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1 Background

Although the share of renewable sources is increasing in electrical energy generation, nuclear power
plants (NPPs) still produce 10% of the total electricity worldwide. In addition, the lifetime extension
of the existing fleet of NPPs has a crucial role in the cost-effective path to the decarbonisation of the
electricity sector [1]. Therefore it is necessary to ensure existing nuclear power plants can operate as
long as they are safe, supporting new nuclear construction and encouraging new nuclear technologies
to be developed [2]. Long-term, safe operation of nuclear facilities relies on safety-related equipment,
including cables, which have to fulfil their function in normal operation and all postulated events (design
basis events — DBE) during their qualified lifetime. The purpose of cable condition monitoring in
nuclear facilities is to determine whether cables remain in a qualified condition by monitoring one or
more condition indicators [3]. The condition indicator should be measurable, change monotonically
with time, and correlate with safety function performance under DBE conditions, showing a consistent
trend from unaged through the limit of the qualified pre-accident condition. In the broadest terms, the
condition monitoring methods can be classified into four groups, namely visual, electrical, mechanical
and chemical techniques [4]. In the nuclear industry, the 50% elongation at break (EaB) value is
traditionally considered an end-of-life criterion for polymer components, jackets and insulation of
cables [5]. The measurement of EaB is also widely applied for determining the remaining lifetime [6].
However, this method, like other mechanical and chemical tests, has a significant drawback: samples
must be taken from the cable insulation or jacket for the testing, i.e. it is a destructive test method.

Based on this background, the project’s main goal was to develop a non-destructive condition
monitoring method to support the maintenance of nuclear power plant (NPP) instrumentation and
control (I&C) cables.

2 Research

During the operation in the NPP environment, the cables’ polymeric components are exposed to several
stresses, such as elevated temperature, radiation, mechanical bending or manipulation and chemical
contamination [7, 8]. Since the subject of the investigation is low voltage (LV) I&C cables, the electrical
stress can be negligible. Due to these stressors, the structure of polymeric materials changes by chain
scission, cross-linking and oxidation. The alteration in the material structure results in a change in
electrical, mechanical and chemical properties.

Since the non-destructivity is one of the key concerns from the practical applicability point of
view, the research focused on the measurement of dielectric properties of cable insulation and jacket.
Therefore, dielectric properties (complex permittivity, tan delta, capacitance) were measured in a
wide frequency range from mHz to 500 kHz. Below the kHz range, an OMICRON Dirana dielectric
spectrometer, for higher frequencies up to 500 kHz, a Wayne-Kerr 6430A impedance analyser, was
used. Besides the frequency-domain measurements, a voltage response (VR) meter was developed to
investigate the time-domain dielectric response.
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Other non-electrical, possible non-destructive tests are based on indention hardness testing. Be-
cause during functionality (Loss of Coolant Accident — LOCA) tests, the mechanical parameters have
particular importance since cracks and ruptures appear in the jacket and insulation due to the loss
of their flexibility, leading to short circuits between the conductors or shielding. Therefore the me-
chanical parameters were also tested by Shore D hardness measurement. As previously mentioned,
the EaB measurement has an important role in evaluating the condition of polymeric components in
NPPs hence the EaB was also measured. The correlation between the mechanical properties and the
electrical parameters was also analysed, and the most reliable diagnostic markers were selected.

2.1 Equipment development

Within the project, a new voltage response meter was developed, implementing the extended voltage
response method (EVR). The newly developed instrument has also been adapted to measure material
samples, eliminating the difficulty of measuring the relatively small capacity of insulating material
samples. In addition, a method has been developed to determine the dielectric response function from
the results of EVR measurements [9].

The key component of the EVR meter is the electrostatic voltmeter, ensuring high input impedance
of the equipment. The supplier could only deliver this instrument with an extreme delay, which meant
that the development of the equipment could not be fully completed in the first year.

2.2 Samples

The most common materials are cross-linked polyethylene (XLPE), ethylene propylene rubber (EPR),
cross-linked polyolefin (XLPO), silicone rubber (SR), chlorosulfonated polyethylene (CSPE), ethylene
tetra- fluoroethylene (ETFE), polyvinylchloride (PVC) and polyethylene (PE) are used for insulating
and jacket materials in NPPs [4, 10], so a wide variety of cables were involved in the research work:

• XLPE/CSPE: single core, unshielded, XLPE insulated, CSPE jacketed cable manufactured by
RSCC Wires, USA.

• EPR/CSPE: two-core, shielded, EPR insulated, CSPE jacketed cable manufactured by JS Cable,
Korea.

• EPR/XLPO: seven-core, shielded, EPR insulated, XLPO jacketed cable manufactured by LS
Cable, Korea.

• XLPO: unshielded single core XLPO insulated and jacketed photovoltaic DC cable from a non-
specific manufacturer.

• PVC: PVC insulated and jacketed cables with various structures from non-specific manufacturers.

The Korean and RSCC cables were qualified as Class 1E LOCA cables, while the XLPO and PVC cables
were general types. Although PVC insulated are not allowed to be installed in new nuclear facilities,
investigating these cables has paramount practical importance because of the license or second license
renewal of existing reactors. Besides the cable samples, PVC material samples were prepared with
different plasticizer content to investigate the effect of cyclic thermal stress.

2.3 Ageing

Of the many stresses in reactors, radiation and elevated temperatures most significantly impact cable
ageing [4, 8]. Therefore the standards only prescribe the application of these stress during accelerated
ageing that simulates operation conditions [11]. Nevertheless, the low bending radius of cables can
appear in some places in NPPs, affecting the cable insulation lifetime [12]. Since mechanical stress
also degrades the insulating materials. [7]. Based on these considerations, the samples were exposed
to the following accelerated ageings:

• Thermal ageing at different temperatures
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• γ-irradiation ageing with different dose-rates.

• Combined mechanical and thermal ageing by bending the samples.

• Combined mechanical and γ-irradiation ageing by bending the samples.

• Repetitive thermal ageing with short-term cycles.

The parameters of the ageing programs are detailed in the section 2.4 Results.

2.4 Results

2.4.1 XLPE/CSPE Single-Core Cable

This cable type was aged in four manners: thermal ageing, irradiation ageing, combined thermal and
mechanical ageing and combined irradiation and mechanical ageing.

Thermal ageing

Figure 1: Trending of tan δ and Sd

with ageing times in hours [13]

The cable samples were aged at 120◦C temperature in a ven-
tilated oven. The results of dielectric spectroscopy show an in-
creasing trend of tan δ with thermal ageing, especially at lower
(1...500 Hz) frequencies [14, 15] The 100 Hz tan delta values show
a good correlation with ageing and the results of EaB measure-
ments [14, 16].

A non-destructive Shore D hardness was also tested. It also
correlates well with ageing and low-frequency (1...10 Hz) tan
delta values [15]. The EVR was also measured on the samples.
The slope of return voltage was decreased at the beginning of the
ageing, and then the values had no significant change, probably
due to the measurement uncertainty [17]. To reduce the effect
of measurement uncertainty, by assuming the dielectric response
function to be a power function, the slopes of the return voltage
were determined by fitting curves to the measurement results.
These estimated slopes of return voltages exhibited a strong cor-
relation with ageing [18] (Figure 1).

Radiation ageing
The cable samples were aged by a 60Co γ-ray source with a 0.5 kGy/h dose rate at Institute of

Isotopes Ltd [19]. The real and imaginary parts of permittivity, calculated from the cable’s geometry
and the measured tan δ and capacitance values, exhibited a solid increasing trend with the absorbed
dose in the investigated frequency range (10 mHz...500 kHz).

At lower frequencies, i.e. below 10 Hz, this increment can be explained by the increased interfacial
polarization. This cable structure is considered a layered insulation structure, and the interfacial po-
larization has a significant role in the low-frequency dielectric behaviour. The increment in the tens
and hundreds of kHz range results from the intensity increase of orientation polarization because of
the generation of dipolar byproduct due to ageing. The evaluation of dielectric spectrum curves is
complicated, so derived quantities (figure) were introduced to characterize curves, making the com-
parison easier [20]. These deducted quantities are the tan δ curve’s central frequency and central loss
factor. These quantities also correlate strongly with the ageing, indicating the increasing loss in the
cable insulation in a wide frequency range. The central loss factor also correlates strongly with ageing,
indicating the increasing loss in the cable insulation in a wide frequency range.

The increase in central frequency with ageing means that the dominant polarization became faster
with ageing [21]. EVR measurements confirmed the increased intensity of interfacial polarization.
Since the slope of return voltage was increased with the absorbed dose.

The slope of decay voltage was also increased due to the increasing conductivity of the samples.
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Figure 2: Correlation between Sr at
1 sec and change of ′′ at 10 Hz with
Shore D hardness.[19]

The Shore D hardness of the samples was also increased with
ageing. In addition, the electrical and mechanical parameters
change shows a strong correlation.

The main findings are that the slope of return volt-
age and 100 Hz imaginary part of permittivity correlated
well with ageing. Therefore these electrical parameters are
good markers for non-destructive condition monitoring of this
cable type [19] (Figure 2). Similar change can be ob-
served the ac resisitivity and strong correlation was ob-
served between 100 Hz tan δ and slope of decay voltage
[13].

Combined thermal and mechanical ageing
The cable samples were subjected to successive thermal and

mechanical ageing. The thermal ageing temperature was 120◦C.
After each ageing round, the samples were bent for two weeks.
Comparing the dielectric spectroscopy measurement data with
only thermally aged samples’ data, the samples exposed to combined stress had higher tan δ values,
especially below 1000 Hz [22]. The imaginary part of permittivity was also higher in the case of samples
subjected to the combined stresses in a wide frequency range [23].

The results of EVR measurement, i.e., slopes of decay and return voltages, were higher than those
of only thermally aged samples [24]. These results can be explained by the intensity increment of
interfacial polarization between the jacket and core insulation due to the bending of samples.

Samples were also prepared for simultaneous thermal and mechanical ageing by bending samples
into a cylinder and heated to 120◦C in an ageing chamber. The loss factor of samples below 10 Hz
decreased, while above, it increased. Shore D was also tested, and a strong correlation was observed
with tan δ at 100 Hz [25]. Investigating the real and imaginary parts of permittivity in 0.1 Hz...500
kHz range, below 10 Hz, the imaginary part of permittivity decreased, above it increased with ageing
time [26]. Measuring the EVR, the minimal slope of decay voltage increased, and the slope of return
voltage decreased after 1 s shorting time decreased with ageing [26, 27].

The change of mechanical properties was tested by Shore D hardness. The high value of correlation
coefficients calculated between mechanical and electrical properties makes the dielectric measurements
capable of non-destructive condition monitoring [26] (Figure 3).

Figure 3: Correlation between Sr at
1 sec ′′ at 100 Hz, and hardness.[26]

The comparison of Shore D hardness of thermally and ther-
momechanically aged samples showed that the Shore D hardness
was higher for the thermo-mechanically aged samples than that
of only thermally aged ones [28]. Nevertheless, the direct com-
parison of dielectric spectra did not provide obvious results hence
deducted quantities were involved to make the comparison eas-
ier. The central real and imaginary parts of permittivities and
frequencies of spectra were compared.

However, the central imaginary part of permittivity
did not differ significantly between the groups; the imag-
inary permittivity’s central frequency was higher by 0.5
mHz in the case of thermo-mechanically aged samples.
This suggests a higher conductivity of thermo-mechanically
aged samples, which can result from the annealing effect
[28].

Combined radiation and mechanical ageing
Bent cable samples were exposed to 0.5 kGy/h dose-rate irradiation for 400 kGy total dose [29].

The samples were measured by dielectric spectroscopy from 0.1 Hz to 1 kHz range, and the real
and imaginary parts of permittivities were calculated. The real part of permittivity increased in the
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Figure 4: The calculated deducted quantities to characterize the ′(f) curves (a) central real part of
permittivity (CRP); (b) real part of permittivity’s central frequency (RPCF). [26]

investigated frequency range, while the imaginary permittivity curve shifted from the lower frequencies
to the higher ones. Deducted quantities were also calculated, and a central frequency of the imaginary
permittivity curves shifted towards higher frequencies with ageing.

Figure 5: Correlation between ′′ at
1 mHz and the DC conductivity ver-
sus radiation dose [?]

Using a curve fitting method, an exponential curve described
well the low-frequency change of the real and imaginary parts of
permittivity in the case of combined ageing [30].

The intensity increase of interfacial polarization can explain
this phenomenon. The jacket and the core insulation form a
layered structure in a single-core cable. A change in the lay-
ers’ dielectric properties (permittivity and conductivity) results
in the intensity increase of the interfacial polarization. This
phenomenon was proved by calculating the specific conductivity.
Moreover, specific conductivity correlates well with the absorbed
dose and the Shore D hardness of the cable insulation [30] (Figure
5).

Besides dielectric spectroscopy, the EVR was measured to
investigate the time-domain dielectric response. The slopes of
decay and return voltages showed increasing trends, as well.
The Shore D hardness monotonously increases with the absorbed
dose. The applicability of ageing markers for condition monitor-
ing was tested by correlation calculation. The result revealed that the dielectric methods provide
reliable ageing markers, strongly correlating with mechanical properties.

2.4.2 EPR/CSPE Insulated Two-Core Cable

This cable type were exposed to thermal, γ-irradiation and combined irradiation and mechanical ageing.

Irradiation ageing
The cable samples were irradiated with a 0.8 kGy/h dose rate. The total dose was 1200 kGy. The

dielectric spectra of the samples were investigated in the 10 mHz to 500 kHz frequency range. The
capacitance of the EPR insulation showed an increasing trend with absorbed dose, while the jacket’s
capacitance did not exhibit a clear trend. Tan δ of the core insulation also increased with ageing in
the investigated frequency range. The jacket’s tan δ also had an increasing trend with an absorbed
dose above 2 kHz. At lower frequencies, it had no clear trend.

The slopes of decay and return voltages also increased with ageing on the EPR insulation, while
on the CSPE jacket, inconsistent changing of these values was observed.
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Figure 6: Correlation between elongation
at break and (a) tan δ at 100 kHz and Sd

[31]

The EaB values of jacket and core insulation also
decreased monotonously but did not reach the 50%
threshold value. Based on the correlation analysis be-
tween the dielectric and EaB measurement results, it can
be concluded that the dielectric measurements are vi-
tal, non-destructive alternatives of the traditional, de-
structive EaB measurements and are applicable to pre-
dict the end-of-life of the cable insulation (Figure ??)
[31].

Thermal ageing
The samples were aged at 120◦C for 1513 hours in to-

tal. Dielectric spectroscopy was measured in 10 mHz...500
kHz frequency range. The capacitance and tan δ values
also show a significant increase with ageing for the jacket
and the core insulation. Extended voltage response and

polarization-depolarization current (PDC)were also measured as time-domain dielectric response mea-
surements. The slope of return voltage had to decrease trend with ageing in the case of the jacket,
while other parameters on the jacket or the insulation did not show increasing or decreasing trends.
The EaB of the jacket and insulation monotonously decreased with ageing time. However, they did not
reach the 50% threshold value. The correlation between the dielectric parameters and EaB was tested.
The 100 Hz tan δ was also found as a good ageing marker for jacket and core insulation, showing a
strong correlation with EaB, while the slope of return voltage for the jacket only (Figure 7) [32].

Figure 7: Correlation between tan δ at 100 Hz: (a) EPR insulation and tan δ at 100 Hz and Sr at 1 s
and (b) CSPE jacket against EaB. [32]

The samples were also tested by the time-frequency domain reflectometry method. This method
can locate the weakest points on a long cable section. Two assessment parameters, the peak value of
envelope and the peak value of similarity, are defined and calculated from the reflected signal. After
the ageing, the aged cable was connected to normal cables using a terminal, and the reflected signal
from the terminal was used to extract the assessment parameters. As ageing time increases, the trend
and linearity of the assessment parameters are clearly observed [33].

Combination of radiation and mechanical stresses
Straight and bent cable samples were irradiated by 0.8 kGy/h dose rate. The total dose was 1200

kGy. The dielectric spectrum was measured from 0.5 mHz to 1 kHz. The tan delta values of cores were
compared. The compression and stretch forces affected the core insulation since the cable is built up
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from twisted cores. The results show that the tan delta values of mechanically stressed samples were
higher in each ageing period than that of straightened ones, especially below 0.05 Hz and above 500
Hz. Comparing 1 mHz and 1 kHz tan delta values of both groups, the samples exposed to combined
stresses have significantly higher values (Figure 8).

The investigation results suggest that mechanical stress has an important effect on ageing under
irradiation. Therefore, this factor should be considered in the qualification procedure of nuclear cables
[34].

2.4.3 PVC Insulated Cables

Figure 8: tan δ vs. total dose at
1000 Hz [34]

PVC cable samples were thermally aged at 110◦C, 125◦C and
◦C using 3-hour cycles. The change in the dielectric spectrum
was investigated, and the EVR measurement was also carried
out. Parallely, the Shore D hardness was tested. At the begin-
ning of the ageing, softening of the material was observed. Later
according to the expectations, the hardness was increased due
to the plasticiser evaporation. The dielectric measurements fol-
lowed this change, i.e., the slope of decay voltage and introduced
deducted quantities to characterise the dielectric spectrum. The
measurements on the PVC samples showed similar behaviour
[35].

The effect of 6 hours thermal ageing cycles was also inves-
tigated on PVC-insulated LV cables. The tan δ, capacitance
and PDC measurements were measured on the jacket and core

insulation.
It was seen that tan δ has increased with ageing. The capacitance of core insulation had also shown

an upward trend, but the trend was not clear for the jacket. The polarisation current also increased,
suggesting the increase in the conductivity of the PVC material [36, 37].

Since the mechanical and electrical parameters of PVC insulating material show an unclear trend
during cyclical ageing of PVC cables [35]. In [38], the effect of the structure was investigated to reveal
whether the behaviour due to repetitive ageing is a characteristic of the polymer itself or whether it
results from the structure as well. Therefore three samples were prepared by removing different layers
(outer jacket, jacket and steel armour, and jacket, steel armour and PPVC belting layer) from the
cable and aged them with an intact cable sample.

Figure 9: Comparison of the Shore
D hardness and the conduction cur-
rent after and before aging ratios.
[38]

Tan δ, capacitance and PDC measurements were executed,
and Shore D hardness was tested on the inner PVC belting layers
of samples. The results showed that the outer jacket’s pressure
significantly affected the conductive current, resulting in the high
low-frequency tan δ. The high-frequency tan δ also showed simi-
lar behaviour [39]. It was confirmed by the calculated conductive
current form PDC measurement. Another important finding of
the comparison of the dielectric parameters after the structure
change is that the capacitance measurements showed that the
PVC belting layer was the most dominant component in the
dielectric behaviour of this kind of cable. Another important
finding is that the PVC belting layer is important in plasticizer
evaporation. This layer provided enough protection from the en-
vironmental air since after removing this layer, the plasticizer
evaporation occurred more easily. The results of the Shore D
hardness measurement also proved this, as well as the conduc-
tive current correlation with the Shore D hardness of the belting
layer (Figure 9).
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2.4.4 EPR/XLPO Insulated Multicore Cable

The cables used in nuclear power plants have various structures, especially the I&C cables containing
multiple cores. Therefore, dielectric testing measures the resultant dielectric properties of the materials
inside the cable; hence, the measurements’ results can differ from core to core. Nevertheless, the
measurement time for one cable is limited, so measuring all cores in a given cable is impossible.
Therefore it is particularly important to recommend which cores should be measured for condition
monitoring in the case of multicore cables aged under the same conditions. The cable samples were
exposed to γ irradiation for accelerated ageing. The dose rate was 0.8 kGy/h, and the total absorbed
dose was 1200 kGy. The dielectric properties were measured between 0.5 mHz and 5 kHz. The tan δ
values compared the central and one outer core. The results showed a relatively big difference in the
measured tan δ values in almost all the measuring frequencies after each ageing cycle. Only at 4.4 kHz,
5.0 kHz frequencies and in the 40-110 Hz frequency range, lesser this difference than 25%. Therefore
during regular condition monitoring measurements, the same cores must be measured in a given cable;
the measured cores cannot be changed [40].

Figure 10: Changing of the loss fac-
tor measured at the two frequencies
with the highest R2 values as a func-
tion of absorbed dose in the kHz
range [40]

The correlation with ageing was also tested on both cores.
The results showed that in the central core case, the 0.46...4.64
mHz and 2.24 kHz frequency tan δ values correlate well with
ageing. The outer core’s tan δ correlates with ageing between
2.15 mHz and 0.22 Hz.

By averaging the results of outer and central cores, the outlier
data effect on the results is decreasing, so in addition to the low-
frequency tan δ results, a solid trend was observed in the change
of tan δ at 1.00 kHz and 2.4 kHz (Figure 10).

Fortunately, at higher frequencies (in the kHz range), loss
factor measurements do not require as long a time as at mHz
frequencies. Thus, it is advisable to measure the loss factor on
several cores and make a diagnostic decision based on the average
loss factor values of the cores.

2.4.5 XLPO Insulated Single-Core Cable

This cable type was exposed to combined thermal and mechan-
ical ageing [41]. The ageing temperature was 120◦C, and the samples were bent to a 6 cm outer
diameter cylinder. The complex permittivity values were calculated from the dielectric spectroscopy
measurement in 100 mHz...500 kHz. The time domain dielectric response was measured by the EVR
method, and Shore D hardness was also tested.

After the first ageing cycle, the real and imaginary parts of permittivity decreased after these
parameters were increased. Since XLPO is a semi-crystalline material, this behaviour can result from
the material’s recrystallisation. A similar trend was observed in the hardness and the decay voltage
slope. The real and imaginary parts of permittivities agreed well with the decay and return voltage
slopes. This result elucidates the applicability of these parameters to assess the ageing of polymers
[42].

2.5 Dielectric modelling of ageing processes — unpublished results

The modelling of the dielectric response of insulations during ageing can help to understand the
degradation mechanisms of insulating materials. These models can be useful in the prediction of
the end of a lifetime based on establishing the relationship between mechanical properties (especially
EaB) and dielectric measurements. The developed dielectric model was based on the measurement
results of EVR. This modelling highlights the advantage of this method, developed in this project (see
Section 2.1).
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2.5.1 The developed model

The degradation of polymers affects the dielectric properties such as conduction and polarization. The
slow polarization processes, which can be investigated by the developed EVR technique, are usually
related to space or interfacial elementary polarization processes [43]. These processes are the result of
the electron trapping and de-trapping mechanisms. The de-trapping of electrons in a charged polymer
leads to an isothermal relaxation current, and according to the theory of Simmons and Tam, this
current function can be expressed as [44]:

j(t) =
eLkBT

2t
f0(E)N(E), (1)

where e is the electron’s charge, L is the thickness of the insulation kB the is the Bolzmann’s constant,
T is the absolute temperature, f(E) is the initial distribution of traps, N(E) is the trap density.

It can be deducted that the slope of return voltage after t discharging time (Sr(t)) will be propor-
tional to the j(t). Hence from the results of EVR measurement, the electron trap distribution can be
determined. Since there are more traps with different depths in the dielectric, the Sr(t) will also be
the sum of de-trapping currents with different depths. Assuming two electron traps (shallow and deep
traps), the Sr(t) was approximated by the sum of two exponentials (Debye model):

Sr(t) = A1e
−t/τ1 +A2e

−t/τ2 , (2)

where A1 and A2 are the intensities, and τ1 and τ2 are the time constants of the Debye processes.

Figure 11: Trap density of irradi-
ated samples by 0.8 kGy dose rate

For calculations SciPy scientific computing library for the
Python was used [45].

0.1 < A1, A2 < 100

0.3 < τ1, τ2 < 10000.

2.5.2 Results

The proposed method was tested on two-core EPR/CSPE sam-
ples exposed to thermal ageing, irradiation by different doses and
combined radiation-mechanical ageing.

Ageing by irradiation

Figure 12: Trap density of irradi-
ated samples by 0.1 kGy dose rate

The modelling tool was executed on two samples with 0.8
kGy/h and 0.1 kGy/h dose-rate irradiation.

In the case of samples with higher irradiation dose rates, the
density of deep traps was increased with the absorbed dose (Fig-
ure 11.

Compared with the results of the low dose rate irradiated
samples, except in the case of 480 kGy absorbed dose samples,
the higher dose rate irradiated samples have higher trap densities
(Figure 12).

It can also be observed that in both dose rates at the be-
ginning of the ageing, there was no significant increase in trap
densities. A clear trend is seen after 720 kGy in the case of high
dose rate, while after 360 kGy in the low dose rate case. This
phenomenon can be explained by the onset of reticulation at the

beginning of the irradiation [46]. Due to the dose rate effect, it disappeared at a lower total dose in
the case of low dose rate irradiation.
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Figure 13: Trap density of sam-
ples exposed to combined, mechan-
ical and radiation ageing.

Combination of radiation and mechanical stresses
These samples were bent around a cylinder and exposed to

0.8 kGy/h irradiation. The results are depicted in Figure 13.
Till 480 kGy dose, the mechanically stressed samples’ deep trap
density exceeded that of only irradiated ones. The ageing be-
haviour of EPR can explain it. During γ-irradiation, the chain
scission and cross-linking occur parallel in the EPR insulating
material. While chain scission generates traps, the cross-linking
reduces trap densities. At the beginning of the ageing, due to
mechanical stress, the chain scission is the dominant reaction.
Later the free radicals, the products of chain scission, migrate to
the interface of the crystalline/amorphous regions, where they
initiate oxidation reactions, decreasing the number of electron
traps [47].

Thermal ageing

Figure 14: Trap density of ther-
mally aged samples.

The samples were exposed to thermal ageing at 120C.
The trap density of samples with different ageing hours is
in Figure 14. The deep trap density (0.85 eV) was in-
creased, even not monotonously, during ageing, while the
shallow trap density decreased after the first ageing cy-
cle but later exhibited a solid increasing trend. This
kind of behaviour of electrical properties was observed pre-
viously in the thermal ageing of EPR insulating material
[48].

Conclusion
Based on the examination results, it can be concluded that

in all cases, independently of the ageing stressor, shallow and
deep trap depths are around 0.75 eV and 0.85 eV, respectively.
However, it can also be noted, also the shallow and deep trap densities increased with ageing, although
not monotonically in all cases. This can be explained by the fact that the same reactions are taken
place in the degradation process of EPR independently of the ageing stressor. Nevertheless, different
reactions are responsible for EPR ageing, Therefore similar ageing processes are taken place in the
material. However, which reaction is dominant depends on the stress, their intensity and their com-
bination. Nevertheless, comparing the trap densities with the results of EaB measurements, it can be
stated that if the deep trap density reaches the 1021eV −1m−3, the value of EaB is also close to the
threshold limit. Hence by the trap density, the cables can be sorted by condition.

This section results are prepared for publication as an IEEE Transactions paper.

3 Project Personnel

At the beginning of the project, it was planned to have the non-electrical measurements carried out
by an external contractor. Contrary to the project proposal, we finally managed to carry out these
measurements with the help of BME researchers, mostly from the Laboratory of Plastics and Rubber
Technology. This cooperation became a fruitful professional relationship, resulting in another successful
OTKA proposal (FK142814).

Particularly worth highlighting, numerous students (Jin Jizhu, Ritter Bence, Nouini Oumaima,
Chrikioui Zakaria, Demkó Bettina, Deli Boglárka Orsolya, Liu Fang, Asipuela Gonzalez Angel Gabriel,
Rusznyák Cintia and Spisák Alexa) were involved in the project, and they successfully defended their
BSc and MSc theses relating to the project’s topic.
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Three students (Csányi Gergely Márk, Ehtasham Mustafa and Ramy S. A. Afia) successfully de-
fended their PhD theses on scientific results directly related to the project.

4 Practical application of the results

The research work has clearly demonstrated that the method developed is suitable for the non-
destructive condition determination of aged cable samples subjected to laboratory ageing. The next
step should be to test the method’s applicability in the field. Since the principal investigator was
involved in several R&D projects also with MVM Paks Nuclear Power Plant Ltd. and Paks II Nuclear
Power Plant Ltd., it was agreed with experts from both companies to share the results of the project
in a workshop this fall. Moreover, the possibility of operational testing of the developed method will
be discussed.
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