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Abstract — In outdoor conditions, polymer nanocomposite insulators commonly confront aging due to surface tracking which 
eventually contribute to breakdown. The evaporation of the wet-contaminated layer on the insulator surface due to extensive flows 
of leakage current (LC) will cause dry band arcing (DBA) burning the insulator surface and forming the carbon track. The 
evaluation of the material deterioration degree based on carbon track development is determined by the flows of the LC on the 
insulator surface. In this paper, the modelling of inclined plane tracking (IPT) test in the field simulation was conducted with 
references to IEC 60587 standard. The electric field and LC distribution on the linear low density polyethylene (LLDPE) and 
natural rubber (NR) blends with different percentage of nano-scale filler of silica were studied using finite element method (FEM) 
analysis. The IPT test was carried out in order to validate the field simulation result and determine the correlation factor (f). The 
observation of the result from the field simulation and experimental result showed a resemblance in terms of LC patterns. 
Degradation level from carbon track development of the compositions increases when higher LC flows. The LLDPE-NR/ SiO2 at 
1wt% was found to be lowest LC in both experimental and simulation results, and thus is the best composition.  
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I. INTRODUCTION 

The polymeric nanocomposite is vastly utilized in the 
insulating system of outdoor high voltage system.  The 
studied of the materials properties had been conducted by 
various researchers in order to understand the mechanism 
that contributes to breakdown. The study of the effect on 
partial discharge, treeing, corona discharges and surface 
tracking have been conducted in order to improve the 
material resistance upon failure [1-3].The implementation 
of nanofiller in the polymeric blends are reported had 
improved the tracking, erosion and flame resistance [4]. 
In the nano-scale filler, the size particle becomes smaller 
thus provide a greater surface area. The larger surface will 
provide more interaction between filler and polymer in 
the interfacial region. Another advantage of nanofiller is 
ordinary, less than 10 weight percentages are used in the 
polymer blends rather than microfiller that consumes up 
to 50 wt% to improve electrical properties [5]. 

 
The electrical tracking mechanism is described as the 

formation of the carbonaceous track on the surface of the 
insulator that acts as the conductor that can connect the 
live voltage terminal with the ground terminal and cause 
breakdown to the system. To study the mechanism of the 
surface tracking, the standard test has been developed for 
the polymeric material which is inclined plane tracking 
(IPT) test. In the IPT test, the insulating materials have 
been testing under wet contaminated conditions when 
stress voltage was enforced. In this experiment, the 
monitoring of peak LC, average LC and waveform LC 
have been observed in influencing the carbon track 

formation. Commonly, the high peak LC and high 
average LC are proportional to deterioration of insulating 
materials [6]. Electrical tracking is described as the 
formation of the black colour of carbon elements on the 
surface of insulating materials. The heating from the 
arcing spark had burned the carbon-based polymer cause 
the present of carbon track permanently on the insulator 
surface. The carbon tracks are conductive and ultimately 
can bridge the live terminal of voltage with the earth 
terminal and cause a flashover in the insulation system. 
The arcing spark is originated from the dry band that had 
reached threshold voltage. The dry band is formed at the 
thinnest region of the contaminant layer due to 
evaporation. The LC flows on the insulator surface are 
dispersed as the heat that drying the contaminant solution 
and had caused these dry band arcing (DBA). The LC is 
important parameters that can predict the tracking effect 
as the LC values recorded throughout the experiment 
could give information upon the failure. The 60 mA of the 
LC recorded more than 2 s are considered as failed as that 
LC condition usually degrade the insulator surface [7].  

 
In the field simulation, the modelling in the partial 

discharge and treeing have been carried out in exploration 
the electric field distribution [8, 9]. The research under 
conditions of surface tracking is limited. Hence, the 
characteristic of the IPT test results has been employed in 
this paper using Finite Element Method (FEM) analysis in 
the field simulation in terms of leakage current. The 
LLDPE/NR blends with the variation of the silica 
nanofiller are presented in the field simulation and 
experimental works. The field simulation has been 
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established with according to the IPT test procedures. The 
parameters used in the field simulation to distinguish the 
material compositions were relative permittivity and 
electric conductivity. 
 

II. RESEARCH METHODOLOGY 

A. Insulating sample preparation and properties  

The nanocomposite polymer blends of Linear Low-
Density Polyethylene with Natural Rubber (LLDPE/NR) 
filled and unfilled with different percentage of nano-scale 
silicone oxide (SiO2) or known as silica is introduced in 
this paper. The ratio of 80:20 of LLDPE/NR and 1%, 3% , 
5 % and 7 % weight percentage of silica were mixed 
together in the twin screw extrusion machine at 160-180 
0C and rotor speed of 168 rpm with torque of 30-70 N.m. 
Then, the materials were dried in the oven for one hour at 
50 ˚C to remove unnecessary moisture that cause bubble 
in the samples. After that, the samples of each blend will 
be compressed into a square-shaped of 12 cm x 5 cm with 
the thickness of 5 mm. The samples need to be pre-heated 
for 10 minutes before undergo hot melt pressing at the 
temperature of 160 -165 ˚C for another 10 minutes. The 
ratio of polymer blend of LLDPE/NR was selected 
because it can provide good in electrical tracking and 
erosion resistance [10]. 

 
In the field simulation, the materials properties of 

relative permittivity and electric conductivity are required. 
The polarization and depolarization current (PDC) 
measurement were applied to obtain the conductivity of 
the different compositions [11]. While, the relative 
permittivity of each sample compositions was measured 
using LCR meter. Table 1 presents the compound 
designation and material properties of the insulating 
materials. 

 
TABLE 1. COMPOUND DESIGNATION AND MATERIAL 

PROPERTIES 

B. Finite Element Method (FEM) simulation 

 
The commercial software of QuickField was chosen to 

apply the finite element method and the model of two-
dimensional plane parallel was drawn as shown in Figure 
1(a), while Figure 1(b) shows the actual sample in the 
experiment set-up. The modelling was illustrated as 
followed the test configuration of IEC 60587. In the field 
simulation, the relative permittivity of the air was fixed to 

1.0, the conductivity of the air is 2 x 10-4 Sm-1 and the 
relative permittivity of contaminant solution is 81[12]. 
The conductivity of contaminant solution is 0.0434 S/m 
and all the calculation are referred as in [13] with the area 
of contaminant solution from QuickfieldFm simulation is 
0.70 cm2 based on the area measured from the 
experimental set-up. 

   

 
(a)                                           (b) 

Figure 1. The arrangement of test specimen with the electrode (a) 
simulation model (b) experiment set-up 

 
In solving the specimen model in finite element 

method, the AC conduction analysis was applied in 
examining the distribution of current density and electric 
field on the insulator materials when AC voltages had 
employed. All the field components and electric current 
are assumed as sinusoidal within the time. The equation in 
solving the current density in the simulation model can be 
found in [12].Then, from the current density obtained, the 
LC, I can be calculated according to Equation (1). 

 

               I JdA                                                  (1) 

C. Inclined plane tracking (IPT) test 

 
Inclined plane tracking (IPT) test is a standard test in 

measurement of electrical tracking and erosion resistance. 
In this IPT test, the IEC 60587 standard and time-to-track 
test method was selected[7]. The IPT test setup was 
demonstrated in the schematic diagram in Figure 2.  A 50 
Hz of 4.5 kV was supplied using high voltage 
transformer. The contaminant solution were prepared 
using 1 gram of ammonium chloride with 0.2 ml non-
ionic wetting agent such as Triton X-100 together with 
998.8 ml of distilled water with the conductivity of 0.253 
S/m. The contaminant solution was flowed through the 
specimen surface at 45 degree slanted using the peristaltic 
pump. The contaminant flow rate of the contaminant was 
fixed at 0.60 ml/min. To make sure the contaminant 
solution are repeatedly run on the insulating surface, eight 
layer of filter are used as reservoir by placed the filter 
paper between upper electrode and sample.  

In this study, the IPT test was run for one hour to 
monitor and record the waveform and magnitude of LC 
using personal computer (PC) that connected with 
Picoscope. At HV electrode, the high probe with ratio of 

Composition %wt 

Sample 

Material Properties 

LLDPE NR Silica 
Relative 

Permittivity 
Conductivity

(S/m) 

80 20 0 P0 6.94 4.22 x10-11 

80 20 1 S1 5.73 3.74 x10-12 

80 20 3 S3 6.13 5.73 x10-12 

80 20 5 S5 6.20 6.83 x10-12 

80 20 7 S7 6.82 7.87 x10-12 

Ground 
electrode 

Contaminant 
solution 

Test sample 

HV electrode Air 
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1000:1 was used to measure the voltage employ while at 
ground electrode, the measurement of LC was carried out 
across the electrode gap through a 100 Ω resistor at the 
ground electrode. In this experiment, the analysis of LC 
and carbon track rate was acquitted.  

 
Figure 2.  Schematic Diagram of IPT setup 

 

III. RESULT AND DISCUSSION 

A. FEM  Simulation  analysis 

In solving the specimen model in finite element 
method, the AC conduction analysis was applied in 
examining the distribution of current density and electric 
field on the insulator materials when AC voltages had 
employed. All the field components and electric current 
are assumed as sinusoidal within the time. In the FEM 
analysis using QuickField, Equation (2) was used to 
compute the AC conduction problem.  

 

i
0U




         
   (2) 

 
where electric conductivity, σ and component of electric 
permittivity, ε are constants within each block of the 
model. While, complex vector of electric field intensity is 
represented as following equation: 
 

dE gra U      (3) 

 
And lastly, the apparent current density was obtained 
using Equation (4) below: 
 

J E      (4) 
 
From the current density obtained, the LC, I can be 
calculated according Equation (1). 
       
               (6) 

 

 
Figure 3(a)-(b) illustrates the electric field and voltage 

distribution of the two-dimensional model geometry of 
plane parallel. The electric field and current density were 
measured onward the contaminant solution path in the red 
line as depicted in Figure 3(a). Non-homogenous voltage 
distribution was observed from the HV electrode towards 
the ground electrode as present in Figure 3(b). The 
electric field was highest at the centre of the specimen 
where the contaminant solution flows with the LC run in 
that path. The high electric field distribution initiates the 
ionization between electrons. The increase of current 
density distribution has accelerated the energy input and 
conductivity which result in low impedance and cause 
distorted in voltage.  
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Figure 3. (a) Electric field distribution, (b) Voltage distribution 

B. Experimental Result 

1) Analysis of Peak LC and Carbon Track Rate 
 
The monitoring of peak LC was performed for one 

hour in the IPT test experiment. Figure 4 shows the peak 
LC of different loadings of nano-scale silica filler in 
LLDPE/NR blends. The peak LC was highest in the 
unfilled composition and these represent an increase of 
surface discharge on the surface of LLDPE/NR 
composition. The addition of the silica filler in the 
LLDPE/NR blends had improve the whole tracking and 
erosion with less than 5 wt % are acceptable as 
demonstrate a small carbon track rate as expressed in 
graph of Figure 4.  



F.L.MUHAMEDIN et al: LEAKAGE CURRENT AND CARBON TRACK ANALYSIS OF LLDPE-NATURAL … 

DOI 10.5013/IJSSST.a.17.41.07                                           7.4                             ISSN: 1473-804x online, 1473-8031 print 

 
The peak LC was appointed as the parameters in 

classifies the degradation insulating materials due to 
surface discharges in expression of carbon track rate.  
According to the standard, the carbon track was identified 
as the blackish track on the insulating surface while the 
chalking happens due to erosion. Measurement of the 
carbon track rate was calculated by taking the length of 
the carbon track from the low electrode and divide with 
the total tracking time.  The LC that flows on the insulator 
surface is composed with the rises of the temperature and 
the heating will cause the dry band to develop at the 
thinnest region of contaminant solution typically near the 
ground electrode. After arrived at certain threshold 
voltage, the arcing spark will be developed and ignite the 
insulator material and blacken carbonized track was 
formed. The values of LC are conceived as the factor that 
contributes to the carbon tracking. From the graph in 
Figure 4, it illustrates that the high peak LC was lead to 
severe carbon track rate. These point out that the peak LC 
of the IPT result can be employ as the measurement in 
carbon track severity.  
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Figure 4.  Peak LC magnitude and carbon track rate propagation of  

LLDPE and NR blends with different contents of nano-scale silica filler 

 
2) Comparison of experimental and simulation results    
 
Figure 5. shows the result of peak LC of field 

simulation and IPT test. From the graph, the results of LC 
from simulation models were showing a similar pattern as 
in the experiment for each sample . The addition of 
nanofiller to the LLDPE-NR blends could enhance its 
resistance towards surface tracking as shown in smaller 
value of LC in comparing with a sample without filler. 
The LLDPE-NR/ SiO2 at 1wt% was found to be lowest 
LC in both experimental and simulation results, and thus 
it gives the best composition of the materials. The 
conductivity of the insulating materials are greatly 
affected the LC when the voltage applied within the 
constant specified surface area. The increase of the 
conductivity of the material allow the stimulation of  high 
LC flows as shown in Table 1. The greater electric 
conductivity , the larger peak LC had been recorded in 

both simulation and experimental works.   
 
The relative permittivity or recognized as dielectric 

constant is a ratio of dielectric capacitance to air. The 
increase of dielectric constant of the materials had shown 
in greater peak LC and as well of intense carbon track. 
When energised with the AC voltage, the dielectric 
consists of the dipole will be vibrated and in consequence, 
heating due to friction had occurred. The high dielectric 
constant will lead to greater heat dispersed causing more a 
negatively charged rapidly transfer to positively charged 
object. From the conservation of electric charge, the 
electric charge is expressed by the integration of the 
current within the time. This points out that the high 
availability of electric charges in high dielectric constant 
materials will resulting on the high LC.  
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Figure 5.  Comparison of Peak LC of field simulation and IPT test 

results 

 
The LC from field simulation could only gave a result 

of same patterns and do not produce exactly same values 
as in the IPT test. It is believed that the slightly different 
results between simulation and experimental works are 
due to the unpredictable factors that could not be taken 
into account in the simulation work. Thus, a correlation 

factor ( f ) was introduced by calculated with a references 

of LC in IPT test results. The correlation factor 
( f ) is calculated from the Equation (5). This correlation 

factor can be used for further LC simulation analysis of 
the related compositions. 

      

 

( )ref ipt

si

LC
f

LC


    (5) 
 

where ( )ref iptLC is peak LC from IPT test results and 

siLC  is peak LC from field simulation. 
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Table 2 displays the peak LC from the IPT test result 
and field simulation that accustomed effective correlation 
factor with the value of 0.641. The new peaks LC of the 
field simulation have insignificant differences with the 
peak LC of the IPT test.  

 
TABLE 2.  COMPARISON OF PEAK LC IN IPT TEST AND FIELD 
SIMULATION AFTER CONSIDERING CORRELATION FACTOR 

Sample Leakage current  
IPT (mA) 

Leakage current 
simulation (mA) 

P0 46.06 41.06 
S1 33.86 40.06 
S3 40.55 40.23 
S5 40.94 40.43 
S7 45.67 40.78 

 

IV. CONCLUSION 

 
In this paper, the development of the two dimensional 

plane parallel model based on the IPT test was established 
in order to produce the similar pattern results in terms of 
leakage current (LC) analysis.  The finite element method 
analysis was conducted on the different materials 
composition of LLDPE/NR blends with variation of 
weight percentage of silica nanofiller. The different 
compositions in the field simulation are designated with 
the relative permittivity and electric conductivity of each 
composition. The results also show the magnitude of LC 
is proportional with the carbon track development. This is 
true that the higher LC contributes more erosion to the 
sample because of the intense surface discharges 
generated on the material surface. In comparison of the 
peak LC from the field simulation and IPT test had 
illustrate an identical impression. The field simulation has 
the limitation and thus the LC obtained was not as exactly 
achieved in IPT test. Therefore, the effective correlation 
factor (f) of the composition should be determined from 
the simulation results for obtaining the actual values.  
From the acceptable results of field simulation, the 
operations of field simulation in accordance to IPT test to 
investigate the surface tracking are acknowledged.  
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