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Abstract: Cross-linked polyethylene (XLPE) and silicone rubber (SiR) samples were subjected to a high-voltage AC stress
plane—plane configuration and inclined plane test, respectively. The voltage was applied such that discharge was observed
across the surface of the XLPE test sample for several hours and for visible damage to occur on SiR samples also after several
hours. Selected stressed samples together with virgin samples from the same manufactured batch were tested using nuclear
magnetic resonance (NMR) spectroscopy. Specifically, 'H NMR spin-lattice (T;) and spin—spin (T,) relaxation time
measurements were employed to examine potential changes in the chemical bonding of undamaged and damaged XLPE and
SiR samples. Preliminary results show that there may be a moderate increase in the T1 and T, values of the damaged samples
in comparison with the undamaged ones. This raises the possibility that NMR can be a useful additional experimental tool in

characterising material degradation.

1 Introduction

Cross-linked polyethylene (XLPE) has become a dominant
insulation material for cables in medium- and high-voltage systems
due to its ability to operate at slightly higher temperatures and its
ease and cheapness of production compared with traditional oil—-
paper technology. It is now considered that there may be limited
further gains to be made in conventional XLPE material
performance due to limits in achievable purity and operating
temperature [1]. Nevertheless, the material continues to be
extensively utilised, and its long-term performance is important to
understand. In-service XLPE materials experience considerable
electrical, thermal, and mechanical stresses under highly variable
environmental conditions. Such conditions contribute to the
deterioration of insulation performance and may lead ultimately to
complete breakdown. Therefore, monitoring of XLPE insulation is
important to the understanding of the ageing process, the reliability,
and lifetime estimation of the insulation system as a critical
component of the power system [2].

XLPE insulation under electrical stress in service may result in
breaking of polymer chains and chemical bonds. For example, a
break in a ~C-H bond will release a hydrogen atom and a ~C*
polymeric free radical. There will be an increase in the number of
H atoms, which can combine with other atoms to form hydrogen
gas, whereas ~C* polymeric free radicals may combine with other
similarly formed radicals to stabilise themselves. Long-term partial
discharge activity of XLPE cables under electrical and thermal
stresses may lead to a discharge channel appearing in the form of
electrical trees or water trees which conduct current across the
voltage gap on insulators and metals leading to insulation failure.
Many researchers have investigated this phenomenon and explored
its temperature dependence [3—6].

Silicone rubber (SiR) insulation, on the other hand, has become
extensively used in outdoor applications for high-voltage systems.
The hydrophobic property of many polymeric materials that enable
the transfer of hydrophobicity to an overlying pollution layer offers
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a significant advantage compared with glass or ceramic units used
in overhead transmission and distribution systems in coastal or
industrial environments. However, in spite of such inherent
advantage, under severe ambient conditions, dry bands can still
form, especially before hydrophobic recovery can occur in the
pollution layer, and these are known to result in partial arc
discharges in particular regions of insulator unit [7]. In particular,
polymeric insulators are being used more extensively on overhead
lines at voltages up to 132 kV, but concerns remain about their
long-term performance in polluted atmospheric conditions. One of
the main reasons that have contributed to this includes the effect of
multi-ageing factors [8] that these insulators are subjected to under
real service conditions such as electrical discharges, surface
leakage current, and ultraviolet light, pollution.

Several techniques have been employed to assess the durability
and structural integrity of polymers. Amongst commonly used
techniques, we cite thermal analysis techniques such as differential
scanning calorimetry [9], the X-ray diffraction technique to analyse
the structural changes of thermally aged XLPE, spectroscopy
techniques such as Fourier-transform infrared spectroscopy
method, nuclear magnetic resonance (NMR) spectroscopy and
dielectric spectroscopy [10—14], and mechanical strength testing
techniques such as elongation at break and elasticity measurements
[15]. Some researchers who used NMR techniques to investigate
ageing and degradation have mainly focused on thermal ageing
[15-20], and ageing due to partial discharge, electrical treeing, and
water treeing [21-23]. Studies investigating erosion and tracking
on SiR insulation and erosion due to surface discharge on XLPE
insulation are very limited.

In this paper, the previous work reported by the authors on
XLPE [24] is extended to study damage on both XLPE and SiR
insulation samples using '"H NMR measurements. The damage was
artificially caused by accelerated electrical ageing leading to
material erosion and tracking. In particular, the relaxation times of
T, and 'H nuclei within the molecules of the test sample material
have been measured for undamaged and damaged samples.
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Fig. 1 Schematic diagram of the setup for ageing of XLPE samples,
operated at 12 kV, 50 Hz
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Fig. 2 XLPE test samples
(a) TRO1528 undamaged sample, (b)) TR01528 damaged sample

Experimental values of T were acquired using the saturation
recovery technique, whereas 7, was measured by applying both the
spin—echo pulse sequence and the Carr—Purcell-Meiboom—Gill
(CPMG) pulse sequence with 20 and 30 ps duration between the 7
pulses, respectively.

2 Overview of NMR

NMR is one of the most valuable techniques able to provide
detailed information on the local atomic arrangement and monitor
atomic mobility and local interactions in real time. NMR
spectroscopy is a versatile and non-invasive method; it can be
applied on all three states of matter (liquid, solid, and gas), and
under a wide range of conditions, in temperatures ranging from
several mK to 1500 K, and pressures up to 4 kbars. In particular,
solid-state NMR enables the investigation of polymers in both
amorphous and semi-crystalline states with different shapes (e.g.
powder, granules, and plate) without requiring special preparation
procedures. The technique is based on the interaction of the nuclear
spins with an external magnetic field, as well as on the interaction
of nuclear spins with their neighbouring nuclear and unpaired
electron spins [25]. This makes NMR extremely sensitive to the
local atomic environment, enabling (i) the study of molecular and
crystal structures at atomic-scale resolution and (ii) the study of
atomic and molecular dynamics on multiple timescales ranging
from nanoseconds to hours or even to weeks and months [26].

The dynamics of H containing molecules, in particular, are
reflected in the spin—lattice and spin—spin relaxation processes
occurring with characteristic relaxation times 7] and 75,
respectively. The spin—lattice (or longitudinal) relaxation time
describes the rate at which the equilibrium nuclear magnetisation
along the static field is restored. This relaxation time is associated
with dissipation processes from the spin system through all the
other degrees of freedom (lattice), and thus, it allows obtaining
information concerning the physical structure of the system. On the
other hand, the spin—spin (or transverse) relaxation time 7,
describes the decay rate of the nuclear magnetisation components
transverse to the applied static field, i.e. 7, monitors the dephasing
within the spin system, and therefore is able to provide information
concerning dynamical processes such as spin diffusion [27].

NMR spectroscopy techniques have previously been applied to
polymer materials for condition monitoring studies [17-20]. The
effect of thermal ageing at different temperatures on the phase
composition and molecular mobility of XLPE insulation samples
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extracted from high-voltage cable was studied by 'H NMR
relaxation time experiments [17]. The onset and progress of
oxidation were observed to be very different for XLPE aged at
different temperatures. In an earlier paper, the polymer—water
interaction was investigated by detecting the 2H and 13C NMR by
using the isotope substitution method [21]. It was found that the
short and long components of 7, indicated the existence of
different environmental states in the water. Later, partial discharge
and electrical treeing experiments were carried out on samples of
low-density polyethylene [22, 23]. Proton NMR techniques were
employed which focused on identifying morphological changes
[25, 26], the results showed that only 10% natural deuterium
determined by deuterium spectra and a short and long components
of T, indicated the existence of different environmental states for
the water. Research is expanding in the field of NMR applications
with promising novel developments such as NMR sensors for on-
site monitoring of outdoor insulation [28] and compact low-field
NMR devices that offer the advantage of portability and on-site
measurements [29].

3 Preparation of test samples
3.1 XPLE test sample preparation

3.1.1 Sample manufacture and ageing: XLPE samples were
obtained from a leading plastic manufacturing company. All the
samples were obtained from the same production run to guarantee
that they would initially possess very similar physical and chemical
properties, providing an objective reference base for subsequent
testing. Fig. 1 shows the schematic diagram of the experimental
platform used for the ageing of the XLPE test samples consisting
of a 230 V AC source, a 230 V/50 kV HV transformer, and the
plane—plane test cell containing the XLPE test sample. The
dimensions of the XPLE test samples are 90 x 90 x 1 mm3. The test
cell electrodes consist of circular steel sections, having a 75 mm
diameter and 25 mm thickness.

The XLPE samples were aged by applying a continuous 12 kV,
50 Hz AC test voltage across the test sample in a plane—plane
electrode configuration for 10 h. This voltage is ~90% of the
partial discharge extinction voltage, contributing to damaging and
ageing of the XLPE samples. Fig. 2a shows a virgin sample,
whereas Fig. 2b shows a damaged XLPE sample identified by a
visible eroded area immediately around the periphery of the HV
electrode.

3.1.2 NMR test batch preparation: In NMR tests, the quality of
samples has a significant influence on the NMR spectrum, and
careful sample preparation is essential. Accordingly, solid particles
sticking to the sample surface were removed; otherwise, these may
distort magnetic field homogeneity and lead to an incorrect
spectrum. In this experiment, the damaged and undamaged samples
were cut into strips having dimensions of 11’30 mm?, and the
strips were formed into cylindrically bundled test specimens, as
shown in Fig. 3. It is evident that the damaged samples are
significantly discoloured compared with the undamaged samples,
which may have resulted from chemical property changes under
the long-term high-voltage stress. The test bundle samples were
placed into the NMR test tube to a specific depth to avoid
distortion of the field homogeneity caused by the ends of each
sample.

3.2 SiR test sample preparation

3.2.1 Sample manufacture and ageing: Test specimens were
moulded from liquid SiR provided by a leading manufacturer. The
specimens were cured at room temperature for a minimum 24 h,
followed by 3 h post-curing at 120°C. The mould was designed to
produce rectangular specimens of dimensions 120 mm X 50 mm
and thickness 6 mm with two plane surfaces.

Selected test specimens were subjected to an accelerated ageing
process in the laboratory with the liquid contaminant and an
inclined arrangement of the samples as specified in IEC 60587. As
shown in Fig. 4, with an incline of 45°, a test voltage of 3.5 kV
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Fig. 3 NMR test samples
(a) TRO1528 undamaged sample, (h) TR01528 damaged sample
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Fig. 4 Schematic diagram of the setup for ageing of SiR

root mean square was applied across the test electrodes at a
separation of 50 mm for 6 h. Ammonium chloride solution with a
concentration 0.1% was used as the contaminant with a flow rate of
0.30 ml/min. Since the tests are designed to promote arcing, the
specimens in these tests were highly stressed electrically. One of
the aged samples is shown in Fig. 5, where significant erosion can
be seen in the central region.

3.2.2 NMR test batch preparation: The aged SiR specimen was
cut into small sub-samples of suitable volumes for NMR testing.
Concerning Fig. 5 schematic view, sub-sample ‘S1° was taken from
the damaged central region of DC1DU, whereas sub-sample ‘S2’
was taken from the undamaged region on the left-hand side of
DCICU.

4 TH NMR relaxation time measurement
4.1 XLPE samples

4.1.1 "H NMR measurements of T4: All NMR measurements
were taken in the fringe field of a 4.7 T Bruker superconducting
magnet shown in Fig. 6. The magnet provides a 34.7 T/m constant
field gradient and a perturbation with a given '"H NMR frequency.
For all measurements, the position of the sample in the magnetic
field was the same, corresponding to a 'H NMR frequency of
101.989 MHz, as shown in Fig. 6. 7} was measured using a
standard saturation recovery technique, and the signal was detected
by the common Hahn—echo pulse sequence.

The saturation recovery technique is commonly used to
measure 77 and is very effective to obtain accurate line shapes,
especially if the shape of the signal is very broad or not easily
inverted [12]. The Hahn—echo pulse sequence, also called the spin—
echo pulse sequence, is the most common sequence applied in
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Fig. 5 Aged SiR test sample

Fig. 6 4.7 T Bruker superconducting magnet with 34.7 T/m constant field
gradient at NCSR, Demokritos

NMR experiments based on refocusing of spin magnetisation by a
pulse of resonant electromagnetic radiation [13]. The 90° radio-
frequency pulses are employed to excite the magnetisation and one
or multiple 180° pulses to generate signal echoes by refocusing the
spins. The 'H NMR relaxation time experiments were performed
with the pulse sequence #/2—VD-n/2—1—r—r—signal, where VD is
the variable delay time for magnetisation recovery. The #/2 pulse
was 5 us.

Since the different numbers of scans were used in each
measurement, different signal amplitudes between damaged and
undamaged samples were obtained. Hence, to represent the general
trend of the relaxation amplitude more accurately, we used the
relative ‘concentration’ of each component rather than the absolute
amplitude. The relative concentration is defined by the ratio S/S,

where S denotes the echo amplitude acquired during the 'H T
measurements and Sy is the signal amplitude corresponding to the
equilibrium magnetisation value.

Fig. 7 depicts plots of the ratio S/S, as a function of the VD for
damaged and undamaged samples. In this figure, the experimental
magnetisation recovery curves could be fitted by a one-phase
exponential function of the form

S=S-(1-Ae™™) (1)

The 'H T values resulting from the corresponding fits are 313 ms
for the undamaged samples and 334 ms for the damaged samples.

4.1.2 '"H NMR measurements of T,: T, measurements of
undamaged and damaged samples were conducted using the
common Hahn-spin—echo pulse sequence: 7/2—VD-z—VD-signal.
Fig. 8 illustrates the fit of the experimental transverse
magnetisation decay curves with single- and double-exponential
decay functions. As can be readily observed, the Hahn—spin—echo
decay curves cannot be accurately represented by a single-
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Fig. 7 'H NMR T; measurements by the saturation recovery spin—echo

pulse sequence
(a) Undamaged sample, (b) Damaged sample

exponential function. Instead, two 7, components may be
identified: a rapidly decaying signal that could be fitted with a
Gaussian function and a much more slowly decaying component
that has been approximated by an exponential decay. Similar
behaviour has also been reported for the 'H transverse relaxation in
polyolefin resins [30], where a double-exponential function is of
the form

2
S = SO]ef(X/TZI) + Sozei(X/Tzz) (2)

has been used to fit the corresponding decay curves. The resulting
values of the two T, components for both damaged and undamaged
samples are given in Table 1 together with the relative per cent
concentrations 4; and A, of the two phases corresponding to the
short and long 7 components, respectively, and given by

_ Su
A T G0
SOZ
A= —"2 3b
"= S0t S (3b)

By inspecting Table 1, it is deduced that in both cases the dominant
contribution to the transverse relaxation stems from the fast
relaxing component which is associated with the rigid regions
(rigid phase) of the polymer.

4.1.3 'TH NMR T, measurements with the CPMG pulse
sequence: T, measurements were also performed by applying a

CPMG pulse sequence with more than 100 pulses. The CPMG
spin—echo sequence n/2—{t—m—}, comprises a 90° pulse that
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Fig. 8 'H NMR T> measurements by Hahn—spin—echo pulse sequence

(a) Undamaged sample, (b)) Damaged sample. For comparison, a mono-exponential
fitting is shown with a red line

Table 1 'H NMR T, measurements by Hahn—echo pulse

sequence

Hahn—spin—echo Ty4 first component T,, second component
A1, % Tor, s A % T2, Us

undamaged 58 81 42 169

damaged 65 83 35 206

creates the transverse magnetisation and a train of n repetitive 180
pulses separated by equal time intervals 27 and generating
successive spin—echoes in the mid-time interval between each pair
of consecutive 7 pulses. Two different CPMG experiments were
conducted for both samples with 20 and 30 us durations between
the 7 pulses. The experimental curves are presented in Fig. 9 and
were fitted with the same double-exponential function as the
Hahn-spin—echo decays. To facilitate comparison between
measurements obtained with the 20 and 30 ps time intervals, the
normalised values of the magnetisation are used. However, since
the repeated application of successive 180 pulses serves to supress
inhomogeneities, longer relaxation times are, in general,
anticipated with the CPMG pulse sequence as compared with the
T, values found with the Hahn—spin—echo decay technique. The
values and relative per cent concentrations of the two T,
components resulting from the fitting of the transverse
magnetisation decays observed with the CPMG pulse sequence are
given in Table 2.

4.2 SiR samples

4.2.1 'TH NMR T, measurements: For the SiR samples, 'H
NMR 7} measurements were carried out using the 4.7 T Bruker

superconducting magnet with a 'H NMR frequency of 200.787
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Fig. 9 H NMR T> measurements by the CPMG spin—echo pulse sequence
(a) TRO1528 undamaged sample, (h) TR01528 damaged sample

Table 2 'H NMR T, measurements with the CPMG spin—
echo pulse sequence: XLPE sample
T»1 first component

T»o second component

CPMG 20 ps A1, % T21, Us Az, % Too2, Us
undamaged 53 130 47 780
damaged 52 260 48 987
CPMG 30 ps Aq Toq, Us Ao Too, Us
undamaged 53 136 47 918
damaged 52 250 48 940

MHz at the centre of the magnetic field. As with the XLPE sample
tests, 77 was measured using a standard saturation recovery
technique, and the signal was detected by the common Hahn—echo
pulse sequence. The same pulse sequence n/2—VD-n/2—t—7—7—
signal was applied with the /2 pulse set to 30 ps.

Fig. 10 shows the 'H 7| measurement on damaged and
undamaged samples. A similar analysis as for the XLPE samples
was applied to the experimental curves yielding 7' values of 1.03
and 1.02s for the undamaged samples and damaged samples,
respectively. As we can observe, there is no significant difference
between the 7' values for the undamaged samples and the damaged
ones.

4.22 'H NMR T, measurements: T, measurements of
undamaged and damaged samples were conducted using the same
Hahn—spin—echo pulse sequence as the one adopted for the XLPE
samples, and the results are shown in Fig. 11. By comparing the
corresponding spin—echo decays observed in the XLPE (Fig. 8) and
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Fig. 10 H NMR T; measurements by the spin—echo pulse sequence
(a) Undamaged sample, () Damaged sample

SiR (Fig. 11) samples, it is easily deduced that the transverse
magnetisation decay is much slower in SiR, probably
corresponding to more flexible structures, and therefore
characterised by longer relaxation times. Indeed, in the case of SiR,
the experimental data could be fitted by a double-exponential
function comprising of two Lorentzian exponential contributions of
the form

S= Sme_mTz“ + Soze_(X/Tzz) 4)

The values of the two T, components and their relative per cent
concentrations resulting from the fitting procedure are presented in
Table 3. As can be seen, the fast relaxing component dominates
almost completely the transverse magnetisation relaxation in the
undamaged SiR sample, with only a minor contribution from the
slowly relaxing component, indicating a predominance of the rigid
over the amorphous regions in the pristine SiR. However, after the
application of electrical stress, both 7, values are enhanced, while
simultaneously a small increase in the percentage of the long 7,
component is found. This might indicate an increase of the less
rigid amorphous regions of the sample resulting possibly from the
breaking of cross-linking bonds and/or chemical bonds on
electrical stress treatment.

5 Conclusions

Preliminary 'H NMR tests were carried out on undamaged and
damaged XLPE and SiR samples by measuring the relaxation times
T) and T,. The results of these tests show that NMR relaxation
measurements may be used as a qualitative or quantitative tool to
evaluate ageing of XLPE and SiR. During the laboratory ageing
process, the specimens were subjected to high electrical stress
resulting in a diverse variety of possible chemical structure changes
such as the shortening of the polymer or silicone chains and the
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Fig. 11 'H NMR T» measurements by Hahn—spin—echo pulse sequence
(a) Undamaged sample, () Damaged sample

Table 3 'H NMR T, measurements by Hahn—echo pulse
sequence: SiR sample

T»4 first component T», second component
Hahn-spin-echo A1, % T21, Us Az, % Too, Us
undamaged 93 850 7 8600

breaking of the chemical ~C-H bonds and of the cross-linking
bonds. These mechanisms alter the relative concentrations of rigid
and amorphous phases present in the solid polymers, and can in
principle be detected by the 'H NMR relaxation measurements.
Indeed, 'H T, measurements in XLPE and SiR samples, both prior
and after electrical stress treatment, revealed the presence of two
components in the decay of the transverse magnetisation: a fast
decay component and a more slowly relaxing one corresponding to
'H in the ‘rigid’ and in the amorphous regions of the polymers,
respectively. Modifications in the chemical structure of the
damaged polymers are thus reflected in the observed values and the
relative concentrations of the fast and slow 7, components.
Overall, it was found that:

* A single spin-lattice 'H relaxation time T} was observed in both
XLPE and SiR samples in contrast to the two components found
for 7T,. This behaviour is commonly encountered in solid
polymers [28-30] and can be explained in terms of spin
diffusion, resulting in energy transfer among 'H spins on a time
scale faster than spin—lattice relaxation processes, but slower
compared with the 7, processes. Moreover, no significant
change was observed in the 7 values due to electrical stress
damage, except for a slight increase in the case of XLPE, and
this fact could also be attributed to the effect of fast spin
diffusion.
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Regarding 'H T, measurements in the XLPE samples, two T»
components were identified, a fast decaying Gaussian
component assigned to protons in the rigid regions of the sample
and a slower Lorentzian component stemming from the
relaxation of protons in the amorphous regions of the polymer.
Both components were found to increase on the application of
high electrical stress, probably indicating an increase of the
amorphous ‘phase’ as a result of cross-linking bonds breaking in
the damaged samples. In the XLPE samples, both Hahn—spin—
echo and CPMG pulse sequences techniques were applied for
the 7, measurements, and were shown to exhibit the same trend
with the observed decays resulting from either pulse sequence
comprising of a fast and a slow relaxing component, while the
resulting 7, values from both methods were found to increase
after electrical stress treatment possibly reflecting bond breaking
leading to enhanced flexibility.

* In the SiR samples, 7> measurements were performed with the
Hahn—spin—echo pulse sequence, showing similar results
regarding the enhancement of flexible amorphous regions on
application of high electrical stress. Since the application of the
CPMG and the Hahn pulse sequences in the case of XLPE
samples gave similar information regarding the decay of the
transverse magnetisation and the ‘amount’ of rigid and
amorphous phases in the polymers, it was deemed that no
further information could be obtained by applying the CPMG
measurements in the SiR samples.

Further validating tests on both XLPE and SiR samples are
required, and it is proposed that these include NMR tests on
samples with varying degrees of discharge-induced damage.
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