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ARTICLE INFO ABSTRACT

Keywords: In this article, the aging behavior of nuclear-grade low voltage cables, characterized by different geometries and
Polymer aging insulation compositions, is investigated. Cables were subjected to radio-chemical aging at different dose rates (7
XLPE

Gy/h, 66 Gy/h and 400 Gy/h), in order to simulate typical aging environments inside nuclear plants. The
changes of insulation properties due to aging are investigated at different scales, aiming at highlighting possible
correlations between molecular-scale properties and global macroscopic material behavior (e.g., mechanical and
electrical ones). Microscale material behavior is investigated by means of FTIR spectroscopy and oxidation in-
duction time (OIT) measurements, in order to evaluate material composition changes and material resistance to
oxidation, respectively. On the other side, mechanical and electrical macroscopical properties are examined
through tensile stress and dielectric spectroscopy measurements. It is found that aging is deeply influenced by the
effect of additives (e.g. antioxidants) inside the insulation. In particular, the presence of antioxidants delays
oxidation process allowing material modifications during the early aging states to be evaluated. Dielectric
spectroscopy is demonstrated to properly follow all the stages of the degradation process, confirming its
appropriateness as a non-destructive condition monitoring technique for cables. Finally, the evolution with aging
of the dielectric response is associated with the variations of the considered chemical and mechanical properties,
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allowing the derivation of correlation master curves.

1. mtroduction

The use of polymeric materials as insulators for electrical cables is
nowadays a consolidated technology [1-3]. in the electric plants. The
considerable number of polymer types allows to select the one whose
characteristics best fit the desired application. In particular, one of the
most important discriminant properties to be considered is the cable
rated voltage. From this, one can distinguish polymers for high, medium,
and low voltage (HV, MV and LV, respectively) cable systems. Insulation
materials for HV and MV cables are usually characterized by a high
purity aiming at ensuring good operational performances even at high
electrical fields. In point of fact, additives and fillers are demonstrated to
possibly act as trapping centers of accumulated charges, causing elec-
trical field distortions, whose effect can lead to cable failure in the case
of high electrical fields [4-6].

Nonetheless, since modern cables are designed to guarantee a long
service life, additives, mainly antioxidants, are needed inside the poly-
meric compound in order to prevent or slow down degradation
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mechanisms occurring during the cable lifetime, e.g., oxidation [7-15].

On the other hand, inside low-voltage (LV) cable systems, electric
fields are so low that impurities do not compromise reliability of these
cables. Hence, it is possible to fill the base polymer with various types of
additives (e.g., plasticizers, antioxidants, flame retardants) according to
the application requirements. In LV cables additive concentration is
estimated to be ~60% w/w in the polymeric compound, reducing the
effective insulating performance of the resulting material [16,17]. Thus,
it is evident, and already reported [12,18-21], that additives in such
high amount can have an impact on both the physical-chemical and,
consequently, on the electrical properties of both unaged material and
on its behavior with aging.

In the case of LV cables for nuclear applications, one of the most
common insulating compounds is the silane cross-linked polyethylene
(Si-XLPE). Its wide application is given by the combination of its
excellent electrical insulation properties with its low cost and easy
manufacturing process. Si-XLPE is generally filled with both flame re-
tardants and antioxidants. The former ones are intended to act as

Received 21 May 2021; Received in revised form 3 September 2021; Accepted 19 September 2021

Available online 2 October 2021

0142-9418/© 2021 Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).


mailto:simone.suraci@unibo.it
www.sciencedirect.com/science/journal/01429418
https://www.elsevier.com/locate/polytest
https://doi.org/10.1016/j.polymertesting.2021.107352
https://doi.org/10.1016/j.polymertesting.2021.107352
https://doi.org/10.1016/j.polymertesting.2021.107352
http://creativecommons.org/licenses/by-nc-nd/4.0/

S.V. Suraci et al.

possible smoke suppressant in case of high temperatures (e.g. during a
fire accident) and they usually reach ~40%w/w in typical NPP cables.
The latter ones, in concentrations up to 2-3% w/w, permit the reaching
of significantly long service lifetimes, often between 40 and 60 years
[12-15].

The most common criterion for the evaluation of the health status of
LV cable insulation systems, at least for those which are located in nu-
clear environment, is based on mechanical measurements, mainly the
elongation-at-break (EaB) [17,22]. The advantage of using EaB lays on
its proved and effective correlation with aging, which also permits the
comparison of the results obtained with different stress levels [17].

In order to investigate the evolution of the material properties in a
reasonable time, usually accelerated aging is used. This process aims at
speeding up the normal aging processes through aggravated conditions
of humidity, heat and, in the case of nuclear plants, radiations [10,
23-25]. Empirical and mathematical models, able to correlate acceler-
ated test results with aging in real operation conditions, have been
already developed using, e.g., EaB [23,26-29]. When ageing mecha-
nisms are well identified, non-empirical kinetic models can also be
developed to predict the material lifetime based on a structural
embrittlement criterion [30-32]. However, tensile tests encounter some
limitations. Firstly, they are destructive local measurements so that they
may not be representative of the entire cable systems under test.
Moreover, they are not always easy to perform due to the possible dif-
ficulties in reaching some parts of the cables, usually the most stressed
ones.

In recent years, much research [17,23,33] has been focusing on the
definition of an “ideal” and innovative condition monitoring technique
for LV cables which shall be non-destructive, performed in situ, thus
providing a simple end-of-life criterion for the considered cable.

Among the various techniques, dielectric spectroscopy recently
gained more and more importance in the extruded cable research field.
As a matter of fact, this technique meets most of the described re-
quirements. It is non-destructive, it is capable to assess the health of the
entire cable system and it has shown to have monotonic variation of the
measured property [34-43]. Unfortunately, up to date, it lacks in
enough knowledge to allow this technique to be fully operational for
industrial applications.

Nonetheless, if the analyzed polymer is used as insulating material
for cables, electrical properties are the ones to focus on, in order to avoid
any unexpected cable crisis and breakdown. For this reason, correlating
the change of electrical properties with physical-chemical properties,
which are commonly used for the assessment of polymeric materials, can
be crucial to verify the suitability of electrical techniques for the eval-
uation of the aging state of the insulating material. Furthermore, the
proposed correlations raise the possibility to upgrade the actual moni-
toring techniques for cable diagnostics without losing the expertise ob-
tained over several years of application of these approaches (e.g.
predictive and life modelling methods).

That being said, this article aims at providing a wide and compre-
hensive view of physical, chemical and electrical properties of nuclear-
scale LV cables subjected to radio-chemical aging. Investigated cables
are characterized by different geometries and polymeric compounds, in
order to highlight the impact of these characteristics on the resulting
insulation properties. Finally, results coming from physical-chemical
tests are correlated with the electrical response obtained through
nondestructive dielectric spectroscopy measurements. This in order to
evaluate the capability of this technique to follow the aging develop-
ment throughout all the aging phases (e.g., antioxidant conversion and
oxidation). In particular, the correlation of the electrical quantity with
EaB is a key feature to succeed into the proposal of the dielectric spec-
troscopy as an efficient condition monitoring technique for LV nuclear
cables, due to the broad use of the mechanical technique for cable aging
assessment. This work is part of the European Project H2020 TeaM
Cables, which aims at providing nuclear power plant operators with a
novel methodology for nuclear LV cables maintenance through, among
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others, developing a new multiscale modelling approach, to study
polymer radiation aging.

2. Materials and methods
2.1. Cable specimens

Cables with different geometry and insulating compounds are stud-
ied in this article. The considered cable structures, namely coaxial and
twisted pair, are reported in Fig. 1.

Primary insulation is based on the same silane crosslinked PE matrix
(Si-XLPE), a widely used PE-based insulation for LV cables due to its easy
processability and reduced costs. The PE lattice has been integrated with
different kinds and quantities of additives. The detailed material com-
positions are reported in Table 1. Compound #1 applies to both coaxial
and twisted pair cables (named twisted pair non filled cable), compound
#2 applies to the twisted pair geometry only (twisted pair filled cable).

2.2. Accelerated aging

Cables were subjected to accelerated aging to replicate typical aging
conditions inside nuclear environments. Three different dose rates were
chosen to age cable specimens, namely: high, medium, and low dose rate
corresponding to 400 Gy/h, 60 Gy/h, and 7 Gy/h respectively. Radio-
chemical aging was performed in the Panoza (Medium and Low dose
rate) and Roza (High Dose Rate) facility at UJV Rez, Czech Republic,
through a®’Co y-ray source. Aging properties and durations are sum-
marized in Table 2.

2.3. Dielectric spectroscopy results

Dielectric spectroscopy measurements were performed by means of
the Novocontrol Alpha Dielectric Analyzer v2.2. The equipment was set
using the following test parameters:

e Applied voltage: 3 Vg
e Frequency range: 1072-10°Hz
e Temperature: 50 °C (in oven).

This setup allows the investigation of the complex permittivity and
tand. In this article, in order to get rid of possible geometry-related
measurement discrepancies, only tand results are reported.

Tand, known also as dissipation factor (DF), is defined by Refs. [44,
45]:

"
e+ (5/ ©

tand = ——+—+ (€8}
€

where ¢ is the real part of permittivity defined as the dielectric constant

of the material, ¢”’ is the imaginary part of permittivity related to the

dielectric losses of the material, w is the angular frequency of the wave

and o is the DC conductivity of the material.

In the case of coaxial cable samples, input voltage was applied to the
inner conductor through a BNC plug and output signal was obtained
through the copper wire braid shielding. For twisted pair cables, the
input voltage was supplied to one of the two conductors while the output
signal was detected from the other one, short-circuited with the copper
braid shielding.

Among the frequencies in the analyzed region, it has been chosen to
report data at a fixed frequency, namely 100 kHz (related to the dipolar
polarization). This frequency was shown in the literature [35-37] to be
associated with the increase of the aging products over time, mainly
oxidized polymer chains, which have a strong dipolar behavior.
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Fig. 1. (a) Multilayer structure of coaxial cables under investigation. (1) Conductor — Copper, (2) Primary insulation — XLPE, (3) Polymeric film — PET, (4) Shielding —

Copper wire braid, (5) Sheath — Low smoke zero halogen rubber

(b) Multilayer structure of twisted pair cable under investigation. (1) Conductor — Copper, (2) Primary insulation, (3) Shielding — Copper wire braid, (4) Sheath, (5)

External shielding — Copper wire braid, (6) External sheath.

Table 1
Specification of the insulating compounds. (phr — per hundred resin).

Compound #1 (coaxial and twisted pair cables)

Component Name Concentration
Polymer matrix Si-XLPE -
Primary antioxidant Irganox ® 1076 1 phr
Secondary antioxidant Irganox ® PS802 1 phr
Compound #2 (twisted pair cables)
Component Name Concentration
Polymer matrix Si-XLPE -
Primary antioxidant Irganox ® 1076 1 phr
Secondary antioxidant Irganox ® PS802 1 phr
Flame retardants ATH 50 phr

Table 2

Accelerated aging conditions.
Aging Aging properties
t
ype Dose rate Sampling Total absorbed Temperature

(Gy/h) time (h) dose (kGy) Q)

Low 7 3456 120 47
Medium 66 864 286 47
High 400 167 334 21

2.4. Oxidation induction time (OIT) measurements

OIT measurements are widely reported in the literature to be suitable
for a quantitative investigation of antioxidant concentration inside the
polymer sample [46].

OIT were measured at 210 °C with a TA instrument DSC Q10 calo-
rimeter. XLPE samples with a mass between 5 and 10 mg were inserted
inside the instrumentation furnace in an open aluminium pan. First
heating run from room temperature to 210 °C was performed with a
heating rate of 10 °C.min"! under a pure N flow (50 mL min~1); then,
the temperature equilibrium was set at 210 °C for 5 min and finally, the
gas was switched from Nj to O for an isotherm at 210 °C. Under pure
oxygen, the test was stopped once an exothermal peak, referred to the
induction of the oxidation, was registered. The time range between the
switching of the furnace atmosphere and the onset of the exothermal
peak (graphically obtained through the tangent method) is defined as
the OIT.

2.5. Fourier transform infrared (FTIR) measurements
FTIR spectra were recorded through a PerkinElmer FTIR Frontier

spectrometer equipped with a diamond/ZnSe crystal in attenuated total
reflectance (ATR) mode. Each spectrum is given by the average of 16

scans in the spectral range from 4000 to 650 cm ™}, with a resolution of 4
em L.

In order to investigate the oxidation development occurring inside
the polymer during aging, ester index values were calculated per each
aging period. The considered ester index is defined by:

. Ai733em-1
Ester index = ——0 2
1472cm~!

where Aj733.,1 is the absorbance of the considered ester peak, and
Aq479em—1 is the absorbance of CHj scissoring vibration of PE crystal
phase at 1472 cm ™!, whose value is supposed not to change during aging
(reference peak).

Each specimen was tested at least three times in order to keep into
account the possible inhomogeneous distribution of additives and the
presence of locally aged spots.

2.6. Tensile stress tests

Tubular specimens of the minimal total length L of 60 mm were
prepared after transversal cutting the insulated wire samples to pieces
with length of about 65 mm.

For tensile tests, a calibrated Instron 3366 machine equipped with
pneumatic grips with smooth steel surfaces was used. Specimens were
placed between the two gauges and the following test parameters were
applied:

a) Testing (cross-head) speed: 50 mm/min
b) Initial grip distance for specimens: 30 mm
c) Rate of tensile test data acquisition: 1 data/s

The test is considered as completed when the breaking of the sample
occurs [47].

As a result, the stress/strain curve is registered and obtained, from
this it is possible to calculate the ultimate elongation value (Elongation-
at-break) through the following equation:

EaB(%):(lIlo)-IOO 3)

0

where [y and [ are the initial and breaking useful lengths of the specimen,
respectively.

3. Experimental results
3.1. Dielectric spectroscopy results
Fig. 2 reports the trend of dielectric losses (tand) at 100 kHz as a

function of aging time for all the analyzed conditions and compounds.
In all cases, aging causes the growth of dielectric losses. One can
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Fig. 2. Dielectric losses at 100 kHz as a function of aging time for the three aging conditions considered. (a) Low dose rate (7 Gy/h), (b) Medium dose rate (66 Gy/h),

(c) High dose rate (400 Gy/h).

notice that the various aging severities reveal a different increasing
trend of tand. In particular, harsher aging stresses cause a faster increase
of the considered property. As an example, for coaxial cable, a tand value
~1.7-1073 is reached after ~15 000 h in the case of low dose rate, ~3
000 h in the case of medium dose rate and at ~200 h for the high dose
rate. All this being said, there is a correspondence between tand and
degradation state of the polymer, indicating the suitability of dielectric
spectroscopy as aging assessment technique for cables.

It is worth noting that tand values do not monotonically increase
starting from the initial state of the polymer (virgin sample). It has been
highlighted in our previous works [35] that during the first aging period,
different microstructural modification inside the polymer (e.g. antioxi-
dant arising to the surface and possible degassing processes) can occur.
As a result, tand values are initially lowered due to the reduction of
dipolar species, as it will be presented in the discussion section. How-
ever, these phenomena are not related to the aging state of the polymer,
hence they could be considered as an initial stabilization of the insu-
lating material.

Focusing on material compounds, it is worth highlighting that the
two cable geometries characterized by compound #1 show comparable
tand values throughout the aging process, exception given for the
highest dose rate of the coaxial cable. Here, the increase of the dielectric
losses during the last aging period is almost negligible probably due to
diffusion limited oxidation (DLO) phenomena [48,49] occurring inside
the material. This phenomenon leads to an inhomogeneous oxidation
throughout the polymer thickness. Indeed, the presence of particularly
severe aging stressors brings to the formation of an external
oxygen-proof layer, so that environmental oxygen cannot reach the
inner part of the polymer. As a result, polymer does not significantly
modify its bulk dipolar properties, as in the case here analyzed. Another

difference can be found in the unaged values of tand, which is larger for
the coaxial cable (Fig. 2). Such behavior could be associated with the
different starting additive concentration in the polymer matrix, as it will
be presented in the following.Focusing on compound #2, the imple-
mentation of ATH inorganic fillers brings to a significant variation of the
dielectric loss trend. These particles, as dipolar species, enhance the high
frequency dielectric response. Consequently, the tand trend is shifted
upwards throughout the aging process with respect to the compound #1
response.

Fig. 3 exhibits the trend of the oxidation induction time (OIT) for the
different aging conditions and cable geometries considered. Among the
various available data from different compounds, it would be possible to
outline a common behavior. In particular, during the first aging period,
one can notice an abrupt decrease of the OIT value, followed by a slower
but continuous decay of the property. Finally, OIT reaches a non-null
value (around 2 min) which corresponds to the lowest value record-
able through the tangent method used for the definition of OIT. Hence, it
would be possible to claim that oxidation may have started even if OIT is
not equal to zero.

With respect to the insulation compounds, coaxial cable owns the
highest initial OIT value, suggesting a larger concentration of antioxi-
dants, among the tested cables. This confirms the higher values of tand
found on unaged coaxial cables, see Fig. 2. Contextually, mid-term OIT
are kept to higher values during aging, despite the similar decreasing
trend. On the contrary, compound #2 shows the lowest starting OIT. The
reason for that could be found in the introduction of ATH particles which
could bring to ineffective morphological displacement of additives (e.g.,
antioxidants). According to Refs. [50,51], phenolic antioxidants could
be deactivated by physical adsorption on the surface of e.g., carbon
black by means of hydrogen bonding (i.e., through its OH groups). Thus,
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Fig. 3. Oxidation induction time values for the three different aging conditions considered. (a) Low dose rate (7 Gy/h), (b) Medium dose rate (66 Gy/h), (c) High

dose rate (400 Gy/h).

it can be assumed that the antioxidants inside the considered polymeric
compound could experience the same phenomenon due to the copious
presence of OH groups in the tri-hydrated alumina (ATH). As a result,
the stabilization reactions and the diffusion of antioxidant inside the
amorphous phase may be significantly hindered, leading to a less
effective protection against oxidation and lower OIT value (Fig. 3).

3.2. FTIR spectroscopy

FTIR spectroscopy tests were performed in ATR mode on the cables
under study. Aiming at studying the oxidation evolution during the
polymer aging and due to the huge number of data collected, only the
ester index values are here reported. It is known that the major part of
oxidized polymer chains is characterized by the presence of an ester
bond [12,32,35,52]. For this reason, the ester index, whose calculation
is reported in Section IL.E, is commonly used as a first efficient approach
to follow the degradation processes inside polyolefins.

Fig. 4 displays the trend of the ester index as a function of aging time
for the three different cables and aging conditions considered. In
particular, only the ester index values related to the surface of the ma-
terials are shown. Indeed, FTIR-ATR results coming from the polymer
bulk showed to remain almost constant with aging. As known, oxidation
reactions mainly occur on the material surface due to the presence of
environmental oxygen. Possibly, the aging experienced by the cable
specimens was not sufficient to completely oxidize the samples, leading
to a limited oxidation in the polymer bulk and a non-variation of the
index in the bulk of the material [12,35].

The ester index values related to the unaged material samples are
significantly different one from the other. It is worth recalling at this
point that the phenol antioxidants are characterized by an ester bond

whose stretching can be associated to the FTIR absorbance peak used for
the calculation of the ester index [12,14,15]. Hence, the different ester
indices related to the unaged samples can be linked to inhomogeneous
dispersion of additives and, more generally, to the manufacturing pro-
cess. A further confirmation of that could be found in the fact that the
two twisted pair cables show similar trending behavior with aging,
despite their different chemical compound. Indeed, due to the chemical
formula of ATH (Al»(OH)3), it can be said that these fillers have no
impact on the ester peak, leaving the ester index response only related to
products of antioxidants and oxidation.

Nonetheless, among the different ester index trends, it is possible to
highlight a common behavior. In most cases, the parameter depicts an
initial decrease followed by a stabilization and a final increase with
aging.

The durations of the described phases are strictly linked to the
severity of the aging conditions. In particular, the harsher the aging
environment, the shorter the duration of the two initial phases, as ex-
pected. However, in the case of aging at high dose rate of the coaxial
cable, the initial decrease is not present probably due to the strong aging
conditions the cable is subject to.

3.3. Elongation-at-break

Fig. 5 displays the trend of the elongation-at-break for the three ca-
bles under test. In some cases (e.g., coaxial cable aged under low dose
rate conditions), it was not possible to remove the inner conductor from
the insulation without damaging the polymer due to the advanced
degradation state. Hence, mechanical tests were not performed for those
cables.

In all the conditions considered, the elongation-at-break values
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decrease with aging time, as expected. The decreasing trend can be
considered almost linear with aging, suggesting a gradual and contin-
uous degradation of the polymer throughout the aging time. Nonethe-
less, the harshness of aging affects the mechanical response of the
material over time. In fact, despite the similar trend, the time needed to
cause the same mechanical degradation is very different. As an example,
the halving of the initial EaB value is reached slightly after ~800 h in the
case of high dose rate while it is not reached even after ~10 000 h under
low dose rate conditions, for the twisted pair filled cable.

Regarding the different insulation geometries, also in this case, it can
be highlighted that same insulating material show similar trends with
aging. Again, one can notice that the twisted pair non filled cable ex-
hibits the highest value of initial EaB. The reason for that could be again
possibly found in the manufacturing process and the displacement of
additives, which modify the mechanical performance of the material. As
a result, the EaB trend of the twisted pair non-filled cable, despite
following the same decreasing law, is slightly shifted upwards in com-
parison to the one related to the coaxial cable.

The introduction of inorganic fillers results into a significant
lowering of the initial EaB value (almost 50% of the initial value of
compound #1). Therefore, due to the lower initial value, the decay of
the property reaches the lowest recorded values among the different
materials. A possible explanation for that will be presented in the next
section.

4. Discussion
Ionizing radiations deposit a significant amount of energy inside the

irradiated polymer. This energy is usually orders of magnitude higher
than the mean chemical bond strength [53-56], so that radiation aging

is considered one of the most degradative aging conditions for organic
compounds. Briefly reporting, the processes undertaken during
radio-chemical aging can be divided into three stages. Firstly, the energy
gained by the material (physical stage) brings to the creation of a sig-
nificant number of activated molecules inside the polymeric matrix. In
the following phase (physical-chemical stage), the excited molecules
transfer energy to other molecules through collisions and chemical re-
actions. Consequently, new excited atoms and radicals are created.
These radicals finally reach the chemical equilibrium (chemical stage)
when they react with environmental oxygen, causing oxidation, or with
themselves, giving birth to non-reactive species.

Most common oxidation processes have been described in literature
for various kinds of plastics [11,52]. Main effects of oxidation process
can be summarized in the decomposition of alkoxy radicals resulting
into chain scission and the creation of new oxidation products i.e.,
carbonyl groups and alcohols.

However, oxidation process cannot be undertaken as long as anti-
oxidant molecules are present. In particular, it could occur that anti-
oxidant molecules are wrongly displaced in the polymer bulk or their
concentration is higher than the one actually soluble inside the
considered polymeric matrix. It has been demonstrated by Xu et al. [12]
that if this occurs, antioxidant molecules tend to move towards the
polymer surface by the mean of diffusion phenomena. Here, they exude
on the sample surface where they rearrange into crystals.

Hence, in a tentative causal chain of oxidation degradation phe-
nomena occurring inside the polymer, the first step can be considered as
a sort of stabilization phase during which undissolved antioxidants are
abruptly consumed during the first aging period due to both chemical
reactions and physical loss.

During the following phase, antioxidant molecules react with
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dose rate (400 Gy/h).

environmental oxygen to prevent or slow down oxidation process, giv-
ing raise to antioxidant degradation products, which are non-reactive
polar species. Finally, after the running out of antioxidants, oxygen is
free to bond with polymer chains and the above-described oxidation
reactions can take place.

It has been found that the antioxidant degradation products exhibit
the same ester bond of the antioxidant molecules. Hence, it would be
difficult to separate the contribution of these two species through FTIR
measurements, due to possible compensation of concentration of the
ester bonds leading to the flattening of the ester index trend with aging
(Fig. 4). However, being OIT measurements a quantitative technique for
antioxidant concentration, the decrement of this factor during aging can
be associated with the continuous consumption of antioxidant
molecules.

The combination of these two testing techniques would allow a
better understanding of the antioxidant degradation kinetics and it
would permit the definition of the boundaries of the different aging
phases. As an example, in all the studied cases, the ester index (Fig. 4) on
the surface of the material shows a significant decrease during the first
aging periods, possibly caused by the reduction of ester bond concen-
tration of the antioxidant molecules. Similarly, the OIT values show an
abrupt decrease, claiming a significant consumption of antioxidants
inside the polymer matrix and checking the strictly correlation existing
between these two quantities.

It is worth recalling at this point that both antioxidant molecules and
degradation products are dipolar species. These species are character-
ized by non-zero dipolar momentum. As an example, the investigated
antioxidant exhibits a dipolar momentum equal to ~4.8 D, while the
value for an oxidized polymer chain (ketone) is about 3 D. Finally, the
ATH fillers depict lower dipolar momentum value (~0.8 D) but, because

of their high concentration, they can significantly influence the dielec-
tric spectrum as shown in Fig. 2. The correspondence between the
concentration of antioxidant molecules and the electrical properties is
also confirmed by the tand values (Fig. 2), which decrease during the
first aging period, as antioxidant concentration does, due to the reduc-
tion of polymer dipolar properties.

That being said, it would be possible to summarize the investigated
property behavior throughout the three proposed aging phases, as
follows:

1. Initial consumption of antioxidants. In this phase surface antioxi-
dants are abruptly consumed due to aging stresses. As a consequence,
the ester index and the OIT values decrease on the surface. The loss of
antioxidant molecules leads to the lowering of the global polarity of
the polymer, causing the reduction of tand values (Fig. 2).

2. Conversion of antioxidants into degradation products. In this phase,
antioxidants are converted into degradation species. As reported, as
both base and product molecules are characterized by the same ester
bonds, no variation can be seen in the ester index, which is kept
almost constant (Fig. 4). In this region, OIT values slightly vary, and
they are close to the minimum recordable by the instrumentation
(~2 min). Finally, tand values increase thanks to the formation of
new dipolar species in the polymer bulk.

3. Arising of oxidized polymer chains. After the running out of anti-
oxidant (OIT ~ 0 min), aging catalyzes oxidation reactions leading to
the arising of new oxidized species (e.g., oxidized polymer chains).
As a result, both the ester index and tand values increase.

Therefore, it is evident that tand values obtained from dielectric
spectroscopy should change in the different aging phases described



S.V. Suraci et al.

above, depending on the polarity of the chemical species that are
consumed/generated. In the following, some of the most significant
correlations between electrical and chemical quantities detected in the
different aging phases, are reported and discussed.

4.1. Antioxidant consumption and conversion

It has been already discussed that the first aging phenomenon refers
to the conversion of antioxidant molecules into degradation products. As
reported, OIT measurements are quantitative investigation of the anti-
oxidant concentration in the material bulk. The antioxidant depletion
factor (ADF) links the variation of OIT values, namely the antioxidant
concentration, with aging time. It is defined as:

OIT, — OIT

ADF=——"——
OIT, )

where OIT and OIT) are the respective values for the aged and unaged
samples.

This factor is correlable with the increase of the tand values with
aging time, since both the values consider the contribution of antioxi-
dant concentration changes. On the one hand, the dielectric spectros-
copy at the considered frequency (10° Hz) may evaluate the presence of
antioxidant molecules and the arising of new antioxidant degradation
products, which are dipolar species. On the other side, as presented, the
consumption of the antioxidant molecules, hence the changes in OIT and
ADF are associated with the conversion of these species into antioxidant
degradation products.

Fig. 6 reports the trend of the high frequency tand as a function of
ADF.

From the figure above, it is possible to notice that after an abrupt
variation of ADF, caused by the sudden consumption of antioxidants
during the first aging periods, most experimental data are placed in the
region 0.7-1. In this area, an exponential regression line can be built,
confirming a correspondence between the grade of conversion of anti-
oxidants, hence the increase of antioxidant degradation products, with
the raise of tand values. Finally, the regression line tends asymptotically
to 1, corresponding to the complete running out of antioxidants (OIT =
0 min).

Further aging does not impact the OIT and ADF values, but it causes
the increase of tand suggesting the arising of new dipolar species which
are no more related to the antioxidant kinetics (e.g., oxidized polymer
chains).
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Fig. 6. High frequency dissipation factor as a function of the antioxidant
depletion factor. Black and red data markers refer to materials without ATH.
Green data markers refer to ATH-filled polymer. (For interpretation of the
references to colour in this figure legend, the reader is referred to the Web
version of this article.)
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Focusing on the material compounds, one can observe that com-
pound #1 (PE + AO) materials depict the same tendency, with similar
dissipation factor and ADF values, despite the two different cable
geometries.

The introduction of ATH fillers (compound #2) results into the
shifting of the abovementioned trend upwards due to higher tans values,
as already discussed in Section IIL.A.

4.2. Arising of oxidized species

Once all the antioxidants are converted, hence ADF = 100%, thermo-
oxidative reactions can take place, leading to the creation of oxidized
polymer chains. These molecules are highly dipolar species; hence they
may respond under the effect of an external AC field, giving raise to tand
values. Moreover, they are characterized by an ester bond (C=O0),
whose presence may be evaluated through the FTIR spectroscopy.

Literature is plenty of studies [35,57] correlating the increase of the
ester peaks with the aging time, suggesting the possibility to use the
ester bands and their amplitude as an aging marker. These studies
usually focus on neat highly pure polymers which are, in a certain sense,
non-completely representative of the actual industrial application of the
electrical insulating materials, in particular in low-voltage applications.

Indeed, in the case of industrial-scale polymers, the presence of ad-
ditives (mainly antioxidants) can bring to an erroneous correlation be-
tween aging time and ester absorbance peak height. However, it has
been reported in Section III.C that the last aging periods cause the in-
crease of the ester index when OIT is almost equal to 0. This suggests that
oxidation may have started and new esters, coming from the oxidation of
polymeric chains, are created during aging. Contextually, the arising of
these new species brings to the increase of the tand value. Under these
circumstances, it is possible to correlate the material response obtained
through the dielectric spectroscopy and the ester index. Correlation plot
is reported in Fig. 7.

In this graph, only the values referred to the third phase of aging are
considered for the correlation, when the antioxidants have been already
consumed, and oxidation reactions may take place inside the polymeric
material. As it can be seen from Fig. 7, the correlation is quite evident,
confirming the ability of dielectric spectroscopy at 100 kHz to follow the
concentration of the oxidized polymer species, hence the degradation of
the material. In particular, the proposed correlation is a key feature for
the use of dielectric spectroscopy as an aging diagnostics technique,
since it would be possible to relate the main degradation mechanism i.e.,
oxidation with the electrical quantity (tand), measurable on site.
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Fig. 7. High frequency dissipation factor versus ester index. Black and red data
markers refer to materials without ATH. Green data markers refer to ATH-filled
polymer. (For interpretation of the references to colour in this figure legend, the
reader is referred to the Web version of this article.)
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Even in this case, it is possible to divide the experimental data into
two data clusters. Indeed, despite the data scattering given by the FTIR
local analysis, compound #1 materials show similar values of ester
index and tan3. Finally, the introduction of ATH fillers brings to the shift
of the data cluster towards higher tand values (due to the presence of
ATH polar species).

4.3. Correlation between mechanical and electrical properties

In Section III.D, it has been demonstrated that aging can cause the
depletion of both mechanical and electrical properties of polymeric
material. Under these circumstances, it would be possible to correlate
these two sets of data. Correlation with EaB is significantly important
since, as reported in the introduction, it represents the current state-of-
the-art for cable aging assessment. In particular, the ultimate value of
EaB used as end-of-life criterion is 50% of its absolute value. Resulting
cross-plot is reported in Fig. 8.

Fig. 8 depicts a good correlation between the two properties. In
particular, the decay of EaB values corresponds to the increase of the
dielectric losses (tand) for all the analyzed conditions.

Also in the present case, it is possible to divide the trending behavior
into two data clusters. The first one is related to the un-filled polymer
(compound #1), where one can notice similar values between the two
cable geometries. The second one is related to the presence of ATH fillers
(compound #2). Here, experimental data are shifted towards a lower
path of the same tendency line, giving raise to the second cluster. As
already presented, ATH fillers are strongly dipolar species causing the
increase of tand values. On the other side, if they are present in con-
spicuous quantity, as in the case there considered, ATH fillers can
regroup together because of the strong interactions between the OH
groups present on their surface (hydrogen bonds). This agglomeration
inside the polymer bulk brings to the reduction of the mechanical
resistance, corresponding to lower EaB values. Microscopically, the ATH
filler clusters can lead to a series of polymeric chain interruptions,
reducing the elongation of the resulting polymer chain. In addition, ATH
fillers are mineral-based compounds, hence their contribution to plastic
elongation could be considered as negligible. As a result, macroscopi-
cally, the elongation at break significantly reduces for compound #2
materials.

As a further confirmation, Fig. 9 reports two X-ray tomography mi-
crographs of the polymeric section of the un-filled (a) and filled (b)
polymer. From this figure, it can be clearly seen that the unfilled ma-
terial shows a homogenous pattern inside the polymer bulk. On the
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Fig. 8. Crossplot of EaB vs dissipation factor at 100 kHz. Black and red data
markers refer to materials without ATH. Green data markers refer to ATH-filled
polymer. (For interpretation of the references to colour in this figure legend, the
reader is referred to the Web version of this article.)
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Fig. 9. Images from X-ray tomography of the cross-section of the unfilled (a)
and filled (b) material. Courtesy of VTT Finland [58].

contrary, filled polymer section (Fig. 9b) exhibits the distribution of the
ATH clusters in between the polymeric matrix.

Anyway, it is worth noting that no cable reached the end-of-life value
of EaB for all the aging conditions analyzed. The lowest recorded value
of EaB is equal to about 90% and it is related to the ultimate elongation
of the highest dose of the harshest aging condition (high dose rate) for
compound #2. Besides this, the proposed correlation seems to well fit
the experimental data, raising the opportunity to upgrade the current
state of the art of cable aging diagnostic, based on tensile tests, using
electrical nondestructive tests.

5. conclusions

From the results shown in this article some conclusions can be
drawn. First of all, cable geometry (coaxial/twisted pair) does not
significantly affect insulation aging, as expected, but only the polymer
initial composition. Then, the different physical-chemical (i.e., FTIR,
OIT and tensile stress tests) and electrical (dielectric spectroscopy)
techniques used to investigate cable aging exhibited good correlations.
In particular, tand at 100 kHz shows to coherently follow the variation of
chemical and physical properties with aging.

However, the considered aging conditions showed to be not suffi-
ciently harsh to cause significant degradation of both the analyzed
compounds, since no substantial oxidation occurred inside the polymer.
In particular, it has been shown that no cable reached the ultimate EaB
required by the actual state of the art cable monitoring.

Nonetheless, such aging conditions allowed the investigation of the
initial phases of the degradation process, which are mainly related to the
presence of additives and fillers e.g., the antioxidant consumption and
early degradation products formation. In particular, three different
phases occurring during aging are presented: the initial consumption of
antioxidants, their conversion into degradation products and, after the
running out of antioxidants, the arising of new oxidized species. The
introduction of inorganic fillers, e.g., flame retardants, showed not to
have a significant impact on the degradation processes. However, they
significantly influenced the mechanical and electrical behavior of the
resulting polymer possibly due to the shortening of the polymer chain
and filler dipolar properties, respectively.

That being said, the very little duration of the third phase (arising of
oxidized products) confirmed that the variations in terms of mechanical,
i.e., EaB and electrical properties, i.e., tand are mainly related to
microstructural modification inside the polymer, i.e., antioxidants con-
sumption and chain rearrangements. Despite the limited oxidation
process, it was possible to outline some correlations between the
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different properties. As a result, dielectric spectroscopy has been suc-
cessfully correlated with both mechanical and physical-chemical ana-
lyses, proving the suitability of this technique to follow the aging
development throughout the three mentioned phases and assessing the
possibility to use the dissipation factor (tand) as an aging marker for
cable diagnostics.

Future work on this topic will include the development of a model-
ling approach aiming at evaluating the residual life of the analyzed ca-
bles in terms of mechanical endurance. Consequently, it would be
possible to find a corresponding ultimate tand value, i.e. a failure cri-
terion for the cable in terms of the electrical property, upgrading the
current state of the art of LV cable diagnostics. This could be a sub-
stantial step forward for the actual state of the art in cable diagnostics
since it could be done in situ and in a non-destructive way.
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