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ABSTRACT: In the present work tracking phenomena were studied with high-density
polyethylene (HDPE) materials under dc voltage, with NH,Cl and acid rain as contam-
inants. It was determined that the tracking time of the material depends on the
conductivity and flow rate of the contaminant. Furthermore, physicochemical analysis
by wide-angle X-ray diffraction studies, differential scanning calorimetry, and lumi-
nescence spectroscopy was carried out, whereupon it was concluded that the tracking
process is a surface-degradation process. © 2002 John Wiley & Sons, Inc. J Appl Polym Sci 83:

2843-2849, 2002; DOI 10.1002/app.10260
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INTRODUCTION

Polymers are now becoming the outdoor insula-
tion material of choice because of their better
dielectric properties and because they are light-
weight and cost effective compared to porcelain
insulators. Based on the performance of insulator
analyzed by various means, it has been deter-
mined that most of the failure of outdoor insula-
tion structures is the result of tracking,! a pecu-
liar phenomenon that occurs on the surface of the
insulation structure as a result of the creepage
discharge from surface contamination. It varies
with surface field intensity, surface current mag-
nitude, and the state of discharge thereby in-
duced, all of which are attributed to surface
wetting and the degree of contamination. Once
tracking occurs, the surface electrical insulation
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property is lost completely and never recovers. To
improve the reliability and performance of insu-
lation material, the tracking phenomenon is be-
ing investigated worldwide in severe pollution
conditions like acid rain.

Most of the tracking studies reported in the
literature, carried out in different polymeric insu-
lation materials, are under ac voltage.™? With the
advancement of the dc power transmission sys-
tem, it has become necessary to understand the
tracking phenomenon, in insulation structures,
under dc voltage. Polyethylene is widely used in
cable insulation and as an outer jacket to all
dielectric self-supporting (ADSS) optical-fiber ca-
bles worldwide.? The uptake of water in bulk of
the insulation wrapping the cable is affected by
the hydrophobicity of the exterior surface. The
presence of water in insulation leads to the for-
mation of the water/electrical trees and might
result in eventual failure of cables. The unaged
surface of the polyethylene material is usually
hydrophobic and therefore resists the formation
of a continuous film of water on the surface. Un-
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Figure 1 Experimental setup.

der wet or humid conditions and in the presence
of pollutants, a gradual loss of hydrophobicity
occurs, which is accelerated at higher tempera-
tures. The formation of a continuous film of water
on the surface results in the formation of leakage
current followed by dry-band arcing and tracking
activity on the surface, and thereby most of the
optical-fiber cable envelop gets damaged because
of tracking.? Hence, there is a need for reducing
the damage of the insulation material that results
from tracking.

Armed with this knowledge, in the present
work more care was taken to understand the
tracking phenomenon in high-density polyethyl-
ene (HDPE) material (the most preferred insula-
tion for dec voltages), by carrying out the experi-
ment according to IEC-587,* under dc voltage,
with contaminants like NH,Cl and acid rain. The
influence of tracking resulting from conductivity
of the contaminant and by the flow rate of the
contaminant was thoroughly investigated in the
present study. Mechanisms of failure attributed
to tracking under dc voltages are discussed. In
addition, certain physicochemical analyses, by
wide-angle X-ray diffraction (WAXD), differential
scanning calorimetry (DSC), and luminescence
spectroscopy, were carried out to support the con-
clusion that the tracking process is a surface-
degradation process.

EXPERIMENTAL

At the present time there is a lack of standardized
test procedures to understand the behavior of
polymeric insulators.® Also, there is no regular
test procedure to carry out a tracking test under

the dc voltage application. In the present work,
the tracking test was carried out following the
IEC-587 (1984) test method, which was adapted
for ac voltage application.? The specimen used in
the present work was commercially available
HDPE sheet material of 4 mm thickness. The gap
distance between the top and the bottom elec-
trode was adjusted to be 50 mm. The schematic
diagram of the experimental setup and the elec-
trode configuration used in the present work are
shown in Figure 1. NH,Cl (0.1%) and acid rain
solutions were used as contaminants in the
present study. The different flow rates were ob-
tained using the control of the peristaltic pump
(MICLINS pp10, India). The dc voltage (4 kV) was
connected to the top electrode and the bottom
electrode was solidly grounded. The tracking time
was defined as the time taken by the arc to cross
two-thirds of the gap (between bottom and the top
electrode), from the time of application of voltage.
If this time exceeds 6 h, the later duration is
taken as the tracking time. The pH value of the
acid rain was measured using a Digital pH meter
Model DI-707 (Digital Instruments, Santa Bar-
bara, CA) and the conductivity measured using
Lutron CD-4302.

Characteristics of Acid Rain

The important characteristics of acid rain are ion
ingredients, pH value, and conductivity. To un-
derstand the influence of acid rain on the perfor-
mance of polymeric material, artificial acid rain
was prepared in the laboratory. The investigation
carried out by the Meteorology Bureau of Japan®
identified SO, NO;5, C1-, NH/, Ca®>", K", Mg?",
and Na® as the constituents of acid rain. The



composition of artificial acid rain, as shown in
Table I, agrees with that of actual acid rain.” The
pH value of artificial acid rain is 2.0 and its con-
ductivity was adjusted to the required value.

Physicochemical Analysis
Wide-Angle X-ray Diffraction (WAXD)

In the present work, WAXD measurement was
determined by a Phillips X-ray diffractometer. A
scan rate of 2°/min at 2000 cycles using Cu-K,
radiation of wavelength 1.596 A was applied. A
radial scan of Bragg angle (26) versus intensity
was obtained with an accuracy of =0.25° at the
location of the peak.

Differential Scanning Calorimetry (DSC)

The melting behavior of the specimen was ob-
served using Perkin—Elmer Model DSC 2C ap-
paratus (Perkin Elmer Cetus Instruments, Nor-
walk, CT). The experiments were performed in a
nitrogen atmosphere, at a heating rate of 10°C.
Indium metal was used as the standard.

Luminescence Spectroscopy

Luminescence analysis was undertaken using a
Hitachi-F4500 Spectro fluorimeter (Hitachi, To-
kyo, Japan). Fluorescence spectra were obtained
at ambient conditions.

The Tracking Process

Tracking is a surface-degradation phenomenon
that occurs when the contaminants collect on the
surface of an insulation material. When high volt-
age is connected to the top electrode, leakage cur-
rent flows in the conductive path formed by the
contaminant (between top and bottom electrode).
This leakage current causes nonuniform heating
of the surface, thereby forming a dry-band zone in
the continuous wet film formed by the contami-

Table I Ingredients of Artificial Acid Rain
Used in This Experiment (in g/2 L)

NH,Cl 1.0

NaCl 2.55
KCl1 0.18
MgSO, 1.05
CaSO, - 2H,0 0.90
Triton X-100 0.40
HNO, 0.90
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Figure 2 Tracking formed zone.

nant flow, resulting in regions of very high resis-
tivity between the edges of the remaining wet film
surface. Nearly the entire surface voltage (the
applied voltage) will appear across the dry band,
causing sparking across the dry band. The contin-
uous flow of contaminant in the gap rewets the
surface and the above process is repeated. The
spark across the dry band results in a slow rise of
surface temperature and gradual heating of the
specimen. Kim et al.® explained that dry-band
arcing accelerates the loss of hydrophobicity and
degrades the surface of the insulation material.

The high temperature of the arc in the gap as
well as the high temperature attributed to the
possible reaction of NH,Clacid rain with the
polymeric material are considered to be responsi-
ble for erosion of material followed by the track-
ing process. Sometimes the arc burning across the
gap is extinguished by the flow of contaminants
and the entire process detailed above restarts.
However, over a period of time, accumulation of
the contaminants in the gap permits more cur-
rent to flow in the conductive path formed by the
contaminant at the same applied voltage. There-
fore, the entire process is accelerated so that
heavy burning takes place between the elec-
trodes, causing a carbonized path, as shown in
Figure 2. This phase is identified as failure result-
ing from tracking.

RESULTS AND DISCUSSION

Figure 3 shows the variation in tracking time in
HDPE material with different contaminants and
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Figure 3 Variation in tracking time of HDPE material with contaminant of different
rates of conductivity under dc voltages: (a) NH,Cl; (b) acid rain.

different rates of conductivity, under dc voltage.
It is observed that, with NH,C] contaminant, the
tracking time is less when the positive dc voltage
is connected to the top electrode; this phenome-
non is just opposite when the acid rain is used as
contaminant. When the positive dc voltage is ap-
plied, the ion ingredients in the acid rain alter the
magnitude of the leakage current flow in the sur-
face. At lower conductivity of the acid rain, the
leakage current may be too low to cause dry-band
formation, arcing, and degradation of the surface
of the insulation materials, thereby leading to
high tracking time. It is also observed that the
higher the conductivity of the contaminant, the
lesser the tracking time of the specimen, irrespec-
tive of the type of polarity of the applied dc volt-
age. The study of tracking phenomena in epoxy
resin material was carried out by Sarathi et al.,’
who determined that the tracking time is less
under negative dc voltage at lower conductivity of
the contaminant, a result that indicated that the
tracking phenomenon is material dependent and
influenced by the conductivity level of the contam-
inant. Mason et al.'° observed that the tracking
inception stress is less under the positive dc volt-
age, the cause of which is attributed to the direc-
tion of the flow of the contaminant; these investi-
gators explained that the positive electrode suf-
fers from electrolyte corrosion. Hence, when the
top electrode is connected to positive dc voltage,
the ionic products are injected with the flowing
contaminants. The additional ions can cause in-
creased conduction, so that the dry band and in-
tense discharges occur, leading to reduced track-
ing time under positive dc voltage.

Figure 4 shows the variation in the tracking
time in the HDPE material, with different con-
taminants (of conductivity 2500 us), with differ-
ent flow rates, under dc voltage. It is observed
that an increase in the flow rate of the NH,Cl
contaminant shows an increase in tracking time
and, above a certain limit, a reduction in tracking
time. The increase in tracking time up to a certain
flow rate is ascribed to nonavailability of the con-
taminant in the gap to enhance the tracking pro-
cess. With the acid rain as contaminant and an
increase in flow rate of the contaminant, positive
dc voltage does not show any variation in the
tracking time, whereas under the negative dc
voltage a marginal increase in time was observed.
Thus, an optimized flow rate has to be identified
for each contaminant, which is then used for the
tracking study.

The WAXD spectrum was obtained for a virgin
specimen and tracking formed zone of the HDPE
specimen. Because the WAXD patterns of the
tracking formed zone are formally similar to vir-
gin samples, for brevity, only the virgin HDPE
specimen spectrum is shown in Figure 5. Agarwal
et al.!! obtained the spectra of polyethylene show-
ing peaks at 21.5 and 23.9°, which are the char-
acteristics of 110 and 220 lattice planes, respec-
tively. Similar characteristic spectra were ob-
tained in the present work, with a shift in peak
position of 0.5°. These features ought to be stud-
ied in detail. The main observation in the present
work is that the WAXD obtained for the virgin
and surface tracked region do not show any
change in position of peaks or their splitting of
peaks throughout the scan range, which indicates
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Figure 4 Variation in tracking time of HDPE material on the flow rate of contami-
nant under dc voltages: (a) NH,Cl; (b) acid rain.

that there is hardly any change (maximum of 5%)
of crystallinity and no new phases are introduced
in the specimen.

DSC is a measurement technique that records
the energy necessary to establish a zero temper-
ature difference between a specimen and a refer-
ence material, when two specimens are subjected
to identical thermal conditions in an environment
heated or cooled at a predetermined controlled rate.
Figure 6 shows the DSC thermogram of HDPE

Magnitude

1 L L 1 1 1
16 18 20 22 24 26 28
Bragg Angle (8)

Figure 5 WAXD pattern of HDPE material.

(virgin and tracking formed zone) material. The
curve shows the exothermic change when heated
between 30 and 300°C at 10°C/min. The peak
temperature of the exothermic reaction of the vir-
gin HDPE material is 132.3°C and, under identi-
cal conditions for the tracking formed zone mate-
rial, has a peak temperature of 129.6°C with a
shoulder peak at the rising part, thus confirming
that the thermal characteristics of the material
are altered.

PEAK =132.33°C

VIRGIN

| VIRaN

PEAK =129.670°C

HEAT FLOW ENDO

TEMPERATURE (°C)

Figure 6 DSC thermogram of HDPE (virgin and
tracking formed zone) material.
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Figure 7 Luminescence spectra of HDPE material.

Figures 7(a)-7(d) show fluorescence excitation
and emission spectra of HDPE material and the
microtomed section of the tracking formed zone of
the HDPE material. The fluorescence analysis of
polyolefins now has been considered to be associ-
ated with the presence of a low level of cyclic
aB-unsaturated carbonyl compounds of the enone
and enal types.'? The excitation spectra shown in
Figure 7(a) were taken by exciting the emission
grating at 340-nm emission band of the fluores-
cence emission spectra. It exhibits strong intense
peaks at 230 and 285 nm. Similar characteristics
were observed by Allen et al.'? for the HDPE
material. Studies were carried out with the mic-
rotomed section of the tracking formed zone ma-
terial, under identical conditions, and it was con-
firmed that no characteristic peaks are exhibited
as in the case of HDPE material, which provides
clear evidence for the altered surface of the track-
ing zone material. Figure 7(b) shows the excita-
tion spectra recorded for the tracking formed zone
by placing the emission grating at 430 nm. Fig-
ures 7(c) and 7(d) show the emission spectra ob-
tained for HDPE material and the tracking
formed zone material, respectively. The emission
spectra are different for the HDPE material and
the tracking formed zone material. The charac-
teristic peaks are observed at 330 and 344 nm for
the HDPE material and, in the case of tracking
formed zone material, peaks at 430 and 465 nm

are observed. This variation indicates that the
tracking phenomena constitute a surface-degra-
dation process. The increase of wavelength in the
tracking zone material indicates the formation of
other active species, although further detailed
study is required to identify the kind of active
species.

CONCLUSIONS

Positive dc voltage has a lower tracking time com-
pared with that of negative dc voltage in the pres-
ence NH,CI as contaminant. The tendency is re-
versed with acid rain as the contaminant. An
increase in flow rate of the contaminant (acid
rain) shows an increase in tracking time under
negative dc voltage and it is constant under pos-
itive dc voltage. With NH,CI contaminant, an in-
crease in flow rate shows an increase in tracking
time and, after a certain limit, a reduction in
tracking time is observed.

The WAXD studies indicate that no new phase
occurs in the material as a result of the tracking
process. The DSC result indicates a change in
melting point of the material near the tracking
formed zone. In the excitation spectra, the ab-
sence of the characteristic peaks of the HDPE
material at both 230 and 285 nm in the tracking
formed zone material provides clear evidence for



the altered surface resulting from tracking. The
fluorescence emission spectra indicate that the
increase in wavelength is attributable to some
active components formed in the tracking formed
zone.
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