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ABSTRACT 
The direction to enhance the electrical, dielectrica and mechanical characteristics of insulating 
materials used in cables has become essential in order to plan new insulation systems used in the 
nuclear power plant. The current study is to investigate the improvement in these properties of 
Cross-linked polyethylene (XLPE) due to the addition of clay nanoparticles. The XLPE/Clay - 
Nanocomposites, with different weight fragments of nanoparticles up to 5 %, were fabricated 
using the mixing of XLPE with the aid of nanoparticles dispersion within the melted polymeric 
matrix. The irradiation experiment was performed on both the pure XLPE cable insulation and 
the filled one, by using 60Co gamma-ray source with an irradiation dose rate of 1.87 KGy/h at 50 

oC temperature of the chamber. The surface morphology of synthesized XLPE / Clay- 
nanocomposites was characterized by Scanning Electron Microscopy (SEM) and the dielectric 
and mechanical properties were measured. It is found that the breakdown strength of XLPE / 
Clay was increased with incorporating clay nanoparticles into their matrix compared to that case 
of unfilled XLPE. This reveals that XLPE / Clay - nanocomposites had better electrical 
properties, 1 % was found the optimal loading fraction of clay nanoparticle. This may be 
referring to the low surface energy of the clay nanoparticles that prevented the agglomeration of 
nanoparticles and repressed the free space charges resulting in a decrease in the capacitance and 
losses inside the nanocomposites. Furthermore, both electrical capacitance and dielectric constant 
are increased by about 20%, for the XLPE / Clay at 50 KGy compared to pure XLPE at 1% (the 
optimal loading fraction). Also, it is found that the optimal loading fraction of clay nanoparticle 
is 4% for improved mechanical properties in XLPE cable insulation. 
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  المستخدمة في كابلات المتصالبلبولي إیثیلین اخلیط مركبات الطین النانویة مع  اما علىجتأثیر أشعة 
عازل الكھربائیةال  

  
 ٢ و السید سلیمان٢ والسعید عثمان١ و محمد رضا١ولاء القطان

٠ جمھوریة مصر العربیة– القاھرة  ھیئة الرقابة النوویة والإشعاعیة-قسم الأمان الإشعاعي ١  
٠ جمھوریة مصر العربیة–القاھرة - مدینة نصر – جامعة الأزھر – كلیة الھندسة -قسم الھندسة الكھربیة ٣  

 
  الملخص

لة المستخدمة في الكابلات أمر ضروري من أجل تخطیط أصبح الاتجاه لتعزیز الخصائص الكھربائیة والمیكانیكیة للمواد العاز
یھدف البحث الحالي إلى دراسة التحسن في ھذه الخصائص للبولي . أنظمة العزل الجدیدة المستخدمة في محطة الطاقة النوویة

 ٪ ، ٥ تصل إلى تم تصنیع ، مع نسب مختلفة من الجسیمات النانویة. إیثیلین المتصالب  بسبب إضافة جسیمات الطین النانویة
تم إجراء تجربة .  مع مساعدة من تشتت الجسیمات النانویة داخل المصفوفة البولیمریة المذابةXLPEوذلك باستخدام مزیج 

 بمعدل جرعة تشعیع یبلغ ٦٠التشعیع على كل من عزل كبل النقي والتعبئة الممتلئة ، باستخدام مصدر أشعة غاما وھو كوبلت  
اتسمت التشكل السطحي للمركبات النانویة المركبة بالتصویر المجھري .  مئویة٥٠درجة حرارة ساعة عند /  كجم ١.٨٧

لقد وجد أن قوة انھیار قد زادت مع دمج الجسیمات النانویة الطینیة . الإلكتروني وكذلك تم قیاس الخواص الكھربائیة والمیكانیكیة
 لھا خواص كھربائیة  أفضل ، ووجد أن sھذا یكشف أن .  المملوءةفي المصفوفة الخاصة بھم مقارنة مع تلك الموجودة في غیر

 ٪ و الذي أدى إلى أن الطاقة السطحیة المنخفضة للجسیمات النانویة ١جزء التحمیل الأمثل من جسیمات الطین النانویة ھو 
. لسعة داخل المركبات النانویةالطینیة حالت دون تكتل الجسیمات النانویة وقمعت شحنات المساحة الحرة مما أدى إلى انخفاض ا

 ٥٠جرعة اشعاعیة   ٪ ، على التوالي  عند٢٠ ٪ و ٢٠علاوة على ذلك ، زادت السعة الكھربائیة وثابت العزل الكھربائي بنحو 
 ٪٤ًأیضا ، وجد أن نسبة التحمیل الأمثل لجسیمات الطین النانویة ھي . كیلوجراي مقارنة مع كبل النقي في جزء التحمیل الأمثل

  ٠لتحسین الخواص المیكانیكیة في عزل كبل 
    ، السعھ الانھیارعزل الكابلات ، الطمي النانو متري ، التشعیع الجامي ، المنشأت النوویة ، جھد  : المفتاحیةكلمات ال

   المسح الإلكتروني المجھري،  الخواص المیكانیكیة مقاومة العزل ، الكھربائیة ،                        
 

1. INTRODUCTION 
Approximately 1,000 km of cables are found in a nuclear power plant (NPP). The integrity of NPP cable 
insulation is essential for successful reactor shut-down after loss-of-coolant happening in containment, and 
life-extending of NPPs beyond their initial operating life requires the safe operation of cables. It is 
important for the safety and reliability of cables, the integrity of polymeric insulation materials. Cable 
insulation materials suffer from degradation due to exposure to heat and radiation over extended periods 
of time [1-2]. In spite of the recommendations presented in IAEA, it is report that the acceleration factor 
for absorbed dose should not exceed 250 KGy [3-4]. The value in many conducted experiments is often 
higher. Therefore, in our studies nanoparticles play an important role in improving electrical polymeric 
cable insulators for this purpose. Polymer (nano) composites have been extensively studied over a long 
period of time. Many studies have been conducted on nanopolymers, which are organic polymer 
compounds that are filled with inorganic filler (nanoparticles). Their properties combine the advantages of 
the two compounds as hardness, thermal stability, and flexibility. The nanoparticles are characterized by 
an increase in the interfacial area as compared with the ordinary composites. This interfacial area then 
creates a considerable volume fraction of the interfacial polymer with the properties different from the 
original polymers, even at low filler loadings [6-7]. Thus, studies into polymer nanocomposites have been 
underway in order to use them as an insulating material for electrical cables [8-9]. Many scientific 
research groups were interested in enhancing the electrical and mechanical properties of insulating cables 
used in NPP by functionalizing the surface of nanoparticles. Duckworth, Robert C., et al. [10] had used 
PVA / XLPVA nanodielectrics, in situ methods were developed to allow for the uniform dispersion of 
SiO2, TiO2, and MgO3. Within the dispersion, agglomeration was found only for XLPVA nanodielectrics 
with TiO2, with particles on the order of 100 μm in diameter at 3 wt %. Improvements in dielectric 
breakdown strength and conductivity were observed for certain configurations of PVA / XLPVA 
nanodielectrics between 1 and 5 wt %, depending on the specific nanoparticle composition. Greve, Eric 
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[11] Studies of the impact of functionalized TiO2 in the dielectric performance of polyvinylidene fluoride 
(PVDF) / TiO2 nanocomposite are given in This results showed that a suitable silane coupling agent is 
necessary for enhancing the nanoparticles dispersion, and hence in strengthening the polymer-particle 
interface. In addition, the dielectric permittivity of the designed samples was decreased as increasing the 
concentration of functionalized TiO2 nanoparticles.The purpose of this study has been carried out to find 
the optimum mixing technique that leads to a better gain in mechanical, and electrical properties of XLPE 
based nanocomposites. Specifically, five combinations of incremental mixing intensity were applied to 
five groups of samples that were made of XLPE reinforced by 1 wt. %, 2.5 wt. %, 4 wt. % and 5 wt. % of 
nanoclay and  results have been compared with an unfilled cable with increasing gamma radiation dose. 
 
2 EXPERIMENTAL WORK 
2.1 Raw and additive materials 
The most widely electrical cable insulation used in the nuclear power plant is XLPE because of its perfect 
tensile properties, chemical and abrasion resistance, wear resistance, and high melting point. This 
performance gave it the label "Engineering Thermosets".  Furthermore, the high voltage and low dielectric 
loss of XLPE cables insulation is one of the related important advantages. The higher of both resistance to 
thermal disfigurement and aging feature of the XLPE cable, permit it to carry large current under normal 
(90 oC), emergency (130 oC) or short circuit (250 oC) conditions [12-13].  
Clay is used widely in the synthesis of nanocomposites. They have an unique structure consisting of 
multilayers in the nanometer size of their thickness [14, 15]. They can be used as dielectric materials with 
excellent electrical properties. The nanoclays are formating strong and tough char structure via well-
dispersed and intercalated / exfoliated silicate layers then shielding there is of the underlying polymer 
matrices from heat and mass transfer[16-17], nanoclays are contributing factor to the flame retardancy 
mechanisms.  

 

2.2 Samples preparation 
XLPE polymer material of the cable insulator blended with nanoclay use pilot extruder of screw 
diameter 45mm and compounding temperature 120 oC to integrate the components 
homogenously. The novel nanocomposite cable insulation materials and the pure cable insulator 
granules had been cooled by water then dried by hot air at temperature (55-65) oC The obtained 
compound XLPE and XLPE/clay granules had molded in hot press machine at temperature of 
180 oC for Period of 15 minutes then cooling till 60 oC sheet thicknesses (1- 2) mm, with 
dimension 20x20 cm and Pressure 300 Pa.These molded sheets are cut into two types: 
- Dumbbell shape samples according to ISO 527 for testing the mechanical characteristic.  
- Cubic shape with dimensions 10x10x10 cm testing the electrical characteristic.  
 

 
 

3. Testing and Measurements 
3.1 Scanning Electron Microscope (SEM) 
The samples microstructure surfaces were examined using the Scanning Electron Microscope 
(SEM) of type Jeol-T 20 – 200,000 (Japanese Brand) at various magnifications at different zones 
of composite material [18]. 
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Fig. 1: Scanning Electronic Microscope SEM (Jeol – KSM 5400) 

 
 

3.2 Mechanical Measurements 
Tensile strength and elongation tests were done according to BS EN 60811 as shown in Fig. 2. These were 
done in El-Sewedy Electric –Egyplast laboratory measurements in Egypt. Dumbbell shape samples were 
cut parallel and perpendicular to the extrusion direction [19]. All the tests were performed at room 
temperature. 
 

 
Fig. 2: Mechanical measurements tester, (BS EN 60811) 

 
 

3.3 Electrical Measurements 
The capacitance and dielectric properties of the materials were measured at room temperature (25 ± 1°C) 
by tester ASTM D-150[20] electrodes were deposited onto both surfaces of the specimens by sputtering. 
The diameter of sputtered electrodes is 7cm shown in Fig. 3. 

 

 
Fig. 3: Capacitance tester (ASTM-D150), with two sputtered electrodes 

 

The breakdown voltage and the leakage current were carried according to the American National Standard 
(D 149-97a) [21]. These measurements were done in the National Institute for Standards / the Ministry of 
Scientific Research, Egypt. The Alternating voltage at power frequency (50 Hz) was applied to a test 
sample and the voltage is increased from zero until the dielectric failure of the test sample occurs. The test 
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voltage was applied using simple test electrodes on opposite faces of specimens. The suitable rate-of-rise 
is 1500 V/s and an average time of breakdown was 18 s. The Test was repeated 2 times.  
3.4 Gamma-ray radiation measurements  
The gamma radiation source used for Irradiation of Samples was 60Co source of gamma facility Canadian 
Gamma cell (Ge-220) and represented at Egyptian Atomic Energy Authority (EAEA), National Center for 
Radiation Research and Technology (NCRRT), Cairo, Egypt. The device can produced irradiator activity 
2651 curie and dose rate1.87 KGy/h at a temperature of chamber 50°C. 
 
4 RESULTS AND DISSECTION 

The system measurements will be accomplished as follows 
4.1 Scanning electron microscopy (SEM)          
The Scanning Electron Microscope used to examine the samples microstructure surfaces, are 
shown in Fig. 4 (a, b, c and d). the SEM micrographs of XLPE polymer material blends with 
1wt% of nano-clay with exposure to different irradiation doses, 50,100,300and 500 KGy as 
respectively are represented By observing the SEM micrographs, the trend of good mechanical 
properties is well clear. The changes in density value are associated with changes in crystallinity 
degree and morphology of polyethylene. XLPE has a lamellar and spherulitic morphology, an 
increase in crystallinity, hence an increase in density, of polyethylene increases the stiffness and 
tensile yield strength of material. 
 

                            

                               (a) at 50 KGy                                       (b) at 100 KGy 

                          

(c)  at300 K                              (d) at 500 KGy 
Fig. 4:  XLPE with 1% of nano-Clay contents as a function of irradiation doses, 

4.2 Mechanical properties of the cable 
Figure 5 shows the value of tensile strength for (1%, 2.5%, 4% and 5%) XLPE/clay which are (15.69), 
(21.48), (17.87), (11.06) N/mm2 respectively, without exposed to radiation. While exposure the samples to 
different radiation dose, it is observed that tensile strength is gradually decayed as the radiation dose 
increase to 50 kGy, then the particle are rearranged together and cross-linked. This causes the filling to be 
at the surface area, observe tensile strength began to increase again at 100 kGy for 4% and 5% XLPE/clay 
than the other two types. The changed reactions appeared at the interfaces have failed to characterize the 
exact role of nanoparticles in enhancing the features of clay nanocomposites compound with XLPE cable 
insulation under the effect of gamma radiation. The common suggestion in all proposed results is that 
structural properties in the interface layer are changed, which results in structural and chain dynamic 
changes around the clay nanoparticles. This may be a good reason for the change in the surface structure 
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of nanocomposite. Shown in fig.5, once mixing the cable XLPE insulation with 4% of the nano-clay, it 
gives the best performance of resistance to radiation. It is noted that the dose of (50- 300) KGy causes 
gradually a decrease tensile strength with stability for a period. The interruption is gradual rather than 
rapid. 

 
Fig. 5: Tensile strength for different XLPE/ Nanoclay concentration cables that exposed to 

different radiation doses 
It is also noticeable that, when the nanoclay is injected in, different proportions and better mechanical 
behavior for the most cable corresponding to radiation dose at 50kGy as shown in fig. 6. The elongation 
value of XLPE / clay is 465.36, 456.94, 415.2 and 194.13 for the following mixing percentages (1%, 
2.5%, 4%, and 5%), respectively, without exposure to gamma irradiation. In the case of an increase in 
radiation doses to 100kGy, there is an exponential decrease in the value of elongation for both cables in 
proportions 1% and 2.5% while the elongation value of the other two type’s increases.  As the radiation 
dose increases to 200 and 500, we find that the elongation of all the cables is gradually decreasing. We 
note that the 4% cable retains a more stable behavior with increased radiation and represents the ideal 
value of mixing. Thus, the mechanical properties of cable insulators are improved at low doses of 
radiation, when mixed with 4% percentages of nanoclay. 
 

    

Fig.6: Percentage elongation for different XLPE/ Nanoclay concentration cables that exposed to 
different radiation doses 

4.2 Electrical properties 
The ac breakdown voltages of all tested cable samples with nanocaly shown in fig. 7. It shows variable 
values with increase the radiation dose. For increase, the area under the curve represents the enhancement 
in breakdown voltage so gives beast electric property for cable insulation, it is also shown that the 1% and 
4% XLPE/Clay curves offers the better breakdown voltage in the range of radiation doses. It is also cllear 
that when cables are exposed to low doses of radiation, they increase the interfacial interaction region as 
well as, improve the electric property. At 100 kGy the value of the breakdown voltages are 30kV, 29KV, 
30kV and 27kV for 1%, 2.5%, 4% and 5% respectively. As the radiation dose increases, It is found that 
the value of the breakdown voltage for all samples except the 5% is gradually decreasing. The density of 
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the internal structure of the material is increased as a result of the removal of the stresses and is more 
suitable for this electrical characteristic. This is achieved with material of mixing rates of 1% and 4%. The 
nanofiller has no linear characterization. A lot of testes and results are, therefore, required for the neat 
description of the under test material used for cables.  
 

 
Fig.7: Breakdown strength for different XLPE/ Nanoclay concentration cables that exposed to 

different radiation doses 
Figure 8 shows the leakage current for different XLPE/Clay concentration used for cables that exposed to 
different gamma irradiation doses, that it starts at zero radiation dose, the value of leakage current is (0.8 
mA, 1 mA, 1.2 mA, and 0.6 mA) for 1%, 2.5%, 4%, and 5% nano clay concentration respectively, and 
quickly increases to a final value of 1.6 mA for XLPE with 1% and 4% nanoclay at 100 kGy. By 
increasing the radiation dose at 300, the leakage current value increased for XLPE/Clay with 2.5%, as 
opposed to all other species. This is the way that good insulation behaves. The other change may be that, 
instead of going up quickly to the end value and the leveling out, the leakage current simply may continue 
to increase and decrease with different radiation dosing rate. 

 
 

 
 
The capacitance for different XLPE/Clay cables insulation is decreased with increasing the radiation dose 
except for 5wt %, its capacitance jumps to 75pF at 50 kGy as shown in Fig. 9. On the other hand, fillers of 
1%, 2.5%, and 4% cause gradually decay of cable insulation capacitance. During radiation doses from 100 
kGy to 300 kGy, find that all insulations with different mixing rates have stability. XLPE assorted with the 
nanoclay has a distinguish changes of the insulation capacitance at each filing time with the radiation 
doses, zero dose yields (74pF) for XLPE/Clay with 1% nano filler, while for example, 5% produces 60pF. 
Improved electrical capacitance is more appropriate, when mixing the cable with 1% of the nano for 
stability with increased radiation dose. 

Fig.8 : The leakage current for different XLPE/ Nanoclay concentration cables that exposed to 
different radiation doses 
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Fig. 9: Capacitance for different XLPE/ Nanoclay concentration cables that exposed to different 

radiation doses 
 

The dielectric constant as shown in fig.10, has similar behavior corresponds to the electrical capacitance 
characteristic in the previous fig.9. During the low doses of radiation (50 to  KGy), high significant 
increasing of dielectric constant for XLPE/clay insulation with the concentration of 5wt % , the 
concentrations (1%, 2.5%, and 4%) cause gradual decay of dielectric constant. The other doses of 
radiation from (200 - 500KGy), showed gradually increase of dielectric constant for all XLPE/clay 
insulators. 

 
Fig. 10: Dielectric constant for different XLPE/Nanoclay concentration cables that exposed to 

different radiation doses. 
 

5. COMPARISON BETWEEN PURE XLPE INSULATION MATERIAL AND AN IDEAL  
    CASE OF XLPE / NANOCLAY IN CABLE 
The XLPE /Clay in insulated cable at 4% concentration had the highest elongation and tensile strength 
without exposure to gamma radiation as shown in Figs. 11 and 12, while at a dose of 50 KGy and 100 
KGy the elongation values are 400 and 550 for the XLPE / Clay cable and for the pure cable XLPE are 
360 and 450 respectively. Tensile strength is an indication of the strength of the insulation material 
through a tensile test, but not sufficient alone to judge its suitability to cables. It must be accompanied by a 
measurement of elongation properties to ensure that no cracks and brittleness are made to the cable 
insulation. The nanoclay is a good indicator of improved mechanical properties of the insulation of XLPE 
at low doses 
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Comparing the specimen mixed by nanoclay for 1% concentration with the pure XLPE insulation as 
shown in Fig. 13, the highest value of AC breakdown voltages was 32 KV for XLPE / Clay cable while 27 
KV for XLPE radiated at 50 KGy. The internal structure of the material becomes more intense and the 
porosity and interior voids decrease as a result of the removal of the mechanical stresses influence the 
material when exposed to small doses of radiation as given at 50 KGy and 100 KGy. The material 
becomes more suitable for electrical properties and leading to improved breakdown voltages and leakage 
current. From this, we conclude that nanocaly has functioned to improve the electrical properties when 
using to plain XLPE in cable insulation.  
 

                       
 
 
 
 
 
Figs. 15 and 16 show the increase in the values of electric capacitance and dielectric constant 
characteristics of the XLPE specimen mixed with nanoclay for the pure XLPE cable at 50 KGy. As 
the radiation dose increases to 100 KGy and 300 KGy, these two properties gradually decrease with 
the XLPE / Clay cable and, conversely, slightly increase when using pure XLPE. 

Fig (13): Comparison between XLPE and XLPE / 
Nanoclay specimen with 1% concentration for 

breakdown voltage properties, when exposed to 
different radiation doses. 

Fig (14): Comparison between XLPE and XLPE / 
Nanoclay specimen with 1% concentration for 
leakage current properties, when exposed to 

different radiation doses. 

Fig (11): Comparison between XLPE and XLPE / 
Nanoclay specimen with 4% concentration for 

tensile strength properties, when exposed to 
different radiation doses. 

Fig (12): Comparison between XLPE and 
XLPE/Nanoclay specimen with 4% concentration 

for elongation properties, when exposed to 
different radiation doses. 
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6. CONCLUSIONS 
Nanocomposites displayed a significant potential improvement in the physical properties compared to the 
conventional composites. Blending mechanism plays a critical role in the transference the normal 
composites to nanocomposites. This study simultaneously compares four types of mixing technique for 
identifying the optimum mixing technique that maximized gain in the various electrical , dialectical and 
mechanical properties. Compares the XLPE / Clay insulation with the pure XLPE specimen at the 
optimum value of mixing the clay material under gamma irradiation effect. The breakdown voltages and 
the leakage current are 32 kV, 1.2 mA respectively, for XLPE / Clay with 1% at radiation 50KGy, realize 
an improvement of the electrical properties by 14% w.r.t the pure XLPE. Furthermore, 20% higher of 
electrical capacitance and dielectric constant are accomplished for the XLPE/Clay at 50 KGy compared to 
pure XLPE at optimal loading fraction. Hover an optimal loading fraction of clay nanoparticle is found at 
4% for improved mechanical properties in XLPE insulation used for cables. This structure material could 
therefore, be used dominantly for high strength and low weight applications with. 
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