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The nuclear power plant lifetime ranges from 
40 to  60  years. The  federal regulators are 
considering long-term operation of  these 

nuclear power plant licenses to  be 80  years 
[1, 2 and  3]. This can only occur with some 
developments in polymeric cable insulation, which 
can be achieved through combining the nanofillers 
with the polymer of cables. There were many types 
of nanofillers, which are used in combination with 
polymers such as silicon dioxide (SiO2), aluminum 
dioxide (A12O3) and titanium dioxide (TiO2) 
[4, 5 and  6]. This combination provided new 
materials called polymer nano-composites (PNC) 

[7 and 8]. PNCs add several advantages such as: 
improving the  specific properties and electrical 
properties of  cable insulators, transformers and 
power capacitors. That plays an  important role 
in  reducing the  cost of  industry and extends 
the  lifetime of  cables  [6]. As  an  example, 
the  resistance of  nanocomposites to  partial 
discharges and electric treeing enables the design 
of new insulation systems with enhanced electrical 
breakdown strength. In  addition to  electrical 
properties, mechanical strength and thermal 
conductivity play an  important role in  selected 
applications such as  insulation systems of  large 
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electrical machines  [9]. In  addition, permittivity 
and dissipation factor should be as low as possible 
for electrical insulation whilst for capacitors; 
loss factor should be as  high as  possible. Flame 
retardancy is a  property required for cable 
insulation used in  the  radiation field in  tunnels, 
while tracking resistance is very important for 
outdoor insulators [10].

On the other hand, nanofillers have a prominent 
feature of  extended surface area, which changes 
the  structure and behavior of  the  polymer that 
makes the  atoms increased on  the  surface, and 
thus, reduces the internal space charge and energy. 
The interaction region between the polymer chains 
and the  nano particle is the  cause of  trapping 
process. Therefore, nanofillers are responsible for 
carrying charges to the interaction regions. Thus, 
internal charges are reduced from the composite 
materials. When the interfacial interaction region 
between the  nanofillers and the  base polymer 
matrix is strong, the  composite material tends 
to  be reinforced, thus this material is improved 
and enhanced [11].

Many scientific research groups were 
interested in enhancing the electrical properties 
of  insulating cables by functionalizing 
the  surface of  nanoparticles. From them, 
Peng et al. [12] had found that LDPE/MgO 
interface showed significant effect on  electrical 
properties of nanocomposites upon the addition 
of  functionalized MgO nanoparticles to  LDPE, 
and this is due to the trapping of the free space 
charges, which in turn enhanced DC breakdown 
strength. Roy, Nelson et al. [13] observed that 
incorporation of  SiO2 nanoparticles into XLPE 
significantly increased the  dielectric strength 
compared to the incorporation of microparticles, 
and their values were compared with the  base 
polymer, a  dramatic increase in  breakdown 
strength was observed in  the  case of  untreated 
nanocomposites compared to  microcomposites. 
However, the  largest increase was observed for 
the vinylsilane treated SiO2/XLPE composites at 
25 °C that maintained to increase their values at 
elevated temperature of 80 °C. For all the analyzed 
samples, the  Weibull shape parameter (β) 
increased at 80 °C due to  an  increase in  free 
volume with temperature.

Roy et al. Khodaparast et al. [14] studied 
the  impact of  functionalized SiO2 on  dielectric 
behavior of  polyvinylidene fluoride (PVDF)/
TiO2 nanocomposite. The  obtained data 

demonstrated that an appropriate silane coupling 
agent is essential in enhancing the nanoparticles 
dispersion, and hence in  strengthening 
the  polymer-particle interface. In  addition, 
dielectric permittivity of  the  prepared samples 
was decreased with increasing concentration 
of functionalized TiO2 nanoparticles.

The aim of this study is to investigate the effect 
of Nanofillers such as Silicon Dioxide (SiO2) and 
Clay to  enhance cable insulation. The  electrical 
characteristics to be measured are volume resistivity, 
capacitance, dielectric loss, and the  mechanical 
characteristics are tensile strength and elongation 
properties, since they reveal information 
on the effectiveness of a material as an insulator [15]. 
Thus, it is very important to  study how these 
parameters vary in materials at different frequencies. 
Furthermore, it is very important to study the effect 
of  nanoparticles contents on  the  properties 
of the fabricated nanocomposites. Thus, this study 
involves the  synthesis of  XLPE/SiO2 and XLPE/
Clay nanocomposites with different loadings 
of  (SiO2) and Clay nanoparticles (1, 2.5, 4 and 5 
wt. %) compared to that of unfilled XLPE.

Reliability of the cables operating 
in nuclear power plant

NPP is usually estimated by the  condition 
monitoring tests followed by accelerated aging. 
This approach is necessary, as cable insulations and 
jackets, gradually predominantly degrade with 
increasing service time due to  exposure to  two 
adverse stressors associated with gamma radiation 
and elevated temperatures. At present, different 
procedures were implemented for the  initial and 
on-going qualifications of NPP cables [16].

Materials platform

XLPE cable can be considered the  best one 
for transmission and distribution cables due 
to its excellent electrical and physical properties 
[17 and 18]. Low Density of Polyethylene (LDPE) 
is used as  a  commercially available material 
supplied from El-Sewedy Electric Egyplast 
of Egypt. LDPE was mixed with Luperox 231M90 
component for cross-linking, and blend with 



ISSN 2073-6231. Ядерна та радіаційна безпека 3(83).2019 77

Modification of Cable Insulation Characteristics Using Nanocomposites for the Nuclear Power Plant

IRGANOX B 225 component to  provide long 
term thermal stability and add IRGANOX PS 802 
component for a heat stabilizer in combination 
with a phenolic antioxidant.

In  this work, nano-silica SiO2 such 
as (AEROSIL  300) and nano-clay such 
as (CLOISITE) were used for mixed XLPE cable 
insulation to  improve. However, the  largest 
increase was observed and extend life time 
of cable insulations by enhancing the electrical 
and mechanical properties. Yan et al. Wei et 
al. [19–20] show that the  values of  weight loss, 
char index, flame spread rating, heat release 
rate, total heat release, smoke production rate, 
total smoke release and specific optical density 
of  the  coatings are remarkably decreased with 
the  introduction of  nano-silica, which is due 
to the formation of a compact and intumescent 
char layer during combustion.

The flame retardant clay nanocomposites were 
incorporated into polymer matrix. The  flame 
retardant efficiency is improved due to the fact that 
the clay layers were almost exfoliated in polymer 
matrix [21]. Generally, the dispersions of clay are 
due to  the  previous dispersion of  clay in  flame 
retardants and the  combination of  both flame 
retardants and clays could improve the  flame 
retardant efficiency. Thus, clay nanocomposites 
can be used as novel halogen-free flame retardant 
agents in many general polymer materials [22].

CLOISITE additives consist of  organically 
modified layered magnesium aluminum 
silicate platelets [23–24]. SiO2 nanoparticles are 
provided as  fumed silica with specific surface 
area of  380 m2g-1 and particle diameter range 
of 3–15 nm [25]. These two types of nano materials 
are mixed with the  insulation of  the  cables 
separately in  the  following proportions and 
make up 1 %, 2.5 %, 4 %, and 5 wt.%.

Samples preparation

1. All ingredients and the  polymer material 
are blended and compounded in  pilot extruder 
planning (Figure 1). Extruder supplier has screw 
diameter of 45 mm for squeezing the ingredients 
with heating to 120 °C to integrate the components 
homogenously. The obtained granules have been 
cooled by cold water, and then dried by hot air 
at 55–65 °C.

Figure 1. The pilot extruder planning for blended 
and compounded polymer materials

Figure 4 Cubic shape samples with 
the dimension of 10x10 cm

Figure 3 Dumbbell shape cutter 
instrument according to ISO-527

Figure 2 The hot press instrument for sheet
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2. The  obtained compound granules were 
inserted into hot press instrument (Figure  2) 
to be molded at 180 °C for 15 minutes and then 
cooled to 60 °C under pressure of 300 Pascal (Pa) 
to obtain press-molded sheets. Sheet thicknesses 
is 1-2 mm with dimension of 20×20 cm.

3. These press molded sheets were cut into 
two types:

a) Dumbbell shape samples by using 
Dumbbell shape cutter instrument (Figure  3) 
according to  ISO-527 for testing of  tensile 
strength and elongation.

b) Cubic shape samples with the dimension 
of 10x10 cm and 100 mm diameter (Figure 4) for 
testing of electrical properties.

All the  experimental measurements were 
carried out at El-Sewedy, Electric Egyplast 
Laboratories in Egypt.

Measurements 
Electrical Measurements.  
Volume resistivity

Volume resistance was measured by ASTM-D275 
volume resistivity tester (Figure  5) at room 
temperature. The press-molded sheets were inserted 

into the  sample holder and charged for 1  min at 
500 kV. The results are the average measure ments 
of five different specimens for each sample.

Capacitance and Dielectric Loss

The  capacitance and dielectric properties 
of  the  materials were measured at room 
temperature by ASTM-D150 capacitance tester 
(Figure 6). There were two electrodes deposited 

into the  both surfaces of  the  specimens by 
sputtering, and the  diameter of  sputtered 
electrodes is 7  cm. The  results are the  average 
measurements of five different specimens.

Mechanical Measurements.  
Tensile Strength and Elongation

Tensile strength and elongation tests were 
performed according a  standard mechanical 
measurement tester (BS  EN 60811) (Figure  7). 
The  samples have Dog-bone shapes that were cut 
in parallel with and perpendicularly to the extrusion 
direction. All the  tests were performed at room 
temperature and the  final results are the  average 
values of five replicated measurements.

Figure 5 ASTM-D275 volume resistivity tester

Figure 6 Capacitance tester (ASTM-D150) 
with two sputtered electrodes

Figure 7 Mechanical measurements tester (BS EN 60811)
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Results

The  results were obtained from both 
electrical and mechanical measurements. First, 
the  electrical measurements that included 
volume resistivity, insulation resistance, electric 
capacitance and dielectric constant, while 
the  mechanical measurements included tensile 
strength and elongation.

Electrical Measurements. Volume 
 Resistivity and Insulation Resistance

Fig. 8 demonstrates the comparison of pure and 
modified XLPE with SiO2 & clay nanomaterials. 
XLPE/Clay values in this figure that demonstrates 
volume resistivity of  the  modified cable with 
1 wt.% and 2.5 wt.% of clay is the highest result 
and the  closest values. While adding 2.5 wt.% 
and 4 wt.% of clay, significant and steep reduction 
of  the  volume resistivity depicted. In  case 
of  XLPE/ SiO2, one can find the  best values 
of the volume resistivity at injection with 2.5 wt.% 
silicon dioxide. The  injection with clay showed 
significant improvement of  cable electrical 
properties in  contrast with the  modification by 
SiO2. The modified clay rate of changes in volume 
resistivity is slower than SiO2 injected one.

Indeed, analytical calculations are the  initial 
step of  any system validation, for instance 
the insulation resistance of the modified cable is 
given by

 ( )73.66 10
,

VR A
R

t

−⋅ ⋅ ⋅
=  (1)

where R is insulation resistance, VR is volume 
resistivity, A  is cross section area, and t is 
thickness. The  calculated results of  the  modified 
cable insulation resistance according to  eqn. 1 
that is shown in Fig. 9 fully meet the agreement 
pattern of  the  measured results in  Fig.  8. 
Concentration of  2.5  wt.% of  clay and SiO2 
nanomaterials will promote the highest insulation 
resistance enhancement. However, the increasing 
of  the  mixed nanomaterials augments 
the  insulation resistance up to  around 5  wt.% 
[26,  27]. This work experimentally optimizes 
the  percentage added value of  the  nanomaterial 
that can improve the  electrical properties. 
The  additive percentage of  2.5 wt.% can be 

considered the  optimized value in  contrast with 
both the nanomaterial cost and the cable properties 
with improved insulation resistance 5800 MΩ for 
XLPE/SiO2 and 5549  MΩ for XLPE/clay while 
the pure XLPE cable was 1800 MΩ. Furthermore, 
volume resistivity augmentation grants higher 
breakdown voltage of  the  modified XLPE cable 
to  meet wide range of  applications such as  both 
medium and high voltages [28].

Electric Capacitance  
and Dielectric constant

During the  limited proportional bound, 
the  addition of  nanofillers to  cable insulation 
can cause capacity increase according to Figure 

Figure 9 Histogram illustrates the comparison between 
insulation resistance of XLPE modified with SiO2 
nanofiller and XLPE modified with clay nanofiller

Figure 8 Histogram illustrates the comparison between 
volume resistivity of XLPE modified with SiO2 

nanofiller and XLPE modified with clay nanofiller
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10, which illustrates significant increase 
in  the electric capacitance for XLPE/SiO2 cable 
insulator with nanofillers concentration of  1  % 
to  87 Pico Farad (pF) than other nanofiller 
concentrations (2.5  % and  4%), compared with 
zero  % filling concentration (unfilled cable/
XLPE) of 50 pF. In addition, there was increase 
in  electric capacitance for XLPE/clay cable 
insulator with nanofillers concentration of  1  % 
to  69 pF, than other nanofiller concentrations 
(2.5  % and  4  %), compared with zero  % filling 
concentration (unfilled cable/XLPE) of 50 pF.

It was concluded that there was a significant 
improvement of  electric capacitance according 
to  nanofillers concentration of  1  % by XLPE/
SiO2 than different concentrations of XLPE/clay, 
and other concentration (2.5 % and 4%) of XLPE/

SiO2, and zero% filling concentration (unfilled 
cable/XLPE) of 50 pF.

Significant authenticity has been depicted 
and proved by the dielectric measurement results 
in (Figure 11), where they have the same pattern 
of the capacitance results in (Figure 10).

Mechanical Measurements

The mechanical properties of neat XLPE and 
modified cables with nanocomposites, the results 
shown in  Figs.  12 and 13 can be summarized 
as follows:

a) both XLPE/SiO2 and XLPE/Clay 
nanocomposites of  4  % offer better tensile 
strength values of  18 N/mm2 and 17  N/mm2 

respectively compared to 15 N/mm2 for XLPE;

Figure 10 Histogram illustrates the comparison between 
electric capacitance of XLPE modified with SiO2 

nanofiller and XLPE modified with clay nanofiller

Figure 11 Histogram illustrates the comparison 
between dielectric constant of XLPE modified with SiO2 

nanofiller and XLPE modified with clay nanofiller
Figure 12 Histogram illustrates the comparison 

between tensile strength of XLPE modified with SiO2 
nanofiller and XLPE modified with clay nanofiller

Figure 13 Histogram illustrates the comparison 
between elongation of XLPE modified with SiO2 

nanofiller and XLPE modified with clay nanofiller
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b) furthermore, XLPE/SiO2 shows enhanced 
properties for all mechanical characteristics; 
tensile strength and elongation in  comparison 
with clay fillers;

c) although the  mechanical characteristics 
are improved at 4 % nanofiller, this work depicts 
much more improvement at 2.5  % XLPE/SiO2 
and XLPE/Clay, offering better tensile strength 
values of 21 N/mm2 and 19 N/mm2 respectively.

In  both XLPE/SiO2 and XLPE/clay 
nanocomposites, the elongation improvement is 
directly proportional to  the filler concentration 
such as avoiding aggregation condition.

Conclusions

Nanofillers (SiO2 and clay) were evaluated 
in  this work to  improve and extend lifetime 
of  XLPE cable insulations by enhancing 
the  electrical and mechanical properties. 
The results clearly illustrate that many electrical 
and mechanical properties were improved 
as  volume resistivity, insulation resistance, 
electrical capacitance, dielectric constant, tensile 
strength, and elongation. 205  % and 189  % for 
volume resistivity and instance were improved for 
XLPE/SiO2 and XLPE/clay respectively. Finally, 
we recommended using 1  % concentration 
of  SiO2 instead of  other concentrations of  clay 
nanofillers for some developments in polymeric 
cable insulation production.
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На  сьогоднішній день термін експлуатації атом-
них електростанцій (АЕС) може бути продовжений 
до  80  років. Це  дозволяє рекомендувати модифікацію 

деяких властивостей ізоляції із  просторово-зшитого 
поліетилену (XLPE). Ця робота представлявляє собою ла-
бораторну версію нанонаповнювачів з  кремнезему (SiO2) 
та  глини для  посилення ізоляції кабелів. Випробувано 
та  виміряно об’ємний опір, ємність, діелектричні втра-
ти, міцність при  розтягуванні та  відносне подовження 
нанорозмірних зразків. Окрім того, вимірювання були 
проведені для  модифікованих зразків складу XLPE/SiО2 
і  XLPE/глина при  адитивній концентрації 1, 2, 5, 4 і  5  ма-
сових відсотків (мас.  %). Офіційно задокументовані ре-
зультати засвідчили набагато кращу електроізоляцію 
кабелів та  підвищені фізико-механічні властивості. 
Об’ємний опір поліпшився до  205  % і  189  % відповідно 
для  зразків складу XLPE/SiO2 та  XLPE/глина. Аналітичні 
розрахунки узгоджуються з експериментальними резуль-
татами.

К л ю ч о в і  с л о в а : XLPE, нанонаповнювачі, ізоляція 
кабелів, електричні та механічні властивості.

Модификация характеристик кабельной 
изоляции для  АЭС с  использованием нано-
композитов
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В  настоящее время срок службы атомных электро-
станций (АЭС) может быть продлен до  80  лет. Это  поз-
воляет рекомендовать модификацию некоторых 
свойств пространственно-сшитой полиэтиленовой 
(XLPE) кабельной изоляции. Эта работа представляет 
собой лабораторную версию нанонаполнителей в  виде 
кремнезема (SiO2) и глины для усиления изоляции кабелей. 
Проведены испытания и  измерения объемного удельного 
сопротивления, емкости, диэлектрических потерь, проч-
ности на  растяжение и  относительного удлинения на-
норазмерных образцов. Кроме того, измерения были вы-
полнены для модифицированных образцов состава XLPE/
SiO2 и  XLPE/глина с  аддитивной концентрацией 1, 2.5, 4 
и  5  массовых процентов (мас.%). Официально задокумен-
тированные результаты засвидетельствовали намного 
лучшую электрическую изоляцию и  повышенные физико-
механические свойства кабелей. Объемное сопротивле-
ние улучшилось до 205 % и 189 % соответственно для об-
разцов состава XLPE/SiO2 и  XLPE/глина. Аналитические 
расчеты согласовываются с  экспериментальными ре-
зультатами.

К л ю ч е в ы е  с л о в а: XLPE, нанонаполнители, изоля-
ция кабелей, электрические и механические свойства.
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