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CHAPTER I 

INTRODUCTION 

If our age was to be named for the materials that 

characterize it, as were the Stone and Bronze ages of the 

past, our time might be known as the age of man-made polymer 

and silicon.^ After a long history of natural polymer usage 

and almost one century trying, polymer chemistry became a 

separate branch of chemistry in general. Wide usage of 

synthetic polymers as industry and daily life substitutes 

actually began after World War II. It is said that half of 

the chemists nowadays are dealing with work that is polymer-

related. It would be unimaginable if we had no synthetic 

polymers in modern time, or a modern time with no electronic 

products. 

The image of industry in the early 20th century is that 

of limited research institutes and companies that studied 

and manufactured limited products which were used in limited 

areas. As industries developed, such as auto, energy, food, 

electronics, aircraft, space and so on, the calls for new 

materials increased dramatically. People need materials 

suitable for special harsh environments: extremely high or 

low temperature, strong chemical eroding, mechanically long 

lasting, electrical insulation or conductive. People also 

need materials having new characteristics, such as 

electronics and superconductive materials. The development 



of material science and industry (polymer is surely 

included) brings new facets to every aspect of our life.^ 

Among its numberless characteristics, a polymer is 

known from our childhood as an electrically insulating 

material. However, electrically highly conductive polymers 

are also available. Actually, polymers are widely used as 

insulating materials today. 

Industrial cables are classified into two major groups: 

transmission cable and distribution cable. Transmission 

cable is used to transmit very high voltage current (from 

about lOOKV up to 500KV) from power plant to local 

substation. Distribution cable carries current around 8KV 

from local substation to neighborhood transformer, from 

where llOV current is branched into individual household. 

High pressure air and oil are generally used as insulating 

materials for transmission cable. The first 275KV 

transmission cable with XLPE (crossed-linked polyethylene) 

insulation was installed in Japan in 1991. Synthetic 

polymers are widely used as distribution cable insulation, 

e.g., XLPE and EPR (Ethylene Propylene Rubber). Insulating 

polymer is the backbone of the cable industry and electric 

power industry. Over the past several decades, older 

dielectric materials (such as porcelain, glass and paper) 

have been replaced by new synthetic materials, especially 

polymers, despite the fact that little was known about their 

long-term performance under service conditions. 



The major concern for all dielectric users is the aging 

and the breakdown of the insulation which depends on 

incipient changes in material properties. Premature failure 

and breakdown means waste of money and time. Fundamental 

origins of aging are still not clearly understood and there 

is still no consensus on what characterizes aging. However, 

it is generally accepted that morphology, additives, 

oxidation (or antioxidants), ions and water play major roles 

in the aging process of polymers. There are also many 

elements involved in creating conditions favorable to 

breakdown. Contributing processes include mechanical, 

electrical, and thermal stress, exposure to ultraviolet 

radiation and, as mentioned before, the diffusion of 

contaminants into the insulator during its manufacturing and 

service time. 

Because of the large number of contributing factors, 

there have been difficulties in developing a single 

technique to understand all the aging and breakdown 

mechanism. Many techniques have been used to explore the 

relative problems (Fig. 1-1) .̂ '̂ '̂  

Service time (or remaining service time, or remaining 

life, or remaining lifetime) is a statistical and relative 

concept. A cable cannot be termed as "dead" after its first 

breakdown (it may last a long time after we splice it and 

put it back to service). People certainly do not like a 

cable which fails every two or three weeks and prefer to 
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call it "dead." Service time is something between these two 

extremes: when cable breakdown quickens its pace to certain 

level, we just replace it with a new one. The consensus 

about service time should be worked out by cable 

manufacturers and users, engineers and researchers. Since 

it is not the job of this study, we would be better to just 

leave it there. 

Cable remaining service time diagnostics is very 

important for cable users and engineers. When a cable 

fails, engineers generally try to locate the breakdown site, 

remove away the site, splice the cable and put it back to 

service. At this time, a question will rise: Is this 

breakdown just an "accident" or is the whole cable in bad 

shape so that it should be replaced? In the latter case, 

keeping using the cable will result in continuous 

interruption of power supply. 

The real driving force behind this project is to look 

for a diagnostics method that can tell cables' remaining 

service time. In the study, the ratio ri'Xĵ A,,̂ ; between two 

intensities at different wavelengths of XLPE fluorescence 

spectrum is developed as an empirical detection technique to 

tell XLPE's remaining life. Its result is promising. XLPE 

is one of two widely used insulators in American power 

industry. Another widely used polymer is EPR. 

Background knowledge about polymers and 

photoluminescence is introduced in Chapter II and Chapter 



Ill, respectively. Distribution cable's information is 

discussed in Chapter IV. Chapter V gives a retrospection 

about the work that has been done in this study and 

introduces the ratio r (X^^fXz) ^s remaining service time 

indicator. Chapter VI deals with reproducibility and the 

standard operation procedure (SOP). Reasons for data shift 

are also discussed in detail. Chapter VII is the last 

chapter. Results, comparison between our technique and 

other traditional techniques, discussion are presented. An 

explanation is given for the service time versus ratio 

relation. 

In our study, other traditional techniques, such as 

Fourier transform infrared (FTIR), thin layer chromatography 

(TLC), electron microscopy (both TEM and SEM), dye staining 

and so on, have also been used. Results will be presented 

when they are relevant. 



CHAPTER TWO 

BACKGROUND INFORMATION ON POLYMER^' 

2.1 Bonding Within Polymeric Molecule 
and Polymerization Reactions 

The word "polymer" is derived from the Greek words for 

many, poly, and small part, mer. Polymers are indeed made 

up of many small parts or repeating units of atoms, which 

are called monomer. The monomers are chemically bonded to 

form a polymer molecule. Covalent bonding is the most 

widely seen bonding within polymers. This type of chemical 

bonding not only produces a stable bond of high strength, 

but also allows the entire polymer to remain uniformly 

strong with each additional monomer added to it. Thus, the 

very large molecules that comprise a structural polymer are 

as resistant to bond breakage as small molecules from which 

they are built. The electrons that form the covalent bonds 

are those in the outer shell of the bonding atoms and are 

either s or p type. The s and p electrons have distinctly 

different orbitals, and they undergo hybridization when the 

individual atoms combine with each other into a molecule. 

The hybrid electron orbitals no longer belong to any 

individual atom, but belong to the whole molecule. 

Generally, polymers are produced from monomers by two 

general polymerization reactions: addition and 

condensation.®'^ The simplest way of forming a polymer is 

addition polymerization, a process in which a monomer is 



added to another monomer and so on until a long chain is 

formed. The addition process can be initiated by cations, 

anions and organometallic compounds. If all the monomers 

are the same, the polymer is called homopolymer: 

nA ^ A^ . 2.1 

The polymer synthesized by the polymerization of two or 

more different monomers is known as a copolymer or 

heteropolymer: 

mB+nA ^ -A-A-B-A-B-A-B-B-B-A-A-B-A-A-B-A-B-A- . 2.2 

Ethylene being polymerized to polyethylene is an 

example of addition polymerization.^° Under extreme 

conditions (1000 psi, 100°C) with dibenzoyl peroxide as the 

initiator: 

C^H^CO^' + NCH^^CH^ - [CH^-CH^) ^ . 2.4 

Condensation polymerization is another important 

process in which a small molecule is split out when two 

units come together to form a polymeric molecule ( or part 

of it), such as the condensation polymerization of nylon 66 

HO:,C{CH^)^CO^H + H^N{CH^)^NH^ -̂ ô [CO- [CH^) ^-CO-NH{CH^) ^-NH] ^ 

8 



2.2 Bonding Between Polymeric Molecules 

There are other important bondings between polymer 

molecules which hold the molecules into a bulk. As we know, 

all matter is attracted by their mass attraction which is, 

of course, operable on the molecular level as well. Also, 

all bonds, no matter how covalent they are, have at least a 

momentary electron fluctuation which induces a dipole. The 

two factors are combined in the van der Waals force 

(hydrogen bond is also classified in this force as one kind 

of dipole interaction), which acts as the cohesive mechanism 

to hold polymeric molecules together. This force is usually 

1% of the covalent bond strength within the polymeric 

molecules. In some conditions, the van der Waals force may 

increase and reach about 10% of the covalent bond strength. 

Hydrogen bonding may be as strong as covalent bonding 

sometimes. When a polymer breaks down mechanically (such as 

in tensile tests), either chain scission or chain slipping 

would happen. Scission happens when the applied force is 

stronger than the covalent bonding while the later happens 

when the applied force is stronger than inter-molecular 

bonding, the van der Waals bonding. Generally, we can find 

these two mechanics in most failed polymers. 

2.3 Crosslinkage of Polymer^^'^^'" 

Besides making a polymer of long chain type, it is also 

possible to make a three-dimensional network by various 



cross-linking reactions. Such networking transforms the 

whole polymer bulk into what is basically one huge molecule 

(Fig 2-1). The resulting array appears as something between 

the two-dimensional string of a linear polymer and the 

regular bonding arrangement of a crystalline solid. Cross-

linkage will improve polymeric solvent-resistance, high-

temperature resisting abilities and also its mechanical 

performance. 

The network arrangement in a polymer can be produced by 

chemically reacting atoms or a group of atoms from one chain 

with another atom or a group of atoms in a neighboring 

chain. As the reaction proceeds from one site to another, 

the polymer becomes more and more cross-linked until all 

available sites are reacted. This was first done for a 

commercial product in 1839 by Goodyear, who introduced 

sulfur into natural rubber with added heat. This is the 

well-known vulcanization reaction. The double bonds of the 

carbon backbone in the vulcanizing process break 

preferentially and rebind with the sulfur. The sulfur then 

serves as a linkage between chains. The amounts of sulfur 

added limit the reactions which take place in the rubber and 

also determine the overall properties of the product rubber. 

10 
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Another form of cross-linking can be realized without 

adding a linkage agent. The procedure is essentially to 

form numerous branches from a central backbone, which 

results in interconnected loops, networks and finally, turn 

the whole block into one single huge polymer molecule. 

Cross-linked polyethylene is one example. The number of 

backbone atoms (generally carbon) between branches is fairly 

large due to the twisting that needs to occur before the 

backbone is again in a position to reconnect via branching. 

This form of cross-linking is by its nature limited to about 

one in every fifty atoms and is considered light cross-

linking. 

2.4 Crystallinity in Polymers 
and Cross-linked Polymers 

The idea that long flexible molecules could form 

crystalline region was at first considered to be very 

unlikely, but indisputable evidence of crystallinity in 

cellulose and later in polyethylene showed that even 

polymers with both stiff and flexible chains could 

crystallize under appropriate conditions. People now 

understand that flexible polymers will crystallize by 

forming folded chains in which the lamellar thickness is of 

the order of 1000 nm̂ ^ (Fig 2-2). Single crystals can be 

formed in this way in which the only amorphous material 

remains on the surface of the crystals. Although single 

crystals can be prepared from such long flexible polymers by 

12 



Fig. 1.7. Schematic diagram of chain folding in a solution-grown single cr) stal 
of polyethylene. 

!->> 
150A 

Figure 2.13. (a) Finnged micelle model of the crystalline-amorphous 
structure of polymers. (From Bryant 1947.) 
(b) Lattice model and optical dilTraction pattern for a two-dimensional 
ideal crystal. (From Hoseman and Bonart 1957.) 
(c) Lattice model and optical diffraction pattern for a two-dimensional 
paracrystalline fiber. (From Hoseman and Bonart 1957.) 

(a) 

ib) 
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Fig. 2-2 Crystallinity in Polymer 30 
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crystallization in dilute solution, most polymers as molded 

specimens will not contain single crystal units. Generally, 

the crystallinity cannot be 100%, that is, the polymer will 

consist of a mixture of amorphous and crystalline zones, or 

of a disordered crystalline array composing a single phase 

but of incomplete regularity. 

There is some controversy about crystallinity of cross-

linked polymers. Some expert^* says that cross-linked 

polymers can never attain the regular structure of a 

crystal. Thus they are always amorphous unless other forces 

such as an applied load are involved. It is easy to 

understand why the crystallinity can not take place in the 

cross-linked condition by comparing the structures of 

polymers and cross-linked polymers. From Fig 2-3 (a), we can 

see, in polymer condition, that the long flexible chain can 

fold itself freely since for any backbone atom there is no 

inter-molecular restriction besides the effects from 

adjacent atoms and van der Waals bonding sometimes. In the 

cross-linked condition, the inter-molecular or intra

molecular connected branches prohibit the molecular backbone 

to move freely, as shown in Fig 2-3(b). The cross-linked 

segments prevent the long backbone chain from folding. This 

could be more obvious if we visualize Fig 2-3(b) in three 

dimensions. 

Other source indicates that crystallinity is possible 

in XLPE, but has smaller percentage than it has in PE. 

14 



Fig. 2-3 Comparison of Crystallinity 
Cross-linked Polymer 

in Polymer and 

15 



Crystallinity has been used to study XLPE aging processes.** 

2.5 Bond breakage^^ 

The factors that break chemical bonds in other 

materials also serve to break bonds within polymers. 

However, because these bonds are optimized throughout the 

polymer, the conditions necessary to break the bonds must be 

more severe than they would be to break the bonds within a 

smaller molecule. When conditions are favorable for bond 

breakage within a polymer, the breakage is more catastrophic 

since many bonds will be of similar strength and break at 

the same time. Polymeric overall properties are much more 

sensitive to bond breakage along the main backbone or inter-

molecular cross-linkage than to the bond breakage within the 

pendant groups which are attached to the main backbone. A 

lot of factors make contributions to bond breakage, such as 

temperature degradation, chemical agents, ultraviolet light, 

particle radiation, mechanical stress and so on. The 

mechanics of bond breakage and polymer degradation is a 

multi-factor-influenced process. We may even have to 

analyze these cases one by one. 

2.6 Additiveŝ "̂ '̂ -̂̂ '̂̂ "'̂ ^ 

Pure polymers have seldom applications. In fact, 

various additives have been introduced into most industry 

and commercial polymer products. An additive is any 

16 



material intentionally added to a polymer mixture, but it is 

not directly ionically or covalently bonded to the polymeric 

molecules. Like alloying elements in metal, additives are 

introduced to alter properties. Additives can be solids, 

liquids and gases. Solids are usually added to the polymer 

when it is in its most fluid state and are mechanically 

mixed into it. One of the problems associated with solid 

additives is clustering of these additives rather than 

uniform dispersion throughout the polymer. A lot of mixing 

machines have been developed in order to distribute solid 

additives uniformly.^^ Liquid additives generally are of 

small size relative to polymeric chains and chemically 

similar. Gases often become additives during the processing 

of a polymer into its final form. Trimming and tailoring 

polymers by these additives give people the products which 

suit manifold specific requirements. Up to now, more than 

30 different additives have been used in the polymer 

industry, such as fillers, plasticizers, cross-linking 

agents, thermal stabilizers, anti-oxidants, UV absorbers, 

colorants, p[5~rocessing aids, anti-static agents, fire-

retardants, etc. Some of them can be chosen from hundreds of 

different materials. When additive levels are below 

approximately 20% by weight, they modify mechanical behavior 

little or without imparting their own characteristics. At 

higher additive concentrations, the resulting material can 

be considered a composite rather than a modified polymer. 

17 



Of these additives, I would like to discuss several in 

detail. These additives are very likely to be introduced 

into the polymers used as insulators, for which remaining 

service time diagnosis is the topic of this dissertation. 

2.6.1 Plasticizers"'^' 

Plasticizers are additives used to increase the 

flexibility or plasticity of the polymer. Occasionally, 

they are used only to facilitate the processing of a polymer 

and are not meant to permanently change the flexibility of 

the polymer. A volatile plasticizer is used in this 

condition and ideally speaking, it will evaporate once the 

final product is produced. Residues of volatile plasticizer 

(and other volatile additives as well) can be found now and 

then in polymer products. 

The mechanism by which most long-lasting plasticizers 

work is to intersperse themselves around the polymer and 

interfere with the chain-chain secondary bonding. This 

interference reduces the inter-chain bonding strength and 

allows the chain segments greater mobility resulting in 

increased flexibility and decreased tensile strength. 

Usually, a plasticizer is chosen for its solubility in the 

polymer, since a soluble plasticizer can penetrate the 

polymer more easily than a non-soluble one. Sometimes, non-

soluble type plasticizers are used, which are mechanically 

dispersed throughout the polymer. Additives of any type 

18 



will affect overall properties of the polymers. However, 

with plasticizers the only desirable effect is usually an 

increase in flexibility. For this reason, plasticizers 

should be used in minimum amount. Another important reason 

to limit plasticizer amounts is that they are subject to 

aging, extraction and migration. These factors will give 

degrading effects to the polymers used as insulators which 

are supposed to last a long time. 

2.6.2 Fillers" 

The term filler has previously been used to define 

virtually anything added to a polymer for purposes other 

than plasticization. More recently, the term has come to 

mean a non-reacting additive used primarily to add bulk. 

The ideal filler should be cheap, pure, non-flammable, soft, 

white and of uniformly small size. 

2.6.3 Reinforcement Additives 

Powders and fibers added to a polymer may serve to 

reinforce or increase the tensile strength of the polymer. 

Most reinforcement additives are bound to the polymer by van 

der Waals forces and, thus, are better bonded if the surface 

of the particle is smooth and the surface area and surface 

area to volume ratio are high. Small, spherical particles 

are the best choice. 

19 



2.6.4 Antioxidants^^ 

Atmospheric oxygen is a primary potential reactant for 

any polymer.^'' However, the actual reaction rate of oxygen 

with a polymer depends on many factors and it is usually 

very slow. One of the factors that influences the reaction 

rate is the inherent chemical stability of a polymer, since 

a polymer must first break existing bonds in order to form 

new ones with oxygen. If a polymer is loosely bonded and 

has a correspondingly low melting point, then it can be 

expected to react more readily than one tightly bonded. 

Elevating the temperature of the polymer gives it more 

energy and allows for easier bond breakage, while lowering 

the temperature has the reverse effect. Exposure to energy 

sources (such as light) increases the possibility of bond 

breakage. Additional factors that affect reaction rate are 

the presence of catalysts, such as some metals and the 

oxygen diffusivity through the polymer, since it must be in 

contact with the reaction site in order to react. 

When oxygen does react with a polymer the first stage 

is almost always chain scission. Following this, the chain 

may remain in smaller segments or it may re-react to form a 

cross-linked structure. When only chain scission occurs, 

the average chain length is greatly reduced and the polymer 

displays the characteristics of a lighter, weaker structure. 

Conversely, if cross-linking plays a more important role in 

the final product, the resulting polymer would be stronger 

20 



and more brittle. Regardless of the specific results of the 

oxidation, it will ultimately be detrimental to the long 

term applicability of the polymer, like the cross-linked 

polyethylene which is widely used by the energy industry as 

an insulator. Antioxidants are added to polymers in an 

effort to control the oxidation. These are usually organic 

additives that absorb either the oxygen itself or the energy 

necessary for the oxidation reaction. In cable insulators, 

oxygen mixes itself into the insulator bulk during the 

manufacturing procedure or by migrating into the bulk after 

it. 

2.6.5 Ultraviolet Light, Heat Stabilizers 
and Flame Retardants^®'^^ 

The shorter wavelengths or ultraviolet portion of the 

sunlight are able to break most covalent bonds within a 

polymer. The amount of bond breakage depends both on the 

exposure time to sunlight and on altitude. Once the bonds 

are broken, the polymer is subject to reforming in an 

uncontrolled manner and reaction with oxygen and other 

atmospheric gases. In our cable insulator, the damage from 

ultraviolet light is limited owing to the fact that all the 

cables have at least one outer jacket outside of the 

insulator layer and sometimes another metal coating is 

presented. Also, energy cables are mostly used underground 

21 



The primary reason for failure of a polymer at elevated 

temperatures is chemical decomposition which is usually a 

direct reaction with oxygen. Heat stabilizers absorb the 

thermal energy which may initiate oxidation reaction. The 

mixture of heat stabilizers into polymer helps to produce a 

more thermally stable polymer and allows the energy that is 

trapped in the polymer to be dissipated before the 

temperature is raised too high. Generally, metal powders 

serve as heat stabilizer. 

It is possible that polymers react with oxygen so 

violently that a flame is produced. In the final stage, the 

breakdown proceeds quickly. In a matter of minutes or 

seconds, fragments of polymer come off as smoke, even a 

burning flame, such as happens in a lot of failure sites of 

electricity cables. This happens only at high temperature 

and only if the polymer is partially broken down. The 

addition of flame retardants can reduce this reaction with 

oxygen below the flash point, but it cannot eliminate it. 

One way to reduce the risk of flame is to remove the polymer 

from the presence of oxygen. Metal coating of 1mm or more 

is a choice. Polymers that char on burning have a natural 

means of limiting flame production and are said to be self-

extinguishing. The char acts as a barrier to incoming 

oxygen and limits escape of outgoing combustion products. 

Most cross-linked polymers produce a char on burning. 

Halogen is introduced as one kind of flame retardant because 
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the polymer decomposition will produce halogen-bearing 

products (such as hydrogen halogen) which are dense and non-

reacting. 
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CHAPTER III 

BACKGROUND INFORMATION ON LUMINESCENCE, 

PHOTOCHEMISTRY AND PHOTOPHYSICS^°'^^'^^ 

In the broadest sense, luminescence is the light 

emitted from matter after it has been excited in some way. 

The exciting energy may come from excess energy of a 

chemical reaction (chemiluminescence) , heat 

(thermoluminescence), mechanical deformation 

(triboluminescence), electric field applied 

(electroluminescence), high-energy particle striking, UV-

visible radiation (photoluminescence) and so on. 

Luminescence includes both fluorescence and phosphorescence 

In recent several decades, photoluminescence has 

received significant attention as an investigative tool due 

to its inherent high sensitivity, the availability of high 

power, high quality light source which mainly come from the 

dramatic improvement of lasers. All the visible light and 

UV range is covered by the commercially available and self-

established laser systems. Some of the systems can provide 

strong laser beams which may be used to imitate the 

universe's initial state and some can provide monochromatic 

light pulses of durations down to the femtosecond {lO'^^s) 

level. With all these marvelous instruments, many physical 

and chemical processes have been studied and understood. 
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Photoluminescence is now an important field in both physics 

and chemistry. 

Photochemistry deals with those processes by which 

light interacts with matter in such a way as to induce 

chemical reactions. Generally, photophysics processes, such 

as luminescence and conversion of electronic and other forms 

of energy to heat, are initiated as well. Some background 

information about photoluminescence will be given in this 

chapter. 

3.1 Light: Its Wave 
and Quantum Representations^^ 

People view light either as a wave or as a bunch of 

quanta (photons). From the point of wave, light is part of 

electromagnetic radiation which has a velocity which is 

independent of the velocity of its source, given by 

c=2.9979*10^° cm/s in vacuum. This velocity is reduced to a 

ratio of 1/(Z\}i)^^^ when light is travelling in a medium whose 

dielectric constant and magnetic permeability are e and fX 

respectively. For our purposes, light covers the wavelength 

range from 750 nm to about 100 nm. Light is described in 

terms of a transverse plane wave involving associated 

electric and magnetic fields. The electric field E and 

magnetic field H are aligned in planes at right angle to 

each other, and both are perpendicular to the direction of 

propagation. Mathematically, E and H are given by the 

following functions: 
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Ey=Asin2Ti [(x/k)-vt] . 3.1 

H^={e/\i)-^^'Asir.2'K[ix/k)-vt: . 3.2 

In these functions, Ey is the electric field strength 

vector lying in the xy plane, vibrating along the y axis, 

and H^ is the magnetic field strength vector lying in the xz 

plane and vibrating along the z axis. A is the amplitude of 

the electric vector, the intensity of the wave is 

proportional to A^. In vacuum, e and fl are both equal to 

unity and they are approximately the same in air. The 

wavelength of the wave is given by X which is the distance 

between adjacent maxima in the wave. The frequency v and 

the wavelength X are related by the equation: 

V = -? . 3.3 

where c is the velocity of the radiation in the medium. 

From the quantum-mechanical view, light is a beam of 

photons whose energy is quantized. The energy E is given by 

the Planck relationship E=h\=hc/X, where h is the 

proportionality constant, called Planck's constant, equal to 

6.6256*10"̂ "̂  erg s /quantum. The quantum theory has 

successfully explained a large number of phenomena relating 

to the interactions of light with matter. The early example 

is Einstein's explanation of the photoelectric effect. 
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Today's photophysics and photochemistry are based on the 

quantum theory of both light and matter. After absorption 

of a quantum of light, a number of chemical and physical 

events may occur by which the energy of the quantum is 

ultimately dissipated. The quantum yield of any given 

process is defined: 

. _ number of pzimary events of type i ^ . 
^ total number of quanta absorbed 

The law of energy conservation indicates that 

The sum of the primary quantum yields of all processes 

is equal to unity. 

3.2 Photo-Processes 

There are two fundamental laws about photo-processes. 

The first one states that "only the light absorbed by a 

molecule can be effective in producing photochemical process 

in the molecule." The second law states "the absorption of 

light by a molecule is a one-quantum process so that the sum 

of the primary process quantum yields must be unity." These 

primary processes may include dissociation, isomerization, 

fluorescence, phosphorescence, radiationless transitions and 

indeed all other reaction paths which lead to destruction or 
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deactivation of the excited state of the molecule. 

Multiphotonic processes, which are now becoming more 

commonly observed with the advent of high intensity light 

sources such as lasers, can be included in this law by the 

assumption that absorption occurs in discrete one-photon 

steps to the final excited state. 

3.3 Molecular Orbitals and Their States 

Ground and excited states of molecules can be described 

in terms of molecular orbitals. The hybridization of atomic 

orbitals into molecular orbitals has been briefly discussed 

in the polymer Section 2.1 and the nature of this 

dissertation restricts much expansion. I will try to 

explain most phenomena in the frame set by that 

introduction. 

Two important concepts related to molecular orbitals 

[e-̂ are their singlet and triplet energy states. Singlet 

states are those in which all the electrons are paired, like 

the ground states of most molecular systems. Transition 

from a singlet ground state to an excited triplet state is 

spin forbidden. The triplet state is one with an unpaired 

electron in the upper excited state, which can be populated 

by spin flipping of an electron in the excited singlet state 

as a result of spin-orbit interactions. This is an example 

of a process known as intersystem-crossing. According to 

Hundt's rule, the electronic configuration with the higher 
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spin multiplicity is more stable, other things being the 

same. For this reason, the triplet state of a given 

electronic configuration usually has a lower energy than the 

corresponding singlet state. If the two relevant electrons 

have parallel spin, they cannot, according to the Pauli 

exclusion principle, occupy the same molecular orbital: they 

have to stay in different orbitals, thereby reducing the 

electron-electron repulsion and lowering the energy level of 

the state correspondingly. Excited molecules, no matter 

whether in the singlet state or triplet state, can be 

deactivated by different means which will be discussed in 

the next section. 

3.4 Dissipation of Excitation Energy^" 

After absorption of a photon or other forms of energy, 

a molecule exists in an excited state, and because it is not 

in thermal equilibrium with its surroundings, it will, in 

general, have only a short lifetime since a number of 

processes can deactivate the excited molecule to lower 

states. The processes include both chemical and physical 

ones. These are shown in the following table (Table 3-1) 

and Fig. 3-1. 

Among these processes, radiative processes will be 

discussed in a little bit more detail. Fluorescence and 

phosphorescence are the two important radiative processes. 

Fluorescence is defined as the emissive transition between 
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states of identical spin multiplicity. Rapid vibrational 

relaxation and internal conversion in the solid or liquid 

state enable the emission to take place, usually from the 

Table 3-1 Modes of energy dissipation 
for electrically excited molecules 

Photophysical processes: 

Conversion to thermal 
energy 

Conversion between states 

Energy transfer 

Radiative dissipation 

Photochemical processes: 

Intramolecular 
rearrangement 

Free radical formation 

Cyclization 

Elimination 

lowest vibrational level of the first excited singlet state. 

Phosphorescence emission involves a transition between 

states of differing multiplicity, usually Tj and SQ. Since 

direct excitation to the first excited triplet Tj is 

forbidden by all three selection rules which I will list 

shortly, this state is usually populated only by intersystem 

crossing from the first excited singlet state. The 

phosphorescence lifetime is usually considerably longer than 

fluorescence lifetime. Fluorescence is the basic technique 

we used in cable aging diagnostics. Besides fluorescence 

and phosphorescence, delayed fluorescence has been mentioned 

in the literature. This process can be caused by 

intersystem crossing from the first triplet T^ back to the 

first excited singlet S^ when the energy gap between them is 
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small enough to allow the thermal repopulation of the 

excited state: 

Fluorescence of this newly populated singlet state should 

have the same spectral distribution as normal fluorescence, 

but its lifetime will be that corresponding to the triplet. 

3.5 Selection Rules 30,34 

When light is absorbed by any molecule, the photon must 

interact with an atom or a group of atoms and promote 

transitions between quantized states. For absorption to 

occur, two conditions must be satisfied. First, for an 

initial molecular state m with energy E^ there must be a 

state n of higher energy £„ such that hv=E„-E^. Second, 

there must be a specific interaction between the electric 

component of the incident radiation and the chromophore 

which results in a change in the dipole moment of the 

molecule during the transition. That is to say, the 

transition moment integral, which is defined as 

must be non-zero. In this ecjuation, y^ and \\f„ are the 

wavefunctions of states m and n, respectively, and R is the 

electrical dipole operator which has the form 
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R-e£, r, . 3.7 

In this ecjuation, e is the electronic charge and r̂  is 

the vector which corresponds to the dipole moment operator 

of electron i. If the two conditions are met, then the 

probability of absorption would be proportional to |i^M. 

Electronic transitions with high absorption probability are 

said to be "allowed." If the transition moment integral is 

small or zero, the transition is said to be "forbidden." 

Magnetic interactions can also cause transitions, but these 

are some four orders of magnitude weaker and will not 

concern us further. 

The energy levels that a molecule or any cjuantum system 

may have can be obtained from the solutions of the 

Schrodinger equation 

^^n=En^n • 3.8 

S is the complete c^uantum-mechanical Hamiltonian. Exact 

solutions to the Schrodinger ecjuation are extremely 

difficult to obtain, even for very simple molecules. 

Generally, the Born-Oppenheimer approximation is used: 

^ ~ ̂  (orbi t) X (vibration) ^(spin) • 3.9 

where ()) is the electronic part of the complete wavefunction. 
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X is the nuclear wavefunction, and S is the spin 

wavefunction. This approximation allows us to separate the 

transition moment integral into separate orbital, 

vibrational and spin components, as in 

Using this equation, certain selection rules can be derived 

to predict whether the electronic transition is allowed or 

forbidden. The rules can be summarized as follows. 

3.5.1 Symmetry 

A transition is symmetry forbidden when the product of 

the symmetry portions of these functions produces an 

integrand which is an odd function of its spatial 

coordinates since this results in a vanishing small 

transition moment integral. 

3.5.2 Overlap 

In the conditions that the two orbitals (})„ and ())„ 

involved in the transition do not simultaneously have in-

phase amplitudes which are large enough in the same area of 

space, transitions are said to be overlap or spatially 

forbidden. The lack of overlap leads to zero value for R^ 

R, = {(^jR\i^J . 3 .11 
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3.5.3 Spin 

The transition moment integral will also vanish if the 

spin multiplicity is not conserved during the electronic 

transition. A transition for which 5„ is not ecjual to S„ is 

said to be "spin forbidden." 

Although these selection rules are very useful 

guidelines in predicting the absorption probability, they 

may in some cases be relaxed in large molecules because of 

the approximate nature of \j/ in the Born-Oppenheimer 

treatment, and also because of the perturbations of the 

system caused by spin-orbital coupling. Spin is the most 

rigid selection rule, and a transition which involves a 

change in spin is 10^ to 10^ times less probable than a 

totally allowed transition. Similarly, transition 

probabilities are reduced by a factor of 10 to 1000 for 

space-forbidden transition and 10 to 100 for symmetry-

forbidden transitions, respectively. Electrons in single 

bonds are usually held too tightly to be excited by near 

ultraviolet or visible radiation. Hence, in this region, 

the spectrum absorption corresponds to promotion of the 

labile n and n non-bonded electrons of chromophores. 

3.6 Polymer Luminescence 

Traditionally, polymers have been classified into two 

main types in terms of their luminescence origin.^^ The 

first, termed type A, emit luminescence through isolated 
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impurity chromophores situated as in-chain, side-chain, or 

end-chain groups. The second, termed type B, emit light 

through chromophores present in the repeat unit that form 

the backbone structure of the polymer. There is a third 

type polymer which emits light through the impurities 

residing in the polymer bulk after being excited. The 

impurities can be the additives added intentionally for 

different purposes or contaminants mixed during or migrated 

into after the manufacturing. Generally, the impurities 

(chromophores) are not parts of the polymeric molecule, as 

those of the first two polymers. The third type is widely 

seen among industrial and commercial products. 

Typical type A and B polymers can be represented by Fig 

3-2. 

Commercial type A polymers include polyolefins, 

synthetic rubbers, aliphatic polyamides, polyurethanes, 

polyvinyl halides, aliphatic polyesters, polystyrenes, 

polyacrylics, and polyacetals. Typical examples of 

luminescent chromophores present in type A polymers are 

carbonyl and a, p- unsaturated carbonyl groups. These have 

been found to be responsible for the fluorescence and 

phosphorescence emissions from polyolefins, aliphatic 

polyamides, synthetic rubbers, polyacetals and 

polyvinylchloride. The a, p- unsaturated carbonyls {=C0), 

if situated in the main chain of the polymer, could have the 

following structures: 
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TYPE A 

End o f Chain Side-Chain 

In-Chain 

TYPE B 

HomopolyfTier In-Chain Homopolymer Side-Chain 

r ^x- ^ 

Copolymer (Alternating) Copolymer (Random) 

Fig. 3-2 Two Types of Polymer in Terms of the Positions of 
Their Chromophores 

37 



•CH=CH-CH=CH-CO-R . 3.12 

~CH=CH-CO-CH=CH-R . 3.13 

where R can be end of a chain or a continuous chain. Simple 

aliphatic molecules of this type do not fluoresce or 

phosphoresce due to facile deactivation within both the 

single and triplet manifolds attributed to free rotation 

about the single bonds. Thus, only cyclic a, p- unsaturated 

carbonyls have ever been reported to luminesce. 

Commercial type B polymers include the aromatic 

polyesters, polyethersulfones, aromatic polyamides, some 

polysulfides, polycarbonates, poly(ethylene oxides), 

polyimides, and many aromatic resin (e.g., phenolic oxides). 

Apart from the normal fluorescence and phosphorescence 

emissions from unit structures of these polymers, many of 

them also exhibit other interesting photophysical phenomena. 

Owing to the high degree of conjugation in many of these 

polymers, various types of interactions and energy transfer 

processes are possible and these can give valuable 

information on chain conformations. We will not continue 

the discussion about type B polymers since the polymers we 

will deal with are either type A polymers or type A polymer 

with additives. 
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Luminescence which comes from foreign impurities, 

present intentionally (additives and mixtures) or un

intentionally (contaminants) is another type luminescence in 

terms of its origin. Many plasticizers, antioxidants and 

light stabilizers exhibit their own characteristic 

fluorescence and/or phosphorescence emissions and may be 

analyzed after solvent extraction from the polymer. The 

detection limits of the additives vary cjuite markedly and 

this could be a problem, particularly for commercial systems 

containing additives, mixtures and contaminants. In most 

commercial polymers, antioxidant and ultraviolet stabilizer 

mixtures are used, and these may have to be separated using 

thin-layer chromatography (TLC) if their spectra cannot be 

resolved. These additives and contaminants make their 

contributions to the aging and other detrimental changes in 

the polymers. They take part in the slow chemical 

processes, scission of polymer backbone, decomposing and 

recombining themselves with other units or dangling bonds of 

polymeric backbone. All these will change the polymer's 

properties, and at the same time the polymer's luminescence 

will also be changed. 
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CHAPTER IV 

DISTRIBUTION CABLE AND ITS CHARACTERISTICS 

4.1 Cable's Geometrical Conformation 

After the background introduction, real cables and 

their insulation materials will be examined. The cables we 

have are supplied by CPI (Conductor Productors Inc., a 

subsidiary of Reynolds Metals, located in Scottsville, TX). 

CPI is a cable manufacturer with cable accelerated aging 

test facilities. The cable accelerated aging tests are 

financially supported by the Electric Power Research 

Institute (EPRI). The general geometrical configuration of 

the cables we studied is shown in Fig. 4-1. The core wire 

is braided aluminum or copper of diameter from 10mm to 30mm. 

The core is covered by a 0.5mm semicon of carbon black to 

avoid local high voltage fields caused by tiny metal 

protrusions. These metal protrusions are formed inevitably 

in the manufacturing procedure. Abrupt difference in local 

electric field is smoothed by the semicon layer which is 

generally made of carbon black. Outside the semicon is a 

5mm to 10mm XLPE insulator layer, which is the main 

insulation layer. Then we have a rubber jacket of 1mm 

thickness. Sometimes another metal cover (usually made of 

lead) is present outside of the rubber jacket. In this 

case, the rubber jacket may be replaced by a layer of cloth 

impregnated with carbon black. We also 
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Fig. 4-1 Cable's Cross Section 
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have cables with two layer rubber jackets outside the XLPE 

insulation layer. Between these two jackets is a copper net 

which can dramatically raise the cable's tensile strength 

and it also serves for grounding, 

4.2 Sample Aging 

Two kinds of cables have been investigated in the 

study: (1) laboratory aged cable and (2) field aged cable. 

4.2.1 Laboratory Aged Cables 

Laboratory aged samples are those which are aged in 

specific and controlled conditions. Generally speaking, 

these conditions are harsher than field aging conditions: 

higher temperature and higher voltage. With the laboratory 

facilities, specific environmental parameters can be singled 

out and analyzed. By using laboratory aging facilities, 

aging duration can be dramatically reduced due to the 

harsher conditions. The cables obtained from CPI are aged 

at different temperatures, voltages and aging durations. 

Samples are represented by their aging conditions and its 

expression is like 44A. The first digit means the aging 

voltage, the second digit means the aging temperature while 

the last one indicates aging duration. Samples are aged at 

three different voltages 34.6kV, 25.OkV, and 17.3kV, which 

are represented as 4, 3, 2, respectively. Three different 

aging temperature, 90°C, 75°C and 60°C are symbolically 
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represented as 4, 3, 2, respectively. Three aging 

durations: full service time, half service time and cjuarter 

service time, are represented as A, B, C, respectively. 

Service times are calculated from a set (eight) of 

experimental data by statistical methods (the geometric mean 

time to failure is calculated). The sample designation 44A 

means the sample spent all its statistical service time at 

34.6kV and 90°C and failed. The sample designation 23C 

means the sample stayed at 17.3kV and 60°C for a cjuarter of 

its statistical service time. It should be noted that the 

Table 4-1 Conditions of the Accelerated Aging Tests 

90°C 75°C 60°C 

44A 

44B 

44C 

34A 

34B 

34C 

24A 

24B 

24C 

43A 

43B 

43C 

33A 

33B 

33C 

23A 

23B 

23C 

42A 

42B 

42C 

32A 

22A 

Note: All the aging condition cells filled with numbers are 
those that have been tested. 

temperature is cycled 8 hours heat on (to the desired 

temperature) and 16 hours cool-down to mimic what most 

commonly pertains to the service condition. In service. 
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these cables would normally operate at 8.6 kV and no more 

than 45°C, which can be symbolized as 11 in Table 4-1. 

Two kinds of cables have actually been supplied by CPI. 

They are called Run I cables and Run II cables respectively. 

They have semicons containing different amount of 

impurities. Run I sample has more contaminants in its 

semicon while Run II sample has less contaminants. 

A few more words about cables' lab-aging: What people 

actually do in the lab-aging is that for each aging 

condition (same temperature and same voltage), people cut 12 

pieces of cables, 30 feet long each, roll them and immerse 

them into a water tank. People cycle the cables until 8 out 

of 12 cables fail. They use the first failed 8 cables to 

calculate GMTF (Geometric Mean Time to Failure) and use the 

left 4 unfailed ones to do breakdown strength test. After 

they find the GMTF from the first 8 failed cables, they take 

a certain number cables to do the cycling again. At a 

quarter geometric mean service time and half geometric mean 

service time, people pull out these cables to do breakdown 

strength tests to find out quarter lifetime breakdown 

strength and half lifetime breakdown strength. The cycling 

last from about 100 days to several years. Up to now, we 

have only one (out of 8) failed 22 cable, whose cycling 

started more than 3 years ago. 
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4.2.2 Field Aged Cables 

A number of field samples were also provided by the 

utilities that cooperate with EPRI. Generally speaking, 

field samples are supposed to operate in the 11 condition: 

8.6kV and 45°C. After years in service underground, they 

failed and were dug out, cut into pieces and sent to 

different institutes for investigating. The samples we 

studied have been in service from less than one year up to 

19 years. 

4.3 Additives and Impurities in Cables 

4.3.1 Additives 

Comparing with the literature (Fig 4-2)^^ and the 

infrared spectrum obtained by other researcher (Fig 4-3),^ 

the relatively stronger peaks around 1700 to 1780 cm~̂  and 

3320 to 3550 cm"̂  in our FTIR spectrum (Fig 4-4) indicate 

the presence of carbonyl (=C0) and hydroxyl (-0H) groups. 

The absorption peaks come from additives, generally 

antioxidants, such as Irganox 1035, Dilauryl thio 

dipropionate (DLTDP), Distearyl thio dipropionate (DSTDP), 

acetophenon, Santonox R, etc. The peaks around 3320 to 3550 

cm"̂  also indicate the presence of associated or free water, 

which may be considered as impurity. 

The peaks around 1700 to 1780 cm"̂  also indicate traces 

of oxidation in all CPI cables, even unaged ones. The 

oxidation is detrimental to the aging process in polymers. 
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The major components are ketones, aldehydes and acids. It xs 

obvious that aging leads to more pronounced oxidation (Fig. 

4-5) .^' 

4.3.2 Impurities 

Impurities may present themselves during the 

manufacturing process, such as water and atmospheric oxygen. 

They may migrate into the polymer bulk during service as 

well. The semicon layer between core wire and insulation is 

extruded with carbon black. As we know, carbon black is 

formed by incomplete combustion of many organic substances: 

solid, licjuid, or gaseous. ̂'''̂ '̂̂^ Nowadays petroleum products 

(such as methane) are the main fuel of carbon black 

manufacture. Furnace process is commercially by far the 

most important process. Commercial carbon black is a well 

contaminated product and it contains quite a few inorganic 

elements. These contaminants migrate into the polymer bulk 

during the service time and take part in various physical 

and chemical processes. Neutron activation analysis (NAA) 

indicates the existence of these contaminants in polymers 

(Fig. 4-6)^ and their migration (Fig. 4-7).^ Carbon black 

is widely used in the rubber industry as an elastomer 

reinforcement agent. Carbon black-containing rubber is used 

as the cable's outer jacket. 
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Fig. 5.13. Infrared spectra of {a) polyethylene; (b) atactic polypropylene; (c) 
polyisobutene. The polyethylene is a high pressure type and shows some methyl 
absorption at 1379cm"'. (Reproduced Ijy permission from D.O. Hummel, 
'Applied Infrared Spectroscopy' in Polymer Speciroscopv, ed. D. O. Hummel, 
Verlag Chemie. 1974.) 
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Fig. 4-2 IR Spectrum OF XLPE from Literature" 
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WM-XL-FA 

8 12 

Insulation thickness (mm) 

Figure 7-15 Radial d i s t r i b u t i o n of carbonyl absorbance at 1742 cm-1 in WM-XL 
cables. Note that the absorbance of each sample was compared to 
the absorbance of a sample located 8 mm from the conductor. 

Fig. 4-5 Migration of Carbonyls 
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Figure 8-2 Radial d i s t r i b u t i o n of the sul fur content in the insulat ions of the 
dry-cured SI-XL cables. The sul fur content in the shields are also 
ind icated. 

Fig. 4-7 Migration of Sulfur and Other Materials* 
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CHAPTER V 

HISTORICAL RETROSPECTION AND RATIO 

OF FLUORESCENCE INTENSITIEŜ "''*̂  

5.1 Historical Retrospection 

As introduced in Chapter I, the driving force behind 

this project is to look for a diagnostics method which can 

tell the remaining service time of XLPE distribution cables 

In the early phase of this project, various methods were 

tried. 

5.1.1 Fluorescence Red shift 

Both aged and unaged XLPE samples show a broad emission 

spectrum centered around 500-550 nm depending on the 

excitation wavelength of the Argon-ion laser. The 

difference in color can be seen when aged and unaged samples 

are put together and illuminated with expanded-beam laser. 

Red shift was observed in the inherent bulk fluorescence. 

In general, aged insulation displays essentially equally 

intense but slightly red shifted fluorescence compared to 

new insulation. It was found difficult at first to cjuantify 

cables' fluorescence intensity or frequency shift to its 

service time. 
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5.1.2 Fluorescence Intensity 

Fluorescence intensity at specific wavelengths was also 

among the first things to which attention was paid. Soon, 

it was found that the fluorescence intensity fluctuated and 

the fluctuation reasons seemed too much to be handled at 

that time: fluctuation may come from samples' geometry, 

laser light intensity fluctuation, experimental set-up, 

fluorescence intensity photodegradation while illuminated by 

strong laser light, etc. Due the fluctuation, fluorescence 

intensity was given up soon. One word should be mentioned 

here: since a standard operation procedure was developed 

later, fluorescence intensity's study can and will be our 

research again, such as in field aged samples. 

5.1.3 Fluorescence Lifetime Measurement^^ 

Various external reasons affect sample fluorescence 

intensity as we discussed in the last sub-section, but not 

its lifetime. No matter how strong or how weak the 

intensity is fluorescence lifetime should be the same. 

Fluorescence lifetime turned out to be our next candidate. 

Routinely used lifetime measurements include: (1) 

pulse lifetime measurement and (2) phase and modulation 

measurements of fluorescence lifetimes. 

Pulse lifetime measurement: Consider the excitation of 

a fluorophore with an infinitely short pulse of light, 

resulting in an initial population (NQ) of fluorophores in 
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the excited state. The rate of decay of the initial excited 

population is 

where N(t) is the number of excited molecules at time t 

following excitation, y is the emissive rate, and K is the 

rate of nonradiative decay. Recalling that No(t) = NQ at 

t=0, integration of ecjuation 5.1 yields: 

Nit) = N^e-'^' 5.2 

where T = (y + K)"^ is the lifetime of the excited state. 

Phase and modulation measurements of fluorescence 

lifetimes: In this method, instead of pulsed excitation, 

the sample is excited with light whose intensity is 

modulated sinusoidally. The emission is a forced response 

to the excitation, and therefore the emission is modulated 

at the same circular frequency (C0=27C*frec5uency in Hz) as the 

excitation. Because of the finite lifetime of the excited 

state, the modulated emission is delayed in phase by an 

angle ()) relative to the excitation. Furthermore, the 

emission is less modulated (demodulated) relative to the 

excitation. That is, the relative amplitude of the variable 

portion of the emission (B/A) is smaller for the emission 

than for the excitation (Jb/a) . The phase angle ((})) and 

demodulation factor [m={Ba/bA)] are both measured and used 
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to calculate the phase (Tp) and modulation (T„) lifetimes 

using 

tan<|) = a)Tp, Tp = a)"-tan4) . 5.3 

/n= [1-0)2 1̂ 2]-1/2̂  1:^=0)--[(l//7?2)-i] 1/2 . 5,4 

For a single exponential decay, (i:;n=Tp) the second 

method was used in our measurement. In this measurement, 

the fluorescence lifetime was found to be about 2.7 ns for 

unaged sample and about 3.0 ns for aged ones. The 

resolution of our system is 0.1 ns. Because of the small 

lifetime difference between aged and unaged ones and the 

resolution limitation, this technicjue was not useful for our 

purposes. 

5.1.4 Fluorescence Probes 
for Dielectic Flashover*̂ ''**'̂ * 

In these experiments, fluorescence probes that 

selectively stain the dielectic flashover damage are used to 

highlight those damages. Specimens first subjected to 

surface flashover in vacuum were stained with highly 

fluorescent dyes, chosen to have varied chemical properties, 

and examined under laser excitaiton. This makes the surface 

flashover tracks, locations of corona discharge and other 

features easier revealed even when no damage is discernible 

in room light. 
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5.1.5 Fluorescence Probes in XLPE Matrix*̂ ''*'''*® 

The successful visualization of flashover damage (last 

subsection) by various fluorescence probes led us to apply 

similar technicjues to bulk defect investigation. Laser 

excited fluorescence (LEF) and fluorescence probes have been 

used to observe bulk damage. "Water trees" in the shape of 

bow-ties (50}iin to 1 mm) and striations near the cable core 

were observed under a microscope when the aged XLPE samples 

were irradiated by an Argon-ion laser. XLPE samples could 

be bulk-stained by soaking them in solutions of fluorescent 

dyes such as rhodamine 6G, Acridine Yellow G, resolufin and 

Nile Red in order to probe and highlight defects under 

similar LEF conditions. Different absorption coefficients 

between XLPE bulk and defect lead to larger contrast and 

better defect image. 

5.1.6 Fourier Transform Infrared Technicjuê '̂*°'̂ '̂̂ ^ 

As discussed in Chapters III and IV, molecular 

vibrations give rise to absorption bands throughout most of 

the infrared region of the spectrum. The absorption 

spectrum in this region reveals vivid intramolecular 

movements and it is one of the most valuable spectra for 

spectroscopical identification of molecular structure. Due 

to this reason, we tried this technique also. Higher 

concentrations of carbonyl and water were found in CPI 
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samples (Fig 4-2,4-3,4-4). As with other technicjues we 

used, no quantitative relations were found. 

5.1.7 Electron Microscopy^^ 

Electron beam techniques have become powerful 

techniques in materials research. In the past twenty years, 

the examinations of materials using electron beam technicjues 

(TEM, SEM, STEM, Auger electron spectroscopy. Electron 

microscope analysis. X-ray spectroscopy, electron 

microscopy, etc.) have developed continuously and there are 

many different methods of extracting detailed structure and 

chemical information using electron beam instruments. 

All of these electron beam instruments which are used 

to characterize materials have some similar basic 

requirements: a vacuum, although this varies between 10""̂  

and 10~̂ ° Torr; an electron source; electron lenses for 

forming an electron probe; deflection systems for defining 

the probe position; and if necessary for rastering the 

probe; detectors to detect the signals, and an image-forming 

system. 

Materials science (our concern with XLPE degradation is 

surely included) is concerned with the structure, 

properties, production and application of materials of all 

kinds. On most important aspect is the relation between 

properties and microstructure on all levels, from 

macroscopic down to atomic dimensions. 
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Microstructure includes not only the size, shape and 

nature of the constituents, e.g., grains, precipitates, 

etc., but also deviations from regularity of the crystal 

lattice, i.e., lattice defects. Optical microscopy can be 

used to study microstructure down to about 1 micrometer. The 

electron microscope can be used to study the microstructure 

down to several Angstroms, even though we generally use it 

to check nanometer level microstructures. The information 

which can be obtained includes: 

(1) The size, shape and distribution of microstructural 

entities, e.g., precipitates, transformation products in 

general, etc.; 

(2) Lattice defects and strains can be observed 

directly at high resolution; 

(3) Dynamic observations can be made of structural 

changes, although the results must of course be interpreted 

very carefully as they are not necessarily typical of the 

behavior in bulk material; 

(4) Special contrast effects, e.g., due to Lorentz 

deflection from magnetic fields, can give additional 

information, in this case about magnetic domain structure. 

Electron microscopes (both TEM and SEM) have been used 

to observe XLPE microstructures in this study. The 

interesting thing we observed is some regular XLPE 

striations of the order of 2|Xm in TEM. The origination may 
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be the disturbation during cross-linkage reaction or the 

artifacts caused by microtomy. 

We got similar striations with optical microscopy of 

1mm order, which is much larger than the order of TEM 

striations. We do not think these two striations belong to 

the same category. 

5.1.8 Thin Layer Chromatography^^ 

Thin layer chromatography (TLC) is one of the most 

popular and widely used separation technicjues. It is easy to 

use, widely applicable to a great number of different 

samples, highly sensitive, quick of separation and 

relatively cheap. 

A uniform thin layer of sorbent or selected media are 

used as a carrier medium. The sorbent is applied to a 

backing as a coating to obtain a stable layer of suitable 

size. The most common support is a glass plate (plastic 

sheets and aluminum foils are also used). Commonly used 

sorbents are: silica gel, alumina, diatomaceous earth and 

cellulose. 

The nature and chemical composition of the mobile phase 

is determined by the type of substance to be separated and 

the type of solvent to be used for the separation. The 

composition of the mobile phase can be as simple as a single 

pure solvent or as complex as a three- or four-component 
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mixture containing definite of chemically different 

substances. 

Capillary action causes the mobile phase to travel 

through the medium in a process called "development." 

Ascending development is the most common method that has 

been used. After the plate is dried, the separated spots can 

be visualized in a number of ways, such as viewing under an 

ultraviolet or green light (as we did) or spraying with one 

of a wide variety of reagents. We separated various 

chemical impurities from both lab-aged and field-aged 

samples. The fluorescence spectra showed similar structure 

as the bulk spectra. We used toluene and methanol as the 

solvents. Toluene turns out to be a better solvent than 

methanol for the XLPE insulation, while methanol is a better 

mobile-phase. Since "like dissolves like", it seems that 

there are more non-polar residues in the insulation than 

polar ones. 

Generally speaking, the studies in the early phase of 

the project focused more on the XLPE bulk fluorescence 

change, defects visualization and additive or contaminant 

diagnostics, less on quantitation of remaining service time. 

They were used, and will be used as well, as complementary 

alternatives to this study. 
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5.2 Ratio of Fluorescence Intensities 
as Remaining Service Time Indicator 

After the unsatisfactory tries of some methods listed 

in the last section, a second thought was given to the XLPE 

fluorescence spectrum: the intensity itself is not good 

enough for a diagnostics technicjue due to its fluctuation 

(at that time), how about its ratio? A 10% fluctuation of 

both fluorescence intensities at any two wavelengths should 

not influence their ratio. By this reasoning, we went back 

to re-examine fluorescence spectra. 

The XLPE fluorescence spectrum is a shapeless and 

detailless one (Fig. 5-1). A broad band with some Raman 

shoulders is its typical appearance. It is not like other 

spectra techniques from which molecular components can 

easily be told: a peak around 1720 cm"̂  in IR indicates a 

carbonyl group (=C=0), a peak at 15 in MS indicates a methyl 

(-CH3) , a UV peak at 208 nm with molar absorptivity £=3000 

indicates the existence of phenyl (-CgHj) and so on.̂ '̂̂ '' So 

in chemical compounds identification, other spectroscopy 

techniques (IR, MS, NMR, UV, etc.) are much more often used 

than fluorescence technique. However in evaluating XLPE 

samples' aging status, the ratio between fluorescence 

intensities at two different wavelengths, (X^KXZ) : 

5.5 
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E5D.0 575.0 5C2.0 525.0 
WoveLength 

Fig. 5-1 Typical XLPE Fluorescence Spectrum 
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turned out to be a unic^e technicjue to indicate samples 

service time. The advantages of using the ratio r (X^^^Xz) as 

cable's service time indicator could be summarized in two 

points: 

1. Minimize the influence of fluorescence intensity 

fluctuation. This is why we used the ratio in the first 

place. Fluorescence intensity itself was a poor indicator 

of samples' service time, due to the fluctuation of 

fluorescence intensity. The ratio r (X^fXz) can dramatically 

reduce the fluctuation effects, even if not all of them. 

Other measures, which will be discussed in the next chapter, 

are used to further reduce these influences. 

2. A cjuantitative result could be obtained by using the 

ratio r (X-i^fXz) . Most of the techniques being used in Fig 1-

1 are either qualitative or quantitative, but can not give 

direct service time information. They are good at showing a 

general idea about relative problems, good at presenting 

cjualitative explanations about the mechanisms problems, but 

fail to give (Quantitative and reproducible predictions about 

the samples' service time. The ratio r {X^rXz) solves this 

problem and gives a (Quantitative result about service time, 

at least in CPI lab-aged cables. 

5.3 Experimental Set-up 

Instruments are set up as in Fig 5-2 for the routine 

experiment. A mechanical chopper is used in low signal 
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condition. A power meter is positioned behind the sample: 

the intensity of the incident laser light can be checkedonce 

the sample is moved away (i.e., during sample changing). 

5.4 Instrumentation 

The lasers which have been used in the experiments area 

COHERENT.INNOVA 90 argon laser, or a SPECTRA PHYSICS 164 

argon laser, or a SPECTRA PHYSICS 171 argon laser. 

Different frecjuencies are tried in the experiments. The 

routine laser frecjuency (514.5 nm) was chosen for consistent 

results obtained from experiments. A GCA/McPHERSON 0.3 

meter scanning monochromator is used for scanning the sample 

fluorescence. A 9-stage photomultiple tube (PMT) with S-20 

response is attached to the monochromator and its high 

voltage power is provided by a HEWLETT.PACKARD (HP) 6516 DC 

power supply. Photon-electron pulses are discriminated by a 

PRINCETON APPLIED RESEARCH 1120 amplifier/discriminator. A 

PRINCETON APPLIED RESEARCH 1112 photon counter/processor is 

used to process photon-counting and its output is fed to a 

chart recorder (LINEAR 1200) . An EG&G PARC 125A mechanical 

chopper is used to get rid of background noise when incident 

laser power is low. Various cutoff filters are used to 

block incident laser light and Rayleigh scattering. Two 

Jarrell-Ash monochromators in series is another alternative 

monochromator system. The alternative has the advantage 

that no cutoff filter is needed for blocking scattered laser 
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light. The first monochromator serves as a filter. The 

disadvantage is that system's adjustment takes time and 

needs experience. The first fluorescence spectrum 

difference between aged and unaged EPR cables was observed 

with this series monochromator system. A SCIENTECH 362 

power meter is routinely used to check laser intensity. 

5.5 Early Results and Basic Trend 

5.5.1 General Results 

Table 5-1, 5-2 and 5-3 are the results of our early 

experiments of lab-aged cables. 

Table 5-1 and 5-2 are the data and results we obtained 

at the end of March, 1991. They are the the earliest 

results from which a pattern was found. The basic trend is: 

The longer the sample stay in the acrinq condition, the 

smaller the ratio r(Xi,X-,). In later experiments (like Table 

5-3), this pattern has been repeatedly duplicated. 

5.5.2 Partial Blind Test 

An early partial blind test (aging conditions were 

known, but not the aging durations) was done in April, 1991 

and it showed encouraging results: 24 out of 25 samples 

were diagnosed correctly for their aging durations. Table 

5-4 gives the results. Accuracy has been improved in later 

experiments and predictions, which are the focus of this 

dissertation. 

67 



Since the early partial blind tests yielded good 

results, it became worthwhile to look for various methods to 

detect aging conditions. Combining them with ratio-lifetime 

method will surely give better results in the total blind 

test and is vital in the field sample test. 

5.5.3 Total Blind Test 

Twenty-three lab-aged samples were provided with only 

attached sample numbers. No information about their aging 

conditions and aging durations were given. The total blind 

test also showed that this technique is promising. 

Exceptions were found in some ambiguous conditions, such as 

33C and 23C, 34A and 43B, etc. In these cases, different 

aging conditions yielded similar ratio results which made 

the diagnosis difficult. Accuracy has also been improved in 

later experiments and predictions. 

Table 5-1 Experimental Results I 

44 Sample 

Full Service life 

Half Service life 

Quarter Service 
life 

^58o/ ̂ 650 

5.26 

5.3 

5.45 
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Table 5-2: Experimental Results II 

Sample 

44A 

44B 

44C 

42A 

42B 

42C 

33A 

33B 

33C 

23A 

23B 

23C 

•^60o/^650 

3.37 

3.46 

3.70 

3.08 

3.38 

3.83 

3.29 

3.43 

3.52 

3.13 

3.46 

3.58 

Table 5-3: XLPE Fluorescence Intensity Ratios 

Aging 
Condition 

44A 
B 
C 

33A 
B 
C 

23A 
B 
C 

42A 
B 
C 

Unaged 

Approx.* 
Aging time 

60 
30 
15 

180 
90 
45 

200 
100 
50 

280 
140 
70 

Breakdown 
Strength* 
(V/mil) 

412 
502 
632 

311 
362 
460 

289 
401 
461 

370 
491 
550 

1193 

^60o/ ̂ 650 

3.25 
3.45 
3.6 

3.15 
3.25 
3.4 

3.05 
3.25 
3.35 

3.0 
3.3 
3.6 

4.1 

T 580' ^650 

4.95 
5.2 
5.55 

4.7 
4.8 
5.0 

4.6 
4.75 
4.95 

4.5 
4.9 
5.6 

5.8 

* Taken from March 13, 1991 CPI RP 2713-02 Project Review 
Meeting Report (Run #1 data). 
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Table 5-4. Results of Partial Blind Test 

Sample No 

44 A 

B 

C 

42 D 

E 

F 

33 G 

H 

I 

23 J 

K 

L 

43 M 

N 

0 

34 P 

Q 

R 

24 S 

T 

U 

As si 

44 

.gnment 

B or C 

A or B 

B or C 

42 A or B 

C 

B or A 

33 A or B 

B or C 

B or C 

23 A or B 

B or C 

C. or B 

43 

B or A 

A 

34 C or B 

A 

B or C 

24 B or C 

B or C 

A 

Actual 

C 

A 

B 

A 

C 

B 

B 

A 

C 

A 

B 

C 

B 

A 

B 

A 

C 

C 

B 

A 

Comments 

Fairly good discri

mination by fluore-

scence. 

Poor discrimination 

by fluorescence. 

Fairly good discri

mination by fluore
scence . 

M had no outer 

jacket. No test. 

Poor discrimination 

by fluorescence. 

Poor fluorescence 

discrimination. 
1 
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Table 5-5 Results of Total Blind Test 

Sample No 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

15 

16 

17 

18 

19 

20 

21 

22 

23 

Assignment 

A or B unless 24 (B or C) 

C 

4XC, most likely 44 or 42 

Difficult to be definitive. Most 
likely B 

B or C unless 24; B if 4X or 34, C if 
X3 

Same as 5, leaning a bit more toward 
C 

A or B unless 24 (B or C) 

Same as 7 but unlikely to be 24 

4XC, most likely A3_ or 42 

A or B 

A, most likely 23, 42, 32 

Same as 5 

A or B unless 24 

B or C unless 24 or 43A 

Same as 14 

A unless 23B or 33B 

B or C unless 24. If B then likely 
44, 43, 34 

Same as 17 

Same as 17 

C, most likely 4_4 or 42 

A, most likely 23, 42, or 32 

A, same as 21 

A, most likely 42, but could be 32 

Actual 

33A i 

44A i 

42C ! 
1 

34C 

24A 

43B 

23B 

42B 

43C 

34A 

42A 

24B 

43A 

24C 

34B 

33B 

33C 

44B 

23C 

44C 

23A 

22A 

32A 
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CHAPTER VI 

REPRODUCIBILITY AND 

STANDARD OPERATION PROCEDURE 

6.1 Reproducibility and Data Shift 

Reproducibility is of first importance not only for any 

diagnostics method, but also for any scientific research. 

It is a major indication of any successful and mature 

scientific method, technicjue and theory. We may say that no 

reproducibility, no science. 

In our early research, nice service time versus ratio 

pattern could be found in any experimental session (see 

Tables 5-1,5-2,5-3). "One experimental session" means in 

this session, laser is turned on once and all the 

experimental set-ups are kept unmoved except changing 

samples. One experimental session lasts from one hour to 

fifty hours, according to the number of samples and special 

scanning time for each sample. Problems arose when we tried 

to reproduce the data in another session: data shift occurs 

(compare Tables 5-1,5-2,5-3), i.e., the fluorescence ratio 

changed from session to session. These fluctuations arise 

from sample reflectivity and sample scattering, which depend 

on sample shape and thickness, and are intrimately connected 

with photodecomposition of fluorescence, as we shall see. 

The data shift would be a major weakness to this diagnostics 

method and might simply declare its death if we could not 
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eliminate it. The reasons for this data shift were 

investigated systematically, which led to the establishment 

of a standard operation procedure. There are some 

experimental reasons that cause the data shift, besides 

samples' inherent fluorescence characteristics which are 

used as the aging indicator. These reasons include: (1) 

intensity and beam diameter of illumination laser light; 

(2) pre-illumination of samples; (3) sample geometry and 

its mounting; (4) angle of incident laser light; (5) image 

magnification. 

6.2 More Background Information 

6.2.1 Polymer Photodegradation^^ 

Polymer photodegradation is a process in which chain 

breaking, cross-linking, photooxidation and 

photorearrangements may happen. The photooxidation and 

photorearrangements will change the polymer's 

spectroscopical characteristics. Similarly, fluorescent 

molecules are known to photodecompose on illumination. 

Simply speaking, the more severe the photodegradation, the 

smaller the ratio values. In our study, even the 

photodegradation during or before scanning matters. 

6.2.2 Light that Initiates Photo Processes 

and Photodegradation 

As we discussed in Chapter III, any photon process is 

caused by the light absorbed by a molecular system and the 
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light is effective in producing photon process in the 

molecule. When light is absorbed by any molecule, the 

photon must interact with an atom or a group of atoms and 

promote transitions between (quantized states. The photon 

energy must agree with the energy difference between the 

initial and final energy states. A specific interaction 

between the electric component of the incident radiation and 

the chromophore will happen, resulting in a change in the 

dipole moment of the molecule during the transition. The 

photon processes are proportional to the photon number or 

the electromagnetic wave intensity in the material. Now, 

from the classical electrodynamics' view, what will 

influence the intensity of the electric component that may 

initiate photon processes: this is the problem of 

electromagnetic wave refraction at an interface between 

dielectrics, e.g., air and XLPE. For simplicity, I give the 

results directly: the relative amplitudes of the refracted 

and reflected waves can be found as^^: 

E perpendicular to plane of incidence 

EQ 2ncosi 
E. 0 ncosi + -^\/n^-n^ sin^i 

E, 
,// 22cosi - -^Jn^-n^sir.'^i 
0 _ n' 

'0 ncosi + -^\/n^-n^sir.'^i 
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E parallel to plane of incidence 

,/ 
•̂ 0 ̂  2nn'cosi 

0̂ Ji n̂^ cosi-n^n'^-n^sinH 

II -^^n^^ cosi -n\ln'^-n'^sin^i 
^0 _ \i 

''0 -t n̂ ^ cosi +n\Jn'^-n^sin^i 

The media below and above the interface have 

permeabilities and dielectric constants |l, £ and |l', e', 

respectively. i is the incident angle and n's are the 

refraction indices. EQ, EQ'^ and E^" are the intensities of 

incident laser, refracted and reflected parts, respectively 

From these equations, we can see that both refracted 

and reflected intensities are dependent on incident 

radiation (in our case, laser) intensity and its incident 

angle. The variation of these two parameters will lead to 

fluorescence intensity fluctuation eventually. Simplified 

equation can be given as: 

En=Erf{i) . 

6.2.3 Internal Scattering 

XLPE is not a transparent material, it is partially 

opacjue to visible light. When light passes through the 
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bulk, internal scattering will happen. In the experiments, 

we can see that in addition to a very bright spot which is 

illuminated directly by the laser light, the whole bulk is 

also illuminated by internal scattering (Fig. 6-1) . By 

using cutoff filters or glasses to inspect samples, a 

similar fluorescence pattern can be observed as well. The 

local intensities of both internal scattering and bulk 

fluorescence depend on its distance from directly 

illuminated spot: the longer the distance, the weaker the 

internal scattering and bulk fluorescence. 

The difference of fluorescence intensity between the 

directly illuminated area and the rest of the bulk will pose 

a problem when we try to record the absolute intensity or 

its ratio. This will be discussed in the later sections. 

6.2.4 Recorded Fluorescence Intensity 

Recorded fluorescence intensity is not a sample's 

fluorescence intensity itself, though people identify them 

as the same in most time. The recorded fluorescence 

intensity is the part of fluorescence that literally passes 

through the monochromator's slit, optical system and finally 

hits the PMT. This part of fluorescence depends not only on 

the sample's original fluorescence, but also on the 

instrumentation and experimental set-ups. In our system, 

the XLPE cable fluorescence image focused on the 
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: 

Fig 6-1 Directly illuminated Area and Internal Scattering 
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monochromator entrance slit is shown as in Fig 6-2. The 

center round spot is the image of directly-illuminated area 

and the rest of the rectangle is the image of fluorescence 

caused by internal scattering light (bulk fluorescence). 

Since the monochromator slit width is limited (2mm in this 

case), only the central vertical stripe can be recorded. 

Any system variation that may affect the image and its 

intensity in this vertical stripe will affect the recorded 

intensity, and finally, the ratio. The same applies when it 

comes to the slit height, which in our set-up is also about 

2 mm and is fixed. 

6.3 Reasons that Affect 
Fluorescence Ratio 

6.3.1 Laser Intensity 

Even though r (Xj^^Xz) is used to minimize the effect of 

fluctuation of illuminating light intensity on the final 

result, illuminating light intensity fluctuation still plays 

a role in influencing the ratio r (X^fXz) . Our first 

reasoning is that when the incident laser intensity increase 

or decrease, say 10%, ratio r (X^^^Xz) will not change if both 

I {X-^) and I {X2) change by same percentage. But this is not 

the case in XLPE samples: photodegradation plays an 

important role here. 

In our experiments, the fluorescence intensity drop 

caused by photodegradation is wavelength-dependent: the 

longer the wavelength, the less (lower percentage) the 
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Fig. 6-2 Recorded Fluorescence Intensity 
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relative fluorescence intensity drop. This means that there 

are more than one chromophores responsible to the overall 

XLPE fluorescence. This is confirmed by thin layer 

chromatography of material eluted from XLPE. In other 

words, the stronger the incident laser light, the stronger 

the refracted part, the more severe the photodegradation, 

the larger (higher percentage) the fluorescence intensity 

drop at shorter wavelengths, the smaller the ratio value. 

The data are shown in Table 6-1. 

Table 6-1 Influence on Ratio 
by Incident Light Power 

CONDITIONS 

2 .5 mw 

4 00 mw 

2 .5 mw 

4 00 mw 

2 .5 mw 

4 00 mw 

r (Xi,X2) 

I(580)/I (650) 

1(580)/I(650) 

I(580)/I (720) 

I(580)/I(720) 

I(650)/I (720) 

I(650)/I (720) 

23A 

5.13 

2.09 

38.05 

10.62 

7.41 

5.08 

23B 

5.3 

2.43 

44.05 

14.4 

8.46 

5.92 

23C 

5.63 

2.73 

45.0 

17.75 

8.0 

6.5 

Generally, a power meter is used routinely to check and 

adjust the illuminating laser intensity. Various 

intensities are used and recorded. The laser intensity is 

kept constant during one experimental session. 

Other interesting phenomena that can be observed from 

the above table are: 

(1) The ratio-lifetime relation would be in bad shape 

if the laser intensity is too low, such as that of 2.5mw 
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23B, 23C of I(580)/I(720) and I(650)/I(720). In these 

conditions, background noise plays a non-negligible role in 

the final ratio values. 

(2) The higher the laser intensity, the larger the 

relative difference between the ratios of different service 

times, which is what we want. 

(3) Too high a laser intensity will saturate the photon 

counter, which is not what we want. 

The laser intensity should thus not be too low or too 

high during the experiments. An optimized 50mW is routinely 

used. 

6.2.3 Preliminary Photodegradation Time 

TABLE 6-2 Influence on Ratio by Photodegradation Time 

CONDITIONS 

0 MINUTE 

35 MINUTES 

0 MINUTE 

35 MINUTES 

0 MINUTE 

35 MINUTES 

r (XirXz) 

I(580)/I (650) 

I(580)/I(650) 

I(580)/I (720) 

I(580)/I (720) 

I (650)/I (720) 

I(650)/I (720) 

23A 

2.09 

1.74 

10.62 

7.73 

5.08 

4.44 

23B 

2.43 

2.14 

14.4 

10.69 

5.92 

5.0 

23C 

2.73 

2.51 

17.75 

13.38 

6.5 

5.32 
1 

This is another version of photodegradation effect. 

Once the sample is exposed to the illuminating light, 

photodegradation happens. The longer the illumination time 
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prior to spectal scanning, the greater the photodegradation 

effect, the smaller the ratio value. Fig 6-3 is a typical 

fluorescence intensity drop caused by photodegradation. The 

effect on the ratio value r (X^^Xz) is shown in Table 6-2. 

From Fig 6-3, we can see that a large fluorescence 

intensity drop caused by photodegradation happens in the 

first two minutes. Error is more severe during this time. 

So, two minutes routine preliminary photodegradation is 

chosen to avoid this large fluorescence intensity drop 

region. By using a fixed two minutes preliminary 

photodegradation, ratio value fluctuations caused by 

different preliminary photodegradation durations which we 

used randomly in our early experiments can be eliminated. 

Other preliminary photodegradation durations were used 

occasionally for special purposes. Actually, we begin our 

scanning from 560 nm and our monochromator speed is set at 

20 nm/minute: by the time the monochromator scans across 

580 nm which is the wavelength at which the intensity for 

the numerator of the ratio is taken, the sample has already 

been illuminated for 3 minutes. 

6.3.3 Sample's Geometry and Its Mounting 

Samples are cut into pieces as shown in Fig.6-4. The 

sample stand once was made of same periphery as the CPI 

sample (due to the fact only one kind cable was provided 

then), and now it is improved to fit cables of any 
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1.2 cm 
Sample ready for scanning 

Fig. 6-4 Sample's Cutting 
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diameter). The sample stand helps to position samples in 

the same position each time when they are exchanged. Once 

the sample is properly mounted on the sample stand, its 

geometrical position relative to the incident laser light 

and monochromator is fixed. 

6.3.4 Angle of Incident Laser Light 

That the angle of incident light will influence 

refracted light and fluorescence intensity is discussed in 

Section 6.2.1. It is found that the angle of incident laser 

light can also influence the ratio value. This effect 

partially comes from the photodegradation effects which are 

caused by variations of refracted light intensity, which is 

caused by different angles of incident laser light, but 

mostly comes from the variation of the directly illuminated 

area, which is also caused by different incident angles. 

Photodegradation has been discussed in the last two 

subsections. We will discuss the influence that comes from 

variation of directly illuminated areas. 

Cable samples have a cylindrical surface. Different 

incident angles will result in different directly 

illuminated areas: smaller incident angle results in 

smaller directly illuminated area and higher laser energy 

per unit illuminated surface area, while larger incident 

angle results in larger directly illuminate area and lower 

laser energy per unit illuminated surface area. Because of 
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the photodegradation effect, recorded fluorescence intensity 

(Section 6.2.3) has different ration from directly 

illuminated area and the rest of the bulk (Fig. 6-5). The 

larger the incident angle, the lower the laser energy per 

unit illuminated surface area, the lower the fluorescence 

intensity caused by direct illuminating, the lower the 

portion in recorded fluorescence intensity that comes from 

this area. Fluorescence caused by internal scattering is of 

much lower intensity and ĉ uite lower photodegradation. 

Changing the proportion of fluorescence from directly 

illuminated and scattering-illuminated areas in recorded 

fluorescence intensity will surely lead to various ratio 

value, which is not what we want to see. 

Thirty degrees and 45 degrees are chosen as the routine 

angles (See Fig. 6-6). 

6.3.5 Image Magnification 

Image magnification can affect the ratio value. From 

the basic geometrical optics formula: 

1 = 1 . 1 
f P Q 

f: focal length; p: object distance; q: image distance 

Image magnification is given by: 
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p 

In the ideal condition (Fig. 6-7), all the fluorescence 

(caused either by direct illumination or via internal 

scattering of photons) and scattered laser light in the 

solid angle a will be focused on the image plane, which is 

the monochromator entrance slit in this case. The magnitude 

of the image is determined by p and q, the magnification. 

Image intensity per unit surface area, which will affect 

recorded fluorescence intensity, is influenced by object 

luminescence and magnification: the larger the 

magnification Af, the weaker the image intensity. The most 

important thing is that different magnifications will give 

different recorded fluorescence intensity combinations (Fig. 

6-8), which results in various ratio values. 

In order to eliminate this influence, a convergent lens 

of 10 cm focal length is used and both p and q are fixed at 

20 cm. (see Fig. 6-4). These parameters and the diameter 

of the lens are reasonably well-matched to the monochromator 

so that high light through-put, hence low noise is obtained. 

In actual experiments, the convergent lens is adjusted 

in two directions (transverse and vertical to the 

fluorescence light) to obtain the maximum fluorescence 

signal at 580 nm. 
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6.4 Standard Operation Procedure 

Routine measurements are carried out as follows: 

(1) Turn on the all the instruments (laser, HV power supply 

for PMT, photon counter, chart recorder, power meter, etc.) 

for 30 to 40 minutes to stabilize the system. Laser 

intensity is 50 mw. Final system optimization is 

accomplished with a used sample. 

(2) Outer-jacket is peeled off right before 2-minutes 

preliminary photodegradation. 

(3) Non-jacket sample is mounted on the sample stand. 2 

minute photodegradation under experimental laser intensity 

before scanning. 

(4) Monochromator slit width is routinely set at 2 (mm) . 

Slit height is also fixed (2 mm). 

Routine monochromator speed: 20 nm/minute. 

Routine charter speed: 2 cm/minute. 

(5) 560 nm is the beginning scanning wavelength. 

(6) 514.5 nm excitation. 

(7) Laser beam diameter =2.75 mm; incident angle 45°. The 

laser beam size, given unit image magnification, is 

reasonably well matched to the monochromator slits and 

ensures that our measured fluorescence comes from the 

directly illuminated sample area. 

92 



6.5 Reasons for Exceptions 

In some cases, exceptions are found, generally due to 

the difference between actual aging duration and the 

statistically calculated duration. As we know, the service 

life for samples are calculated statistically with a set 

(eight) samples. Deviations exist from this calculation. 

Wrong information will be obtained when large deviation is 

present. Sometimes, for instance, samples break down much 

earlier than the predicted aging duration. When a sample 

fails before statistical half service time or even cjuarter 

service life, a large fluorescence ratio will be obtained 

for this "A" sample. 
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CHAPTER VII 

RESULTS, COMPARISON AND DISCUSSION 

7.1 Results of Laboratory-Aged Cable 

Fig 7-1 shows the relation between lab-aging times and 

samples' fluorescence intensities ratio. In this figure, 

each bar is the average value of ten experimental values. 

Approximately speaking, these bars decrease exponentially as 

aging time increases. In these experiments, we want to use 

the samples for which aging conditions are as mild as 

possible (more similar to field aging condition). Since 

complete 22 and 32 sample sets were not available, we used 

42, 24, 23 from run I and 24 from run II. Fig. 7-2 shows 

the data of 123 in a two-dimensional figure. 

From the figures discussed above, the ratio r(Xj^X2) as 

the indicator of XLPE lifetime is promising. All the 

samples show not only the same trendy they even break down 

around similar ratio values, no matter what are their aging 

conditions and which group (I or II) they come from. This 

makes the prediction of cable remaining service time 

possible. Temperature-dependent and voltage-dependent 

patterns are also found, but not as obvious as lifetime-

ratio pattern. We also had on hand a failed 22 specimen. 

However, no further failures have so far occurred in this 

aging condition, indicating that the sample we had on hand 

represents a premature failure. This is confirmed by our 
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results which show a fluorescence ratio value similar to 

premature failures of other aging conditions. We also had 

on hand the last failure of run I, 32 aging (645 days) and 

the last failure of run II, 42 aging (426 days). For these 

aging conditions, B and C samples are not yet available. 

For the two samples, the fluorescence ratio was 3.5 (as 

opposed to 3.75 for 23 samples, for instance). When all 

data are combined, a general aging curve for CPI accelerated 

aging tests can be obtained. Fig. 7-3 shows the 

extrapolation. Once we know a samplers r (X-,,X.,) , the 

r(Xn,Xo} from its unaged condition and its service time, its 

remaining service time can be deduced from the figure. 

7.2 Results of Field-Aged Cable 

From the results of field-aged cables (Fig. 7-4), it is 

difficult to tell a dominant pattern, except samples with 

more intense fluorescence and/or smaller ratio last longer. 

This difficulty is partially due to the sample shortage 

(thirty of them, so far) which makes the necessary data base 

not available, and partially due to different sample 

manufacturers and the differences in their producing methods 

(different composition of outer jacket, XLPE, inner semicon, 

different cable sizes). Obviously, we cannot make any 

conclusive remarks about field aged samples' prediction at 

this time. What we need for field-aged samples is large 

number samples to establish databases, including unaged 
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counterparts to failed specimens. Nonetheless, a trend 

similar to what we have observed with CPI cables is 

beginning to emerge. 

7 . 3 Discussion 

The electrical excitation of a C-C single bond (CMa*) 

needs a high energy photon whose wavelength is shorter than 

lOOnm. The visible light and near UV radiation used in our 

experiments cannot provide such a high energy. It is safe 

to say that fluorescence spectrum we obtained did not come 

from polymeric backbone C-C single bond excitation. 

XLPE is a network purely made of carbon and hydrogen 

atoms. But in practice, various materials have been added 

during manufacturing to initiate, support and terminate the 

reaction. Example is dibenzoyl peroxide as the initiator in 

the polyethylene addition polymerization (Sec. 2.1) . In 

commercial products, we can also find termination agents 

which are used to stop the polymerization reaction and 

usually they attached to the ends of polymer molecules. 

These agents and others can serve as fluorescence origins. 

The second part of the fluorescence may come from 

additives and impurities (Sec. 2.6, Sec. 4.3) . 

Structurally, they are independent of polymeric molecules. 

But they may themselves take part in the aging process or 

act as catalyses agents. Some of them are easy to be 

excited and emit photoluminescence. 
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A general picture may be that in the aging process, 

those additives break apart. They react with each other, or 

connect with dangling bonds from the backbone, or take part 

to scissor the backbone and then connect to it. Some 

fluorescent molecules are also strongly affected by their 

surroundings such that fluorescence efficiency and peak 

fluorescence depend on factors such as polymer free volume 

and polymer polarity. Studies of the ease with which dyes 

can penetrate the XLPE bulk as a function of aging, in 

progress in our group, give an indication of significant 

polymer structure alteration with aging. The whole 

situation is clearly complex and difficult to elucidate. 

However, since additives are presumably designed to be 

beneficial to polymer longevity, a shortage of (fluorescent) 

additive may signal reduced service time. Our field-aged 

data are suggestive of this. 

7.4 Other Widely Used Methods 

As introduced in Chapter I, the driving force behind 

this project is to look for a diagnostics method, which can 

tell the remaining service time of XLPE distribution cables. 

People have been doing this kind research for years. In 

this section other traditional (and widely used today) 

methods will be presented. 
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7.4.1 Breakdown Strength 

Typical results are presented in Table 7-1. Breakdown 

strength versus service time and breakdown strength versus 

voltage relations are good, in terms of qualitative 

measurements. Exceptions exist. 

It is interesting to notice that the higher the aging 

voltage, the higher the breakdown strength, with other 

conditions (temperature and service time) the same. 

Breakdown strength versus temperature relation is random. 

No quantitative relation can be derived. 

7.4.2 Geometric Mean Time to Failure 

Fig. 7-5 shows results. From this study, the 

information we can obtain is: (1) Run II XLPE last longer 

than Run I XLPE, due to the fact that the Run II semicon 

contains less impurities than that of Run I (Section 4.2.1). 

(2) the milder the aging conditions (both temperature and 

voltage), the longer the service time. Exceptions exist. 

No quantitative remaining service time imformation can be 

deduced. 

7.4.3 Defect Counting 

Some defects are visible with optical microscope, such 

as the tree-shaped and bow-tie-shaped defects. Counting the 

number and size of these defects and trying to figure out 

the relation with the aging status have a long history. Our 
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Table 7-1 XLPE CABLE, GMBS, VOLTS/MIL* 

44 
Run I Amb 90°C 
Orig 1193 1000 
1/4 If 632 
1/2 If 502 
Full(4) 412 

Run II 
Orig 1346 
1/4 614 
1/2 503 
Full (4) 407 

34 
Run I Amb 90°C 
Orig 1193 1000 
1/4 If 636 
1/2 If 468 
Full (4) 323 

Run II 
Orig 1346 
1/4 563 
1/2 435 
Full(4) 336 

24 
Run I Amb 90°C 
Orig 1193 1000 
1/4 If 453 
1/2 If 342 
Full (4) 251 

Run II 
Orig 1346 
1/4 514 
1/2 292 
Full(4) 237 

43 
Run I Amb 90°C 
Orig 1193 1000 
1/4 If 598 
1/2 If 430 
Full(4) 322 

Run II 
Orig 1346 
1/4 680 
1/2 580 
Full(4) 459 

33 
Run I Amb 90°C 
Orig 1193 1000 
1/4 If 460 
1/2 If 362 
Full(4) 311 

Run II 
Orig 1346 
1/4 
1/2 Aged 160 days 
w/one failure at 
159 days. 
Full(4) 388 

23 
Run I Amb 90°C 
Orig 1193 1000 
1/4 If 461 
1/2 If 401 
Full(4) 289 

Run II 

42 
Run I Amb 9 0°C 
Orig 1193 1000 1 
1/4 If 550 
1/2 If 491 1 
Full(4) 370 

Run II 
Orig 1346 
1/4 
1/2 
Full(4) 369 

32 
Run I Amb 90°C 
Orig 1193 1000 
1/4 If 
1/2 If 
Full(4) 329 

Run II 
Orig 1346 
1/4 614 
1/2 503 
Full (4) 407 

22 
Run I Amb 90°C 
Orig 1193 1000 
1/4 If 
1/2 If 
Full(4) 

Run II 

*Taken from the report by CPI on EPRI project RP2713-
02, given at the March 13-14, 1991 project review meeting. 
This project deals with the accelerated aging of cables, 
from which we obtained our samples. Our data and the data 
shown here are therefore directly comparable. Our project 
is in this sense a subsidiary of the CPI study (EPRI Project 
RP2957-02). 
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AGING CONDITION DESIGNATION 

RUN 1 XLPE RUN 2 XLPE 

Fig. 7-5 Geometric Mean Time to Failure* 
* See footnote to table 7-1 
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group did this work too. Table 7-2 is the data we 

obtainedfrom the counting. From these data, no information 

about samples' aging status can be obtained. Generally, 

visible defects already exist by the quarter service time. 

After that time, their number does not increase 

significantly, sometimes even decreases. From the data we 

obtained, no quantitative relation between defect number and 

service time is revealed. It is noteworthy, however, that 

large bow-tie trees are observed only for aging at 

temperature condition 4. We only rarely see vented trees 

(these are truly tree-shaped), presumably because once they 

form they grow rapidly and lead to cable failure. 

By comparing with these three traditional studies, our 

method has its advantage: Quantitative remaining service 

time prediction, at least in CPI lab aged cables. Remaining 

service time prediction for field aged cables may be 

available after continued study and the establishment of 

neccesary databases. 
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Table 7-2. Bow-tie Tree Counting 

Sample 
(July, 1991) 

44A 
B 
C 

43A 
B 
C 

42A 
B 
C 

34A 
B 
C 

33A 
B 
C 

32A 
B 
C 

24A 
B 
C 

23A 
B 
C 

22A 

< 1/2 mm 
(10 samples) 

29 
17 
15 

41 
30 
12 

1 
9 
7 

24 
36 
31 

27 
40 
32 

38 

42 
28 
17 

40 
42 
24 

76 

1/2 to 1 mm 
(10 samples) 

5 
4 

4 
8 
2 

1 

5 
14 
8 

12 
4 
9 

2 

> 1 
(10 

4 

1 

3 
1 
2 

mm 
samples) 

1 

i 

! 

1 

! 
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