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Abstract— In this paper nanocomposite samples of epoxy resin 

and TiO2 nanoparticles were investigated with water droplets on 

their surface. A uniform electric field was applied and the 

behaviour of the water droplets was observed. Parameters that 

were studied were the water conductivity, the droplet volume, the 

number of droplets and the droplet positioning with respect to 

(w.r.t.) the electrodes. All above mentioned parameters influence 

the flashover voltage of the samples. It is to be noted that – at 

least in some cases – the water droplet positioning w.r.t. the 

electrodes was more important in determining the flashover 

voltage than the droplet volume. 

Keywords- flashover voltage; surface discharges; 

nanocomposites; uniform electric field; water droplet; water 

conductivity 

I. INTRODUCTION 

Epoxy resin is an insulating material widely used in high 
voltage various applications [1, 2]. Traditional base polymeric 
materials improve their electrical properties when they are 
mixed with small percentages of nanoparticles [3]. Addition of 
small quantities of nanoparticles in percentages weight smaller 
than 10% also improve the thermal and mechanical properties 
of the nanocomposites. For such materials, the interfaces play a 
most important role [4]. Nanocomposite polymers may be 
classified in intercalated nanocomposites (formed when there is 
limited inclusion of polymer chain between the clay layers with 
a correspondingly small increase in the interlayer spacing of a 
few nanometers) and exfoliated nanocomposites (which are 
structures formed when the clay layers are well separated from 
one another and individually dispersed in the continuous 
polymer matrix) [5]. 

Nanocomposite polymers present higher breakdown 
strength than their base counterparts [6]. Space charges have a 

much more even distribution in nanocomposite polymers than 
in base polymers [7]. The thermal conductivity of 
nanocomposite polymers is also improved compared with their 
base polymer counterparts [8]. Electrical treeing behaviour is 
also improved in nanocomposites [9, 10]. The addition of 
nanoparticles in conventional polymers helps also in increasing 
their resistance against partial discharges (PD) [11].  

In this paper, epoxy resin with TiO2 nanoparticles was 
investigated. Samples with 1% and 3% weight percent (wt) 
were tested. The purpose of this work was to see how water 
droplets arrangements on the surface of such samples under the 
effect of uniform electric field affect the flashover voltage. 
Parameters, such as water droplet conductivity, number of 
droplets, droplet volume and droplet positioning w.r.t. the 
electrodes were examined. 

II. WATER DROPLETS ON POLYMER SURFACES AND THE 

FACTOR OF HYDROPHOBICITY 

The forces acting on a droplet on a solid insulating surface, 
in case no electric field is applied, are the surface tension of the 
liquid, the surface tension of the solid and the interfacial 
tension between the droplet and the solid. An applied electric 
field results in a deformation/elongation of the droplet. This 
deformation will eventually influence the distribution of the 
electric field. Local field intensifications may ensue and micro-
discharges may occur between droplets. Such a mechanism 
may cause the formation of dry zones and the root of the 
electrochemical deterioration of the insulator surface [12]. 

Most polymeric materials used for outdoor applications 
have some sort of hydrophobicity, i.e. the capability of 
retaining discrete droplets on the insulator surface. Loss of 
hydrophobicity may result from surface discharges, pollution of 
the insulator surface and/or from ultraviolet radiation. 
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The contact angle is given as  
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where b, θ and r as in Figure 1.  

 

Fig. 1.  Model for the calculation of contact angle 

Generally speaking, when a water droplet is positioned on a 
nanocomposite surface under a high electric field parallel to the 
surface, discharges may appear and surface tension may be 
reduced with the increase of temperature at the edge of the 
droplet. In this way, the droplet starts deforming and 
continuous discharges may ensue between the edges of the 
droplet and the electrodes [14].  

III. EXPERIMENTAL ARRANGEMENT 

The voltage was supplied from a 20 kV transformer. The 
dimensions of the electrodes are shown in Figure 2. The 
electrodes were made of copper and they are half cylindrical 
with rounded edges. No asperities were allowed on the 
electrode surfaces. They were positioned on the epoxy resin 
sample at a distance of 2.5 cm from each other. The aim of the 
experiments was to measure the flashover voltage with 
different droplet arrangements at different conductivities.  

 

 

Fig. 2.  Top view of one of the electrodes and cross section  

The water droplets were positioned on the sample surface 
with the aid of a special arrangement consisting of a metallic 
frame and three rules, one of which had two laser indicators. 
The water droplets were poured into the sample surface with 
the aid of a syringe. The droplet arrangements are shown in 
Figure 3, with all dimensions given in cm. 

 

 
Fig. 3.  Droplet arrangements for the experiments (all dimensions in cm) 
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The conductivities investigated were 1.4 µS/cm, 100 
µS/cm, 200 µS/cm, 500 µS/cm, 1000 µS/cm, 2000 µS/cm, 5000 
µS/cm and 10000 µS/cm. The conductivity measurements were 
performed with the aid of an electronic measuring device of 
conductivity of Type WTW inoLab cond Level 1 with a probe 
WTW Tetracon 325 (Figure 4). 

The following droplet arrangements were used: 1) one 
droplet of 0.05 ml volume each, 2) two droplets of 0.05 ml 
volume with a distance of 0.8 cm between their centres, 3) 
three droplets of 0.05 ml volume each, forming a triangle, 4) 
four droplets of 0.05 ml each, 5) one droplet of 0.1 ml volume 
at a distance of 1.25 cm from the electrodes and 6) two droplets 
of 0.1 ml each at a distance of 1 cm from each other and 1.25 
cm from the electrodes. In Figure 5, various droplet 
arrangements on the nanocomposite samples are shown 

The surface roughness of the samples was measured with 
the aid of a Perthen Type Perthometer M4P device. Surface 
roughness for the epoxy nanocomposite samples of 1% wt was 
0.19 and 0.20 µm and for the 3% wt nanocomposite samples 
was 0.15 µm and 0.20 µm. 

After positioning the droplets on the epoxy resin surface, 
the voltage was slowly raised until flashover occurred. After 
that and after cleaning the surface and positioning new droplets 
on it, the voltage was raised up to the previous flashover value 
minus 1.2 kV, so that no new flashover would occur. At this 
voltage value, the arrangements would stay for 5 min. If no 
flashover occurred, the voltage was raised by 0.4 kV and the 
procedure was repeated until flashover occurred. The new 
flashover value was recorded. The reason for allowing the 
voltage for 5 min at each voltage level was because a certain 
time was required for the droplets to deform and for the PD to 
start. 

 

 
Fig. 4.  Device for conductivity measurements 

IV. EXPERIMENTAL RESULTS AND DISCUSSION 

In Figures 6 and 7 the experimental results with the various 

droplet arrangements, the different water conductivities and 

droplet volumes are given. 

It is evident that water conductivity and droplet volume 
have an inportant effect on flashover voltage, i.e. a larger 
droplet volume may imply a shorter distance of the droplets 

from the respective electrodes. If we compare, for example, the 
results between the droplet of 0.1 ml and that of 0.05 ml, we 
see that the latter gives higher flashover voltage for both 
investigated nanocomposites. The number of droplets is also a 
factor not to be neglected. Increasing water conductivity 
implies a reduced flashover voltage for both nanocomposites, 
irrspective of their content in TiO2 nanoparticles. Another 
significant parameter affecting the flashover voltage of the 
nanocomposite is the positioning of the droplets w.r.t. the 
electrodes. Having in mind the water droplet arrangements 
used, if we compare, for example, the results between the 
arrangement with two droplets of 0.05 ml each and the 
arrangement of two droplets of 0.1 ml each, we realize that the 
latter offers a higher flashover voltage than the former. This is 
valid for both nanoparticle contents. It is indicated from the 
above figures that the distance of the droplets from the 
electrodes plays an important role and – sometimes – a more 
critical than the droplet volume. If the results of Figure 6 and 
Figure 7 are compared with those of pure epoxy resin (i.e. 
without any nanoparticles, Figure 8 [15]), it is evident that the 
addition of nanoparticles improves the flashover voltage of 
epoxy resin. 

The nanocomposite epoxy resin is proven to give higher 
flashover voltages than the epoxy resin without nanoparticles. 
Of the two nanocomposite polymers investigated here, the one 
with 1 %wt has the superior flashover voltage for most droplet 
arrangements. Evidently, the optimum percentage of 
nanoparticles depends on the base material as well as on the 
nature of the nanoparticles. The addition of nanoparticles can 
improve the flashover voltage of a polymeric material up to a 
certain point. If a larger percentage of nanoparticles is added, 
the electrical properties of the nanomaterial may deteriorate. 

 

 

 
Fig. 5.  Various droplet arrangements 

It was proposed that in the event of a surface flashover in 
nanocomposite polymers, the regions that are destroyed are 
those of epoxy resin, with the consequence of the nanoparticles 
coming to the surface and forming agglomerations. Such 
nanoparticle agglomerations contribute to reducing the 
degradation of the surface [16]. Moreover, SEM photographs 
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of degraded polymer surfaces showed that the channels caused 
by surface degradation are much deeper and wider in the case 
of the base polymers than in the case of nanocomposites [17]. 
This may be due to the beneficial effect of the nanoparticles 
coming up to the surface and thus hindering discharge channels 
to be created [17, 18]. 

Regarding the flashover event in nanocomposite epoxy as 
well as in simple epoxy resin, one may say that under a.c. 
voltages more carbonization of the material was observed when 
simple epoxy resin was tested than when nanocomposite epoxy 
was tested. This is in agreement with previous research [17, 
18].  

Under ac voltages, the water droplet was first oscillating 
and then approaching one of the electrodes. The flashover 
voltage was recorded either as a flashover through the air or 
through the water droplets. In most experiments the water 
droplet(s) started oscillating at the voltage at which flashover 
was observed. In other experiments there was a deviation of 0.6 
kV on average. 

 

 
Fig. 6.  Results with epoxy resin nanocomposite with 1% wt of TiO2 

nanoparticles 

 
Fig. 7.  Results with epoxy resin nanocomposite with 3% wt of TiO2 

nanoparticles 

 

Fig. 8.  Results with epoxy resin (without nanoparticles) 

A criticism that may be leveled at this work is whether, 

given the small size of the electrodes, the applied electric field 

was uniform. Having in mind the small volumes of the 

droplets used, we consider – with the size of the electrodes 

employed in this work – the electric field was uniform. We 

plan, however, in the future more research with the same 

droplet volumes but with bigger electrodes. 

 

 
Fig. 9.  Droplet deformation under the influence of electric field 

V. CONCLUSIONS 

In this paper, several factors affecting the flashover voltage 

on nanocomposite polymeric surfaces were investigated, such 

as water droplet volume, droplet number, water conductivity 

and positioning of droplets w.r.t. the electrodes. The flashover 

voltage is influenced by all these parameters. It is to be noted 

that in some cases, the positioning of water droplets w.r.t. the 

electrodes is more important than the droplet volume. 
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