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ABSTRACT 
The relative permittivity of nanoporous epoxy composites (NPCs) filled with hollow 

nanosilica is lower than that of unfilled epoxy resin. The low permittivity is considered 

to arise from the existence of cavity volume, but the effects of nanosilica particle shape, 

particle size distribution and agglomeration are not clear. In this study, the relative 

permittivity of an NPC filled with hollow nanosilica is modeled by using finite-element 

method including the above-mentioned factors. The proposed model successfully 

reproduces the experimentally-obtained low permittivity of NPCs. The effect of cavities 

is significant, while particle corner shape, particle size distribution or particle 

agglomeration is not dominant. 

 

   Index Terms — nanoporous composite, epoxy, hollow nanosilica, permittivity 

 
 

1 INTRODUCTION 

EPOXY composites filled with micrometric and/or nanometric 

ceramic particles are employed as solid insulators for electrical 

power apparatuses [1-4]. Low-permittivity epoxy composites can 

reduce the electric field enhancement around solid insulators in 

gas/solid insulating systems inside gas insulated apparatuses and 

rotating machines, achieving compactness and high reliability [5]. 

The ceramic particles used as fillers for the epoxy composites 

comprise ceramics such as SiO2 and Al2O3 and they are not porous. 

The relative permittivity of non-porous ceramic particles is higher 

than that of unfilled epoxy resin; thus, such fillers, if used, will 

increases the relative permittivity of epoxy composites above that 

of unfilled epoxy resin. To achieve low-permittivity epoxy 

composites, low-permittivity fillers with porous ceramic particles 

has been investigated, as the particles contain a gas whose 

permittivity is 1.0 [6-12]. A hollow nanosilica particle, which 

comprises silica shell containing a nanometric cavity, is a low-

permittivity filler [7]. Electron avalanches are not expected to grow 

inside the nanometric cavities even at a high voltage. The critical 

value of the cavity size above which avalanche would be an issue 

is estimated to be about 1 m by comparing the discharge inception 

field of air gap under atmospheric pressure calculated from the 

Paschen’s law and the breakdown strength of epoxy resin (≃100 

kV/mm)[8]. Nanocavities do not act as insulation defects. The 

cavity size of the hollow nanosilica used in this work is sufficiently 

smaller than this estimated critical cavity size.  

We previously fabricated nanoporous epoxy composites (NPCs) 

filled with hollow nanosilica [7]. The relative permittivity of NPC 

filled with hollow nanosilica is lower than that of unfilled epoxy 

resin [9]. It was reported that microporous epoxy composites filled 

with micrometric porous particles, including syntactic foam 

[6,10,13] and hollow glass microspheres [14], also have lower 

permittivity than unfilled epoxy resin. The cavity volume is 

qualitatively considered mainly to lead to the low permittivity of 

porous epoxy composites [12]. However, an increased electric 

field strength around and inside porous particles increases the 

electrostatic energy in the epoxy composite and increases the 

effective relative permittivity of the composite. Thus, it is 

necessary to investigate the effect of hollow nanosilica Manuscript received on xx Month 20yy, in final form xx Month 20yy, 

accepted xx Month 20yy.  Corresponding author: M. Cage.  

 



 

quantitatively by employing a model that considers the particle 

shape, particle size distribution and agglomeration. 

The method for modeling the relative permittivity of polymer 

composites filled with ceramic particles have been studied [15]. 

Using several theories such as the Maxwell Garnett expression, 

Bruggeman’s asymmetric theory, a geometric mean model and 

Weiner bounds, the relative permittivity of a composite is 

calculated from the relative permittivities and volume ratios of the 

composite constituents. These models do not explicitly consider 

the electric field distortion due to the particle shape and/or particle 

dispersion. Finite element modeling has been studied with respect 

to the electric field distortion [16,17]. Jylhä et al. reported that 

model calculations, in which the particle shape, randomness of the 

orientation and particle arrangement were taken into consideration, 

were consistent with the experimental data for epoxy composites 

filled with non-porous TiO2 particles [18]. This model has not yet 

been used for modeling the relative permittivity of materials 

comprising three components, such as NPCs. 

In this study, the relative permittivity of NPCs filled with hollow 

nanosilica was modeled using finite-element method including 

particle shape, particle size distribution and agglomeration. The 

validity of our model was verified by comparison with 

experimental NPC capacity measurement and a classical dielectric 

mixture model. Using this model for specifying the parameters 

effective in the model accuracy, the effects of the particle shape, 

particle size distribution and agglomeration on the permittivity of 

NPCs were investigated. Finally, using the model, the potential for 

further reducing the permittivity of NPCs was explored. 

 

2 NANOPOROUS EPOXY COMPOSITE 
FILLED WITH HOLLOW NANOSILICA 

Figure 1 illustrates a nanoporous polymer composite (NPC) 

filled with hollow nanosilica. The matrix material is epoxy resin. 

The hollow nanosilica comprises silica nanoparticle containing a 

nanometric closed cavity. In general, hollow nanosilicas are 

made by sol-gel method [19]. A silica coating layer is formed 

on a template particle, such as polystyrene [19] and calcium 

carbonate [20]. The template particle is removed by organic 

solvent cleaning or acid treatment and then hollow particles are 

obtained. Since the silica shell has through holes whose size can 

be 10 angstroms and the hollow nanosilica are exposed to air 

before being incorporated in a composite, the inside of the 

nanometric cavities is air at atmospheric pressure. The particle 

edge is below 100 nm. Figure 2 shows an SEM image of an NPC 

filled with hollow nanosilica [9]. The air cavities inside the hollow 

nanosilica remain unfilled with epoxy resin. The hollow nanosilica 

can be used as a low permittivity filler in epoxy composites for 

high-voltage applications. The particle shape of hollow nanosilica 

used in this experiment is cubic with rounded corners (vertices). 

The filler content is 10 vol%. 

 

3  MODELING PROCEDURE 

A permittivity calculation model for an NPC was constructed 

with FEM software (COMSOL Multiphysics 5.3a). The model 

comprises a cube filled with hollow particles. The cube 

corresponds to a continuous epoxy matrix. Table 1 shows the 

material specifications used for the modeling [9]. The relative 

permittivity of the unfilled epoxy resin is the measured value at 

1 MHz. The range of the relative permittivity of the silica shell 

material was obtained from the manufacturer. The particle 

porosity is obtained from measurement of the specific gravity 

of NPCs [9]. 

Figure 3 shows a flow chart of the hollow nanosilica 

arrangements based on Monte Carlo simulation. All the center 

positions of the hollow nanosilica arranged inside an epoxy 

cube are determined by high-quality uniform random numbers 

generated by the Mersenne twister method. First, in the flow 

chart, the hollow nanosilica parameters, size and volume 

fraction of the particles, are defined based on the measurements 

of TEM images and filler volume fraction [9]. Second, the 

center position and direction of each particle are determined by 

uniform random numbers. If a particle overlaps other already 

positioned particles or the cube walls, this particle position is 

redefined. 

   Figure 4 shows an example of cubic particles arrangement 

in the permittivity calculation model with hollow cubic 

particles (cube model). The filler volume fraction of hollow 

 

 
 
Figure 1. An illustration of nanoporous epoxy composite (NPC) filled with 

hollow nanosilica. 
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Table 1. Material specifications of nanoporous epoxy composite (NPC) 

filled with hollow nanosilica.  
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3.45-3.55 3.0 -5.0 1.0 80 nm 70 vo% 

 

 

 

 
 
Figure 2. SEM image of nanoporous epoxy composite (NPC) filled with 

hollow nanosilica [9]. The filler content is 10 vol%. Average diameter of 

particle is 80 nm. 
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nanosilica is 10 vol%. As a closer particle model to actual 

hollow nanosilica, we used a hollow cubic particle. The 

thickness of the silica shell of a hollow particle is determined 

from the particle edge and porosity. Two boundary conditions 

are set in the model. The equipotential lines on the cube surfaces 

are parallel to the applied electric field, while equipotential 

lines on the ideal electric conductor surfaces are perpendicular 

to the applied field. To precisely calculate the  electric field, 

tetrahedral meshes are generated in the model. The tetrahedral 

meshes are composed of tetrahedrons with four triangular faces 

whose edges range from 1.0 nm to 25.0 nm. A finer mesh is 

assigned to the region where the electric field changes largely. 

 The effective permittivity of an cube model was calculated 

from the electrostatic energy (UFEM) using equation (1)  

 

       𝑈𝐹𝐸𝑀 =
1

2
∫ 𝜀0 ∙ 𝜀𝑟(𝑥, 𝑦, 𝑧) ∙ 𝐸(𝑥, 𝑦, 𝑧)2𝑑𝑥𝑑𝑦𝑑𝑧,             (1) 

 

where ɛ0 is the permittivity of vacuum, ɛr(x,y,z) is permittivity 

at location (x,y,z) in the epoxy cube and E(x,y,z) is the electric 

field strength. The effective permittivity of the NPC in the 

model, ɛeff, is calculated by 

 

       𝜀𝑒𝑓𝑓 =
2𝑈𝐹𝐸𝑀

∫ 𝜀0<𝑬>𝟐𝑑𝑥𝑑𝑦𝑑𝑧
 ,                                                 (2) 

 

where <E> is the average electric field, which is calculated by 

dividing the applied voltage by the height of the cube and ɛeff is 

the permittivity at which the model is considered a 

homogeneous material. 

   A geometric-mean model [15] was used as a representative of 

classical dielectric mixture models to confirm the effect of the 

cube model. The geometric mean model gave the relative 

permittivity of a composite material comprising two materials. 

The relative permittivity of geometric mean model (ɛcom) is 

obtained from the geometric mean of the maximum of Wiener 

bound (WBmax) and the minimum of Wiener bound (WBmin) 

[21] as follows. 

 

εcom = √𝑊𝐵𝑚𝑎𝑥𝑊𝐵𝑚𝑖𝑛                                      (3) 

 

WBmax =
Vf

100
εf + (1 −

Vf

100
) εm                        (4) 

 

WBmin = (
Vf

100
εf

−1 + (1 −
Vf

100
) εm

−1)
−1

    (5) 

 

Here, εf is relative permittivity of the filler, εm is that of the 

matrix, and Vf is the volume fraction of the filler. Using this 

model, we calculated the relative permittivity of NPC as 

follows [12]. First, the relative permittivity of a hollow 

nanosilica was calculated by regarding silica as a matrix and air 

cavities as filler. Next, the relative permittivity of the NPC was 

calculated by regarding epoxy resin as a matrix and hollow 

nanosilica as a filler. 

4 RESULTS AND DISCUSSION 

4.1 MODELING OF EFFECTIVE PERMITTIVITY OF 
NPC FILLED WITH HOLLOW NANOSILICA 

Figure 5 shows the relative permittivity of an NPC filled with 

hollow nanosilica and its models as a function of the filler 

volume fraction. The measured permittivity is the result of 

capacity measurement of the actual NPCs [7]. The ranges of the 

models is based on the ranges of the relative permittivities of 

the epoxy resin and silica material. The relative permittivity by 

the capacitance measurement, that obtained from the cube 

model and that obtained from the geometric mean model are 

between WBmax and WBmin. As the filler volume fraction of 

hollow nanosilica increased, the relative permittivity of the 

cube model decreased. The cube model reproduced the low-

permittivity characteristic of NPCs. The relative permittivity of 

 
Figure 4. An example of cubic particles arrangement in the permittivity 

calculation model with hollow cubic particles (cube model). The filler content 

is 10 vol%. 
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Figure 3. Flow chart of arranging hollow nanosilicas randomly inside epoxy 

matrix based on Monte Carlo simulation. 
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the cube model is higher than that of the geometric mean model. 

This may be caused by local field enhancement as will be 

shown in section 4.2.  

The measured permittivities were within the result of the cube 

model. This indicates that the cube model successfully explains 

the low-permittivity characteristics of the NPCs.  

4.2 EFFECT OF PARTICLE SHAPE 

One of the factors determining the effective permittivity of 

epoxy composites filled with TiO2 particles is the particle shape 

[18]. To investigate the effect of the particle shape of hollow 

nanosilica on the permittivity of epoxy composites, we 

compared the effect of spherical hollow particles with that of 

cubic ones, as the use of spherical hollow particles was 

expected to reduce the effect due to corners. Figure 6 shows 

permittivity calculation models with hollow spherical particles 

(sphere model). The diameter of a hollow spherical silica 

particle is 100 nm, which is the average length of a diagonal and 

an edge of a hollow cubic silica particle.  

Figure 7 shows the relative permittivities of the cube model 

and the sphere model. The cube model showed almost the same 

permittivity as the sphere model. The reason is discussed using 

the electric field distribution around and inside hollow 

nanosilica. 

Figure 8 shows the electric field distribution in the cube and 

the sphere model. The applied field is 10 kV/mm. The electric 

field distribution in the figure is the 2D slice taken from the 3D 

model calculation. The local enhancement of electric field 

inside the air cavity of hollow nanosilica in the cube model is 

higher than that in the sphere model. This increases the 

electrostatic energy inside the air cavity in the cube model, 

which in turn contributes to the increase in the relative 

permittivity. However, the relative permittivity of the cube 

model is almost the same as that of the sphere model as shown 

in Figure 7. The relative permittivity is determined by not only 

the electrostatic energy inside the air cavity but by that of the 

entire model region.  

Figures 9 and 10 show the electrostatic energies inside each 

material and in the entire model region. In the cube model, the 

electrostatic energy in the air cavity is larger than that in the 

sphere model. However, the increase in the electrostatic energy 

in the air cavity almost cancels out the decrease in the 

electrostatic energy in the silica shell. This result in the almost 

unchanged entire electrostatic energy and thus the almost 

unchanged relative permittivity in this simulation. Further study 

is required on the effect of particle shape. 

4.3 EFFECT OF SIZE DISTRIBUTION 

To investigate the effect of the size distribution of cubic 

hollow nanosilica on the relative permittivity of NPCs, a model 

was constructed in which the particle size was distributed 

between 55 and 105 nm in normal distribution so that the 

average size was 80 nm. Figure 10 shows the model. The 

hollow nanosilica content is 10 vol%. Figure 11 shows the 

relative permittivity of the cube models with the cube size 

 
Figure 7. Relative permittivity calculated using cube and sphere models as a 
function of filler volume fraction. 
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Figure 6. Permittivity calculation models with hollow spherical particles 
(sphere model). The filler content is 10 vol%. 
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Figure 5. Relative permittivity of NPC filled with hollow nanosilicas and its 

models as a function of filler volume fraction. The measured permittivity is 

the result of the capacity measurement of the actual NPC. 
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distribution and single cube size. The relative permittivity of the 

model with the cube size distribution is slightly lower than that 

with the single cube size, but the difference is only 0.009. This 

is sufficiently smaller than the difference in relative permittivity 

shown in Figure 5 and thus the effect of particle size distribution 

is practically negligible in construction of permittivity 

calculation models. The effect of the particle size distribution 

of hollow nanosilica is smaller than that of the particle shape. 

4.4 EFFECT OF AGGLOMERATES 

 Since, in general, nanometric-size particles are easy to 

aggregate, the hollow nanosilica may also aggregate. To 

investigate the effect of agglomerates of hollow nanosilica on 

the relative permittivity of NPCs, models with different states 

of agglomeration were constructed. Figure 12 shows 

permittivity calculation models simulating various states of 

agglomeration. The different agglomeration states were 

obtained by changing the size of a cubic region in which the 

hollow nanosilicas were confined, while keeping the total 

number 27 of hollow nanosilicas unchanged. The volume of 27 

particles corresponds to approximately 5 vol% of the total 

volume of the model. Agglomeration state 2 is the close packed 

 

               
                                       

  (a) Cube model                                                                                              (b) Sphere model 
Figure 8. Electric field distribution in a cross section of cube model parallel to the applied external field. The filler content is 10 vol%. 

 

                              
Figure 9. Electrostatic energy in each material in both cube and sphere models.    Figure 10. Enlarged view of the part framed with dotted line in Figure 9. 

The filler content is 10 vol%                                                                                      
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model in which hollow silica nanoparticles are arranged in a 

lattice pattern to avoid particle overlap. 

Figure 13 shows the calculated relative permittivities of cube 

models with different agglomeration states. The relative 

permittivity of agglomeration state 2 is the highest among three 

models but the difference in relative permittivity due to the 

effect of agglomeration is only 0.0015. This is sufficiently 

smaller than the difference in relative permittivity shown in 

Figure 5 and thus practically negligible in construction of 

permittivity calculation models. The effect of agglomeration of 

hollow nanosilica is also smaller than that of the particle shape. 

4.5 POTENTIAL FOR FUTHER REDUCTION OF 
PERMITTIVITY OF NPCS FILLED WITH HOLLOW 

NANOSILICA 

We discuss methods for further lowering the permittivity of 

NPCs filled with hollow nanosilica in this section. An increase 

in the particle porosity by reducing the thickness of the shell 

and the reduction in the permittivity of the shell material may 

also be effective in further lowering of the permittivity of the 

NPC. The hollow nanosilica used in this study is of nanometric 

particle size and thus it is expected to have the same interface 

effect often seen in the composites of the nanometric particles 

and epoxy resin [21-24]. The interface effect reduces the 

relative permittivity of epoxy composites to a value below that 

of unfilled epoxy resin. Possible mechanisms are orientational 

dipolar motion suppression, ion movement suppression and 

quantum effect of atomic polarization [25]. The extent of this 

interface effect in the present work is not clear but the 

modification of the hollow nanosilica surface may bring about 

some experimental clues for further discussing the interactions 

between the epoxy molecules and the hollow nanosilica surface.   

  

 5  CONCLUSIONS 
 

A permittivity calculation model of a nanoporous epoxy 

composite (NPC) filled with hollow nanosilica was constructed 

by using finite-element modeling. The model successfully 

reproduces the low-permittivity characteristics of the NPCs 

even when the relative permittivity of NPC is lower than that of 

unfilled epoxy resin. The existence of cavities is significant for 

the lowering of the relative permittivity, while the effect of 

particle corner shape, particle size distribution or particle 

agglomeration is not dominant.   
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