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Abstract—A new class of insulating materials is the class of 

polymer nanocomposites. In the past twenty-five years, a lot of 

attention was paid to the various electrical, thermal and 
mechanical properties of polymer nanocomposite materials. In 

the present work, epoxy resin samples without and with 

nanoparticles (0 wt%, 1 wt%, 3 wt%, 5 wt%, and 10 wt%) are 

investigated regarding the surface discharges and the flashover 

voltages. Four different water droplet arrangements were used, 

with eight different water conductivities in order to see the effect 
of the nanoparticle content on the surface discharges and the 
flashover voltages. 
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I. INTRODUCTION  

A nanocomposite is defined as a material having 
constituents, one of which has dimensions in the nanorange. 
Intensive research in the field of nanocomposites started 
especially after the publication of [1]. Numerous other 
publications followed explaining the workings of such 
materials [2, 3]. Models have been proposed and commented 
upon regarding the behavior of the polymer nanocomposites [4, 
5]. It was shown that polymer nanocomposites present 
improved electrical, thermal and mechanical properties 
compared with the respective conventional polymers. Polymer 
nanocomposites have been applied in various industries, such 
as the automobile industry, the building industry and the food 
industry. Although much research has been carried out on 
various aspects of polymer nanocomposites, relatively little is 
known w.r.t. their surface discharge and flashover behavior [6]. 
As reported before, surface phenomena in polymer 
nanocomposites are important because they determine to a 
significant extent their behavior in indoor as well as in outdoor 
high voltage applications [7]. Surface discharges and 
consequently the flashover phenomenon are due, among other 
factors, to the presence of water droplets on the polymer 
nanocomposite surface. It is the aim of this paper to investigate 
the influence of various water droplet arrangements, with 
various water conductivities, under uniform electrical fields on 
epoxy resin nanocomposite surfaces. A sample with no 

nanoparticles at all was used as reference. The epoxy resin 
nanocomposites contained nanoparticles of percentages 1wt%, 
3wt%, 5wt% and 10wt%. The present work continues previous 
work conducted with the same samples [7]. 

II. WATER DROPLET BEHAVIOR 

Water droplets on an insulating surface under the influence 
of an electrical field tend to deform. Surface discharges follow 
such deformation. Dry zones may ensue, then local arcs and 
finally a flashover. Such a sequence of events is more or less 
common in both indoor and outdoor high voltage applications, 
although there are some differences [8, 9]. When a droplet 
becomes unstable because of a deformation, tiny droplets may 
be rocketed from it. The initial droplet oscillates violently and 
the tiny droplets are highly charged. The main droplet becomes 
smaller in size as well as in electric charge. Under an electric 
field this is an ongoing process which may lead to intense 
surface discharging, formation of dry zones and then local 
arcing. Relevant research performed in the past revealed that, 
in the case of polymer nanocomposites, the contact angle of the 
water droplet increases with the increase of the nanoparticle 
content and that the positioning of the droplet w.r.t. the 
electrodes is also important [10, 11]. 

III. EXPERIMENTAL ARRANGEMENT AND INSULATING 

MATERIALS 

The experimental arrangement used is described in detail in 
earlier publications [7, 12] and only a brief mention will be 
given here. The voltage was supplied from a 20kV transformer. 
The electrodes were made of copper and had a half cylindrical 
shape with rounded edges. Needless to say that care was taken 
so that their surfaces were very smooth. The water droplets are 
shown in Figures 1-4, and they were positioned on the sample 
in four different arrangements. It must be emphasized that two 
of the droplet arrangements in the present paper (those of 
Figures 3 and 4) are different from the ones described in [7]. 
Eight different water conductivities were used, namely 
1.4µS/cm, 100µS/cm, 200µS/cm, 500µS/cm, 1000µS/cm, 
2000µS/cm, 5000µS/cm and 10000µS/cm. In Figure 1, one 
droplet of volume 0.05ml (or 0.1ml) was put at a distance of 
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1.25cm from the electrodes. In Figure 2, two droplets (each of 
0.05ml or 0.1ml) were positioned one next to the other at a 
distance of 0.8cm between them and 0.8cm from the 
electrodes. In Figure 3, two droplets were positioned one on top 
of the other of 0.05ml (or of 0.1ml) at a distance of 1.25cm 
from the electrodes and at a distance of 1 cm from each other. 
In Figure 4, three droplets were positioned, each of 0.05ml (or 
0.1ml) at a distance of 1.25cm from the electrodes. 

 

 
Fig. 1.  One-droplet arrangement 

 
Fig. 2.  Two-droplets arrangement 

 
Fig. 3.  Two-droplets arrangement 

The polymer nanocomposite used was epoxy resin plates 
having nanoparticles with 1wt%, 3wt%, 5wt% and 10wt%. A 
reference sample with no nanoparticles at all was also used.The 
epoxy nanocomposite was synthesized by mechanical shear 
mixing of organo-clay in the resin bath at room temperature. 
The high speed shear mixer consists of an impeller which 
rotates at a high speed of 2000rpm.The clay mineral used was 
organophilic montmorillonite (MMT) procured from Southern 
Clay products Inc. (Gonzales, Texas) with the trade name of 
Garamite1958 (colour: off white, bulk density: 1.5-1.7g/cc, 
weight loss at 10000C: 37%, d spacing at d001: 17.2Å). 

 
Fig. 4.  Three-droplets arrangement 

After uniform mixing of MMT clay in epoxy resin (which 
was DGEBA, CY205, Ciba Geigy Inc.), 10 wt% of 
triethylenetetramine (TETA) hardener was added and then 
casted in a mould of required dimension and then degassed. 
The MMT clay belongs to a family of 2:1 layered silicates. 
Epoxy nanocomposites of 3mm thickness with different 
percentages (1–10%) of clay were prepared [7]. The surface 
roughness of the samples was measured with a Perthen device 
(Perthometer M4P) and it gave the following results 
(minimum-maximum roughness): for the 0wt% (reference) 
sample from 0.59µm to 0.69µm, for the 1wt% sample from 
0.60µm to 0.79µm, for 3wt% sample from 0.49µm to 0.59µm, 
for the 5wt% sample from 0.60µm to 0.68µm and for the 
10wt% sample from 0.22µm to 0.22µm. 

IV. EXPERIMENTAL METHOD 

The parameters investigated in this work were the water 
conductivity, the number of droplets, the droplet volume and 
the positioning of the droplets w.r.t. the electrodes. The 
experimental method followed was the same as in previous 
papers [7] and it will briefly be given here: the droplet(s) were 
put on the polymer surface. Then the voltage was raised until 
flashover happened. After that, new droplet(s) of the same 
number, volume and positioning were put on the surface and 
the voltage was raised up to a voltage which was lower by 
1.2kV from the previous flashover. At this voltage the whole 
arrangement would stay for 5 minutes. If no flashover 
occurred, the voltage was raised by further 0.4kV and kept for 
another 5 minutes and this went on until flashover occurred. 
That was the flashover that was recorded. The reason the 
voltage was allowed to stay for 5 minutes at each value was 
because we wanted to see whether the droplet (or droplets) 
were deforming and whether surface discharging was starting. 
As in the previous publication [7], we thought that 5 minutes 
was enough time in order to see the oscillation and eventual 
deformation of the droplet(s), the development of surface 
discharges and the actual flashover. Needless to say that for 
every new experiment, the electrodes were meticulously 
cleaned. The distance between the electrodes in all experiments 
was set at 2.5cm. The droplets were put on the polymer surface 
with the aid of a syringe. Different syringes were used for the 
different water conductivities. Flashover occurred either 
through the air (Figure 5) or through the droplets (Figure 6). 

V. EXPERIMENTAL RESULTS 

Figure 7 shows the variation of flashover voltage with water 
conductivity for one droplet of 0.05 ml. Figure 8 shows the 
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variation of flashover voltage with water conductivity for two 
droplets next to each other, each having a volume of 0.05ml. 

 

 
Fig. 5.  Flashover through the air 

 
Fig. 6.  Flashover through the water droplets 

Figure 9 shows the variation of flashover voltage with 
water conductivity for two droplets of 0.05 ml each and being 
one on top of the other. Figure 10 shows the variation of 
flashover voltage with water conductivity for the three droplets, 

each having a volume of 0.05ml. Figure 11 shows the variation 
of flashover voltage with water conductivity for one droplet of 
0.1ml. Figure 12 shows the variation of flashover voltage with 
water conductivity for two droplets next to each other, each 
having a volume of 0.1ml. Figure 13 shows the variation of 
flashover voltage with water conductivity for two droplets of 
0.1ml each and being one on top of the other. Figure 14 shows 
the variation of flashover voltage with water conductivity for 
the three droplets, each having a volume of 0.1ml. It must be 
noted that in all Figures the blue line indicates the sample with 
0wt% nanoparticles, the red line indicates the sample with 
1wt% nanoparticles, the yellowline indicates the sample with 
3wt% nanoparticles, the purple line indicates the sample with 
5wt% nanoparticles and the greenline indicates the sample with 
10wt% nanoparticles. 

VI. DISCUSSION 

In most experiments there was an oscillation of the 
droplet(s), which eventually were breaking up. For the droplets 
arrangement of the three droplets, it was noticed that there was 
too often a deformation and eventual break-up of the middle 
droplet. In the case of the two droplets, with one next to the 
other, it was often observed an oscillation and eventual coming 
together of the two droplets. In all results, irrespective of the 
number and/or the volume of droplets, water conductivity 
seems to lower the flashover voltage. As the conductivity 
increases, the flashover voltage decreases. The volume of the 
droplets plays also an important role, i.e. the flashover voltage 
seems to be lower for the 0.1ml droplet(s) than for the 0.05ml 
droplet(s). The positioning of the droplets w.r.t. the electrodes 
plays also a vital role, i.e. as the distance of the droplet(s) from 
the electrodes becomes smaller, the flashover voltage decreases 
(compare for example, the results between Figures 12-13). 

 
Fig. 7.  Comparison of flashover voltages for one droplet of 0.05ml 

 
Fig. 8.  Comparison of flashover voltages for two-droplets arrangement of 0.05ml each (one droplet next to the other)  
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Fig. 9.  Comparison of flashover voltages for two-droplets arrangement of 0.05ml each (one droplet on top of the other)  

 

 
Fig. 10.  Comparison of three-droplets arrangement of 0.05ml each 

 

 
Fig. 11.  Comparison of one-droplet arrangement of 0.1ml  

 

 
Fig. 12.  Comparison of two-droplets arrangement of 0.1ml each (one droplet next to the other)  
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Fig. 13.  Comparison of two-droplets arrangement of 0.1ml each (one droplet on top of the other) 

 
Fig. 14.  Comparison of three-droplets arrangement of 0.1ml each  

This reminds us of a similar effect with the partial 
discharges, where cavities next to electrodes give higher 
discharge magnitudes than cavities which are totally enclosed 
in the solid insulation [13-15]. Certainly, the proximity with the 
electrodes seems to initiate more easily electron emission in 
either case. The polymer nanocomposite surface is of great 
importance for the flashover data. It seems that nanocomposites 
with 1wt% and 3wt% nanoparticles have higher flashover 
voltages than the pure epoxy resin (with 0wt%), whereas the 
sample with 5wt% nanoparticles has comparable flashover 
voltages with the pure epoxy resin. The polymer 
nanocomposite with 10wt% nanoparticles gives the lowest 
results, even lower than the pure epoxy resin. The fact that 
polymer nanocomposites have higher flashover voltages than 
pure epoxy resin seems to agree with previous published 
research [16], where it was pointed out that the depth of erosion 
in pure polymers is larger than the erosion depth of polymer 
nanocomposites. This was attributed to the coming onto the 
surface of the nanoparticles and this contributes to the lowering 
of the surface discharges. However, as noted, a big increase of 
nanoparticle content does not necessarily imply the increase of 
flashover voltage. The 10wt% nanocomposite in our 
experiments did not perform well, even in comparison with the 
pure epoxy resin. The results of the present work agree with 
those published before, albeit with somehow different droplet 
arrangements [7, 17]. It may be that, as the percentage of 
nanoparticles increases beyond a certain value, agglomerations 
of nanoparticles may appear which may be sites of further 
discharging and of eventual erosion of the nanocomposite 

surface. This explanation, however, has to be further 
investigated. An ever increasing percentage of nanoparticles in 
a polymer may not be advisable in the light of other 
experimental evidence, as was noted elsewhere [18, 19]. 

The problem of the negative effect of exceeding 
nanoparticle content in a polymer has to be further investigated. 
A lot of research has been done regarding the effect of 
nanoparticle agglomerations on partial discharge activity [20, 
21]. It is established that nanoparticle agglomerations may 
hinder the electrical performance of a polymer nanocomposite 
and may lower its breakdown strength. However, when one 
comes to the surface discharge behavior of the polymer 
nanocomposites, relevant information is missing or it is rather 
scant. There are reports of improvement of flashover voltage 
with the addition of carbon black nanoparticles (1 wt%) in 
ethyl-vinyl acetate [22]. According to the authors of [22], the 
improvement is attributed to the introduction of deeper traps 
capturing the charges and thus increasing the flashover voltage. 
In yet another work [23], the authors claimed that low 
nanoparticle content (1wt%) increases the density of deep traps 
and helps in improving the flashover voltage. However, with 
higher nanoparticle content, distances between adjacent 
nanoparticles decrease. Overlapped interaction zones of 
nanoparticles are quasi-conductive and they raise the energy 
level of traps. Deep traps are replaced by shallow traps and the 
latter contribute to charge dissipation. This in turn increases the 
mobility of carriers and increases the conductivity of 
nanocomposites. Consequently, charge carriers tend to move 
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through connected interaction zones more freely and thus 
triggering of a surface flashover becomes more probable. The 
above may be an explanation as to why higher nanoparticle 
content lowers the flashover voltage, but it is advisable to 
perform further research on the subject. An interesting topic of 
further contemplation may be about the role of nanoparticle 
agglomerations, since these, although they play a negative role 
in internal discharges, at least according to some researchers 
may play a positive role for surface flashover [16]. According 
to [16], nanoparticles may come onto the surface after the 
occasional erosion, and thus may act as minute barriers against 
the development of either a surface discharge or a flashover. 
There is, however, another point of view offered in [24]. 
According to [24], nanoparticles coming onto the surface of the 
nanocomposite, may agglomerate and cause local asymmetrical 
fields because of their higher dielectric constant. Further work 
is urgently needed in order to clarify the whole mechanism. 
Needless to say that all the above have to be investigated in the 
light of the morphology of polymer matrix, of processing 
conditions, of lamellar thickening process, and of crystallinity 
[25]. 

The present experimental results give an idea as to the 
parameters affecting the water droplet behavior on 
conventional and nanocomposite polymeric surfaces. A better 
picture may emerge if there will be more experiments w.r.t. the 
evolution of droplets with time. It is hoped that with this kind 
of experiments, details of the break-up of droplets will emerge 
with the aid of ultra-fast photographic apparatus. Even more 
interesting would be the clarification of the role of 
nanoparticles with surface ageing, since it was reported that 
nanoparticles affect decisively the surface roughness during the 
ageing process [26]. The results of the present work point out 
to the influence of water conductivity, number of droplets as 
well as of their positioning on the flashover voltage. Relatively 
little influence has the surface roughness of the polymer 
nanocomposite, as is evident in the results presented here. The 
latter remark is at variance with previously published work [27] 
(it must, however, be noticed that in [27], different insulating 
materials from the ones used in this work were used). The 
10wt% nanocomposite has the lowest roughness but it also has 
the worst performance from all samples. The conclusions of the 
present work, regarding the above mentioned factors, agree 
qualitatively with previously published research [28, 29]. 

VII. CONCLUSIONS 

Factors that affect the flashover voltage in polymer 
nanocomposites are the water droplet conductivity, the number 
of droplets on the polymer surface and the positioning of the 
droplets w.r.t. the electrodes. The highest flashover voltages 
were noted with samples having nanoparticles in the range of 1 
wt% up to 3 wt%. Such percentages agree qualitatively with 
experimental results of other researchers. Higher nanoparticle 
content may cause a decrease of flashover voltage. Whether 
this is due to nanoparticle agglomerations or whether it is due 
to some inner workings of interaction zones between the 
nanoparticles remains to be seen. 
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