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Introduction

ater trees, first reported in 1969 [1], grow in a
Wwide range of hydrophobic polymeric insu-

lating materials when exposed to the combi-
nation of moisture and electrical stress. The
phenomenon reduces the electrical strength of the insu-
lation and jeopardizes the multi-billion dollar utility
investment in polymeric distribution cable. As a result,
water treeing has been high on the agenda of power
engineers for over two decades. During this time, innu-
merable empirical “water treeing studies” have been
carried out. These statistically-based experimental
studies of water treeing as a function of growth condi-
tions have produced a base of contradictory data that
can be used to support almost any hypothesis. Only
recently has the scientific community converged on an
explanation of water treeing that is evolving into an
ever more detailed theory, which now reaches down to
the level of molecular chemistry. This article provides
an overview of the present understanding.

Experimental Technique

The line of investigation that has resulted in a de-
scription of the underlying mechanism of water treeing
is based on the study of chemical species produced
during water treeing. Most of the data are based on
microscopic Fourier transform infrared (micro-FTIR)
differential spectroscopy (DS). This technique produces
a high resolution infrared (IR) absorption spectrum of
the difference between absorption in a treed region and
a nearby untreed region. The “micro” part of micro-
FTIR refers to focusing of the IR beam to microscopic
dimensions so that the beam can be restricted to a treed
region, while “FTIR” refers to a spectroscopic technique
in which the infrared spectrum is measured using an
interferometric technique followed by a Fourier trans-
form of the resulting data to obtain the absorption
spectrum. The advantages of this approach are twofold,
viz., (i) the resolution depends on the distance a mirror
in the FTIR spectrometer is moved during acquisition

As we “celebrate” the 25th anniversary of
water treeing as a recognized phenomenon,
we can take solace that understanding is
now approaching a fundamental level.

of the data and (ii) data for all spectral resolution ele-
ments are acquired during the entire period of data
acquisition. The latter is known as the “multiplex” ad-
vantage of FTIR and results in an increase in the signal-
to-noise ratio of the resulting spectrum equal to the
square root of the number of spectral resolution ele-
ments.

The investigation of the chemistry of water treeing
based on micro-FTIR is complicated by ambiguities that
result from the overlap of spectral features. These am-
biguities are generally resolved through the use of
chemical reactions that shift the IR absorption of spe-
cific species to wavelengths with less interference. For
example, the carboxylate ion, with absorption in the
range 1540 to 1600 cm™ (wavelengths per cm), can be
converted to carboxylic acid (absorption from 1707 to
1710em™) through exposure to hydrochloric acid. Simi-
lar “derivatization reactions” are available to confirm
the identification of carboxylic acid, ketone, and other
relevant species.

Relevant Data

As noted above, statistical data resulting from water
treeing studies are highly variable and presumably de-
pend on experimental conditions. Careful examination
of the published literature indicates that analytical
chemical data from laboratory-aged cables often differ
substantially from data that result from the examination
of field-aged cables. Differences between chemical data
derived from laboratory and field-aged specimens are
readily apparent from an examination of Table I, which
summarizes carbonyl-based chemical species detected
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Table I
Summary of Data Related to

Carbonyl Species in Water Trees (1975-1994)

carboxylate  |ketones esters sulfate  |Experimental Conditions Experimental  [Ref.
ions (RCOO’) |(R2C=0) |(RCOOR) |ions Technique
(SO¢7)

Vented Trees
no no no yes 3.4 kV/mm, 4.6 kHz, 50 °C, 13 days, LDPE/XLPE/EPR |IR 21,75
no no no 8 kV/mm, 1 kHz, 70 °C, XLPE FTIR [3],°80
no yes 4 kV/mm, 50 Hz, 2.7 years, XLPE Micro-FTIR/DS |[4],'88
yes yes yes 6 kV/mm, 60 Hz, 90 °C, 8 months, XLPE/EPR Micro-FTIR/DS |[5],'94
Vented Trees - Laboratory-aged Films |
no yes 3kV/mm, 1 kHz, 10 days, XLPE FTIR/DS [6], 83
no yes 7 kV, 1.5 kHz, 65 °C, 13 days, needle, LDPE Micro-FTIR/DS |[7],790 !
no no no 10 kV/mm, 500 Hz, 25 °C, 14 days, LDPE FTIR-IRS [8],791
yes yes yes 2-4 kV/mm, 60 Hz, 25 °C, 20 days, LDPE FTIR-IRS [9],793
Vented Trees - Field-aged Cables
yes yes yes 6-8 years, XLPE FTIR/DS [10],'87
yes no 6-8 years, XLPE FTIR/DS [11], 791
yes yes yes XLPE Micro-FTIR/DS [[12],°92
yes yes yes XLPE [13],'92
Bow-tie Trees - Laboratory-aged Cables

es yes yes 2.7 years, XLPE Micro-FTIR/DS |[12], 792
yes yes yes yes 6 kV/mm, 60 Hz, 90 °C, 8 months, XLPE/EPR Micro-FTIR/DS |[5],'94
Bow-tie Trees - Field-aged Cables
yes ]yes 'yes 2.7 years, XLPE Micro-FTIR/DS |[12],792
EPR - Bow-tie and Vented Trees, Lab-aged Cables and Slabs
yes ‘yes yes ' |6 kV/mm, 60 Hz, 90 °C, 8 months Micro-FTIR [5],794

XLPE = cross-linked polyethylene, EPR = ethylene-propylene rubber, LDPE = low density polyethylene

in water trees by various investigators. These species
are characteristic of oxidation, and the relative quanti-
ties of the various species may imply the nature of the
oxidation mechanism, for example, electro-oxidation
vs. thermal oxidation.

Table I indicates highly variable results for labora-
tory-aged samples but much more consistent data for
field-aged samples for which carboxylate ions, ketones,
and sulfate ions were always detected. Data are particu-
larly variable for laboratory-aged films, which are prob-
ably the most common basis for scientific study. Amore
careful examination of the data would probably indi-
cate that consistent results were largely a function of (i)
adequate detection sensitivity and (ii) the use of sam-
ples with semiconducting electrodes, i.e., either high
voltage distribution cables or laboratory plaques with
molded electrodes of semiconducting compound. As
explained in a previous article [14], the semiconducting
compounds play an important part in the treeing pro-
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cess as a reservoir of metal ions. In addition to the
semiconducting shield, other sources of metal ions in-
clude catalyst residue from polymerization, metallic
contamination in the dielectric, and ground water after
installation. As a result of the improved understanding
of the role of semiconducting compounds and ions in
water treeing, only recently have laboratory studies
yielded water trees that are chemically equivalent to
those found in field-aged samples [5,12], as illustrated
in Fig. 1.

- History of Oxidation Hypotheses for

Water Treeing
Henkel and Garton
Field driven oxidation [15] was proposed as a main

driving force of water treeing by Henkel [16] (1987),
Garton [10] (1987), and Densley et al. [17] (1990). Their
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Fig. 1 Typical micro-FTIR difference spectrum of a water
tree in laburatory-aged XLPE and EPR cable. Carboxylate
ions cause the dominant spectral features [5]

mechanisms involve similar sequences of free radical
chemical reactions but differ in initiation processes.
Garton suggested that the voids in a tree region are the
locale for various catalyzed oxidative reactions. Garton
believed that species such as metal ions (especially
transition metal ions), sulfate ions, and carboxylate ions
were responsible for the oxidative instability of a treed
region, although Garton was not certain whether the
oxidized species cause void formation or only become
concentrated in voids after their formation. Many metal
ions, especially the transition metal ions, catalyze poly-
mer oxidation. Table II summarizes the various metal
ions identified in water trees [18-271.

The initiation step proposed in Henkel’s model in-
volves an electrochemical reaction of water associated
with a hydrophilic defect or contaminant. Henkel et al.
noticed that water trees initiate at water-filled micro-
voids. He assumed that moisture accumulates on the
wall of a microvoid, which results in electrolytic reac-
tions under the influence of an electric field. This can
cause the formation of hydrogen peroxide (H2O2, a
strong oxidizing agent) and even the evolution of oxy-
gen and hydrogen. At the polymer/water interface,
electrochemical reactions, similar to the thermal oxida-
tion catalyzed by metal ions, can also occur.

Henkel’s model explores the possibility of water tree
formation driven by an electrochemical process. In
many ways, this hypothesis is consistent with experi-
mental observations. For instance, water tree growth
rates are lowered in high electrolyte concentrations.
This is consistent with a metal ion catalyzed oxidation
process in which high metal ion concentration increases
the probability of intermediate species that “cancel”
each other and thereby reduce the growth rate [28,29].
Henkel suggests no detailed mechanism by which mo-
lecular oxidation reactions produce tree-like defects.
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Table II
Ionic Species in Water Treed Regions and

Sites of Water Tree Initiation
Specimen Tree Ionic Species
XLPE K*,Na*, Ca?*, AI’", Mg?*, Fe¥, Fe?*, Cu*, Cu®,

Zn2+, Si4+, S4+’ SG+

Tree Initiation Sites
XLPE Al, Si, O, cellulose, glass, amber, Cu, Al steel, S
Filled XLPE | Al Si, O, Ti, Zn, Pb(S), Fe
EPR Fe, V, A, Si, O, Ti, Zn, Pb(S)
Zeller

Zeller [30] (1987) suggested that electric field-in-
duced chemical reactions cause water treeing. He esti-
mated the local field within a water tree and showed
that direct field effects, alone, cannot cause the growth
of a water tree. However, the local fields are sufficiently
strong to initiate an electrochemical process. Zeller re-
ferred to the observation of oxygen evolution to sup-
port the electrochemical mechanism of tree growth [31].
Zeller also tried to fill the gap between the electrochemi-
cal process and tree formation. He believed that the
electrochemical reactions lead to partial oxidation of the
polymer. On the basis of fundamental thermodynamic
considerations, Zeller showed that if the oxidized polar
groups were attached to a nonpolar hydrophobic mac-
romolecule, phase separation would occur, i.e., water
molecules dissolved in the hydrophobic polymer ma-
trix would condense as liquid moisture in the hydro-
philic region. The morphology of the water tree is then
a consequence of the microphase separation in the par-
tially oxidized polymer. Such a situation becomes self-
propagating if the condensation of moisture in the
oxidized region enhances the field at the tree growth
front and/or the agents responsible for catalyzing the
oxidation of the polymer can migrate along the oxi-
dized paths.

Steennis

Steennis [32] (1990) developed Henkel’s and Zeller’s
ideas that electrochemical reactions are initiated at the
surface of voids where moisture accumulates and
where polar groups on polymer chains cause the poly-
mer to change from hydrophobic to hydrophilic, result-
ing in microphase separation (condensation of moisture
out of the polymer matrix). Steennis proposed an elec-
trochemical mechanism of water treeing in which initia-
tion sites are located in a polar amorphous region of the
polymer. Water enters the polar region if ions are pre-
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Fig. 2 Steennis’s water tree model. Left: polar amorphous
region and reaction front. Right: As polymer chain oxidation
and scission develop, the reaction front moves into the
polymer matrix

sent. Steennis explained that polar amorphous regions
can be created by scratching, pollution, or oxidation
during compounding and cable manufacturing. The
ionic contaminants, such as the semicon and residual
catalysts, can also serve as polar sites in the amorphous
region of the polymer.

In the presence of an electric field, redox reactions
can take place at the interface between the water and
the polymer. The redox reactions cause further deterio-
ration of the polymer, which results in more polar struc-
tures near the water-polymer interface. This pushes the
water front (see Fig. 2, left) further into the polymer
(Fig. 2, right). As the front “F” moves gradually into the
PE matrix, a polar path is generated.

Steennis believed that the electrolysis is possible if
the voltage drop near the interface is approximately 1
volt. The charge transfer process is maintained by elec-
trolysis, i.e., an electron given off from oxidation of a
negative ion will be accepted by the polymer surface.
Charge transport is maintained by capacitive current.
Steennis suggested hydrogen peroxide (H202), an ex-
pected product of the electrolysis, may attack carbon-
carbon double bonds on PE chains and produce
ketones.

Steennis’s model depictéd a convincing connection
between the electrochemical reactions and water tree
formation. The several crucial assumptions in the
model are in good agreement with the experimental
observation. However, his speculation that oxidation
starts with vinyl groups on the PE chain (Fig. 3) merits
further discussion. The concentration of vinyl groups in
polyethylene (about 0.3 per 1,000 carbon atoms) is so
low that the oxidation of vinyl groups might not pro-
duce significant morphological changes as seen in
water trees. On the other hand, the ketones that result
from Steennis’s model are not the dominant products
in water treeing [5,12]. Thus the chemical details of
Steennis’s model require refinement.
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(a) ~HC=CH~ + HOO» — ~HC}—CiH~
HO OH
(®) ~CH-CH~ — ~C-CH~ + H0

I
HO OH O

Fig. 3 (a) Carbon-carbon double bonds are oxidized by
hydrogen peroxide (H202) to form glycols. (b) Glycols can
be converted to ketones

Ross

In 1992, Ross [12] proposed an advanced model of
water treeing which is very similar to the Steennis
model, as shown in Fig. 4. The model basically consists
of a hydrophilic track through a hydrophobic amor-
phous region of the polymer. The tracks, similar to
Steennis’s tree paths, facilitate the transport of water
and ions through a tree. The oxidation occurs during
water tree growth. The carboxylate ions and sulfate ions
are possible oxidation products. These ions are chemi-
cally or physically bonded to the polymer chain. Chain
scission and the subsequent formation of voids and
channels may widen the tracks and increase ion perme-
ability, especially in the presence of an electric field.
Ross stressed the presence of carboxylate ions in the
treed region. He suggested that carboxylate ions can be
formed through the combination of oxygen and an

limiting
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limiting " void with
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trapped salt diameter

diameter

0849, cations

;\ /it crystalline
00,0 anions
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PE outside
water tree

\-_J ionic endgroups

Fig. 4 In Ross’s advanced water tree model, polar groups
dangling on the polymer chain ends promote passage of
water and ions through a newly formed water tree “track”
[12]
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PE chain Carboxylate ions Radicals at chain end

Fig. 5 Carboxylate ions can be formed through an electro-
chemical oxidation of polyethylene

electron transfer reaction (Fig. 5). This was probably the
first published attempt to link the observed carboxylate
ions in trees to a proposed tree model, although the
detailed molecular mechanism was not discussed.

Molecular Chemistry of Water Tree
Formation

Oxidation

We have been discussing “oxidation” without speci-
fying the “oxidation mode.” In the water tree-related
literature, “oxidation” often refers to some vague
mechanism of thermal/auto oxidation and/or electro-
chemical reaction. Since the influence of the electric
field on the oxidation process is not fully understood,
“thermal oxidation” should be distinguished from
“electrochemical oxidation” (electro-oxidation). The
terms “thermal oxidative degradation” and “electro-
chemical degradation” are frequently used as syno-
nyms, as polymer oxidation is always associated with
chain scission.

Thermal Oxidation: Thermal oxidation of a polymer
is a chain scission process that results from an attack by
an oxidizing species at a temperature of 50-100° C. The
oxidation of polyolefins such as polyethylene has a
common feature, i.e., the formation of chain radicals on
the polymer chain is followed by a reaction with oxygen
and chain cleavage (Fig. 6). Such oxidative degradation
results in the formation of C=C bonds, peroxides (~C-
0-0O-C~), hydroperoxides (R-O-OH), alcohols (OH)
and a distribution of carbonyl species (C=O) such as
ketones (R-C(=O)R), acids (R-C(=O)OH), and esters
(RC(=O)OR) [31], where “R” represents a degraded
polymer chain or fragments thereof.

Electro-oxidation: The detailed distribution of the
end-products of electro-oxidation of polyolefins is basi-
cally unknown because of a lack of fundamental stud-
ies; however, the generation of carboxylate ions appears
to be the main feature of the process [3,5, 12].

Refinements of KEMA Tree Model

The most advanced model of water tree growth is the
“KEMA model” as developed by Steennis and Ross.
Although the KEMA model is chemical in nature, it
describes tree formation on a microscopic scale rather
than on the molecular scale of chemical reactions. Thus
the KEMA model requires refinements to “push” it to
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Fig. 6 A simplified scheme of thermal oxidation mechanism
for polyolefins, such as polyethylene

(

the molecular level. An understanding at the molecular
level may provide an improved basis for inhibiting the
process of water treeing. Water treeing is a multistress,
multiple mechanism phenomenon in which various
mechanisms may predominate at different times de-
pending on a particular set of ageing conditions. Elec-
trochemical oxidation is clearly the most promising
mechanism and is supported by many experimental
observations. In a very recent report, the authors em-
ployed fluorescence microscopy to demonstrate both
the existence of “tracks” connecting microvoids within
the treed region, as well as the oxidation of the polymer
associated with the tracks [33].

Molecular Electrochemistry of Water Treeing

Aproposed electrochemical degradation mechanism
should embrace all the reasonable parts of previously
suggested mechanisms and explain the low concentra-
tion of ketones relative to carboxylate anions observed
in water trees. Table III gives the relative production of
ketones and carboxylate ions that results from possible
oxidation mechanisms as determined using infrared
spectroscopy. Note that “electro-oxidation” in the pres-
ence of ions and water results in a preponderance of
carboxylate ions, while the other oxidation processes
produce predominantly ketones. This table may be
oversimplified given the lack of knowledge concerning
the influence of electric fields on oxidation; however,
the table provides an indication of the differences be-
tween electro-oxidation in cable systems and thermal
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Table III
Distribution of Ketones and Carboxylate Ions
Produced in Various Oxidation Conditions

Modes/Products | Ketones | Carboxy- | Carboxylic
| lates Acids

Electrical/H>O/lons* 0% 90-100% |0

Thermal/H20/Ions** 70% 30% 0

Thermal (air)*** 182% 0 18%

Photo (air)*** 143% 0 57%

based on ketones + carboxylate ions = 100%. *data from the treed
regions of cables and slabs [5,34], **data from the oxidized PE films in
aqueous salt solutions [34], ***calculated based on ref. [35]

or photo-oxidation. Charge (electron) transfer could be
involved not only in the electrolysis of water to produce
oxidizing agents (hydrogen peroxide and oxygen) but
also through electro-oxidation of the polyolefin.
Electrochemical degradation of polyolefins associ-
ated with water treeing appears to involve five funda-
mental steps [34]:
electrolysis of water
. initiation of degradation
catalysis of degradation by metal ions
. chain scission resulting in ketone and carboxy
late ion formation
e. conversion of ketones to carboxylate ions.

oo o

(a) Electrolysis of Water (Scheme 1)

Electrolysis of water can take place at very low
potentials and currents [36]. Henkel [15] suggested that
an electrolytic reaction may also take place at the water-
polymer interface. Electrolysis of water may take place
at the water/polymer interface in the polar amorphous
region. Oxygen, hydrogen peroxides and hydrogen
peroxide radicals would be generated, as shown in
Scheme 1. Trace amounts of oxygen may also pre-exist
in water. These are oxidizing agents.

1) HO0~ <
2) H' + ¢

(G X0 ; G—— > 2H,0 + O, + 4¢°
Field

@) O, 4+ € =eems > Oy

(5) O + H* -=-> HOy-

(6) HO;'+ H  —-——-> H,0,

Scheme 1: Electrolysis of water
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Scheme 2: Electrochemical initiation of polyolefin degrada-
tion

b) Initiation of Polyolefin Degradation (Scheme 2)

In the presence of an electric field and transition
metal ions, the chain degradation is initiated by an
electrochemical reaction to form chain radicals, as
shown in Scheme 2. The ions may act as a mediator (see
Scheme 2, a). Without the mediation of ions, the electro-
chemical potential required for the reaction is probably
too high for the reaction to take place [37]. The chain
radicals are highly reactive and will react with any kind
of oxidizing agents to form chain peroxides and perox-
ide radicals (see Scheme 2, b & b’). The proposed elec-
trochemical initiation does not exclude the possibility
of the initiation via a classical thermal oxidation mode,
although this would proceed very slowly under most
cable operating conditions.

(c) Catalysis of Polyolefin Degradation (Scheme 3)

Polymer chain peroxides and peroxide radicals per-
turb adjacent carbon bonding strengths and promote
further chemical reactions. O-O bonds, with bond en-
ergy less than 35 kcal/mol, are broken readily to form
the chain alkoxyl radicals. Even though O-O bonds are
weak, high temperatures are required for cleavage, e.g.,
160-170 °C for peroxides initiated the crosslinking of
LDPE. Fhe presence of metal ions and an electric field

-O-H 0.
M2¢
— + OH"
3 3 + M
-0. 0.
2+
2 LZ/\/E/\ + (lfg) 0,
!.l3 H3 + M +
Fields
M* 4 e — M

Scheme 3: Degradation catalyzed by transition metal ions
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must lower the activation energy barrier for O-O bond
cleavage. The possible reactions are shown in Scheme
3.

Note that some ions (Cu” / Cu2+, Fe?* / Fe3+) can be
recycled through electrochemical reactions. Therefore,
the chemical species necessary for the electrochemical
reactions can be recycled spontaneously.

(d) Chain Scission and Ketone Formation (Scheme 4)

The chain alkoxyl radicals tend to form a stable bond
by restructuring. Adjacent C-C bonds (83 kcal/mol)
could be broken, leading to the formation of ketones,
chain scission, and end-chain radicals. End-chain radi-
cals would form carboxylate ions through intermedi-
ates such as aldehydes.

(e) Conversion of Ketones to Carboxylate Ions

The generation of ketones is inevitable, as demon-
strated in Scheme 4. Given that carboxylate ions have a
high concentration in the end products of water treeing,
we suggest that ketones can be converted to carboxylate
ions under the influence of an electric field and the
resulting minute electric current. Low molecular aro-
matic ketones can be converted readily to carboxylate
anions in an electro-oxidation process [38]. The conver-
sion need not be highly efficient, only sufficient to re-
duce the ketone concentration to below that detectable
using micro-FTIR. (Scheme IV figure)

Future Work

The study of electrochemical degradation of poly-
mers is very challenging. Despite a few reports dealing
with polar polymer systems [39-43], the electrochemical
degradation of polyolefins is poorly understood. The
difficulties arise from the chemically inert nature of
polyolefins (e.g., PE, XLPE, and EPR) and their high
resistivity, which limits the use of typical electrochemi-

o + .
(a) s SN
3 \ + CH,
(b)
H,0. 0, H,0,

0
T /

Field, ions \/\/C\O

ions H;0, Field, ¢ /\KO

— 2 -

Scheme 4: (a) Chain scission and ketone formation. (b)
Carboxylate ion formation. (c) Conversion of ketones to
carboxylate ions
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cal techniques that require measurable current flow at
relatively low voltage. In this context, water treeing
provides a good basis for the study of electrochemical
degradation of polyolefins. Although the above mo-
lecular mechanisms for water treeing are plausible, sev-
eral aspects merit further investigation:

1. How does an electric field exert an influence on

- polyolefin oxidation? How much does electro-oxida-

tion deviate from thermal oxidation in terms of the
distribution of end-products?

2. How do transition metal ions catalyze polyolefin
oxidation in the presence of an electric field?

3. Verification of the conversion of ketones to car-
boxylate ions in the presence of an electric field. Verify
the initiation of chain degradation by an electro-chemi-
cal reaction mediated by metal ions.

4. Determine under what combination of conditions
(electric fields, current flow, temperatures, and ions)
does decarboxylation of a carboxylate ion take place?
Why are carboxylate ions observed more frequently in
field-aged cables than in laboratory-aged films and
slabs? High temperatures (100 °C) and high electro-
chemical potentials (2.8 volts vs. Standard Hydrogen
Electrode) facilitate decarboxylation reaction for oli-
gomeric carboxylate ions.

- CH2 - C(=0)O" -CHae + CO2
Field/Temperature

Fig. 7 Decarboxylation can take place as a result of elevated
temperature or an appropriately high electric field

280 320 360 400 440

Fig. 8 Fluorescence emission spectra of 200 um thick samples
of XLPE cable dielectric [45]. The specimen that corresponds
to the upper curve was aged at 6 kV/mm, 60 Hz, and 90 °C
conductor temperature for 8 months. The lower curve corre-
sponds to an unaged sample. The unstained specimens were
cleaned briefly with methanol and dried. The spectra dis-
play a distinct fluorescence emission peak at 343-345 nm for
the aged specimen at all excitation wavelengths from 220
nm to 250 nm. The peak has been assigned to unsaturated
carbonyl species in degraded polyolefins by several authors
[46,47]
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5. Water trees can be observed in some EPR cables
which failed prematurely, although the presence of
water trees in EPR cables has not been implicated as a
cause of failure. Decarboxylation can close the hydro-
philic tree path for water and metal ion transport and
thereby eliminate the water tree by returning the poly-
mer to a hydrophobic state (Fig. 7). Does this contribute
to the performance of EPR cables tested at high fields
and temperatures [44]? (Figure 7 and 8)

6. More detailed information concerning the chem-
istry within water trees is needed. More sensitive spec-
troscopic techniques, such as micro-fluorescence
spectroscopy, may be useful. To this end, the spectral
assignments of micro-fluorescence need to be clarified.
Conventional fluorescence spectroscopy (without mi-
croscopicaccessories) can detect much lower concentra-
tions of some organic species than micro-FTIR (Fig. 8).

Conclusion

As a result of experimental and theoretical progress
over the last decade, our understanding of water tree-
ing is approaching the molecular level at which the
fundamental chemical nature of the phenomenon will
be revealed. Further effort is required to complete the
picture. The analytical techniques employed to date
indicate that the water tree region contains a wide range
of chemical species, with various forms of carbonyl and
metal ions and water being dominant. Among carbonyl
species, carboxylate ions are dominant, followed by
trace amounts of esters and ketones. Present oxidation
theories of water treeing are based on these observa-
tions and provide the best and most detailed descrip-
tion of the process.

The oxidation theories of water treeing discussed
above describe the growth of water trees as driven by
electro-oxidation of the polymer, which takes place in
the direction of the local electric field and in a polar
amorphous region of the polymer. As a consequence of
the electro-oxidation, polymer chains are broken and a
“track” or “tree path” is formed. The local electro-oxi-
dation of the polymer along this track converts the track
region from hydrophobic to hydrophilic, which results
in the condensation of water molecules dispersed in the
polymer matrix to form liquid water in the track. The
liquid water in a track promotes the transport of ions
that mediate further the electro-oxidation of the poly-
mer at the tip of the track. Thus a track becomes self-
propagating in a manner similar to the self propagation
of an electrical tree or a gas breakdown channel, al-
though on a very different time scale. Relative to the
distance we have come, little work remains to gain a
“complete” understanding of the molecular chemistry
of water treeing. A detailed understanding of the mo-
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lecular mechanism should provide bases for the devel-
opment of improved inhibition of water trees.
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