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The current through the poly(ethylene-co-butyl acrylate) 
with 13 wt% of butyl acrylate (EBA) filled with 6 wt% 
of alumina nanoparticles with an approximate diameter 
of 45 nm was studied under constant stress application. 
The particles were either unmodified or surface-treated 
with aminopropyltriethoxy silane. The current was 
measured either until breakdown or for maximum stress 
duration of 10 minutes. Two voltage levels were 
chosen: 15 and 22.5 kV, which were low enough not to 
cause a breakdown during the ramping of the voltage at 
the rate of 490 V/s to the constant voltage level at room 
temperature. Several ramping rates {100, 260, 500, 
1007} V/s were also tested for the reference unfilled
material to evaluate its influence on the time to 
breakdown. Several temperature levels were tried: 20
(room temperature), 40 and 50 ºC. 
As expected, higher applied voltage caused higher 
current through the materials, while higher temperature 
caused earlier breakdown as well as higher current. At 
the lower voltage level most of the materials survived 
the testing. At the higher voltage level most of the 
samples of the unfilled reference material failed at the 
temperatures above room temperature while most of the 
nanocomposite samples survived the testing even at 
higher temperatures.  

The subject of nanocomposite materials was and still is 
widely discussed in the literature in the recent years [1 – 
5]. A number of material properties such as treeing 
lifetime and partial discharge resistance were found to 
be improved by nanostructuration of a material, while 
some other properties such as breakdown strength as 
well as dielectric permittivity and loss could either 
increase, decrease or stay the same as for the reference 
unfilled material [4]. Understanding the reason behind 
the latter uncertainties could be advantageous for the 
ultimate goal with the nanocomposite materials, namely, 
tailoring of the material properties with 
nanostructuration of polymeric materials.
In this study the influence of applied voltage and 
temperature on the current through a nanocomposite 
based on EBA filled with alumina nanoparticles was 
evaluated.

A detailed description of the materials and sample 
processing is presented in [6, 7]. It can be summarized 
as follows. The unfilled reference material 
poly(ethylene-co-butyl acrylate) with 13 wt % of butyl 
acrylate content, supplied by Borealis (Stenungsund, 
Sweden). The latter was used either with (REF) or 
without (REFNAO) the addition of antioxidant Irganox 
1010 (a hindered phenolic antioxidant), supplied by 
Ciba Specialty Chemicals (Germany). The 
nanocomposite materials were filled with 6 wt% of the 
alumina nanoparticles, consisting of -phase and 

-phase particles, supplied by Nanophase Inc., 
USA. These nanoparticles were spherical shape with the 
average particle diameter of 45 nm and specific surface 
area of 36 m2/g. The nanoparticles could be used either 
as received (NDU6 materials) or surface-treated with 
the amino-propyltriethoxy silane (NDA6 materials). The 
amino-silane was supplied by Sigma-Aldrich. All 
materials and chemicals were used as received. 
All the nanocomposites were manufactured at the 
Department of Fibre and Polymer Technology, KTH 
[6]. 
The samples used in this study had the approximate 
thickness of 140 µm and a diameter of 3 cm. All 
samples were thoroughly dried in vacuum at 50 ºC for 
48h, followed by 60 ºC for 24h prior to testing.

In this study a modified constant stress test [8] was
employed. A constant voltage was applied to a sample 
and the current was measured either until breakdown or 
for maximum 10 minutes. The duration of the voltage 
application is chosen such that it exceeds the theoretical 
dielectric relaxation time constant of the nanocomposite 
[9]. Two voltage levels were chosen: 15 and 22.5 kV, 
which were low enough not to cause breakdown at room 
temperature during ramping up the voltage at the rate of 
490 V/s to the constant voltage level. Several ramping 
rates {100, 260, 490, 1007} V/s were also tested to see 
if it does have an influence on the time to breakdown
and charge dynamics in different materials. Several 
temperature levels were tried: room temperature, 40 and
50 ºC. The same measurement cell as in [10] was used
and the measurement circuit can be seen in Fig. 1. The 
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– Measurement circuit for constant stress testing

  
– An example of a typical original noisy current signal 

and the filtered curve

electrodes were made of stainless steel with the 
diameter of 6 mm and edge radius of 1 mm. All the 
electrodes were thoroughly cleaned with isopropanol 
and checked under a microscope for defects prior to 
testing.
The current through each sample was measured using a 
Keithley 427 Current Amplifier. Measurements were 
performed with the lowest filter rise time of the current 
amplifier of 0.01 ms. This should have allowed 
registering fast changes in the current but as a 
consequence the output was very noisy. Filtering was 
performed in matlab using Savitzky-Golay smoothing 
filter [11], which is typically used for smoothing out 
signals with high frequency content. This filter is based 
on a least squares fit to each window of data by a 
polynomial of a fixed degree. For this study the window 
size was chosen to be 3001 points and the polynomial 
degree was set at 7. Filtering resulted in a reasonably 
smooth curve; see Fig. 2 for an example of the original 
noisy current signal and the filtered curve. Furthermore, 
it was decided to reduce the number of data points by 
taking only 1 data point per 5000 existing points for 
easier plotting, as shown in Fig. 2.
It has to be mentioned here that reassuringly no direct 
correlation was established between the order in which 
the samples were tested and the measured current.

The speed of ramping up the test voltage at 
temperatures above room temperature had a strong 
impact on survival of the reference unfilled samples 

during the testing. For high ramping speeds the samples 
failed either during ramp or shortly thereafter, see Fig. 3.

There is a clear tendency of increasing current through 
the samples with increasing temperature for all the 
tested materials. The same tendency was reported in the 
literature for LDPE films [12]. Another tendency 
reported in the literature [13] is the time to breakdown 
decreasing linearly with increasing temperature under 
DC applied electric field. In this study it was found that 
the time to breakdown decreases with increasing 
temperature, see Table 1 for the data for the unfilled 
reference material. Statistically speaking the sample size 
was, however, insufficient in order to confirm linearity 
of this dependency. 

  
– Influence of ramping speed on the survival of the 

reference unfilled material without antioxidant, result for two 
samples of reference unfilled material with antioxidant at 260 
kV/s ramping rate is shown for comparison. The legend 
indicates the ramp in V/s – sample number.

– Time to breakdown for the reference unfilled 
material under a DC stress of 22.5 kV

Temperature Time to breakdown [s]
RT > 600

40 C 110

50 C 45

Considering the stability of the materials at 
temperatures above the room temperature it can be seen 
that at the voltage level of 15 kV all materials survive 
testing, while at voltage level of 22.5 kV it has to be 
noted that the materials filled with nanoparticles are 
more reliable than the unfilled materials, see Fig. 4. In 
fact at 22.5 kV all the samples of the unfilled reference 
material fail at the temperatures above room 
temperature, see Fig. 4(b). Unexpectedly, samples of the 
unfilled reference material without antioxidant fail both 
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at room temperature and at 40 C, while surviving the 
testing at 50 C, see Fig. 4(d). On the other hand, only 
one sample per NDU6 and NDA6 nanocomposites 
failed testing at 22.5 kV DC voltage level for the 
temperatures above room temperature (both cases at 50 
C), see Fig. 4(f, h). A possible explanation for the 

failure of the reference unfilled material could be the 
mechanism involving space charge accumulation [14] 
which changes the electric field in the material. This 
explanation is based on existence of zones with different 
conductivities due to the injected charge travelling 
through the material and filling up the available traps on 
its way, which results in a more conducting zone where 
all the traps are filled. So that the stability of the 
nanocomposite materials could possibly be explained by 
higher conductivity in comparison to the unfilled 
reference material which results in lower space charge 
accumulation and consequently longer time until 
breakdown in the same conditions.
Comparing the current through the nanofilled materials 
it can be said that the current through the materials filled 
with the untreated nanoparticles was higher than for the 
materials filled with the nanoparticles surface-treated 
with the amino-silane, see Fig. 4(e-h). This could 
indicate that the latter material is more stable than the 
former, possessing higher breakdown strength as was 
seen in [10]. Also the behavior of current decay is 
different between the two nanofilled materials: for the 
materials filled with the untreated nanoparticles there is 
an obvious decay in current magnitude with time after 
reaching a peak, which is somewhat similar to the trend 
exhibited by the unfilled reference material, see Fig. 4(e-

h). For the materials filled with the nanoparticles with 
amino-silane surface treatment the current seems to 
increase and then stays rather constant, see Fig. 4(g, h).
This could be explained by the reactivity of the amino 
silane surface treatment of the nanoparticles which 
could capture charges and result lower currents in 
comparison to other nanocomposites as was shown in 
[10].

It was found that higher applied voltage resulted in 
higher currents through the materials, and higher 
temperature led to shorter time to breakdown as well as 
higher current. At the voltage level of 15 kV most of the 
materials survived the testing. At the voltage level of 
22.5 kV most of the samples of the unfilled reference 
material failed at the temperatures above room 
temperature while most of the nanocomposite samples 
survived the testing even at higher temperatures. This 
could be explained by space charge accumulation which 
modifies the electric field in the material. The better 
performance of the nanocomposite materials could be 
due to higher conductivity in comparison to the 
reference unfilled material which results in lower space 
charge.
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– Measured current through (a, b) – reference unfilled materials with antioxidants, (c,d) – reference unfilled materials without 

antioxidants, (e, f) – materials filled with untreated nanoparticles and (g, h) materials filled with amino-silane surface-modified 
nanoparticles.  DC voltage stress used was 15 kV for the figures in the left column and 22.5 kV for the results in the right 
column. The legend indicates the temperature in C – sample number.
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