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Abstract 
The dielectric properties of poly(ethylene-co-butyl 
acrylate) with 13 wt% of butyl acrylate (EBA) filled 
with alumina nanoparticles (average diameter of 25 nm) 
were studied as a function of particle coating, filler 
content (2, 6 and 12 wt %) and relative humidity of the 
environment used for sample conditioning. The particles 
were either unmodified or surface treated either with 
aminopropyltriethoxy silane or octyltriethoxy silane. 
The samples were conditioned at 24, 56 and 86 % RH in 
desiccators in room temperature using salt solutions 
until saturation was reached.  
The complex permittivity was measured with an 
IDA200 dielectric spectroscopy analyzer at applied 
voltage of 200 Vpeak with frequencies varying between 1 
mHz and up to 1 kHz at room temperature.  
Dielectric losses measured for pure EBA in both dry 
and humid conditions show very small variations, while 
measurements performed on the nanocomposites exhibit 
distinct loss peaks that depend on the filler content, 
particle coating and humidity of the environment used 
for conditioning. The loss peak amplitude depends on 
the filler content, the shape is determined by the type of 
coating used and the loss peak frequency is defined by 
both humidity level and type of coating used.  
 
 
1. Introduction 
 
The polymer nanocomposites show promise of being 
the new engineering materials allowing tailoring of the 
material properties due to the large interface area of the 
nanofillers [1]. However, the influence of water 
absorption on the dielectric properties of polymer 
nanocomposites seems to be related  to the interface 
between the nanofillers and the polymer matrix [2], and 
it was found to have a significant impact on the 
dielectric properties of the nanocomposites [3]. A water 
shell model was suggested for explaining the behaviour 
of the dielectric losses [4]. It was also observed that the 
dielectric properties are affected by the degree of 
dryness of the nanoparticles prior to manufacturing of 
the nanocomposites [5]; for instance, increase in the 
dielectric losses and reduction of the breakdown 
strength were found to be caused by the insufficient 
drying of the nanoparticles prior to mixing. 
In this study poly(ethylene-co-butyl acrylate) 
copolymer, with 13 wt% of butyl acrylate content rather 

than pure polyethylene was chosen as a host matrix. It is 
expected that the polar nature of the butyl acrylate 
groups will improve the particle dispersion. The host 
matrix was filled with either uncoated or surface 
modified alumina nanoparticles with average diameter 
of 25 nm. Two different surface modifications are 
investigated in an attempt to understand its influence on 
particle dispersion in the host polymer and material 
dielectric properties. The complex permittivity of the 
thoroughly dried nanocomposites was presented 
elsewhere [6, 7]; but the influence of absorbed water on 
the dielectric properties of the nanocomposites is of 
importance as the nanoparticles are very hydrophilic 
due to the presence of surface hydroxyl groups. The 
samples for this study were conditioned at different 
levels of humidity: 24, 56 and 86 %RH, at 25 °C and 
ambient pressure. In this paper the complex permittivity 
of the nanocomposites conditioned at different levels of 
humidity is studied with the help of dielectric 
spectroscopy. 
The aim of this work is to investigate the influence of 
the absorbed water on the dielectric properties of the 
obtained materials. 
 
2. Materials 
 
A detailed description of the materials used for this 
study, manufacturing technique and postprocessing 
method can be found in [7, 8]. Here only a summarized 
description is given. Poly(ethylene-co-butyl acrylate) 
with 13 wt % of butyl acrylate content, supplied by 
Borealis (Stenungsund, Sweden) was used as a host 
matrix. The alumina nanoparticles, consisting of γ-phase 
particles, were supplied by Nanostructured & 
Amorphous Materials Inc. USA to be used as 
nanofillers. These nanoparticles are characterized by an 
irregular near spherical shape with the average particle 
diameter of 25 nm and specific surface area of 180 m2/g. 
Two silanes were used for surface modification of the 
nanoparticles: aminopropyltriethoxy silane and 
octyltriethoxy silane, supplied by Sigma-Aldrich and 
Fluka respectively. Irganox 1010 (a hindered phenolic 
antioxidant), supplied by Ciba Specialty Chemicals 
(Germany), was used as stabilizer. All materials and 
chemicals were used as received.  
All the nanocomposites were manufactured at the 
Department of Fibre and Polymer Technology, KTH 
[8].  



After dielectric spectroscopy measurements were 
carried out in dry conditions (0 %RH) [5] the samples 
were split into three groups (i.e. one sample for each of 
the 19 material variations) and carefully conditioned in 
humid environments:  

• 24 %RH (obtained by using potassium acetate 
salt solution (Merck Chemicals))  

• 54 %RH (obtained by using sodium bromide 
salt solution (KEBO-Lab) 

• 86 %RH (obtained by using zinc sulphate 
heptahydrate salt solution (VWR 
International)) 

The investigated material combinations are coded 
according to Fig. 1. 
Times required for conditioning of the nanocomposites 
were based on the water absorption study performed in 
[8].  
 

 
 
Figure 1. Coding of the manufactured material formulations. 
 
3. Experimental setup 
 
The complex permittivity measurements were 
performed with the help of IDA200 dielectric 
spectroscopy analyzer [9] using the following test cell, 
see Fig. 2. The detailed description of the experimental 
setup is presented in [6, 7].  
 

 
Figure 2. Schematical drawing of the test cell 
 
4. Measurement 
 
The sample to be measured was moved from dessicator 
to the measurement cell as fast as possible in order to 
minimize the influence of the change of environment 
and was placed into the test cell. Measurements at 56 
and 86 %RH were performed inside a climate test 
chamber from Weiss Umwelttechnik. It took 10 minutes 
at the most for the climate chamber to set the required 
humidity level at the temperature of 25 ˚C. 
Measurements at 24 %RH were made in the same 

vacuum oven as for the dry measurements [7] using the 
same salt solution as in the dessicator for conditioning 
samples. In order to speed up setting of the relative 
humidity inside the oven a portion of the wet air was 
pumped out and replaced with dry synthetic air, 
adjusting the humidity to be approximately 22 ± 4 %RH 
(measured with a hygrometer Testo 608-H2). This 
procedure took approximately 5-10 minutes. It took 
approximately 30 minutes for the humidity to settle at 
24 %RH. A small fan was used for speeding up the 

he selected air 
umidity and the temperature of 25 oC.  

. Results and discussion 

ergy for the unfilled 
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settling of the air humidity.  
The sample was allowed 1 hour to relax prior to the 
measurements to ensure that the equilibrium conditions 
were achieved. Measurements were performed at 
applied voltage of 200 Vpeak (maximal voltage 
supplied by internal voltage source) with frequency 
varying between 10-3 to 103 Hz, at t
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Due to time limitations the dielectric spectroscopy 
measurements were performed only on one sample for 
each material formulation. A study of the dry samples 
was carried out and results are presented elsewhere [6, 
7]. For the dry samples it was observed that the 
dielectric constant did not change significantly with 
addition of nanoparticles, staying close to the value 
reported for the unfilled EBA: 2.0 ± 0.1 over the entire 
frequency range studied. It was also found that the 
influence of nanoparticles surface-modification on the 
dielectric loss was small. For the temperature 
dependence the existence of two relaxation mechanisms 
with different activation energies was reported: one in 
the “low” frequency region and one in the “high” 
frequency region. The exact breakaway frequency 
between these two regions differed for different material 
formulations; it was close to 1 Hz at 25 ˚C. The “low” 
frequency relaxation seems to be Arrhenius activated 
with the activation energies ranging between 0.67 to 
1.37 eV, while the activation en
reference material is 0.98 eV.  
The absorption of moisture changes the dielectric 
behaviour of the nanocomposites significantly. The 
dielectric constant for the materials filled with untreated 
nanoparticles is shown in Fig. 3, illustrating the trend 
for increasing dielectric constant with increasing filler 
content. This is expected as materials with larger filler 
content absorb more moisture, which causes the 
increase in the dielectric constant. The dielectric 
constant does not change significantly due to the surface 
modification of the nanoparticles, as shown in Fig. 4. 
Data for tan δ was chosen for analysis in the dry study 
due to rather small differences in the dielectric losses 
between different samples in order to minimize the 
influence of geometry on the results. To m
comparison easier tan δ is used here as well.  
There are three variables that can be identified in this 
analysis – type of the nanoparticle surface modification, 



filler content and the humidity level used for 
conditioning of the samples.  
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igure 3. Dielectric constant of the materials filled with uncoated 

nanoparticles as a function of filler content 
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Figure 4. Dielectric constant of the materials filled with 6 wt% 
nanoparticles as a function of surface modification 
 
The influence of surface modification is shown in Fig. 
5. Surface modification can be thought of as partial 
substitution of polar OH-groups on the nanoparticle 
surface with silane. Two silanes were employed in this 
study, one of which is hydrophobic - octyltriethoxy 
silane and the other one is more polar - 
aminopropyltriethoxy silane. It was reported that the 
surface coverage of nanoparticles with these silanes was 
not complete [8]. Surface modification with amino-
silane was more successful – 4.2 μmol / m2, and for 
octyl-silane only 1.4 μmol / m2. Higher values were 
reported in the literature, as for example 8.3 μmol / m2 

for alumina nanoparticles (45 nm diameter) [10]. This 
complicates the analysis of surface modification 
influence. Still significant differences in the measured 
tan δ can be seen, see Fig. 5. The shapes of the loss 
peaks for the materials filled with uncoated and amino-
treated nanoparticles are similar, which is reasonable as 
nanoparticles in both cases have polar surfaces. The 
samples filled with octyl-treated silane exhibit two loss 
peaks that lay close to each other in frequency. This can 
be attributed to the influence of the hydrophobic octyl-

nanoparticles, which could mean that there are two sites 
for binding water – the remaining hydroxyl groups on 

silane that only partially covers the surface of the 

e nanoparticle surface and interaction with the silane.  th
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Figure 5. Measured tan δ for the materials filled with 6 wt% 

noparticles as a function of surface modification na
 
The influence of the filler content is shown in Fig. 6. 
The loss peak frequencies and amplitudes extracted 
from the Fig. 6 are presented in the Table 1. The 
amplitudes of the loss peaks seem to scale with the filler 
content. This can be explained by the water absorption 
which also follows this scaling [8]. The position of the 
loss peaks in frequency, however, is harder to explain. It 
could be related to the mobility of water in the materials 
that will depend on the nature of the interface between 
he nanoparticles and the base polymer. t
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Table 1 Loss peak frequencies and amplitudes for 
the materials filled with amino
as a function o iller content 
Filler content Freque Hz] ncy [m Tan 0-3δ, ·1

2 46 7.5 
6 215 20.4 

12 215 46.9 
 
The influence of humidity is shown in Fig. 7. It can be 
seen that the loss peak, maintaining the same shape and 
amplitude, moves towards higher frequencies with 



higher humidity level. This also points to the possibility 
that the loss peaks indicated for the dry materials 
represent the hard bound water to the nanoparticles. The 
low frequency dispersion behaviour observed at 54 
%RH in Fig. 7 indicates typical conduction mechanism, 
which is likely a result of percolation of charge carriers 

rough the overlapping water shells [4].  th
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Figure 7. Measured tan δ for the materials filled with 2 wt% of 

coated nanoparticles as a function of humidity un

 
6. Conclusions 
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igure 8. General tendencies in the behaviour of dielectric losses 

also 
fluence the water shell surrounding each particle. 
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The general tendencies in the behaviour of the dielectric 
losses can be summarized in a graph according to Fig. 8. 
The amplitude of the loss peak is defined by the filler 
content, while its position in the frequency domain is 
determined by the humidity level used for conditioning. 
The coating affects both the amplitude and the loss peak 
frequency; it also determines the shape of the loss peak. 
The content is related to the interface between the fillers 
and the base matrix: the higher the content - the larger is 
the interface or the total specific surface area, which 
determines the amount of the OH-groups available for 
binding water via the hydrogen bond. The humidity 
level determines the maximal amount of water that can 
be absorbed by the composite material, which coupled 
with the total number of available OH-groups defines 
the thickness of the water shell around each particle. 
Coating replaces the OH-groups on the particle surface 

with a silane and thus influences the amount of the 
available OH-groups and their positions on the particle 
surface. Coating can have reactive components that can 
attract water, as for instance amino-treatment, or it can 
be hydrophobic as octyl-treatment; which will 
in
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