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Arcing on Silicone Rubber Insulation
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Li-Lin Tay

Abstract— This paper proposes ultra-high frequency
detection of the eroding dry band arcing as a non-intrusive
and online detection technique of erosion failure during the
DC inclined plane test. Tests are performed on silicone
rubber composites, while conducting leakage -current,
surface temperature and ultra-high frequency measurements
using a horn antenna. No ultra-high frequency detection is
evident during mild dry-band arcing, which does not lead to
erosion. Whereas, the detection is evident during stable dry-
band arcing, particularly when the intensity becomes
remarkable. Thermogravimetry, differential thermal analysis
and Fourier Transform spectroscopy are conducted to
elucidate temperature measurements and visual
observations. The eroding dry-band arcing is shown leading
to depolymerization of silicone rubber at 400°C, thereby
leading to combustion and erosion failure, and stimulating a
radical-based crosslinking reaction at temperatures
exceeding 500°C. The intensity of the ultra-high frequency
detection is also shown to be sensitive to the severity of the
eroding dry-band arcing as it increased with time during the
test or with higher applied test voltages.

Index Terms—Dry band arcing, depolymerization, deep
erosion, inclined plane test, outdoor Insulation, radical-
based crosslinking, UHF, silicone rubber, ionizations

[. INTRODUCTION

he inclined plane test (IPT) was developed primarily to
evaluate the electrical tracking resistance of polymeric
insulating materials [1]. The ASTM D2303 standard
recommends two IPT procedures to evaluate the tracking
resistance, with the formation of a track length (between 0.5 —
1 inch) as the test failure criterion [2]. Measuring a 60mA
leakage current (LC) on the surface under test is another failure
criterion specified in the IEC 60587 standard [3]. This LC level
measured during the test indicates a highly conductive surface
due to tracking.

Erosion was another form of surface degradation reported
during the IPT for tracking resistant materials [1]. The erosion
test method in the ASTMD2303 standard recommends testing
under a constant voltage of 2 kV for a certain duration of time
that eventually leads to measurable depth or volume [2].
Commonly used outdoor insulating materials nowadays are
loaded with inorganic fillers to high levels and have been shown
to demonstrate an outstanding erosion performance during the
IPT under mild voltages such as 2kV [4]. Higher test voltages
than 2kV were therefore required in order to properly test, rank

and select materials with high resistance to erosion for outdoor
insulation applications.

The constant voltage method of the IEC 60587 standard
recommends higher test voltages, i.e 2.5, 3.5, or 4.5 kV ACns,
to evaluate materials with relatively high erosion resistance.
The importance of employing critical test voltages such as
4.5kV ACmms was emphasized in numerous studies, has been
shown leading to material puncture [5, 6], and is specified in
the IEC 60587 as a failure criterion [3].

Materials could also fail the IPT at an earlier stage prior to
complete puncture of the material or the formation of an erosion
hole, due to deep erosion with combustion [5, 6]. For this
reason, a recommended common practice was to stop the test
and consider the material under test failed when the erosion
depth is at half the thickness of the sample under test (between
2.5 —3mm) [6, 7]. This failure criterion was also recommended
for the DC IPT procedures, which were published in IEEE Std.
2652 [8].

However, identifying material failure in terms of erosion
depth would not be feasible or practical during the IPT while
solely relying on visual observations. Image analysis was
utilized to identify periods of conduction versus dry-band
arcing (DBA) during the IPT [9], and deep learning was applied
to images of tested materials in the IPT to evaluate erosion [10],
but these techniques may not clearly identify deep erosion
during the test in the presence of a continuous contaminant
flow, surface residue and a continuous DBA activity that
impinging the surface.

Under DC voltages, the average LC has been used to detect
the DBA leading to erosion failure during the IPT [11].
However, the LC pulses measured under DC were shown to
constitute both wetting and DBA currents with the DBA current
leading to erosion, while the wetting current does not contribute
to erosion [9]. However, this would still require a complex and
sophisticated analysis to differentiate between the dry band
arcing current and the wetting current [11]. Thus, the
measurement of the average LC is not a reliable technique to
detect deep erosion failure during the DC IPT.

There is a critical need for an online and a non-intrusive
method of identifying deep erosion failure during the DC IPT
in order to maintain reliable outcomes for the test. This need is
particularly important to address for the DC IPT methods, in
light of the lack of experience, knowledge, and baseline data
available for the performance of materials under DC as
compared to AC voltages. This study proposes ultra-high
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frequency (UHF) detection of deep erosion failure during the
DC IPT.

[l. MATERIALS AND METHODS

A. Test Samples

In this study, silicone rubber (SR) composite samples were
prepared in the laboratory using a two-component silicone base
(RTV615) and alumina trihydrate (ATH) filler. The base
polymer, vinyl-polydimethylsiloxane (PDMS), was procured
from Momentive, and an ATH filler with a median particle size
of 3.5 um was obtained from Huber Engineering. The base
polymer was mechanically mixed with ATH at a 50 wt% filler
loading, followed by mixing with a crosslinking agent in a 10:1
weight ratio using a ROSS high-shear mixer. The prepared
mixture was subsequently degassed under vacuum, transferred
into the sample molds, and then left to vulcanize at room
temperature for 24 hours. Subsequently, the prepared
composites were post-cured at 87 °C for additional 4 hours.
Finally, the test samples were cleaned with deionized water and
ethanol prior to testing.

B. Experimental Setup

Figure 1 illustrates the schematic diagram of the IPT setup
utilized in this study which was built as per the guidelines of the
ASTM D2303 standard [2]. Following the procedures outlined
in [8], three different test voltages, +1.75 kV, +2.25 kV and
+3.5 kV, were selected. The contaminant flow rate was set at
0.075 ml/min, 0.15 ml/min, and 0.30 ml/min, respectively, with
a conductivity of 2.60 mS/cm [2].

The LC waveforms were acquired using a data acquisition
(DAQ) device, National Instruments USB-6001, via the Analog
Input Recorder App in MATLAB, at a sampling frequency of
20 kHz. A window of 512 samples per second was stored for
data analysis, and a moving average window of 300 samples
was applied to derive the average trendline of the LC using
MATLAB. Maximum surface temperature (Ty) was measured
during the test using a FLIR T650sc high-resolution infrared
(IR) camera, and Ty, was captured at a sampling frequency of 1
Hz. A moving average method was then employed with a
window length of 25 samples to smooth the obtained
waveforms and derive a trendline for Th.

To measure the UHF signals, an octave horn antenna with a
bandwidth of 1-2 GHz and a corresponding gain of 14.5-18 dB
was employed, and positioned at 1 m from the test sample. The
antenna was then connected to a digital oscilloscope with a 2
GHz bandwidth (10 GS/s) through a shielded coaxial cable with
a 50-ohm characteristic impedance. Ten 1-us windows of UHF
signals were captured using the oscilloscope and concatenated
to evaluate the DBA.

It is important to note that, according to IEC TS 6478 [12]
and IEC TS 61934 [13], calibration of partial discharge (PD)
electromagnetic detection methods for apparent charge values
is not feasible. Sensitivity check can be alternatively performed,
which is specific to different applications such as GIS,

transformers and rotating machines, etc. For laboratory tests,
sensitivity check essentially entails testing for the frequency
spectrum and signal level detected due to real PD defects. In
this study, laboratory tests are performed to detect DBA while
only relying on the frequency band criteria (low vs high
frequency) and not the signal level. The frequency spectrum of
the used antenna used in this study has been verified over more
than a decade of research in numerous publications including
[14-16].

C. Thermal and Surface Analysis

The simultaneous thermogravimetric and differential thermal
analyses (TGA-DTGA) were conducted on the tested SR
samples under both air and nitrogen (inert) atmospheres. The
SR samples were heated in an SDT Q600 instrument from TA
at a rate of 25 °C/min, within a temperature range of 80 °C to
800 °C.

Fourier transform infrared spectroscopy (FTIR) was
employed to identify chemical changes taking place on SR
under both mild and severe DBA. The residue obtained from
the non-eroded region affected by mild DBA and the eroded
regions impacted by severe DBA was analyzed using attenuated
total reflection (ATR) FTIR. ATR-FTIR spectra of the residues,
along with reference spectra of SR, were acquired using a
Bruker Alpha II spectrometer equipped with KBr beam splitter
and temperature controlled DTGS (deuterated triglycine
sulphate) detector. All experiments were carried out with a
ZnSe ATR crystal with 100 scans at a spectral resolution of 4
cm!. Background reference spectra were recorded with the
same acquisition parameters prior to loading of samples onto
the ATR crystal. For ATR-FTIR measurements, all samples
were directly placed on the ATR crystal and compressed with
the gauge to form intimate contact with the ZnSe crystal. Figure
2 shows the ATR-FTIR spectra obtained for an unaged
(reference) SR sample. Table 1 identify the important infrared
(IR) absorption bands [17].
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Fig. 1. Experimental setup used in this study.
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Fig. 2. FTIR spectra obtained for unaged SR (reference) sample.

TABLE |
CHARACTERISTICS IR ABSORPTION BANDS FOR SR [11]

Chemical Bond Wavenumber (cm™)
Si-(CH3)2 788
Vibration of Si-O-Si 1000-1100
Si-CH3 (Asymmetric stretching in CH3) 1260
C-H 1410
C-H in CH3 (Symmetric stretching) 2960
OH in ATH 3200-3700

D. Study Approach

The main objective of this study is to develop an online and
non-intrusive detection technique of deep erosion as a failure
criterion for the DC IPT, without compromising the test
outcomes. Such an objective could be indirectly achieved by
detecting the critical DBA leading to deep erosion, i.e. eroding
DBA. The eroding DBA mechanism has been explained in
detail using LC measurements in [4, 11,18-19]. For brevity and
clarity, the main findings about the eroding DBA mechanisms
are compiled and summarized here.

The critical voltage of the DC IPT has been reported leading
to hotspot temperatures exceeding 400°C. Consequently, deep
erosion occurs as soon as the DBA impinging the surface
becomes stable and intense. Whereas, mild erosion has been
shown to occur at the early stage of the test when the DBA is
dominantly intermittent. It should be noted that residue formed
on the surface under the effect of the intermittent or mild DBA
establishes for the transformation to a stable DBA. The
transformation to a stable DBA could be marked with a

significant reduction in non-conduction periods in the LC
waveform or a notable change in the distribution of LC
waveform captured over time [4, 11, 18-19]. Moreover, a
remarkable increase in the intensity of the stable DBA has been
shown associated with the detection of random supplementary
current pulses superimposed on the main LC waveform. It has
been speculated that this enhanced intensity could result from
ionizations taking place in the DBA plasma [4, 5, 18, 20].

It should be mentioned that these ionizations have been
reported to be promoted by the reduction of the dielectric
breakdown strength of the gas phase. This reduction in the
dielectric strength has been shown to be resulted by the
combustion of volatile silicone oligomers during the
depolymerization of SR under the effect of the stable DBA [4,
5, 18, 20].

The DTA conducted in air as compared to Nitrogen in Fig. 3
clearly showed an exothermic hump associated with
depolymerization of SR at about 400°C, indicating the thermo-
oxidation (combustion) of SR [5]. Such an observation
highlights the need to consider deep erosion as failure criteria
for the IPT not only for proper evaluation of the erosion
resistance, but also in order to avoid the occurrence of
combustion of SR during the test. The IPT has been developed
as a tracking and erosion test, but not as a flammability test [1,
8].

Numerous studies have reported streamer collisions
producing high frequency waves over a wide range between
radio frequency up to UHF [21, 22]. More importantly, intense
UHF emissions in the frequency range between 1-6 GHz were
reported as early indicators for the inception of an intense
plasma within a discharge [23]. Therefore, this study proposes
the use of UHF measurements for detection of intense plasma
development during the stable DBA as an indicator of deep
erosion failure during the DC IPT. The diagram in Fig. 4
summarizes the proposed approach for UHF detection of deep
erosion failure during the DC IPT.
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[ll. RESULTS AND DISCUSSION

A. The Eroding DBA in the DC IPT

Figures 5a and 5b show the average LC and T, measured
during the DC IPTs, respectively. The applied +1.75kV voltage
produced a mild DBA throughout the entire test that led to mild
or negligible erosion (Fig. 6a), whereas the +2.25 kV and
+3.5kV tests led to deep erosion (Fig. 6b and 6¢). Notable
temperature rise throughout the test was clearly detected under
+2.25kV and +3.75 kV as compared to +1.75kV, confirming
the distinct difference reported in the severity of erosion. The
measured temperature exceeded 400°C during the +2.25kV and
+3.5kV tests and was reported to remain below 200°C during
the +1.75kV test. Depolymerization of SR was reported to start
at about 400°C [4, 24], thus deep erosion would be expected to
take place under the effect of hotspots exceeding 400°C in
temperature. The simultaneous thermogravimetric-differential
thermal analyses in Fig. 7 showed weight loss starting for the
tested materials at 400°C in both nitrogen and air atmospheres
indicating depolymerization [4, 5, 18]. Note that the DBA was
severe enough to raise the surface temperatures to levels
exceeding 1000°C. Similar findings were reported for the DBA
produced under critical voltages of the IPT, leading to hotspot
temperatures approaching 1200°C [4, 18, 25].

On the other hand, the average LC measured under all
voltages were comparable and did not correlate with the distinct
difference reported in the severity of the erosion after the test or
temperature measurements throughout the test. The reason is
the acquired LC waveforms during the test would constitute not
only the eroding DBA component, but mostly the wetting
current that does not contribute to heat ablation of the surface
[4, 11]. It is clear that identifying the eroding DBA based on LC
measurements would require a sophisticated type of analysis in
order to distinguish between the wetting current and the DBA
current [11]. Thus, average LC measurement may not be a
reliable technique to detect deep erosion failure during the DC
IPT.

Figure 8 compares the FTIR spectra of residues obtained
from non-eroded regions that were impinged by a mild DBA
(RM) and residues obtained from eroded regions that were
impinged by the eroding DBA (RE) during the DC IPT. The Si-
O-Si peak broadened, and its intensity decreased in the FTIR
spectra of RE as compared to RM, possibly as a result of the Si-
O bond scission taking place during depolymerization during
the eroding DBA.

A noticeable reduction in absorption intensities for C-H, Si-
CH3, and Si-(CHs), was evident in RE as compared to RM with
a more evident reduction obtained in the absorption intensities
at 788 cm’!, 1260 cm!, and 1410 cm™! for RE as compared RM
measurements. In the spectra of RM, the absorption peaks
observed at 2800-3200 cm!, which corresponded to C-H
stretching vibrations, were observable in RM. However, these
peaks were nearly diminished in RE, indicating a greater loss of
C-H bonds in RE as compared to RM. These notable changes
in the absorption spectra of RE as compared to RM may have
resulted from the eroding DBA heat causing the scission of side
dimithyl chains of SR, thereby initiating a radical-induced
crosslinking [26].
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Radical-based crosslinking has been reported to occur at a
temperature  higher than the onset depolymerization
temperature of SR as exceeding 500°C during the eroding DBA
[7]. The DTGA conducted in Nitrogen and air (Fig. 9) showed
a second tiny peak taking place as approaching 500°C
indicating the occurrence of a radical-based crosslinking [4, 7,
26]. Such a finding was in line with the FTIR findings reported
in this study.

(a) (b) (c)
Fig. 6. Obtained degradation patterns on tested SR samples in
the IPT (a) under +1.75 kV (b) +2.25 kV (c) +3.5 kV.
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B. UHF Detection of the Eroding DBA

Throughout the test, the detection of surface temperatures
exceeding 400°C was correlated with the detection of UHF
signals. Three distinct stages were identified during the test
based on surface temperature measurements and the
corresponding UHF detection. After identifying the stages,
multiple UHF signals were systematically recorded at various
time points, with measurements taken every 5 minutes within
each stage. The signals showed a consistent pattern across all
recorded data for each stage. Therefore, only a representative
10us snapshot is provided for each stage at each voltage level
(Figure 11), as it captures the characteristic behavior observed.

Figures 11a-11c depict three snapshots of the measured UHF
signals from the tested samples under +1.75 kV, which were
captured at the early (stage 1), middle (stage 2), and late stages
(Stage 3) of the test, respectively. It is evident from Fig. 11a-

L4
1

FY
1

Erosion Depth (mm)
~N w

-
1

SR (+3.5 kV) SR (+2.25 kV)

Fig.10. Erosion depth measured on SR samples under
+2.25 kV and +3.5 kV in the IPT.
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Fig. 11. Typical 10 us snapshots of UHF signals measured at three stages (1, 2, and 3) during tests conducted at +1.75 kV,

+2.25kV, and +3.5 kV.

11c that the UHF detection remained flat throughout the test,
with negligible amount of UHF pulses detected. This was
attributed to the mild DBA, which did not cause a significant
rise in T, as the temperature remained below 200°C and did not
produce an intense DBA plasma that could lead to deep erosion.
Only black residue formed on the sample surface was formed
with no visible signs of deep erosion, as shown in Fig. 6a.
Figures 11d-11f show typical snapshots of the measured
UHF signals captured for tested samples under +2.25 kV, at
three different stages of the IPT as indicated in Fig. 5b. In stage
1, as shown in Fig. 11d, no UHF pulses were detected,
indicating a mild DBA. Over time, the DBA became stable and
the test sample showed a remarkable jump in Ty during stage 2
(Fig. 5b). At that moment the horn antenna began to capture a

train of UHF pulses as shown in Fig. 11e, indicating the onset
of the eroding DBA due to the development of an intense
plasma. A further increase in Ty was reported (Th > 800°C) in
stage 3 (Fig. 5b). During stage 3, a more intense UHF detection
was obtained, as depicted in Fig. 11f. Such an increase in the
intensity of the UHF detection was associated with deep erosion
on the test samples, as depicted in Fig. 6b.

Similarly, Fig. 11g shows no UHF detection during stage 1
in the +3.5kV test, indicating a mild DBA. However, UHF
detection was obtained at stage 2 during the stable and intense
DBA as shown in Fig 11h. The Ty curve showed a concurrent
increase in temperature to 800°C (Fig. 5b) along with the
development of the stable and intense DBA. Figure 11i
demonstrates a more intense UHF detection during stage 3 as
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compared to stage 2, indicating a more intense DBA plasma and
deep erosion as depicted in Fig 6¢c. More intense UHF detection
indicating a more intense DBA plasma and deeper erosion was
obtained with higher applied voltages. This finding was in line
with the higher erosion depth measured on the SR sample under
+3.5 kV compared to +2.25 kV (Fig. 10).

[V. CONCLUSION

This study investigated UHF detection of eroding DBA on
SR in the DC IPT. The UHF detection was shown possible with
the development of an intense DBA plasma, promoted by
combustion of SR during depolymerization. No UHF detection
could be obtained during the mild DBA. An increase in the
intensity of UHF detection was reported to take place with test
time as the DBA transforms from a mild to a stable and intense
DBA and with higher applied voltages. The proposed method
has the potential to be implemented as a reliable online and non-
intrusive technique to identify deep erosion failure during the
DC IPT.
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