
  

 

Abstract  A method is proposed to calculate the density of 

deep traps formed in interaction zones based on mesoscopic 

structure and double electric layer of polymer nanocomposites. 

Then a space charge modulated breakdown model is utilized to 

investigate electrical breakdown property and its relation with 

deep traps in interaction zones. It is found that deep traps 

formed around independent interaction zones suppress the 

accumulation of space charges and the distortion of electric field, 

leading to the improvement of breakdown strength. 

 

I. INTRODUCTION 

Polymer nanocomposites have higher electrical 
breakdown strength than polymer matrices and their 
microcomposites, which is beneficial for the development of 
high voltage dc power equipment [1-3]. It has been widely 
accepted that the enhancement in breakdown strength is 
originated from interaction zones or interfacial regions 
formed around nanoparticles [1-3]. Interaction zones can 
change chain conformation, aggregation structure, 
morphology of polymer matrices, causing the modifications of 
trap properties, carrier mobility, and charge injection, and so 
on. These modifications lead to the suppression of space 
charges accumulation, the reduction of volume resistivity, and 
the enhancement of electrical breakdown strength in polymer 
nanocomposites at low filler contents [1-3]. 

The dispersion of nanoparticles and the mesoscopic 
structure of interaction zones determine dielectric properties 
of polymer nanocomposites. The breakdown field increases 
firstly and then decreases with an increase in filler content, 
and it may be saturated at high filler contents [1]. Electrical 
breakdown strength, volume resistivity and space charge 
accumulation all depends on filler content, and electrical 
breakdown strength has positive correlations with volume 
resistivity and space charge accumulation. It means that the 
variation in charge transport properties produced by 
interaction zones can change the accumulation of space 
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charges, which may modulate electrical breakdown strength 
of polymer nanocomposites. 

II. DEEP TRAPS AND ELECTRICAL BREAKDOWN 

The density of deep traps may be determined by 

inter-particle distance, the thickness of bonded and 

transitional regions, binding strength in the bonded layer, and 

overlapping of Gouy-Chapman diffuse layers [2, 4], as shown 

in Figure 1. It is assumed that spherical inorganic 

nanoparticles with a density of n and a weight of mn are 

incorporated into a semi-crystalline polymer matrix with a 

density of p and a weight of mp to prepare a polymer 

nanocomposite. The radius of nanoparticles is rn. They are 

assumed to be homogeneously dispersed in the polymer 

matrix with interparticle distance from surface to surface of ln 

and are mainly located in amorphous regions [5]. The 

crystallinity is supposed to be c for polymer nanocomposites. 

The weight fraction of nanofillers fm is equal to mn/(mn+mp), 

while the volume fraction fv is mn p/(mn p+mp n). Then, the 

relation between volume fraction fv and weight fraction fm is 

1/fv=1/fm n/ p[1-fm( p/ n)] [3, 6]. The volume fraction of 

nanoparticles fv can be expressed by 

fv=(1- c) 4 /3 [rn/(2rn+ln)]3 [3, 6]. Then, we can obtain the 

relation among interparticle distance, weight fraction, the 

densities of nanoparticles and polymer matrix, and the 

diameter of nanoparticles [3, 6].  
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The number density of nanoparticles nn is inversely 

proportional to the cubic volume with a length of (ln+lip). 
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It is suggested that deep traps are formed in the bonded and 

transitional regions [1, 3]. Consequently, the density of deep 

traps is influenced just by volume fraction of bonded and 

transitional regions. Assumed average distance between two 

deep traps in bonded and transitional regions to be DT, the 

number of deep traps  generated in an interaction zone can be 

calculated by the following equation:  
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Figure 2. DC breakdown field as a function of filler content of 

polymer nanocomposites.  

Normal region

Transitional region

Bonded region

Nano-

particle

rn

rtr

ln

Deep traps

Charges in 

particle surface

Stern layer Diffuse layer

Nano-

particle

rgc

2rn+ln

 

Figure 1. Schematic of mesoscopic structure of and charge distribution 

in interaction zone. Deep traps are mainly formed in bonded and 

transitional regions.  
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where rbr is the radius of transitional region. 

It is possible for Gouy-Chapman layers to overlap with each 

other at high filler contents. The overlapping probability may 

increase dramatically with an increase in filler content. 

Accordingly, the possibility for independent interaction zones 

decreases strikingly. 
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where rgc is the radius of the Gouy-Chapman layer, while  is 

an exponent for the stretched exponential function. 

The density of deep traps in interfacial regions also depends 

on the type of nanoparticles, surface treatment, charge 

distribution in Gouy-Chapman diffuse layer, binding strength 

in the first layer, and so on. Therefore, the density of deep 

traps can be written as NDT= nnPi. 

Then a space charge modulated electrical breakdown 
model [7] is utilized to simulate the breakdown strength of 
LDPE/Al2O3 nanocomposites at various filler contents. 
Electrons and holes are injected into the material from cathode 
and anode, respectively, by Schottky thermionic emission [8, 
9]. Charge injection into and transport in an insulating 
material are governed by a set of self-consistent equations, 
including equations of charge injection, charge continuity, and 

 [8, 10-15].  

LDPE/Al2O3 nanocomposites with various filler contents 

ranging from 0 wt% to 2 wt% were used for dc breakdown 

thickness. In the dc breakdown simulations LDPE/Al2O3 

nanocomposite films were discretized into 500 elements and 

t was 1 ms. Deep traps in polymer nanocomposites consist of 

those in interfacial regions with a density of NTn and in the 

polymer matrix with a density of NTp. It is assumed that deep 

traps in interfacial regions and those in the polymer matrix are 

located in the same energy level. Consequently, the density of 

deep traps in polymer nanocomposites NT equals to the 

summation of NTn and NTp, namely, NT =NTn+NTp.  

A ramp voltage with a rising rate of 500 Vs-1 was applied on 

the nanocomposite films. An intrinsic breakdown strength was 

set for LDPE nanocomposites, which means that dc 

breakdown simulations stop when the internal local electric 

field reaches 365 kV/mm. Then the breakdown field was 

calculated from the applied voltage divided by sample 

thickness. Figure 2 shows a comparison between simulation 

and experimental results of dc breakdown field as a function 

of filler content in a range of 0 wt% to 2 wt% in LDPE/Al2O3 

nanocomposites. The simulation results are in good agreement 

with experiments. The dc breakdown field obtained by 

simulation increases firstly and then decreases with an 

increase in filler content. The breakdown field reaches its 

maximum at a filler content of about 0.5 wt% and gets 

saturated above 2 wt%. 

 

I. CONCLUSION 

The density of deep traps formed in polymer 

nanocomposites was calculated by considering the 

mesoscopic structure of and double electric layer around 

interaction zones. The estimation method of deep trap density 

was involved into a space charge modulated breakdown 

model to calculate breakdown strength of polymer 

nanocomposites. The relation between breakdown strength 

and filler content was obtained and the simulation results were 

in good agreement with experiments. Deep traps formed 

around independent interaction zones at relatively low filler 

content suppress the accumulation of space charges and the 

distortion of electric field, leading to the improvement of 

breakdown strength. The proposed model is advantageous to 

explore the influencing mechanism of interaction zone on 

electrical property of polymer nanocomposites. 
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