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ABSTRACT Cross-linked polyethylene (XLPE) has been widely used as insulation material for cables.
In 2019, the highest voltage level AC 500 kV XLPE submarine cable has been operated in Zhoushan,
China. The irreversible degradation poses a safety hazard to the operation of submarine cable. Therefore,
it is necessary to investigate the physical, chemical and electrical properties of XLPE submarine cable
insulation under aging condition and explore the method for its deterioration degree assessment. In this paper,
the AC 500 kV XLPE submarine cable insulation material was thermally aged at 130 °C. The deterioration
characteristics of materials were analyzed based on morphology, chemical structure, mechanical property,
thermal property and dielectric properties. Multiple characteristic parameters were extracted and new dete-
rioration condition assessment model was established. Results show that the physicochemical characteristic
parameters including retention rate of elongation at break, carbonyl index (CI) based on FTIR, full-width at
half-maximum (FWHM) of the diffraction peak based on XRD, melting enthalpy based on DSC analysis,
and the dielectric characteristic parameters including modified Cole-Cole model parameter xg, and AC
breakdown strength are sensitive to deterioration condition of XLPE material. According to the change of
elongation retention at break, the deterioration condition of XLPE sample was divided into enhanced stage,
wear-out stage and disposal stage. The new multi-factor deterioration condition assessment model including
six characteristic parameters (retention rate of elongation at break, CI, FWHM, melting enthalpy, modified
Cole-Cole model parameter xs,, AC breakdown strength) was successfully established by grey correlation
analysis. The new model can reflect the property of mechanical, chemical, thermal and dielectric property
and has prominent effect in differentiating deterioration degree of the AC 500 kV XLPE submarine cable
insulation material.

INDEX TERMS Cross-linked polyethylene (XLPE), thermal aging, physicochemical properties, dielectric
properties, condition assessment.

I. INTRODUCTION

Cross-linked polyethylene (XLPE) has outstanding physical
and chemical properties [1]. The AC 500 kV power intercon-
nection project in Zhoushan, Zhejiang province of China is

The associate editor coordinating the review of this manuscript and

approving it for publication was Boxue Du

VOLUME 7, 2019

This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see http://creativecommons.org/licenses/by/4.0/

currently the highest voltage and longest routing XLPE cable
project throughout the world. During the service of cable,
XLPE material will suffer from various stresses (electrical,
thermal, mechanical, etc.), which result in the changes of its
chemical composition, physical morphology and electrical
properties [2]. The irreversible degradation poses a safety
hazard to the operation of submarine cables. Therefore, it is
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necessary to investigate the physical, chemical and electrical
properties of XLPE submarine cable insulation under aging
condition and explore the method for its deterioration degree
assessment [3].

Studies about physical and chemical properties of XLPE
material under thermal stress reveal its degradation process.
With the development of aging, the retention rate of elon-
gation at break and the tensile strength showed a trend of
decline after a slight increase [4], [5]. In terms of ther-
mal performance analysis, differential scanning calorime-
try (DSC), dynamic mechanical analysis (DMA) X-ray
diffractometry (XRD) and fourier-transform infra-red (FTIR)
spectroscopy has been used [6], [7]. It was found that the
crystallinity of the XLPE material decreases significantly
and a large amount of carbonyl groups (-C = O-) were pro-
duced [1], [8]-[10]. The breakdown strength and endurance
life under multi-stress also showed a downward trend with
the development of thermal aging [11]-[13].

In addition, the dielectric properties of XLPE have received
extensive attention in recent years [14], [15]. M. Nedjar com-
pared the changes of dielectric constant and dielectric loss
angle of XLPE under high frequency and it was found that
the dielectric permittivity was less affected by the aging [16].
Chonung Kim et al studied the dielectric behavior of ther-
mally aged XLPE cable in the high frequency range and
suggested that dielectric loss tangent and ac resistivity can be
considered as useful diagnostic parameters for estimating the
deterioration degree of the thermally aged XLPE cable [17].
Mengyan Hu et al found that permittivity decreased firstly
and then increased with the elongation of aging time and
the dissipation factor increased [10]. Dongxin He et al found
that the dielectric constant decreases with aging time in high
frequency areas (103-10% Hz), while the dielectric loss factor
increases with aging time at low frequency (10~2-0 Hz) [5].
Pulong Geng et al measured the characteristic parameters
(complex permittivity, leakage current, complex dielectric
modulus) and found that the test temperature had an influence
on AC leakage current, which mainly reflected in the low
frequency region [18].

In recent years, scholars have proposed a variety of aging
state criteria from the perspectives of mechanical, thermal,
chemical structure and dielectric properties. The elongation
at break retention rate of 50% is often used to indicate the
XLPE material reaches its end life [19]. J. C. Fothergill et al
suggested that the most likely candidates for aging markers,
may include the change in inter-phase fraction using FTIR,
changes in micro-void size distribution, quantitative chemical
characteristics extracted from FTIR spectra [20]. However,
these criteria are often based on a single performance change
that is difficult to reflect the aging state of the overall perfor-
mance. To analyze the aging degree of material from different
physicochemical and dielectric properties, some researchers
have reported the gray correlation, neural network meth-
ods [21]-[23]. These methods mainly used in the oil-paper
insulation condition assessment, few researchers reported the
XLPE multi-factor deterioration degree judgment method.
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FIGURE 1. Dumbbell XLPE piece for tensile test.

For 500 kV submarine cable, although the insulation mate-
rial is XLPE, the difference in raw material, manufacturing
process will result in difference in the physical, chemical
and electrical properties of the insulation material during the
aging process. At present, few researchers reported the ther-
mal aging of 500 kV XLPE submarine cable. It is necessary
to perform the aging experiment on 500 kV XLPE submarine
cable insulation material and explore its aging properties.
In this paper, the physical, chemical and dielectric proper-
ties of the AC 500 kV XLPE submarine cable insulation
material before and after the thermal aging was investigated.
A new multi-factor deterioration degree judgment method
based on the grey correlation analysis was introduced for
the deterioration condition assessment of the AC 500 kV
XLPE submarine cable insulation material. Firstly, the XLPE
samples were aged at 130 °C and samples were taken for
the mechanical, thermal, chemical structure and dielectric
properties measurement. A modified Cole-Cole model was
used to analyze the dielectric characteristic parameter. Sec-
ondly, changes of characteristic parameters of mechanical,
thermal, chemical structure and dielectric properties were
extracted and a multi-factor deterioration degree judgment
method based on the grey correlation analysis was provided.
Finally, the healthy threshold of the AC 500 kV XLPE sub-
marine cable insulation material based on the thermal aging
was proposed.

Il. EXPERIMENTS

A. SAMPLE PREPARATION AND THERMAL AGING

The AC 500 kV XLPE submarine cable insulation material
was provided by the Zhoushan Power Supply Company.
2 mm thick dumbbell XLPE specimens (FIGURE 1) were
prepared for the test on retention rate of elongation at break
and 1 mm thick rectangular piece was prepared for thermal,
chemical structure and dielectric property tests. The 401-C air
heat aging chamber was used for accelerated thermal aging
and the aging temperature was controlled at 130 °C. Samples
were taken out at 0-day, 40-day, 95-day, 125-day, 135-day and
160-day.

B. CHEMICAL STRUCTURE CHARACTERIZATION

The Nicolet IS5 FT-IR Infrared Spectrometer manufactured
by Nicolet Inc. was used to measure the infrared spectrum
of the samples with different thermal aging conditions. The
spectrum range was 4000-500 cm~!' and the resolution
was 4 cm~!. The XRD patterns was obtained by an X-ray
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FIGURE 2. Surface morphology changes (color).

diffractometer (Panalytical Empyrea, Nether-

Almelo,
lands),whose scan rate was 10°/min and a scan angle 26 in
the range of 5° to 90°.

C. TENSILE TEST

The Computer-controlled electronic universal testing machine
(ZY-13) was used for the tensile test. The dumbbell shaped
XLPE sample was vertically sandwiched between upper
and lower fixture to ensure the specimen in the tensile
process was under vertical tensile stress. The tensile speed
was 25 mm/min. The experimental temperature was room
temperature. The test was repeated three times on samples
of each aging stage and the average value was taken as the
final result.

D. THERMAL PERFORMANCE TEST

The United States TA Instruments Q200 DSC was used to
obtain the recrystallization and melting curves of the aged
samples. It was chosen as a heating-cooling-heating process.
Firstly, the temperature was increased from room temperature
to 120 °C to eliminate the effect of the thermal history of
the sample. Then temperature was decreased to —40 °C and
then increased to 120 °C. The increasing and cooling rate of
temperature were 10°C/min under nitrogen atmosphere.

E. DIELECTRIC PROPERTY TEST

The XLPE samples were measured by the Concept80 broad-
band dielectric spectrometer of NOVOCONTROL Company.
Samples were sandwiched tightly between the upper and
lower electrodes with diameter of 40 mm. The measuring
frequency ranges from 107>Hz to 10°Hz under 70°C.The
AC breakdown test was carried out by the Huace Insula-
tion Breakdown Tester (HCDJC-100kV). The electrode used
was a plate-plate electrode. The diameter of the electrode is
25 mm and the voltage boost rate is 1 kV/s. The samples of
each aging stage were tested five times and the average value
was analyzed.

Ill. EXPERIMETAL RESULTS AND DISCUSSIONS

A. SURFACE MORPHOLOGY CHANGES

As shown in FIGURE 2, three different changes can be
observed. Firstly, the surface color changed from transparent
white (0-day) to yellow (40-day/95-day). It shows dark brown
with the development of aging (125-day/135-day/160/day).
Secondly, the deterioration of the AC 500 kV XLPE sub-
marine cable insulation material tended to spread from local
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FIGURE 3. Bubbles (black shadows) in the severely deteriorated samples
(135-day/160-day).

(a) fresh sample (b) 160-day aged sample

FIGURE 4. SEM before and after aging.

part of samples to global parts. Material deterioration started
from the edge of the sample and gradually developed into
the interior (95-day). With the deepening of the overall
color, the aging was obvious after thermally aged 125 days.
As shown in FIGURE 2 and FIGURE 3, bubbles can be found
in the severely deteriorated samples (135-day/160-day). The
length of these bubbles is approximately ten micrometers,
which are round, elliptical and irregular. More micro-bubbles
and some big bubbles (>30m) were observed in the severely
aged samples. The samples before and after aging were bro-
ken in liquid nitrogen and observed by scanning electron
microscope (SEM), as shown in FIGURE 4. It can be found
that fresh samples have uneven cross sections and suspected
crystal stacking can be observed, while the section of the
sample aged 160 days is smooth and the crystal structure
cannot be observed.

B. CHEMICAL STRUCTURE ANALYSIS
FTIR results are shown in FIGURE 5. The significant
absorption peaks at wavelength of 2915 cm™!, 2847 cm™!,
1470 cm™!, and 718 cm™~! are characteristic absorption peaks
for -CH3- in the polyethylene carbon chain [24]. The absorp-
tion peaks at wavelength of 1170 cm™! and 1710 cm™! are
characteristic absorption peaks for -C = O-. The carbonyl
peak of 0-day and 40-day is not obvious. However, it can be
found obviously in the FTIR results of 95-day, 125-day, 135-
day and 160-day samples.

Thermal oxidation of XLPE cable insulation samples can
be evaluated by the carbonyl index (CI) [25]:

CI = L720 /s (H
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FIGURE 5. FTIR spectra of XLPE samples with different aging conditions.
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FIGURE 6. Diagram of carbonyl index of XLPE samples with different

aging conditions.
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FIGURE 7. XRD spectra of XLPE samples with different aging conditions.

where 11720 is the intensity of the absorption peak at 1710
em™!, Igs is the intensity of the absorption peak at
2915 cm~!. FIGURE 6 shows the changes of CI with aging
progress. It can be found that CI increases slowly from less
than 5% of 40-day sample to more than 30% of 160-day sam-
ple. The CI results present that the thermo-oxidative aging
process accelerated from the 95th day because the CI values
increases rapidly after being aged 95 days.

The XRD results shown in FIGURE 7 present an amor-
phous hallo and two major crystalline peaks. With the devel-
opment of aging process, the position of peaks moves to
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FIGURE 8. FWHM of XLPE samples with different aging conditions.
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FIGURE 9. Changes in elongation retention at break of XLPE samples with
different aging conditions.

left slightly and no new peaks appears. This means that no
new crystalline phase in the material structure produced.
The intensity of the peaks decreases in the aging process,
which means that the percentage of crystallinity decreases
for the aged XLPE samples. The full-width at half-maximum
(FWHM) of the diffraction peak was calculated from the
XRD curves to characterize the inter-planar spacing and
changes in grain size [26]. It can be found in FIGURE 8 that
the FWHM decreases slightly in the beginning period and
increases rapidly from less than 0.55 to more than 0.7 with
the development of aging process, which means that the grain
size increases slightly at the beginning of the aging, then
decreases significantly with more small crystals produced.
FIGURE 8 also shows that the crystal structure of the samples
begins to change significantly after being aged 95 days.

C. TENSILE TEST ANALYSIS

It can be found in FIGURE 9 that the tensile property
decreases approximately abruptly from 95-day samples to
125-day samples. At the beginning 40 days of aging, the ten-
sile elongation retention at break increases gradually to about
120%, reaching its peak. After being aged for 95 days, the ten-
sile elongation retention at break drops back to about 100%.
Then the value decreases to about 20% at 125th day rapidly.
From 135th day to 160th day, the value decreases gradually to
about 0%. FIGURE 9 also shows the mechanical properties
of the samples decreases seriously after being aged 95 days.
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FIGURE 10. Changes in DSC of XLPE samples with different aging
conditions.

TABLE 1. Results of DSC for different aged samlpes.

Glass Melting
. Melting
transition peak Crystallinity
Sample enthalpy
temperature temperature 1%
g
/C /C

0-day 82.35 86.77 105.15 30.20
40-day 82.21 91.55 104.98 31.87
95-day 79.57 89.45 106.62 31.13
125-day 49.51 29.47 79.55 10.26
135-day 46.30 29.31 78.08 10.20
160-day 33.26 29.24 75.87 10.18

D. THERMAL PERFORMANCE ANALYSIS

DSC results for samples with different aging condition are
shown in FIGURE 10. An endothermic peak and an exother-
mic can be observed. They correspond to the melting and
crystallization temperature, respectively. TABLE 1 lists the
glass transition temperature, melting enthalpy, melting peak
temperature and crystallinity. The expression for the crys-
tallinity calculation in Table 1 is:

Xe=2AH/, Ho )

where Xc is the degree of crystallinity, AH is a melting
enthalpy, AHy is a melting enthalpy with a crystallinity
of 100%, AHy = 287.3J/g [27]. FIGURE 10 and TABLE
1 show that the melting and crystallization peak of XLPE
changes obviously before and after aging. The peak shape
broadened and the melting enthalpy decreases, indicating that
the molecular structure of XLPE has been seriously deteri-
orated. On the other hand, the glass transition temperature
of XLPE shifts toward the lower temperature, indicating that
XLPE will be less heat-resistant after thermal aging. The
results shown in FIGURE 10 and TABLE 1 present that the
AC 500 kV XLPE submarine cable insulation material is
more easily change from a glassy state to a highly elastic state
in the thermal aging process.
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E. DIELECTRIC PROPERTY ANALYSIS

FIGURE 11 illustrates the changes in the &’r and tang of sam-
ples with different aging conditions under 70 °C. Firstly, Val-
ues of ¢'r and tan$ of severely aged samples are much higher
than fresh samples or samples with slightly aging condition.
Secondly, ¢’r and tand show the same changes at the same
frequency. ¢'r and tan§ decrease slightly at the beginning of
the aging progress (0-day, 40-day, 95-day). These characteris-
tic parameters increases significantly when samples aged for
125 days. However, these parameters decreases slightly for
sample aged 160 days. Combining with the phenomenon of
bubbles in the sample observed under the microscope (FIG-
URE 2, 3), this phenomenon may be the result of complex
polarization process between the bubbles and the XLPE mate-
rial. Finally, the characteristic parameters of severely aged
samples increase significantly with the decrease of frequency.
The tané of severely aged samples firstly decreases and then
increases with the decrease of frequency, and a significant
inflection point appears in the mid-frequency band.

Studies of dielectric spectrum characteristics of materi-
als mainly focus on the qualitative characterization [28].
Dielectric response function based on the classical ‘“sin-
gle relaxation time” Debye model has been proposed by
various researchers to model the experimental data [29].
D. K. Das-Gupta et al discussed different relaxation mod-
els (Debye model, Cole-Cole model, Davidson-Cole model,
Havriliak-Negami two-parameter model) and their possible
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implication in the interpretation of the relaxation spectra of
polymers [30]. S. K. Ojha et al estimated function repre-
senting distribution of relaxation frequencies [29]. Cole-Cole
model and modified Cole-Cole model have been widely used
to extract characteristics of frequency dielectric spectroscopy
of oil-paper insulation [31]-[34]. However, few researchers
reported the Cole-Cole model and the new parameters to
diagnose the XLPE insulation material property. The mod-
ified Cole-Cole model with multiple relaxation processes
is given as equation (3). Compared with Cole-Cole model,
the modified model takes DC conductivity (og4c) and hopping
conductivity (op,) of the material into consideration. Where
enr 1s the dielectric permittivity at high frequencies, w is
angular frequency, n is distribution parameters of relaxation
process, m is the number of multiple relaxation processes, xs
is the static dielectric permittivity (w = 0),_t is relaxation
time; &g is vacuum dielectric constant, g9 = 8.85 x 10~ 12F/m,
y is a constant, 0< y <I.

Xs Odc Oho
+ +
1 + (ot)" ey &y (jw)¥

Taking dielectric curve of XLPE samples and fitting accu-
racy into consideration, a modified Cole-Cole model with
o and B relaxation processes was considered and given as
equation (4).

X (@) =ey+ Y 3)
i=1

Xsa + XsB
1+ (jot)" 1+ (jwrg)™
n (TL{C a%m
gojo &9 (jw)¥

With equation (4), ten different characteristic parameters
(Enf, Xsa, XsB, TwrTB» Na» MB,0dc,Oho,Y) can be used to fit the
complex permittivity curves of XLPE samples with different
aging conditions under 70 °C (FIGURE 11). These param-
eters can be extracted by nonlinear fitting of multivariate
functions as the fingerprint characteristic parameters, which
can be applied in the quantitative analysis of XLPE insulation
with different aging conditions. The parameters of the mod-
ified Cole-Cole model can be obtained by curve fitting and
optimization of multivariate function parameters. TABLE
2 shows the fitting parameters of the modified Cole-Cole
model with « and S relaxation progresses for the FDS curves
of samples with different aging degrees at 70 °C.

As can be seen from TABLE 2, with the development of
aging progress, different parameters show different changes.
The g5¢ shows the same trend with &, it decreases slightly to
2.59 and soars to 4.47, nearly twice as much as the minimum
value. o4, and op, increase significantly from 7.61x 10~V
and 1.13x10716 to 2.83x107'0 and 6.51x10™'* respec-
tively. During the « relaxation progress, there are no signifi-
cant changes in ny, but s, increases from 6 to 30.61 while t,,
drops significantly from 80000 to 100. However, no signifi-
cant changes can be found in the parameters of B relaxation
progress.

From the above analysis, it can be found that the effect
of aging on dielectric properties is mainly reflected in

X * (w) = epr +

“
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TABLE 2. corresponding fitting parameters of samples with different
aging conditions.

Parameter 0-day 40-day  95-day 125-day 135-day  160-day
e 3.04 2.82 2.59 4.60 4.76 4.47

Fsu 6.00 13.17 15.80 18.49 20.10 30.61

Ty 80000 50000 40000 300 250 100

g 0.75 0.76 0.75 0.78 0.78 0.78

15 0.05 0.1 0.05 0.6 0.6 0.6
7107 1 1 1 1 1 1

ny 0.08 0.08 0.08 0.08 0.08 0.08
6421078 | 0.76 133 532 1600 846000 2830000
ono(x10') | 1.13 1.85 1.90 63.8 69.4 651

y 0.19 0.19 0.19 0.81 0.81 0.81

parameters of « relaxation process and the changes of o4 and
Opo- During the aging process of XLPE materials, oxidative
cracking and other reactions occur inside the materials, result-
ing in crystallization cracking and a large number of polar
substances. On the other hand, the aging state of materials
leads to the uneven distribution and disorder of these mate-
rials, which makes the polarization parameters change more
dramatically. xsu, To, 04c and op, are sensitive to the changes
of XLPE material aging stages. Dielectric properties are
caused by complex polarization processes. The polarization
process is a physical change of matter. The model profoundly
reveals the changes of the corresponding physical parameters
in the polarization process. These four fitting parameters
can be extracted as dielectric characteristic parameters in
frequency domain and the insulation state of XLPE material
can be quantitatively analyzed.

F. AC BREKDOWN VOLTAGE

FIGURE 12 is the average AC breakdown electrical field
of samples with different aging conditions. It can be found
that the AC breakdown electrical field strength gradually
decreases as the aging process progresses. The AC break-
down electrical field decreases approximately linearly during
the beginning 125 days and the downward trend gradually
flattened out from 125-day samples to 160-day samples.

IV. NEW MUITI-FACTOR DETERIORATION CONDITION
ASSESSMENT METHOD BASED ON GREY CORRELATION
ANALYSIS

For the traditional method, the elongation at break retention
rate of 50% is the criteria to indicate the end lifetime of
XLPE sample. The traditional method only takes the mechan-
ical strength of XLPE material into consideration. However,
the thermal aging process of XLPE material is accompanied
by a variety of changes in physical, chemical and dielectric
properties. It can be found that these changes are not con-
sistent, so only considering the mechanical strength is not
enough to characterize the deterioration of materials. There-
fore, it is necessary to establish a deterioration condition
assessment model considering multi-physical quantities.

VOLUME 7, 2019
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FIGURE 12. Changes in AC breakdown electrical field of samples with
different aging conditions.

A. GREY CORRELATION METHOD

Grey relational analysis is a method of describing the strength
of the relationship between factors in the order of grey rela-
tional degree. It can sort out the correlation extent or effect
factors in a system with uncertain information [33]. The
relational grade r;; can be used to quantitatively describe
correlation degree between an objective sequence x;(k) and a
reference sequence y;(k). These sequences can be represented
by series:

xi(k) = {xi(1), xi(2), xi(3), ..., xi(m)} (@)
k) = {yj(1), %i(2), yj3), ..., yj(m)} (6)

where m represents the total numbers of different properties.
Correlation coefficient &;(k) is defined as:
min min . .
i k) —xi(k) +e

yi(k)— xi(k) + o

T i) itk

§i) = max max
i |yj(k)— xi(k)]

(N

where o is an index for distinguishability, « € (0, 1).
&;j(k) represents the relational degree of different properties.
max max

i [yj(k) — xi(k)| represents the maximum value of
lyj(k) — xi(k)| while

minimum value of |yj(k) — xi(k)|.The r;; can be calculated
based on the &;;(k) and the weight corresponding to each

property:

i n;m lyj(k) — xi(k)| represents the

N U
rij = = > Eij(k) - wifk) ®)

k=1

where wij(k)(k = 1,2,3...) represents the weight
corresponding to each property. The weight of entropy is
proportional to the function of characteristic quantity in the
evaluation system. Assuming that the number of XLPE sam-
ples with different aging States is n and the number of deteri-
orating characteristic quantities is m, matrix X is constructed

as X = (xij)nxm (i=12,...n;j=1,2,...,m). Dimensionless
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grey correlation calculation:
1 n
ry=—% Ey(k)- ou(k)
1=

FIGURE 13. Gray relational calculation flow chart.

treatment of deteriorating characteristic quantities of XLPE
samples was carried out and standardized index characteristic
quantities Pj; were obtained:

-
Pj= " (€

> Xij
i=1

Entropy weights E; of deteriorating characteristic quanti-
ties of XLPE samples are shown in formula (10).

n
Z:IP,:/ lnPij
=

Ej =
Inn

(10)
wjj(k) is the weight of each index characteristic quantity,
as shown in formula (11).
1—-Ej
wijlk) = o——— (11)
(1 - Ej)
=1

J

The flow chart shown in FIGURE 13 describes the process
of evaluating the thermal deterioration condition by gray
correlation method in detail.

B. NEW-FACTOR DETERIORATION CONDITION
ASSESSMENT MODEL

As shown in FIGURE 14, the thermal aging process of XLPE
materials is divided into four stages including enhanced
stage (I&II), wear-out stage and disposal stage according to
the retention rate diagram of elongation at break. The start
and end times corresponding to each stage are marked in
the graph. Enhanced stage (I&II) means some properties of
XLPE material are enhanced and the XLPE is in a good
condition. Wear-out stage means properties of XLPE begin to
decline continuously, but mechanical strength has not reached
the criterion of end of life. When the XLPE material reaches
the disposal stages, the XLPE material has been deteriorated
seriously.

According to the test results and fitting curves of the above
test samples, reference samples and reference sequences cor-
responding to the start and end times of different stages can
be established. Table 3 is a table of physical and chemical
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FIGURE 14. Schematic diagram of deterioration condition.

TABLE 3. Parameters of reference sequences for the multi-factor
deterioration condition assessment model.

Mechanical Chemical Thermal . .
; Dielectric property
B property properties property
ou Retention AC
rate of FW Melting
nd . breakdown
elongation CI HM enthalpy s
ary o strength
at break / /g
o /kV/mm
/%
@ 100 0 0.53 86.77 6 72.48
@ 115.72 1.39 0.51 91.55 13.17 60.9
® 100 122 0.51 87.05 15.98 4522
@ 50 20.44 | 0.58 49.61 17.51 38.99
® 7.1 3338 | 0.72 29.24 30.61 33.62

parameters and numerical values corresponding to the refer-
ence samples. As can be seen from the TABLE 3, six param-
eters were selected from four different aspects including
mechanical, chemical, thermal and dielectric properties for
each reference sequence: retention rate of elongation at break,
CI based on FTIR to characterize the production and growth
of new substances, FWHM based on XRD to characterize the
phase, orientation of XLPE, melting enthalpy based on DSC,
Xse Of modified Cole-Cole model based on results of FDS and
AC breakdown strength. They are the reference sequence.
As shown in FIGURE 15, these reference parameters can
be shown in a radar chart (FIGURE 15a). The radar chart
shows the changes in mechanical, chemical, thermal and
dielectric properties of XLPE samples with the development
of the aging process. Four different deterioration conditions
are divided in the radar chart. Parameters of deterioration
condition @, @ are the best conditions in the aging process
of test samples, forming the boundary of the radar chart.
The closed region formed by the boundary condition and
parameters of deterioration condition ® is the enhanced
stage (I&II). In particular, reference sample @ is regarded
as a health threshold. The closed region formed by dete-
rioration condition @ and deterioration condition @ is the
wear-out stage. The closed area formed by deterioration con-
dition @ alone corresponds to the disposal stage. Regarding
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FIGURE 15. A sketch of boundary and threshold for the new multi-factor
deterioration condition assessment.

TABLE 4. parameters of objective sequences.

Mechanical Chemical Thermal . . .
X Dielectric properties
property properties property
Aging Retention AC
time/ rate of FW Melting
; FDS breakdown
day elongation CI HM enthalpy/
° (Ksa) Strength
at break / Jg K
o V/mm
/%
95 106.9 11 0.51 89.45 15.8 46.73
125 21.4 25 0.62 29.47 18.49 31.24
135 7.6 254 0.71 29.31 20.1 35.168

deterioration condition @ as the threshold condition, regions
of enhanced stage and wear-out stage are collectively referred
to as healthy region while regions of disposal stage are
referred to as unhealthy region (FIGURE 15b). Based on the
equation (10-11), the weight w;j(k) of each index characteris-
tic quantity is shown in FIGURE 16.

C. VERIFICATION OF THE NEW-FACTOR DETERIORATION
CONDITION ASSESSMENT MODEL

The test results of 95-day, 125-day and 135-day samples were
used to verify the new multi-factor deterioration condition
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FIGURE 17. Gray relevance comparison of objective samples and its
deterioration condition assessment.

assessment model shown above. Table 4 shows the objec-
tive sequences. The results of grey correlation between the
95-day, 125-day, 135-day objective sequences and the five
reference sequences are shown in FIGURE 17. It can be found
that the correlation between 95-day sample and deteriora-
tion condition @ is the highest, and the deterioration degree
of both is close. The correlation between 125-day sample
and deterioration condition ® is higher than other deterio-
ration conditions, which means the deterioration condition
of 125-day has been serious. The result of correlation degree
of 135-day sample is the same as 125-day sample. Therefore,
95-day sample is located in the healthy region area of the
radar, while 125-day sample and 135-day sample are located
in the unhealthy region area. The verified result is consistent
with the experimental result.

V. CONCLUSION

The changes of morphological, structural and dielectric prop-
erties of 500 kV XLPE submarine cable insulation material
during accelerated thermal aging at 130 °C were introduced
in this paper. According to the physicochemical and dielec-
tric characteristic parameters, a multi-parameter material
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deterioration condition assessment model was established
based on grey correlation method. The experimental and
analytical conclusions are as follows.

With the increase of thermal aging degree, the surface
color of the sample deepens and bubbles appear inside the
XLPE samples. In terms of chemical structure, the increase of
carbonyl content was accompanied by the decrease of crys-
talline part. The mechanical properties increased slightly at
first, then decreased rapidly. The phase transition temperature
decreases and the thermal performance decreases seriously.
Four parameters including retention rate of elongation at
break, CI based on FTIR, FWHM based on XRD, melting
enthalpy based on DSC are chosen as sensitive to deteriora-
tion condition of XLPE material.

For dielectric properties, ¢’r and tand increase. However,
AC breakdown strength decreases rapidly with the thermal
aging conducted. Cole-Cole analysis shows that the param-
eter Xs«,Ta, Ode and oy, are sensitive to the aging degree of
XLPE samples. Parameters ys, and AC breakdown strength
were selected for deterioration condition assessment.

According to the change of elongation retention at break,
the deterioration condition of XLPE sample was divided into
enhanced stage (I&II), wear-out stage and disposal stage. The
healthy and unhealthy regions of the samples are divided in
the radar chart by taking the six characteristic parameters
(retention rate of elongation at break, CI based on FTIR,
FWHM based on XRD, melting enthalpy based on DSC, o
of modified Cole-Cole model based on results of FDS and
AC breakdown strength) of the corresponding samples.

A new multi-factor deterioration condition assessment
model including six characteristic parameters was established
by grey correlation analysis. The new model can reflect the
property of mechanical, chemical, thermal and dielectric.
The deterioration condition of samples was judged by model
matching. Results show that the new multi-factor deterio-
ration condition assessment model has prominent effect in
differentiating deterioration degree. To an operated cable,
XLPE materials can be obtained during cable maintenance.
These materials can be used to analyze the characteristics of
materials and establish a grey relational model. The charac-
teristic parameters selected in the evaluation can be optimized
and upgraded according to the actual situation as well.
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