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Abstract: In a nuclear power plant environment, low-voltage cables experience different stresses
during their service life which challenge their integrity. A non-destructive and reliable condition
monitoring technique is desired to determine the state of these low-voltage cables during service
and for the life extension of nuclear power plants. Hence, in this research work, an EPR/CSPE-
based low-voltage cable was exposed to y-rays for five different absorbed doses. The overall
behavior of the cable under stress was characterized by frequency and time domain electrical
measurements (capacitance, tan §, and Extended Voltage Response) and a mechanical measurement
(elongation at break). Significant variations in the electrical parameters were observed, as was a
decline in the elongation at break values. A strong correlation between the measurement methods
was observed, showing the ability of the electrical methods to be adopted as a non-destructive
condition monitoring technique.

Keywords: nuclear power plant; low-voltage cables; radiation aging; dielectric spectroscopy; ex-
tended voltage response; elongation at break

1. Introduction

This paper is a continuation of the work published in papers focusing on the investi-
gation and implementation of non-destructive condition monitoring (CM) techniques for
low-voltage (LV) nuclear power plant (NPP) cables [1,2]. According to the latest report
from the International Atomic Energy Agency (IAEA) [3], many NPPs are designed to
operate for 3040 years, with some evidence of aging being underestimated not only during
original design but also during operation. Hence, aging management of the structure,
systems, and components is adopted for the safe and reliable operation of NPPs [4,5]. For
effective aging management, condition monitoring (CM) and trending of aging effects are
generic aspects. LV cables are components deployed in NPPs to supply power and control
signals to equipment related to the plant’s safety.

The LV cables in NPPs are vulnerable to degradation during service, and they are
exposed to several stresses such as radiation, elevated temperature, electrical and mechan-
ical stresses [6]. The presence of chemicals such as lubricants and ozone also affects the
degradation process. The insulation and jacket of the cables are based on polymer mate-
rials and on a combination of different additives and fillers to improve their mechanical,
electrical, and fire-retardant properties. Among the multiple stressors, radiation stress with
the presence of oxygen gives a peculiar aspect to the degradation problem as the molecular
structure of the polymer is affected significantly; hence, the macroscopic properties of the
polymer are influenced, a topic which has been investigated for many years in different
aspects [7-10].
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The variation in the mechanical properties of the polymer insulation due to aging
is evident. Therefore, elongation at break (EaB) as a CM technique is generally used to
determine the end of life of the insulation [11,12]. Nevertheless, the implementation of
EaB as an online CM technique is limited due to its destructive nature. For the reliable
operation of the cable, the electrical properties of the polymeric insulation are an important
characteristic [13,14]. In recent times, significant variation in the electrical properties
of different materials due to aging has been studied using different techniques such as
Line Resonance Analysis (LIRA), dielectric spectroscopy, and Time-Domain Reflectometry
(TDR) [8,12,15-17]. Most of the research has been focused on determining the state of
the insulation and the jacket of the cable separately. However, a need for studying and
monitoring the condition of the overall cable without separating the insulation and jacket
is inevitable. Additionally, the establishment of the correlation of the electrical results with
the mechanical tests is still needed. Likewise, the response of the dielectric properties due
to the aging mechanism such as crosslinking, chain scission, and oxidation is a topic that
still needs to be explored, as different materials will show different behaviors due to their
proprietary composition.

Hence, this work is focused on ethylene-propylene rubber (EPR)-insulated and chloro-
sulphonated polyethylene (CSPE)-jacketed-based instrumentation and control (I&C) cables.
These are widely used insulation and jacket types in the NPP environment [18]. The whole
cable was subjected to accelerated radiation aging for five different absorbed doses. The
electrical properties were explored in two domains: frequency and time, i.e., capacitance
and tan 6 as frequency and Extended Voltage Response (EVR) as time. At the same time,
EaB was investigated to determine the mechanical integrity of the insulation. Where elec-
trical aging markers from the electrical tests were selected, a correlation was established
with the mechanical test results.

Henceforth, the paper aims to outline the aging of the cable’s polymer components
without separating them, using different diagnostic techniques, and establish the correla-
tion of degradation with the selected aging markers. The non-destructive electrical test
results contribute to implementing non-destructive techniques for assessing cable aging in
the NPP environment.

2. Materials and Methods
2.1. Cable Specimen

The LV cable under study, shown in Figure 1, was designed for 1&C applications.
The two-core cable had inner EPR insulation, with the thickness of the insulation being
0.76 mm and the radius of the conductor 0.732 mm. The outer jacket of the cable was
composed of CSPE with an external diameter of 12.5 mm. The cable was designed for
a 90 °C maximum operating temperature. The cable was manufactured by JS Cable Co.
Ltd. (Seoul, Korea), for the Class 1E application. For the investigation, five half-meter-long
samples were prepared.

Drain Wire

EPR
CSP Jacket Insulation

Figure 1. Cable sample under consideration.

2.2. Accelerated Radiation Aging

The y-ray ®Co accelerated radiation aging was carried out at the Institute of Isotopes
Co. Ltd. (Budapest, Hungary). Five cable samples were used for the study, and the
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absorbed dose for each sample was 120 kGy, 360 kGy, 600 kGy, 840 kGy, and 1200 kGy,
respectively. The absorbed doses correspond to the service times of 16, 48, 80, 113, and 162
years considering the normal service dose, which does not exceed 1 Gy/h [4]. The cable
samples were irradiated with a 0.8 kGy/h dose rate under a temperature of 25 °C, with
continuous ventilation preventing ozone accumulation.

2.3. Measurement
2.3.1. Capacitance and tan &

The measurement of capacitance and tan 6 was carried out in two frequency ranges
with two different devices. The detail of the frequency domain measurement setup is given
in Table 1.

Table 1. Experimental setup of dielectric spectroscopy.

Device Frequency Range Input Voltage
Omicron Dirana 10 mHz-1 kHz 100 Vims
Wayne Kerr Component Analyzer 2 kHz-500 kHz 5 Vims

The tan 6 is described by the relation [19]:
tand=Ig/Ic=¢"/¢, 1)

where the tan 6 is based on the principle of the measurement of the angle between the
resistive current and capacitive current in the insulation when an external AC electric field
with a given frequency is applied [20], as shown in Figure 2. With the increase in impurities
or defects, the resistive component will increase, increasing the tan 6. The variation of the
tan 6 with sweeping frequency gives a wide range of information on the insulation [21,22].
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Figure 2. (a) Circuit construction of tan §, (b) tan & vector diagram.

Figure 3a shows the setup for the OMICRON Dirana, while Figure 3b shows the setup
for the Wayne Kerr Component Analyzer. For the insulation measurement, the input signal
was applied to the cable conductor, while the output signal was obtained through the drain
wire. At the same time, the jacket and the other core conductor were shorted. For the
measurement of the jacket, the outer surface of the cable was covered with an aluminum
foil of 29 cm in length forming the outer electrode. The input signal was applied to this foil
electrode while the drain acted as a source of the output signal. The insulation cores were
left open circuited during this measurement. For both measurements, the cable sample
was placed in a Faraday cage to avoid any external noise interference. However, for the
OMICRON Dirana setup, a guard connection was also used.
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Figure 3. Capacitance and tan 6 measurement setup: (a) OMICRON Dirana, (b) Wayne Kerr Component Analyzer and

photos of equipment, (c) OMICRON Dirana, (d) Wayne Kerr Component Analyzer.

2.3.2. Extended Voltage Response

To study the slow dielectric polarization processes in electrical insulation, EVR was
used for the investigation. In the last few years, the EVR technique has been adopted for
aging investigations in electrical insulating materials ranging from high-voltage to low-
voltage applications [23,24]. The detailed working of the EVR can be found elsewhere [1,2].

The cable insulation was charged for 4000 s with a DC voltage source of 1000 V. With
the disconnection of the voltage source, the slope of decay voltage (S4) was estimated.
After discharging, another parameter, the slope of return voltage (S;), can be measured.
This parameter was measured for 20 different discharging times and plotted as a function
of discharging time. The Sy is proportional to the conductivity, while the S; is proportional
to the intensity of polarization processes. Figure 4 shows the measuring arrangement of the
EVR for the cable samples. All the electrical measurements were carried out at 25 + 0.5 °C.

2.3.3. Elongation at Break

According to the IEC/IEEE 62582-3 standard [25], elongation at break (EaB) was
measured on six tubular samples from unaged and each radiation-dosed insulation sample.
The measurements were carried out at room temperature on a universal mechanical testing
machine (Instron 5566).
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Figure 4. Extended Voltage Response (EVR) measurement: (a) setup and (b) a photo of the equipment.

3. Results
3.1. Capacitance and tan 6

Figure 5 shows the results of the capacitance of the polymeric materials for the two
frequency ranges. Figure 5a,b have been plotted for the EPR insulation, while Figure 5c¢,d
are for the CSPE jacket. An increase in the whole low-frequency range was observed for
EPR and CSPE with each absorbed dose. In the high-frequency range, except for a decrease
in capacitance after the first absorbed dose, an increase was observed with the increase in
the absorbed dose for both polymeric materials.

The tan 6 results for the low- and high-frequency ranges are plotted in Figure 6 for
EPR insulation and the CSPE jacket. For the case of EPR insulation, as for the low-frequency
range, the tan § starting with a high value at the minimum frequency decreased with the
increase in the frequency, reaching its minimum value at a certain frequency, and then
started to increase. In contrast, for the high-frequency range, the tan 6 had the minimum
value at the lowest frequency, i.e., 2 kHz, and then increased with the sweeping of the
frequency and then reached the maximum value at 500 kHz. The effect of the absorbed dose
on the EPR insulation was observed as an increase in the tan 6 values at all frequency points.

However, the tan 6 for the CSPE jacket showed a different characteristic trend for
frequency variation. For the low-frequency range, the tan 6 started with a low value at
10 mHz and then continued to increase, reaching its maximum value at 40 mHz. As the
frequency was swept, the tan 6 values started to decline, reached their minimum value at
200 Hz, and then increased. The effect of the absorbed dose on the overall tan 6 values of
the jacket was observed as an increase in its values. However, for the first three absorbed
doses, the peak of the tan § shifted from the lower frequency, 40 mHz, to a higher frequency,
i.e.,, 200 mHz. In the last two absorbed doses, the peak shifted to the lowest frequency, i.e.,
10 mHz. The minimum value of the curve also shifted to the highest frequency, i.e., 1 kHz
with each absorbed dose.

In contrast, for the high-frequency case, the tan 6 values for the unaged sample had
the lowest value at the lowest frequency and started to increase, reaching its peak at the
highest frequency point. With each absorbed dose, this trend was altered as a lower peak
was observed at a certain frequency after having a higher value at the lowest frequency.
This lower peak was observed to shift to higher frequencies as the absorbed dose increased.
However, the tan § values showed an overall increase in their values with each absorbed
dose for the high-frequency range.



Energies 2021, 14, 5139

60f16
. = Lnaged
95 : lljan(;‘ii_%. 1 —e— 120 kGy
e en kiy 76 — ++ ggg}i‘tg L
. - + k
apd T _:_gzg‘;r'}‘ 1 Ry —+— 840 keiy
S, Y T —— 1200 ki;
‘v e 1200 kGiy 74 4 s >
85 4 1 <
— ., ~—~ 77 4 -
L, (* o 72 &
Z &

» 80 S 3 = o e,

g v e, 270 s

o o75 he Wb & Toieay | 5]

E: e o =3 Y =] a 2

@] \ A_“_A e, -7_ e ] L o 1 _’_""*-—7-.._,_,__‘__7_
70 = - s 66 S
i i TN e A
e i B okt YT G N YN 1 B T WAL
65 L I b ':0..1*_ N ” AR D — .,
K .;._"__7_—7—_::::,_:_::__":::“.“ i s
- | e __§
60 T T 62 T T
107 107 10" 10t 1072 10° 10 10t 10’
Frequency (Hz) Frequency (Hz)
(a) (b)
. ' 270 -

2500 = Unaged 70 —=— Unayed
—e— 120 kiy ° [20KkGy _
w0k 260 . S0y

Yy Gy —— 600 kGy
2000 —+— 840 kGy | 250 Fowrel =+ . 8401«% .
< 1200 KGy| i e g e 1200 kCiy
-~ — " S
& = 230 1 . -
~ 1500 \c—; 7
o Q . -
g g 220 -
g 'g 210
£ 1000 a2
2 3 3 200
< \\\\x &)
190
\-,\ \:\\‘\l!
500 < “1...‘. \“'Ei 180 -
ey L == et 170 1 e
L £ 160 NS N R LI ———
102 10! 10¢ 10! 10? 10° 10 10% 10°
Frequency (Hz)

Frequency (Hz)
(c) (d)

Figure 5. Capacitance vs. frequency. EPR insulation: (a) 10 mHz to 1 kHz, (b) 2 kHz to 500 kHz, CSPE jacket: (c) 10 mHz to
1 kHz, (d) 2 kHz to 500 kHz for different absorbed doses.
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Figure 6. tan 5 vs. frequency. EPR insulation: (a) 10 mHz to 1 kHz, (b) 2 kHz to 500 kHz, CSPE jacket: (¢) 10 mHz to 1 kHz,
(d) 2 kHz to 500 kHz for different absorbed doses.

3.2. Extended Voltage Response

The EVR results of the EPR insulation and CSPE jacket are plotted in Figure 7. The
decay voltage slope (Sq) for the insulation and jacket increased as the absorbed dose
increased, as shown in Figure 7a,c. Similarly, the return voltage slope (S;) also increased
at all 20 discharging times with each absorbed dose, as shown in Figure 7b for the EPR
insulation. The variation of return voltage slopes, especially at low (around 10! V/s)
values, was due to environmental electromagnetic noise.
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Figure 7. EVR measurement. EPR insulation: (a) Sq vs. absorbed dose (kGy), (b) S; vs. discharging time for a different
absorbed dose, CSPE jacket: (c) Sq vs. absorbed dose (kGy), (d) Sy vs. discharging time for different absorbed doses.

However, the return voltage slope for the CSPE jacket showed different behavior
compared to the EPR insulation, as shown in Figure 7d. The return voltage slope increased
after the first absorbed dose, which then decreased until the fourth absorbed dose period,
and then increased until the final absorbed dose period.

3.3. Elongation at Break

The EaB measurement results of the EPR insulation and CSPE jacket are plotted in
Figure 8a,b. The EaB constantly decreased for both polymeric materials with the increase
in the absorbed dose. However, a significant decrease was noticed after the second dose
period for the insulation compared to the jacket, where after the second radiation dose
period, an abrupt reduction in the EaB was observed, which was less than 50% relative to
the unaged one. For the jacket, a 50% reduction in the EaB was observed after the third
radiation dose period.
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4. Discussion

Since the response of the EPR insulation and CSPE jacket to the irradiation showed
different behaviors in the electrical and mechanical tests, the discussion will henceforth be
carried out on the insulation and jacket separately.

4.1. EPR Insulation

As reported in the literature, when EPR is irradiated in the presence of oxygen, it
undergoes a series of reactions. This process is initiated with free radical generation,
followed by the formation of intermediate peroxide products due to cross-linking and
oxidation reactions. Then, the generation of carbonyl, carboxylate, and ether function
groups follows, reflecting the polymer chains’ degradation [26].

These radical groups in the presence of an external electric field will respond to
it according to their respective time constants. Since the frequency range adopted for
the investigation was between 10 mHz and 500 kHz, the frequency below 100 Hz was
associated with interfacial polarization, known as Maxwell-Wagner-Sillars, and between
100 Hz and 100 kHz, dipolar polarization [27]. Interfacial polarization was caused by
limited diffusion of the space charges into the dielectric under the electric field, and then
they settled next to the chemical or physical interfaces. In contrast, the high-frequency
range was related to dipolar species due to the oxidized polymer groups.

While analyzing the change in capacitance and tan 6 with reference to the unaged
values at selected frequencies, i.e., 10 mHz, 100 mHz, 100 Hz, 1 kHz, 100 kHz, and 500
kHz, as shown in Figure 9, it was observed that after the first radiation dose, except at 100
kHz and 500 kHz where a decrease in the capacitance was noticed, there was an increase in
the capacitance. However, tan 6 showed an increasing trend at 100 kHz and 500 kHz after
the first dose. This could be because there was competition between the physio-chemical
reactions initially, i.e., crosslinking and chain scission. Otherwise, an increasing trend was
observed in the capacitance and tan § values with exposure to larger doses.
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Figure 9. Change in: (a) capacitance, (b) tan o for different absorbed dose (kGy) at 10 mHz, 100 mHz, 100 Hz, 1 kHz,
100 kHz, and 500 kHz for EPR insulation.

These significant changes in the capacitance and tan 6 demonstrated the degrada-
tion of polymer chains, which resulted in the chemical species adding to interfacial and
dipolar polarization as shown by the drastic increase in the values at 100 Hz and below at
100 kHz. The peaks in the high-frequency range were caused by the presence of dipolar
species [18,28,29]. The dipolar nature of oxygen, which is bonded with radicals, results
in the dipolar species, resulting in the increase in the tan 6 values at 100 kHz, which
shows the role of the oxygen in the degradation of EPR during irradiation. The presence
and strong influence of oxygen during irradiation on EPR have also been reported in the
literature [26,30,31].

Since the results of the EVR also showed a significant increase in the S;, which defines
slow polarization processes as interfacial, the increase in interfacial polarization is also
supported by these results. For simplification, the S, values measured at 1 s are plotted
against the absorbed dose in Figure 10.
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Figure 10. S; at 1 s variation against absorbed dose for EPR insulation.
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Very low frequencies such as 10 mHz and 100 mHz are influenced by charge trans-
portation or conductivity. Charge transportation for non-polar polymers such as EPR
is generally due to the presence of carbonyl groups. These groups, as mentioned, are
generated due to the presence of oxygen and behave as shallow energy level traps [7].
When these charges accumulate in front of the electrode, they allow new charge carriers
from the electrodes to eject in the polymer, which increases conductivity. This phenomenon
is revealed by the increase in the tan 6 values at low frequencies and also in the Sy values,
where the Sy is related to the conductivity.

The degradation of EPR’s mechanical integrity due to exposure to irradiation was
observed as embrittlement of the polymer. This degradation of the polymer was due to the
permanent morphological changes that happened during aging.

4.2. CSPE Jacket

Like EPR, CSPE under irradiation experiences a series of reactions, i.e., cross-linking,
chain scission, and oxidation. Apart from these reactions’ chlorine loss, dehydrochlorina-
tion, a chain reaction [32-34], also occurs during irradiation. In the presence of oxygen,
there is the formation of small molecular radicals and macromolecular radicals. Their
mobility is different, as small molecular radicals have high mobility compared to macro-
molecular radicals, which have limited diffusion [34]. Under a low electric field, small
molecular fragments (low molecular radicals) respond to the field as they have mobility,
while macromolecular radical mobility is limited because they cannot diffuse far from
where they were created. This phenomenon was observed, as a significant increase in the
tan & values for frequencies below 1 kHz was noticed, as shown in Figure 11. However,
little variation in the tan & values at 100 kHz suggests little presence of dipolar species and
hence little influence of oxygen. These small molecular radicals also behave as shallow
traps with low energy, enhancing conductivity or charge transportation. The results of the
tan 4 at frequencies of 10 mHz and 100 mHz and Sy indicate this phenomenon.
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Figure 11. Change in: (a) capacitance, (b) tan & for different absorbed doses (kGy) at 10 mHz, 100 mHz, 100 Hz, 1 kHz,
100 kHz, and 500 kHz for CSPE jacket.

The inconsistent behavior of the S, values at 1 s as shown in Figure 12, with radiation,
indicates a parallel occurrence of a cross-linking reaction during irradiation. As the cross-
linking reaction results in a three-dimensional network within the molecules, it restricts
charge transportation mobility [35]. This can decrease the polarization conductivity and
thus the S; value.
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Furthermore, the decrease in EaB for CSPE occurred in a regular fashion, which
was because the material became harder and more inflexible with aging time [36]. This
showed the domination of the cross-linking reaction compared to chain scission, which
is in agreement with previous observations made on CSPE [37,38]. Although the EaB for
both EPR insulation and CSPE jacket decreased during aging, it was observed that the
EPR insulation’s 50% decrease in the EaB happened earlier than for the jacket, as shown in
Figure 13. This result shows that irradiation has a more degrading effect on EPR than on
CSPE. A similar result has been observed for EPR, where an abrupt failure of mechanical
properties was noticed in the presence of oxygen during aging [30].
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Figure 13. Change in elongation at break for EPR insulation and CSPE jacket.

5. Correlation between Electrical and Mechanical Properties

To select appropriate aging markers, the correlation values between EaB and the
electrical parameters were determined by calculating the coefficient of determination (R?)
for both the EPR insulation and CSPE jacket. Since the cable insulation is a complex,
layered dielectric structure, and the dipolar polarization changes with aging, capacitance,
and tan § values at lower (10 mHz and 100 mHz) and higher (100 Hz, 1 kHz, and 100 kHz)
frequencies were incorporated into correlation calculations. The change in conductivity
and the intensity of slow polarization processes were investigated by the measured return
voltage. The S4 and S; values were also tested. Table 2 summarizes the results. As the
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table shows, a strong correlation was observed between the parameters for EPR insulation,
especially in the case of tan § at 100 mHz and higher frequencies. However, on the
CSPE jacket, the R? values were smaller. Tan § at 100 Hz and higher frequencies seem
applicable markers. It is important to note that the Sy also had a high R?, but the change
in Sq with absorbed dose was not monotonic. Hence, the correlation analysis provided a
misleading result.

Table 2. Correlation values between EaB and different electrical quantities for EPR insulation and
CSPE jacket.

Electrical Quantities EPR CSPE

EaB EaB
Capacitance 0.9729 0.2043
10 mHz tan 6 0.7994 0.3835
Capacitance 0.9729 0.6095
100 mHz tan 6 0.9582 0.1503
Capacitance 0.9572 0.7707
100 Hz tan 5 0.9808 0.7194
K Capacitance 0.9579 0.7515
1 kHz tan 6 0.9889 0.6333
Capacitance 0.8595 0.327
100 kiiz tan 6 0.9906 0.6192
S4 0.9435 0.7418
Sratls 0.9138 0.2354

Thus, tan 6 at 100 kHz and the S4 have been selected as electrical aging markers and
are plotted in log-log scale in Figure 14. As shown with the high R? values, the strong
linear relationship makes the selected electrical aging markers suitable for detecting aging
in the polymer alone, without parallel mechanical EaB tests.
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Figure 14. Correlation between elongation at break and (a) tan  at 100 kHz and Sy on EPR insulation, (b) tan 6 at 100 kHz

on CSPE jacket.

This result supports the findings of previous studies. On EPR and XLPE insulation,
the imaginary part of permittivity measured at 100 kHz has shown a strong correlation
with density, EaB [11], absorbed dose [17], and aging time in the case of radio-thermal
aging [8]. The dielectric loss increase at 1 MHz was almost linear on XLPE insulation
in combined thermal and radiation aging [18]. Similar results were observed for EPR
insulation by dissipation factor measurements at 1 kHz and 1 MHz [10]. Higher dissipation
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factor values at 1 MHz indicate that the relaxation peak is closer to this frequency than
1 kHz. In conclusion, the dielectric loss in the 100 kHz to 1 MHz range seems a sensitive
marker of aging for NPP polymer cable insulation due to the change in dipolar polarization.
Nevertheless, further investigations on different cable insulating polymers are necessary
to reveal the direct relationship with the mechanical test, i.e., EaB results, to replace
mechanical tests with dielectric ones.

6. Conclusions

This paper investigated the overall degradation of EPR/CSPE-based LV NPPs cable
due to irradiation. The physio-chemical changes due to aging were studied by adopting
two non-destructive electrical CM techniques. Significant changes in the capacitance and
tan 6 at both low- and high-frequencies were observed for polymeric materials, suggesting
enhanced dipolar polarization because of oxidation reactions and chain scission. An
increase in the S; and S4 values indicates that increased mobility of charge carriers resulted
in intensive interfacial polarization.

A strong correlation between tan 0 at different frequencies and the Sy, S;, and EaB
was observed for EPR and CSPE, which enables the adaptation of electrical methods as
non-destructive CM techniques for LV cables without separating the insulation and jacket.
Further investigation with the aid of chemical tests such as oxidation induction time (OIT)
and Fourier-Transform Infrared Spectroscopy (FTIR) is suggested, which will give an
in-depth understanding of the effect of radiation stress at the lowest level. Additionally, the
application of CM techniques for different types of LV NPP cables under different single
and multiple stressors will further enhance their effectiveness and establish them for field
measurements in NPP environments.
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