrease
could be attributed to the decrease of the luminescent centres and to a change of the
molecular structure of the luminescence region, but the mechanism of EL did not change

with time since the spectra do not change.

B Using the uniform field electrode geometry, attempts were made to estimate the
dependence on ageing conditions of EL excited under ac stress in polyolefins. The thermal
and UV ageing of PP films lead to a decrease of the EL intensity as compared to unaged
samples excited under the same conditions [100]. Similarly electrical ageing of samples
leads to a lower EL intensity compared to a virgin sample [101, 102]. This could be due to a
disappearance of the chromophores involved in light emission or to quenching mechanisms
occurring when their concentration reaches a critical level. Only EL investigation has
revealed a difference between these electrically aged and unaged films. Chemical analysis
could not differentiate the two series of sample. This shows that EL is a powerful ageing

diagnostic tool.
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These observations do not however give the exact relationship between EL and ageing. The
question of EL being a cause or a consequence of ageing is the subject of debate in the

literature.

B Using a divergent field electrode geometry in their experiments, Bamji et al. postulate
that EL in PE is a cause of ageing [52, 103-106]. They suggest that the injection of electrons
and holes and their recombination at luminescent centres gives rise to EL having spectra in
the visible and the near-UV ranges. The UV light causes photodegradation of the polymer
which results in bond scission and the formation of a microvoid in which PD can occur and
cause tree propagation. The degradation is rapid in the presence of oxygen because the free
radicals generated react with oxygen. They claim that the light inception voltage is the
threshold voltage at which the polymer starts to degrade. They have shown that specimens
held below the light inception voltage did not initiate electrical trees even after long periods
of voltage application (13 000 hours), while those held above the light inception voltage
always developed trees within a few hours and the time to treeing depended on the voltage

level at which the polymer was held [94].

B Using a uniform field electrode geometry, Laurent ef al. show that EL may be a
consequence of ageing but not the driving force. They base their approach on the postulated

steps in electrical ageing described in figure 3.11 [25].

Initially, the potential energy supplied by the voltage source has to be converted into some
sort of electronic excitation (conversion stage controlled by the local field). To be
channelled into bond breaking reactions (dissipation stage), the energy has to be localised at
a specific centre on the polymer chain (localisation stage). Ageing thus proceeds through the
molecular dissociation of some of the original constituents of the material and the formation
of new chemical bonds, necessitating the mediation of electronically excited states. These
states have a non-zero probability of relaxing photons. Once the excitation has been
localised on a given molecular orbit, either its relaxation can be radiative or non radiative
following a purely reversible effect (see section 3.3.3.2), or the excited states dissociate into

molecular fragments that can be reactive and lead to further chemical reactions.
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It has been established (see section 3.4.5) that EL favours triplet states in polyolefins. They
are chemically reactive, especially in the presence of oxygen. As a result of degradation
reactions, new species are created amongst which are new chromophores. Evidence has
been obtained that EL is associated with degradation reactions (see section 3.4.5).The

implication is that the inception of EL, if it can be defined, would be the onset of the

degradation as well.
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Figure 3.11: Postulated steps in electrical ageing

A: repeat unit of the chain
B: chain defect
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3.5 Conclusion

EL of insulating polymers is currently poorly understood. This can be explained by the few
research teams specialised in this field and by the difficulty of EL experiments that involve
very sensitive optical detection systems performed in an HV environment. The nature of the
luminescent centres, the excitation mechanisms and the existence of a threshold voltage or

field value for EL are all currently the object of research in this field.

A considerable amount is known about tree growth but little about the degradation before
PD occur. Ageing detection and indications of insulation degradation are achieved when
ageing is already significant. For example when partial discharge activity is detected from a
large enough micro-cavity. Due to this lack of understanding of the initial degradation
mechanism, EL of polymers is a subject of great interest and EL has been used successfully
to detect the very early stage of insulation degradation. It has been shown that EL. detection
is at least two orders of magnitude more sensitive than PD detection and can detect the
initiation of polymeric degradation much before partial inception. Moreover, EL analysis is

a useful method for understanding charge injection and transport in insulating materials.

EL can be detected under divergent and uniform field geometries (using a needle or metallic
layers as electrodes). A considerable amount of work has been carried out using a divergent
field geometry because this geometry is well suited for tree studies and until recent years
partial discharges and treeing phenomena were considered to be the main sources of the
degradation and breakdown of HV polymeric insulation. A reasonable description of the
deterioration mechanism is available. Nowadays, long-term degradation in discharge free
situations is increasingly the subject of attention. This is because the size level of defects in
the insulation is highly reduced thanks to progress in technology and the stress increase (due
to a reduction of the cable insulation thickness) could amplify the effect of phenomena
which were not considered as important until recently. The uniform field geometry is well
suited for a fundamental understanding of EL and permits the study of cable insulation
directly by microtoming insulation slices. Hence in order to assess the significance of the

micro-features present in the halo region (see chapter 2) on the degradation of the insulation
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under ac electrical stresses which are likely to induce a low level of degradation, the study
of EL appears to be the right approach. This study of light emission from HV cable
insulation films containing micro-defects which are not sufficiently large to support partial

discharge activity of an intensity which could lead to electrical tree initiation is important.

Recently, sensitive, cooled detectors based on charge-coupled device (CCD) technology,
which have very low background noise, have been used as an imaging camera or a
multichannel optical analyser for spectral analysis of the emission. However they have not
yet been used to measure and monitor the integral EL. A new experimental set-up has been
designed using a cooled CCD device to detect and measure the integral EL which also

allows the determination of the spatial and spectral analysis of the light emission [107, 108].
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Chapter 4

Design and set-up of an EL detection

experimental arrangement

4.1 Introduction

An experimental arrangement was integrally designed as part of this project to carry out
EL measurements on insulating samples in a uniform field configuration at room

temperature under ac stress.

The novel experimental arrangement, shown in the diagram in figure 4.1 and in the
photograph 4.1, which is designed to measure and monitor the integral
electroluminescence in polymer insulation, is presented. The determination of the
spectral range together with the imaging of EL emission is also possible. The different

aspects of the design are described and discussed.
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Figure 4.1: Experimental arrangement

Photograph 4.1: Experimental system with the camera head fixed on the Faraday box,

part of the pressure chamber, the vacuum system and, in the foreground, the camera

electronics module.
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4.2 EL detection experimental arrangement design

4.2.1 Sample configuration

A sample holder was designed and constructed as shown in figures 4.2, 4.3 and in the
photograph 4.2.

On both sides of a polymer film (100-200 um), a semi-transparent gold layer (30nm-
80nm) was deposited by sputter coating in order to avoid sample heating compared to
thermal evaporation technique. This method was selected in order to ensure a better
control of the interface between the polymer and the electrode. The metalised polymer
sample was sandwiched between two stainless steel electrodes with polished surfaces as
follows: a ring electrode to detect the light directly through the gold layer and a plane
electrode in order to avoid light emission in the other direction. The ring electrode was

spring mounted to ensure a good electrical contact.

The main difficulty arose from the presence of the electrode edges. Discharges and
unwanted light phenomena had to be avoided. Therefore the edges were covered with
silicone rubber to prevent light detection from this zone and a plastic cover was used to

detect only the light emitted from the centre of the film.

Photograph 4.2: Sample cell fixed on a 3D motorised moveable stage
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Figure 4.3: Sample arrangement
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4.2.2 Light collection device: Charge-Coupled Device (CCD) detector

Although a sensitive photomultiplier tube (PMT) is usually used to detect the integral
EL light, the results of simultaneous measurement of EL using both a PMT and a very
sensitive detector based on charge-coupled device (CCD) technology have shown that
EL is detected by the CCD detector at voltages lower than when first detected using the
PMT [36]. Hence in order to carry EL measurements, a high sensitivity CCD camera

was used.

The light was collected using a Wright Instrument Peltier cooled CCD camera. This
comprises the camera head with the CCD, cooler and shutter, the camera electronics

unit, and the computer interface [109].

4.2.2.1 CCD operation

CCDs are semiconductor devices made up of an array of photosensitive elements. These
elements, or pixels, carry out light-to-charge conversions on incoming photons and store
the converted charge in discrete potential wells consisting of metal-oxide-semiconductor
(MOS) capacitors associated with each pixel. The charge in each storage element may
then be clocked through to an output stage where it is converted to a voltage
proportional to the number of photons striking that pixel. When they are moved, the
-potential wells carry with them any electronic charge which they may have collected.

The organisation of our CCD detector is shown in figure 4.4.

One pixel
> 4 Image area
v
Output
amplifier {
\ Store area
<}_ ', 5 Output register

Figure 4.4: CCD array schematic
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The device uses three separate sets of clock electrodes. The image electrodes cover the
top half of the device (the image area), the store electrodes cover the bottom half of the
device (the store area), and the output register electrodes run along the output register at

the bottom of the device.

Reading out data from an exposure is accomplished by simultaneously moving all the
charges in the CCD array down their respective columns, one element at the time,
towards the output register. Once in the output register, a row of charges is shifted in a
serial manner to the output amplifier from where it can be converted into a digital

number and transmitted to the computer.

4.2.2.2 CCD cooling

Thermal excitation produces signal charge in a CCD, even in the absence of light. This
effect is known as dark current. It mimics the charge produced by incident light and adds
both an offset and noise to the data being collected.

Dark current in CCDs is reduced by cooling. The camera head uses a four stage Peltier
cooler with fan assisted waste heat removal to give a CCD temperature of around 200K,

with a cool down time of around 10 minutes.

4.2.2.3 Electronics unit

The camera electronics module contains all the circuitry to read out the CCD, and to

process and digitise the data it produces. It also controls the cooler and the camera

shutter.
4.2.2.4 AT1I system software

The CCD array contains 512 x 455 pixels, each capable of producing a single output, so
an enormous quantity of data can be produced by a single exposure. The AT1 system
comprises all the hardware and software necessary for collecting and analysing images
and spectra from the CCD camera: an AT computer with a 16 bit image display board
attached to a suitable monitor and the CCD camera connected to the computer via the

camera board. Communication between the user and the system is via two monitors. The
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standard PC (Pentium 133 MHz) monitor displays textual information for control
purposes, and an additional screen displays image and graphical data output from the

systems image display board.
4.2.2.5. Performance af the CCD used: comparison with other detectors

Performance can be assessed using the Quantum Efficiency (QE) of the CCD chip, the

dark current obtained and the CCD resolution.

B Quantum efficiency

QE expresses the number of charge packets generated from a given exposure and is
defined as the ratio of stored charge packets to incident photons per pixel area. It varies

with the wavelength of the incident photons.

The quantum efficiency of the THX7395 CCD used in our detector has a peak value of
70.6% at 550nm and is greater than 45% between 400 and 750nm. Thus over the
spectral range used for EL measurements the CCD detector has a considerable advantage
over a PMT which has a maximal QE of 25% [70, 71] or a photodiode used with an

electronic gated intensifier system. Intensifiers use the same photosensitive materials as

photomultipliers [110].

The QE data given by Wright Instruments Ltd. are plotted in figure 4.5.
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Figure 4.5: QE vs wavelength of the CCD used

B Dark current level

The low noise in the cooled CCD detector is probably the greatest advantage this
detector has over other detectors. This low noise is very important when measuring EL,
which is normally a weak signal. Dark current is the name given to thermally excited
signals mimicking incident radiation and increases with the exposure length. The
architecture of the silicon substrate layer of which the sensor is made has a great effect
on its performance. The MPP (multi-phase pinning) architecture of the CCD used

ensures an extremely low dark current level of 4.5x10 ~ e/pixel/second.

B Resolution

The CCD chip is made of 512 horizontal by 455 vertical pixels. The pixel size is 19 pm

square.
4.2.3 High Voltage system

A 50 Hz ac voltage was applied to the samples. The plane electrode was connected to

the HV power supply while the ring electrode was connected to the ground (ref. to
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4.2.1). Both electrodes had polished surfaces. In order to avoid earth loop interference
produced by improper electrical grounding of the test system, a proper one point
grounding had been connected. The whole set-up was inside a Faraday cubicle and all
the power supply connections through the box were filtered in order to protect the

detection system from external noise as shown in figure 4.7.

The transformer used was rated for a maximum secondary voltage of 20 kV. The
transformer was calibrated using the ac voltage across the meter with a digital voltmeter.

The calibration is shown in figure 4.6.

Secondary Voltage (kV)
N

0 10 20 30 40 50 60 70 80 90

Meter Voltage (V)

Figure 4.6: High Voltage transformer calibration

A bushing was built from PTFE material to allow high voltage to pass safely into the
gas/vacuum chamber’s wall separating the two media: the atmospheric medium and
nitrogen pressure medium. The length of the bushing was sufficiently long to prevent

flash-over at the surface and the ends were modified for stress control.
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Figure 4.7: High Voltage system

4.2.4 Vacuum/Pressure chamber design

The samples were tested inside a vacuum/pressure chamber, which allowed work under
atmospheric as well as under low or high pressure conditions to be carried out. For most
of the experiments, the chamber was evacuated to a rough vacuum of 10 Torr and then
pressurised with 1 bar of high purity nitrogen gas in order to avoid discharges around the
electrode’s edge while applying high voltage and to avoid the complicated effects on EL
emission of oxygen at the electrode-polymer interface. Nitrogen was selected because of
its low electron affinity and its high chemical stability. It does not therefore interfere
with the EL processes in contrast to Sulfur Hexafluoride, SFs, which is currently used in

high voltage application (see Chapter 3 section 3.4.2).

The chamber was built using a borosilicate glass pipeline component manufactured by
QVF Ltd.. Its diameter of 300 mm was determined such that it could accommodate a
motorised movable stage (see figure 4.8). The transparency permitted visual monitoring

of the sample cell displacement during positioning.

106



//I / ‘«:\\\\
Three Axis | " \\\
Linear Stage H o 7 / . /;% ” e
r
| i
\\ ]
\ 1 |
\\\\ 2 ! 14
7\ | i ///:
Glass Pipeline \\\ ‘ ; /// :
N\ | 7
ST L
= ‘ 1 !
I
|

Motor Driver : |

1
5(
j

Figure 4.8: Section through the glass pipeline

The complete couplings joining the glass pipeline to the stainless steel plaques used as

the walls of the chamber included:

- two backing flanges made from cast iron and epoxy resin coated to improve

their resistance to corrosion,
- four inserts fitted between the flanges and the glass,
- two gaskets manufactured from high quality PTFE in order to obtain a good

seal between glass and stainless plaques (see diagram figure 4.9).
The chamber was connected to a turbo molecular pump system allowing operation down
to around 10*Torr. The system was fitted with a Pirani gauge for use during the

evacuation phase controlled by an Edwards automatic gauge controller.

The chamber was equipped with a quick release bayonet fitting which allowed its

pressurisation with gas.
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Figure 4.9: Couplings

4.2.5 Optical Design

Given that the EL spectrum is in the UV and the visible range, all the detection set-up
was to be effective in this range of wavelength (300-900nm). The sensitivity of the CCD

detector in this range is shown in figure 4.5.

B The vacuum chamber was equipped with two windows made of fused silica since this

material transmits in the wanted range (see figure 4.10) [113].
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Figure 4.10: Transmission of Fused Silica and Fused Quartz (10 mm thick sample)
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B Since the overall sensitivity of the optical detection was a critically important
parameter, an optical system was used to focus the light emitted onto the CCD camera
chip. Depending on the magnification required a fused quartz lens or a reflecting
objective (transmission from the UV to the far IR due to its all reflective construction)
could be used, both of which transmit in the range of wavelength required (see figure
4.10). Until now all the experiments have been carried out using a quartz equi-convex

lens which allowed us to collect the light emitted from a larger area.

The distance between the sample arrangement and the focal plane of the CCD detector

relative to the lens was calculated using the set of equations below:

=4 < thin lens equation (4.1)

s (4.2)

where s is the object distance, s’ the image distance, m the lateral magnification wanted,

f'the focal length of the lens (f=50.8mm in our case).

Note: An ellipsoidal mirror has been used by others workers [34, 35, 74] in order to
increase the efficiency of the light collection system when using a pin-plane (needle)
geometry where the light was emitted on all sides of the sample. The light was collected
over a solid angle of 3n for this type of mirror when the tip of the needle was located at
the focal point of the mirror. But with this optical component it was not possible to

1mage as the ray construction on figure 4.11 illustrates.

This construction is based on the equation 4.3 of the ellipsoidal profile and the law of

conservation of the angle in a pure reflection.

2

X y

a—z-f‘?:l (4'3)
where a = and b =A/ss'
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The image of the object primary focal point is the secondary focal point. This is
determined using two different rays (black rays). The intersection of the two rays
starting from the object point gives the position of the image point. The construction of
the images of two other points (red and blue rays) demonstrates the impossibility to
image with such a device. An ellipsoidal mirror can only be used to collect light, not to

image and hence was rejected for our purpose.

secondary focal point

\/

Figure 4.11: Ellipsoidal mirror, ray construction

m The transmittance of the gold layer, for the thickness we used, had been estimated

using a theoretical case illustrated in appendix B.

Published values for the refractive index of gold were used [112]. The transmittance was

calculated for different wavelengths and it is shown next page in figure 4.12.
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Figure 4.12: Transmittance of gold layer for thickness range 25-50nm

The calculated transmittance considering the optical properties of bulk gold predicted
more absorption in the red region of the spectrum between 650nm and 800nm so a
correction should be applied to take this into account. However, in the case of EL
experiments, light is emitted in the region limited by two layers so that multiple internal
reflections between the two layers may produce a different apparent transmission
spectrum. The correction that should be applied to take into account the optical
absorption of the metallic electrodes cannot be done directly. Laurent et al have
compared the photoluminescence spectrum of a given polymer with and without
metalisation on both sides of the film [75] and little distortion was observed. It turned
out that the correction was much less important than expected from transmittance
measurements. The use of the transmittance-based correction led to an overestimate of
the light in the red part of the spectrum. In the spectral analysis results presented in this

thesis no correction for the gold layer was applied to the spectra.

B The wavelength distribution of the light emission was analysed using a set of
interference optical filters to obtain an estimate of the spectrum of the light emitted. In
order to do that, a filter unit was fixed inside the Faraday cubicle in front of the CCD
detector (see figure 4.13). It was driven from the camera electronics module. The filter

unit accommodated a rotating filter wheel holding up to 6 x 50.8mm square standard




sized filters. It allowed the filters to be selected under computer control and to be

inserted into the optical path between the collecting lens and the CCD camera chip.
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Figure 4.13: Diagram of the filter unit fixing
Spectra were measured by using seven bandpass interference filters. These transmitted

light only within a defined spectral band. Table 4.1 gives information on the filters used

to cover the entire range of EL emission.
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Centre Wavelength (nm) Bandwidth (nm) Peak Transmission (%)
365 10.7 37
450 40 67
500 40 72
550 40 79
600 40 76
650 40 76
700 40 80

Table 4.1: Bandpass filters specifications
4.3 EL detection experimental arrangement set-up

4.3.1 Detection system performance

The overall sensitivity of the EL detection arrangement depends on the quantum
efficiency and the noise level of the CCD detector (see paragraph 4.2.2), the light
collection efficiency of the optical system and the transmittance of all the optical

components of the measuring system.

Both quantum efficiency and transmittance are wavelength-dependent as shown in
section 4.2. All the optical component materials (lens, chamber window) have a flat
response in the domain 300nm-900nm with a value of transmittance around 90% (see
figure 4.10). The quantum efficiency of the CCD detector falls below 20% above 900nm
and below 350nm (see figure 4.5). Hence light will only be efficiently detected within
this wavelength range. The spectral range of the light detection system is shown in
figure 4.14 where the optical components’ absorption and quantum efficiency have been

combined and plotted against wavelength.
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Figure 4.14: Spectral sensitivity of the light detection system
The optical collection efficiency was calculated as follows. It is given by the ratio of the
solid angle of the lens aperture to 4n when light is emitted in all directions. In our
experimental design, a ring electrode was used to detect the light directly through the
gold layer and a plane electrode was used in order to avoid light emission in the other
direction. Hence the light collection efficiency was the ratio of the solid angle of the lens

aperture to 2m.

The solid angle is given by the formula:

0= q- jjﬁ 4.5)

where Q is the solid angle, r is the radius from the focus to the area element dS, and the

domain of integration R is the radius of the lens.
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In the case described in figure 4.15 the expression of Q is given by formula 4.6 where f
is the focal length of the lens (in our case: R = £ =50.8mm) and « is the angle of light

accepted by the lens:

Figure 4.15: Solid angle calculation

f

= Q= 275(1 - COS(X) = 27T(1 - ﬁ) (46)

This calculation gives a value of 10%. Assuming that the emitted photons have a
wavelength of 550nm (at the peak of the curve figure 4.14) the overall detection
efficiency is 5.7%. This corresponds to one photon being detected for 18 photons

emitted.
4.3.2 CCD readout set-up

Thanks to its two dimensional array the CCD detector has been used to allow (i) the
imaging of the light emitted, as well as permitting (ii) the detection and measurement of
the integral light intensity versus time. CCDs are integrated circuits (see section 4.2.2.1)
which contain potential wells which can be moved around the CCD by suitably varying
the potential of clock electrodes on the surface of the device. When they are moved, the
potential wells carry with them any electronic charge collected as a result of light falling
on the device. The total active area of the CCD chip (512 horizontal x 411 vertical) was
used as image area. The signal gain of camera electronics had been set-up to the
maximal value of 4 which corresponds to 2.5 ¢ per count. Hence a signal of 100 counts
means 250 e being generated. Assuming the incident photons wavelength is 550nm then

355 photons would have to be detected by the CCD sensor in order to obtain 100 counts.
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In order to read it, the image was shifted down by one row so the charge in the
bottom row fell into the output register. The time taken for the 411 vertical
transfer was 411 x 16 psec = 6.6 msec. Following that the output register was
shifted one pixel to the left and read from the output amplifier. This was repeated
for the whole row, taking 512 x 5.4 psec = 2.8 msec, and then the next row was
shifted into the output register. This process was repeated until the entire device

had been read out.

The CCD chip was read out as one single point which was repeated as many
times as had been requested in order to obtain a plot of signal against time (1D
data scan compared to imaging). This was obtained by cumulating the whole of
the charge using a ‘binning’ function in the area defined to produce a single
point. To read the whole image area as one pixel the image area was shifted
down by 512 rows so that the charge from each column was accumulated into the
output register, then the output register was shifted of 512 pixels and all the
charge was accumulated in the output amplifier from where it was read as a

single pixel.

4.3.3 Analysis of noise

4.3.3.1 Noise Sources

The main sources of noise in the experimental arrangement are detailed below.

M Photonic noise

This noise is a consequence of the quantum nature of light, which gives rise to shot noise

(statistical fluctuation). Photonic noise constitutes the major source of noise at low

illumination levels.

M Dark current level

This noise is generated in the CCD chip silicon by thermal agitations which energise

some electrons into the conduction band. These electrons are trapped in the potential
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wells and assimilated with the signal. This thermal charge is proportional to time and is a
strong function of temperature; the dark signal doubles for every 8 to 10°C rise in
temperature above —25°C. Our CCD sensor operates at 200K and the MPP (multi-phase
pinning) architecture of the CCD used ensured an extremely low dark current level of

4.5x10 =3 e'/pixel/second.
B Readout noise

This noise originates in the transistors in the CCD output amplifier during readout. It is
present on each signal value produced by the CCD camera and is independent of
exposure length. It has a Gaussian distribution with a standard deviation which can be
specified as equivalent to a certain number of signal electrons. For our detector the

readout noise amounts to 7.8 electrons RMS for the low speed setting.

B Fixed electronic noise

This refers to the temperature and illumination as well as time independent noise
contributions such as spurious clock transients and due to charge transfer in our detector.

0.05 electrons per pixel are generated in the output register due to charge shift.

B Cosmic ray

Cosmic ray muons incident on the CCD will produce detectable signals. Cosmic ray
muons occur at a rate of about 2/minutes/cm’. Cosmic ray will typically show as spikes
in a scan. To correct this an option in the AT1 software can be selected, when each point

is collected twice and the lesser value is used.

B Interference

Another source of noise within the system is interference from external signal sources.
This can take many forms and enter the system at any stage. In order to protect the
detection system from external noise the whole experimental arrangement was inside a

Faraday and light tight cubicle and all the ac signals through the box were filtered.
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Careful design of the experimental arrangement as explained in paragraph 4.2 had

removed a great deal of interference.
Noise sources and strategies used to reduce them include:

- mechanical vibration: with a Peltier camera the cooling fan can affect associated
equipment by vibration. However the vibration amplitude is very much less than 20
microns and so will not affect the camera directly and, as the camera head is fixed on a

plastic plaque, will not affect the rest of the equipment.

- ambient light: this level was reduced by the light tight box but the CCD detector being

so sensitive low leakage cannot be excluded completely.

- earth loops: in order to eliminate earth loop interference produced by improper
electrical grounding of the test system, a proper one point grounding was connected to

the Faraday cubicle, and the camera head was insulated from the system with a plastic

plaque (see figure 4.13).
- layout: leads were kept as short as possible to avoid interference.

- interference due to the application of high ac voltage such as discharges (sharp edges

on electrodes or poor electrical contact) was eliminated.
4.3.3.2 Measurement of noise level on data

An estimate of the CCD noise level on 1D scan measurement was important in order to
separate the noise from the signal. In spectral analyses, it was also important to apply
corrections for filter transmittance and detector QE to the signal and not to the noise

which had to be subtracted from the reading.

Figure 4.16 shows a schematic of the decomposition of the signal and indicates how to

access experimentally the value of the different parts of the signal.
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Figure 4.16: Decomposition of the CCD camera signal

In order to decompose the camera signal, five different integration times were selected:
0.1, 1, 5, 10, 15 second. For each integration time, the noise level (without high voltage
application) detected by the CCD detector during 1D scan was measured in different

conditions.

e the evaluation of was obtained by fixing a light tight cap in front of the CCD

chip and by subtracting @

o @ was the signal obtained without putting any filter in the filter unit in front of the
CCD detector (and by subtracting ) and corresponded to the light leakage of the

Faraday cubicle.

° @ the noise with each filter: 365, 450, 500, 550, 600, 650, 700nm.

119



12000

11000 — External noise

10000 —
9000 —
8000 —

7000, Dark current:

f(integration time)

P
6000 —fu *
5000 —
- —=—dark cument
4000 — —m=— extemal noise: leakage
e A s —#—f500nm
T Electronic Noise 5500
—=—f500nm
—8—f550nm

] f700nm
1000 — ~=—f450nm

J —~#»—f365nm
0 L] T I L) I T ' L] l L] l T I T I L] ' T l L | I

Integration time (s)

Intensity (counts)

2000 —

Linear Regression for data with cap:

Y=A+B*X

Parameter Value sd

A 5783.64796 30.35585
B 307.83795 3.62299

R =0.99979 SD =45.47803

Figure 4.17: Experimental evaluation of the noise level

A linear regression on the data obtained with a light tight cap in front of the chip gave an

estimate of the electronic noise (A=5783.6 counts) which is independent of the exposure

length.

For 10s integration time the value of the noise was 8884.4 counts. This level subtracted

from the electronic noise gave a total of 3101 counts for 10s.
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Hence the dark current was;

3101
i — e
(512x411)x10

=1.5.10" count/pixel/s = ~ 4.107 e/pixel/s.
The corrections for filter transmittance and detector QE which must be made on spectra

must therefore only be applied on and of the figure 4.16.

4.3.4 Impregnation time of polymer sample in the chamber

Some measurements were carried out at atmospheric pressure while others were
performed under N, pressure, when the chamber was first evacuated to a rough vacuum
of about 10 Torr and then pressurised with 1 bar high purity nitrogen gas. Nitrogen was
selected because of its low electron affinity and its high chemical stability. It did not
therefore interfere with the EL processes as compared to Sulfur Hexafluoride, SFs (see

Chapter 3 section 3.4.2), currently used in many high voltage applications.

Another option for the study of EL processes due to the polymer itself would have been
to work under secondary vacuum. However it has been shown recently that unlike the
tests in pressurised gas which always result in a light emission from inside the specimen,
the tests in vacuum can lead to light emission from the specimen surface. Electrons are
emitted from the metallic electrodes into the high vacuum and they can achieve mean
free paths of several meters and gain high energies from the electric field. High energy
electrons can bombard the surface of the sample and cause luminescence or secondary
electron emission. They can also bombard the metallic electrodes or the walls of the
chamber to produce UV or X-ray emission that can produce photoluminescence on the

surface of the sample [37].
Between the pressurisation and the beginning of each experiment, a settling time, as the

following calculation shows, was required in order to ensure that the thermodynamic

equilibrium of the polymer-gas mixture was reached.
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The calculation of the time depends on the thickness of the sample d, and the diffusion

constant D of nitrogen gas in polyethylene.

For a plane sheet geometry a solution of Fick’s 2" law of diffusion (see appendix A) is

given by:

M _4 [o -
M(0) dV =

where M(t) is the total amount of diffusing substance at a time t, d the thickness of the

plaque, D the diffusion coefficient,

at equilibrium :

2
. (= n.d (4.8)
16.D

Taking D n,= 5.16x10”7 em®s™ in PE of density 0.923 [50] and d =180um then a settling

time of 124 seconds is required for thermodynamic equilibrium.

In all the experiments carried out under nitrogen pressure, after the filling with nitrogen

gas a period of 10 minutes was allowed before commencing an experiment.
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Chapter 5

Electroluminescence measurements:

results and discussion

5.1 Introduction

Experiments were carried out using the Electroluminescence experimental arrangement
described in Chapter 4 in a uniform field electrode configuration under ac voltage.
Initially samples were prepared from commercially available LDPE films in order to
obtain a benchmark against which to compare future experiments. Samples from
production cables were prepared by microtoming using a peeling technique. EL
measurements were carried out on these, the bulk of the results being classified mto
three different sections according to the nature of the experiment: first the imaging of the
light emission, then the measurement and monitoring of the integral light intensity,

finally the spectral analysis of the light emission.
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5.2 Sample preparation

5.2.1 LDPE films

In order to set-up the CCD detector (image capture, display and data processing), the
entire detection system and to assess the influence of experimental parameters on EL
measurements, some experiments were performed on additive-free commercial LDPE
films supplied by Goodfellow Ltd. This was carried out to remove the possible
complicated effects of additives present in XLPE cable insulation on EL measurements.
The LDPE results were used as a reference for the analysis on cables and were also

compared to the ones obtained in the literature. Films of 120 pum thickness were used in

the experiments following.
5.2.2 XLPE production cable insulation samples

5.2.2.1 Description of cable samples

All experiments on production cable insulation were performed on extruded XLPE
cables studied in chapter 2. They were rated for system voltages of: 110kV and 400kV.
They were all degassed (see chapter 2 section 2.5), which was carried out as a normal
part of the manufacturing process to remove mobile by-products of the crosslinking
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