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Abstract—Nanofluids seem to gradually become an alternative to 
traditional insulating liquids, such as transformer oil. In this 
paper, a short review of experimental results as well as of 
possible breakdown mechanisms and of some of the factors 
affecting the breakdown strength of the said fluids is conducted. 
Most of the reports suggest that the addition of nanoparticles in 
insulating liquids improves the breakdown strength. However, 
some reports that contradict the above are also to be found. In 
view of this, an outline of future research is discussed. This 
review does not encompass all possible effects, parameters  and 
factors affecting nanofluids but it is solely concerned with 
breakdown strength. 
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I. INTRODUCTION  

Traditional insulating liquids, e.g. transformer oils, have 
served well for many decades the high voltage industry. 
Alternative liquids such as, among others, silicone liquids are 
also used. Liquids are easy to fill a space, they can easily be 
circulated and they can dissipate heat. They have a satisfactory 
dielectric strength but, on the other hand, they can easily be 
contaminated from foreign particles, air bubbles etc.,. 
Contamination has as a result the decrease of their dielectric 
strength.  Besides contamination other factors also play a role 
in affecting their dielectric strength. Factors such as area, gap 
spacing, liquid volume under stress, type of applied voltage, 
rate of applied voltage, play a vital role in determining the 
dielectric strength and, in general, the performance of an 
insulating liquid [1, 2].  

Nanofluids have recently attracted the interest of the 
scientific and industrial community since they present good 
insulating properties and numerous people think them as an 
alternative to traditional insulating liquids. The basic new idea 
is that if insulating liquids are mixed with a certain percentage 
of nanoparticles, the thermal conductivity of the mixture 
increases and also the electrical properties are improved. It is 
the aim of the present short review to indicate aspects of 
traditional insulating liquids and also how such liquids can be 
improved with the addition of nanoparticles. It must be 
emphasized that the present review is not an exhaustive review 
on the parameters affecting the electrical behavior of 

nanofluids but it only concentrates on one basic quantity, that 
of their breakdown strength. It must be noted that in the context 
of the present work the terms “breakdown strength” and 
“dielectric strength” are used interchangeably. 

II. TRADITIONAL INSULATING LIQUIDS: GENERAL REMARKS 

Insulating liquids can fill any required space, they have a 
relatively low dielectric constant (about 2.2-2.3), relatively low 
dielectric losses, and – under certain conditions - they can 
recover their previous dielectric strength. An ideal insulating 
liquid must have, among others, high dielectric strength, low or 
high dielectric constant depending on the application, good 
thermal conductivity, low toxicity, good chemical stability and 
the appropriate viscosity [1, 2]. Insulating liquids, however, are 
sometimes difficult to continue to have a high dielectric 
strength (especially if they have a large liquid volume) and they 
are easily contaminated (from foreign particles and air bubbles) 
[3].  Moreover, some of them presented high toxicity (e.g. 
PCB) and they have been removed from service. In industrial 
applications, such as in transformers, insulating liquids suffer 
from aging and all the consequences that entails [4].  

Numerous publications refer to the factors affecting the 
dielectric strength of traditional insulating liquids. They all 
tend to some basic points: the dielectric strength of the 
insulating fluid decreases with the increase of the electrode 
area, with the increase of the gap between the electrodes, with 
the increase of the stressed liquid volume [5]. Other vital 
factors of a good performance of insulating liquids are the 
cleanliness of the electrodes, the cleanliness and the way of 
preparation of the liquid, i.e. the quality of the liquid, the 
conditioning process [6]. The most widely used insulating 
liquid is probably the transformer oil which is used in 
transformers, switching gear, capacitors etc. Transformer oil 
can age with time and it must be regularly checked in order to 
see whether its quality is still acceptable for further use. A 
variety of tests is available to researchers and utilities for this 
purpose. Transformer oil must be controlled regarding a whole 
series of tests w.r.t. its color, surface tension, dielectric 
strength, density, tan delta, diluted gaseous substances, 
resistivity etc. [7, 8].  

Temperature is one of the factors influencing the electrical 
performance of transformer oil. Increase of temperature implies 
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a decrease of its resistivity. Temperature affects the dielectric 
constant of transformer oil, especially if it has some traces of 
moisture. Increase of temperature means an increase in 
dielectric constant. Humidity has also a negative effect on the 
performance of the oil since it decreases its dielectric strength. 
Under certain conditions, traces of humidity cause breakdown 
channels [2]. It is imperative that humidity should not be 
allowed in transformer oil of industrial cleanliness . Foreign 
particles create the so-called particle bridges, which in turn 
facilitate the breakdown channels and consequently the 
breakdown. Such particle bridges are more conducting than the 
surrounding oil [9]. Air bubbles trapped in the oil are also a 
determining factor for the oil dielectric strength. Air bubbles, 
as having a lower dielectric constant than the oil, tend to 
elongate with increasing applied voltage. The larger the 
difference between the dielectric constants of air and oil, the 
smaller the required voltage for bubble elongation [10].  

III. BREAKDOWN IN CONVENTIONAL LIQUIDS  

According to weak link theory, the dielectric strength of 
transformer oil is as good as its weakest spot. This theory 
entails some statistical approach and there are numerous papers 
in this direction [11-14]. There has also been some discussions 
as to what sort of statistical distribution such a theory follows, 
extremal or normal [5, 15]. Other theories were based on 
bubble elongation and subsequent breakdown [10]. Streamer 
theory has been followed in a number of papers [16]. Streamer 
theory is based on the notion that electrons are accelerated – 
because of the applied voltage – and collide with liquid 
molecules, resulting thus in tine air pockets. Such tine regions 
are regions of low density. Such a low density region has a 
dielectric constant different from that of the surrounding liquid 
and a steamer will result. Such a streamer will expand towards 
the anode and will eventually cause breakdown in the liquid. 
Needless to say that such an emerging  picture depends on the 
experimental conditions,  such as the shape of the electrodes, 
the type of the applied voltage, the chemical constitution of the 
liquid and the hydrostatic pressure. Positive streamer having 
originated from the anode and going to the cathode seem to be 
more filamentary than the negative streamers. Both the positive 
and negative streamers seem to have four distinct modes of 
propagation [16]. 

IV. NANOFLUIDS 

Nanotechnology originally was proposed as an alternative 
to the solution of problems in [17]. Nanofluids as such were 
proposed in [18], who defined them as liquids having two 
phases: the conventional (that of the liquid) and nanoparticles 
(with dimensions between 1-100 nanom). Various types of 
nanoparticles were proposed as additives for the nanofluids. 
Nanoparticles may be classified as conducting, insulating and 
semiconducting. Biofluids, insulating oils, ethyl glycol etc. As 
were considered as base liquids. Nanofluids are colloid systems 
of two phases. A nanofluid must be stable, i.e. the nanoparticles 
must be evenly dispersed throughout the liquid, they must have 
prior treatment and they must not form agglomerations. 
Nanoparticles are expected to improve the electrical and 
thermal properties of the insulating liquids since – because of 
their small dimensions – have large interfacial area. Obviously, 

the interfacial zone increases dramatically by decreasing the 
particle size. 

A nanofluid – being a colloidal system – must have 
thermodynamic stability and - depending on the relation 
between the attractive and repulsive forces among the 
nanoparticles – must avoid particle agglomerations. The 
behavior of a nanofluid can be explained with Tanaka’s model 
developed in [19]. Originally, the model was proposed for 
polymer nanocomposites. However, as it is based on Colloidal 
Chemistry, it can also be applied to nanofluids. Nanoparticles 
are supposed to be covered by interfaces. Such interfaces are 
formed by chemical reactions of the surface of the 
nanoparticles with liquid molecules [20]. According to [19], 
nanoparticles consist of three layers, one tightly bonded with a 
thickness of about 1 nm, the second bound layer of thickness of 
about 2-9 nm, and a third layer which is a loose layer of 
thickness of some tens of nm. It is the third layer that comes 
into contact with the surrounding base material and it creates 
the interface between the nanoparticle and the base material. It 
is true that originally this model was proposed for polymer 
nanocomposites but it can also be applied to nanofluids (a 
detailed descriptions of several nanocomposite models are 
given in [21-24]). Actually the principles are the same, in the 
case of the nanofluids since we have again nanoparticles 
surrounded by a base material.  

One should not forget, however, that in the case of the 
nanofluids there is a larger and freer nanoparticle movement 
than in the case of the polymer nanocomposites. In fact, that 
model model must have inspired another model based on EDL 
(electric double layer). In [25], it was reported that “according 
to the electric double layer (EDL) theory, when the 
nanoparticles surface is in contact with transformer oil, the free 
charge in the oil will be attracted to the nanoparticles surface. 
The static charge on the nanoparticles surface will attract the 
counter-ions and repel the co-ions in the transformer oil. The 
charges on the particles surface and the re-arranged ions in the 
oil form the EDL. Immediately next to the charged 
nanoparticles surface, there is a layer of counter-ions that are 
strongly attracted to the particles surface and are immobile. 
This layer is called the compact layer. From the compact layer 
to the electrically neutral transformer oil, the net charge density 
reduces to zero gradually. Ions in this region are affected less 
strongly by the electrostatic interaction and are mobile. This 
region is called the diffuse layer of the EDL”.  

There are three basic methods to produce nanofluids. The 
Eastman method is a one-step method which produces and 
disperses nanoparticles in the base fluid simultaneously. A 
disadvantage of this method is that it has a high cost and there 
may be byproducts remaining in the nanofluid because of 
insufficiently completed chemical reactions [26]. Another 
method is a  two-step method, in which nanoparticles initially 
form a nano-powder and then a mixture with the base fluid 
follows with the aid of ultrasonic agitation, with high shear 
mixing, homogenization and ball milling. It is a lower cost 
method since it is used now also for industrial purposes. It 
requires, however, that the nanoparticles are treated so that they 
do not form agglomerations [27]. A third method is that of 
submerged arc nanoparticle synthesis system (SANSS) [28]. 
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V. EXPERIMENTAL DATA REGARDING THE BREAKDOWN IN 

NANOFLUIDS  

The alteration of the nanoparticles’ surface is a good and 
economic way to reinforce the stability of nanofluids. 
Surfactants (or coupling agents) have a significant influence 
upon the interface region between the nanoparticle and the base 
liquid. Surfactants must be chosen in such a way that they must 
be well dispersed in the insulating oil. Their quantity must be 
appropriate. In any other case, the use of a large quantity of 
surfactants may cause weak links between the nanoparticles 
and the base liquid. 

VI. INFLUENCE OF SHALLOW TRAPS ON THE BREAKDOWN OF 

NANOFLUIDS HAVING AS BASE LIQUID THE TRANSFORMER OIL 

Nanofluids which have as a base liquid the transformer oil 
and nanoparticles TiO2 present higher dielectric strength than 
that of plain transformer oil. In the nanofluid there is a large 
density of shallow traps. Electrons may change their velocity to 
lower values because of the shallow traps and consequently the 
dielectric strength may increase [29]. Another explanation of 
the improvement of dielectric strength was given in [30], where 
it was remarked that if the relaxation time constant of the 
[conducting] nanoparticles is small in comparison with the time 
development of a streamer in the nanofluid, then this can have 
an influence on the breakdown strength. If, on the other hand, 
the relaxation time constant is far too large, then it will have 
small effect on the streamer development. The charge 
relaxation time constant for the nanoparticles can be given as:  
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where, ε1 and σ1 are the permittivity and conductivity of the 
liquid insulation, ε2 and σ2 are the permittivity and conductivity 
of the nanoparticles. Initially, there was the thought that 
conducting magnetic nanoparticles may capture the free 
electrons required for the streamer development and they could 
transform them into slower negatively charged particles 
because their relaxation time constant was much smaller than 
the time development of the streamers [30]. However, there 
were also indications that a certain kind of conducting 
nanoparticles with small relaxation time constant did not 
substantially increase the dielectric strength of the nanofluid in 
comparison with that of the transformer oil [31].  

It has been observed that the addition of magnetic 
nanoparticles into transformer oil increased the breakdown 
strength of the resulting nanofluid [32, 33]. It is possible that 
the increase in dielectric breakdown voltage with the added 
magnetic nanoparticles to transformer oil might be because the 
conductive nanoparticles affect as electron scavengers in 
electrically stressed transformer oil-based nanofluids and 
change fast electrons into slowly negative charged 
nanoparticles for the electrical breakdown. To express it in 
other words, the extension of a net space charge zone at the 
streamer tip is hindered due to the slowly mobility of negative 
charged nanoparticles, and it is suppressed to the generated 
streamer propagation in the transformer oil for electric field 
propagation wave. The above publications confirmed previous 
experimental data on magnetic colloidal fluids found in [34] 
(full theory given in [35]). Even minute additions of magnetic 

nanoparticle volume concentrations may substantially increase 
the breakdown strength of a nanofluid in comparison with the 
pure transformer oil (about 30% higher). Similar results with 
magnetic nanoparticles have been reported in [36]. The latter, 
however, warned about the dangers of nanoparticle 
agglomeration and its negative effects upon the breakdown 
strength of nanofluids. Lower increases in breakdown strength 
have been recorded with somehow larger volume 
concentrations of magnetic nanoparticles with lightning 
impulse voltages [37]. The reason as to why lightning impulse 
breakdown voltage is higher in the nanofluids was again traced 
to the very nature of the added nanoparticles, namely that they 
act as electron scavengers. 

The question as to whether addition of nanoparticles causes 
an increase or decrease of the breakdown strength was treated 
in [38], where it was shown that an increase or decrease 
depends on the nature of the added nanoparticles. According to 
[38] the dielectric strength of the transformer oil decreases 
substantially with increasing the nanoparticle volumetric 
concentration for multiwalled  carbon nanotubes and diamond 
nanoparticles. Very recently [39], it was noted that transformer 
oil-based nanofluids (with TiO2 nanoparticles) present a higher 
breakdown strength than pure transformer oil under moisture 
conditions, the improvement being even larger as the moisture 
content is higher. In fact, as was reported, the breakdown 
voltage of the nanofluid at 1% probability of failure is 15.8% 
higher than that of the pure oil when the moisture content is 12 
ppm, whereas the improvement of breakdown strength raises to 
305.8% as the moisture content reaches 42 ppm. The authors 
contributed this increase in breakdown strength to the 
hydrophilicity of the TiO2 nanoparticles, which can bind more 
dissolved water and other impurities in oil, as their size gets 
smaller and smaller. The bound water cannot be moved by the 
electrical field hereby devoting little to the breakdown process. 
For this reason, the AC breakdown strength and dispersion of 
TiO2 nanofluids are much better than pure transformer oil with 
high moisture contents. The same group of authors [40] 
investigated mineral oil based nanofluids with various types of 
nanoparticles (Fe3O4, TiO2 and Al2O3) employing positive 
lightning impulse voltages. They contributed the obtained 
higher breakdown strength in nanofluids to the trapping-
detrapping of electrons due to the presence of the nanoparticles.  
The aforementioned authors realized that some differences 
exist as to the ability of different types of nanoparticles to 
contribute to the rise of the breakdown strength and they 
attributed this not only to the type of the nanoparticles but also 
to the interfacial characteristics between nanoparticles and 
transformer oil. The same approaches as to the breakdown 
mechanisms in nanofluids were also expressed in an earlier 
publication by the same group of authors [41]. 

The importance of nanoparticles for the breakdown strength 
of nanofluids was emphasized in [42], where magnetic 
nanoparticles, such as Fe3O4, were dispersed in transformer oil. 
The authors attributed the improvement of the breakdown 
strength to the trapping-detrapping processes which delay the 
breakdown mechanism, to reduced space charge densities 
which in turn lead to more uniform electric fields distribution. 
There was, however, in the same paper also a warning against 
nanoparticle agglomerations. On the mechanism of scavenging 
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charge, also reported in [43], the authors of which also pointed 
out that above a critical concentration of nanoparticles, the 
inter–particle distance is reduced to the point wherein the 
liberated charges can traverse through the particle, and ‘flight’ 
on the next particle due to the intimacy and/or direct contact 
and reach to the opposite streamer zone. The percolation chains 
thereby act as agents that induce ‘merger’ of the streamers, 
often leading to numerous intermittent arc discharge and 
eventually leading to reduced breakdown strength. 
Commenting on the same lines, the author of [44] pointed out 
that there are clearly two contrasting phenomena which are at 
work: charge injection and trapping occurs up to a certain 
nanoparticle concentration, whereas at higher nanoparticle 
concentrations the distance between the nanoparticles becomes 
too small and secondary charge emission may “bypass” the 
trapping behavior of nanoparticles and increase the global 
conductivity. 

Addition of plasma surface treated SiO2 nanoparticles into 
transformer oil in minute quantities (0.05wt% and 0.1wt%) 
greatly improves the breakdown strength of transformer oil. 
The authors of [45] claimed that instead of using surfactants, 
atmospheric pressure plasma treatment is an effective, simple, 
inexpensive and environmentally friendly method to improve 
the stability of nanofluids and enhance the characteristics of the 
nanofluids as well. Addition of SiO2 nanoparticles into a soya 
based natural ester oil also raised the breakdown voltage 
significantly (the 0.01 wt% concentration virtually tripled the 
breakdown voltage of ester oil without nanoparticles) [46]. 
Moreover, the same authors presented data which showed that 
the partial discharge inception voltage of such nanofluids was 
higher than that of pure soya based natural ester oil [47]. There 
was further elaboration of the above in yet another paper, again 
with the use of SiO2 nanoparticles [48], with the authors 
emphasizing the negative effects of nanoparticle 
agglomeration. They noted that while they moved from 
0.05wt% to 0.1wt% concentration the electrical performance of 
sunflower oil started to decline. 

However, there were also reports that indicated that 
breakdown strength does not improve with the addition of 
nanoparticles (in particular with nanoparticles SiC). Such 
nanoparticles, on the contrary, decreased the breakdown 
strength of transformer oil [49]. The same authors concluded 
that, in view of such data, more experiments should be done, 
since some of the experimental results seem to be 
contradictory. The fact that there is not always an improvement 
in nanofluids breakdown strength was also stressed in [50], the 
authors of which investigated virgin linseed and virgin castor 
oil with 5 wt% addition of silica aerogel powder nanoparticles. 
They found that nanomodification increased streamer activity 
in the vegetable oils. The increased streamer activity was more 
aggressive in nanomodified castor oil than in nanomodified 
linseed oil. They proposed as a possible explanation for this the 
possible presence of contaminants left by a filler 
compatibilisation process which can worsen the electrical 
properties of a nanostructured material. Authors in [51], it was 
noted that nanoparticles such as Fe3 O4, ZnO, TiO2, SiO2, 
improved the AC breakdown strength of transformer oil in 
volumetric concentrations ranging from 0.0005% up to  0.02%. 
They pointed out the vital role of an appropriate surfactant for 

the breakdown strength improvement. Regarding DC 
breakdown as well as impulse breakdown, they noted that 
results were encouraging for both polarities. Experimental 
work performed by the authors of [52] showed that 
nanoparticles of ZnO with 0.04% volumetric concentration 
may give up to 63.5% enhancement in breakdown voltage 
compared with pure transformer oil. The authors remarked that 
there is an optimum concentration of nanoparticles which may 
give high breakdown voltage as well as high fire and flash 
points. Experimental data was also produced in [53], where 
ZnO nanoparticles of 0.2wt% up to 1wt% were added into 
transformer oil. The breakdown voltage increased by about 
10% in comparison with the pure transformer oil. It must, 
however, be noted that the nanofluid with more than 0.4wt% 
concentration showed an increase in electrical conductivity. 

A very recent development proposes transformer oil-based 
graphene quantum dots nanofluids [54]. However, as far as the 
breakdown strength is concerned, there was not any significant 
difference between pure transformer oil and its transformer oil-
based nanofluid. The difference was minimal, such as not to 
warranty any replacement of transformer oil with the nanofluid, 
at least regarding the breakdown strength. In [55], it was 
indicated that carbon nanotubes, when dispersed in transformer 
oil, can increase substantially the breakdown voltage. In fact, it 
was shown that a concentration of 0.01 g/L carbon nanotubes 
may increase the breakdown voltage as much as 88.95% 
compared with the pure transformer oil. The authors also 
emphasized that there is a saturation point, after which the 
addition of carbon nanotubes does not improve the breakdown 
voltage but on the contrary may diminish it. Transformer oil 
with nanoparticles of TiO2 was investigated in [56].  The 
author worked by adding TiO2 nanoparticles at a concentration 
of 0.0005 g/ml. The increase in breakdown voltage w.r.t. that 
of pure transformer oil was attributed to either the fact that 
polarized TiO2 nanoparticles can act as electron traps to catch 
free electrons released from oil molecules under high electric 
stresses or to the higher chance of electron scattering in 
nanofluids due to the high specific surface area of 
nanoparticles.  

  Deviating from the usual added nanoparticles, a research 
team proposed the admixture of nanocrystalline manganese 
nickel ferrite powder concerning substitution degree of 20% 
(Mn0.2Ni0.8 Fe2O4) into transformer oil at different 
concentrations of 0.02, 0.04, and 0.06 g/l [57]. The experiments 
were carried out with impulse voltage and the authors found 
that the optimum concentration was that of 0.04 g/l, which gave 
a breakdown voltage improvement of 42.3% as opposed to 
improvements of 37.7% and 39.1% for the 0.02 g/l and 0.06 g/l 
concentrations respectively. The authors, however, did not 
mention anything as to the stability of such mixtures in the long 
run. In [58], transformer oil with MgMnNi nanoparticles were 
investigated regarding its breakdown strength (in some cases it 
almost doubled the breakdown strength in comparison with 
pure transformer oil]. The authors attributed the increase to the 
enhanced electric field dissipation due to the presence of 
magnetite nanoparticles. In [59], MgMnNiFe2O4 nanoparticles 
were dispersed in transformer oil (<1% by volume) improving 
by about 40% the breakdown strength in comparison with pure 
transformer oil.  
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Diamond nanoparticles dispersed in small concentration 
(0.15 wt%) into transformer oil may raise the breakdown 
voltage considerably. The reason given in [60] was not any 
different from that given in other publications, namely that 
nanoparticles act as surface traps and, consequently, they can 
entrap the surface electrons. The fast electrons change to the 
slow ones, and subsequently an increase in the breakdown 
voltage results. Although the explanation may not be entirely 
novel, the authors commented on the importance of surfactants 
for the nanoparticles and their influence not only on the 
breakdown voltage but also on viscosity, dielectric loss and 
thermal conductivity. The role of surfactants was also 
emphasized in [61], where it was shown that the surfactant 
volumetric concentration may be 40% of the complete 
nanoparticle volume. The authors showed that there is a strong 
dependence of the breakdown strength of a vegetable oil-based 
nanofluid on the nanoparticle size as well as on the thickness 
ratio between the nanoparticle diameter and that of the 
surfactant. It seems that smaller surfactant thickness offers 
more shallow traps and consequently a greater chance of 
electron trapping-detrapping. In [62], the AC breakdown 
voltage as well as the positive lightning impulse breakdown 
voltage of mineral oil-based nanofluids with alumina were 
shown to be higher than the respective quantities of the pure 
transformer oil. The authors, however, did not further elaborate 
as to why this should be so. SiO2 nanoparticles were added to 
transformer oil in concentrations of up to 0.06% volume 
fraction and the AC breakdown voltage increased considerably 
up to 35% compared with pure transformer oil [63]. A further 
increase, however, of the nanoparticle concentration leads to a 
decrease of the breakdown voltage of the nanofluids. Higher 
concentration may lead to the overlap of nanoparticles making 
thus a highly conductive region. The free charge will travel 
along the high conductive path and this process may cause a 
lower breakdown voltage.  

Palm fatty acid ester (PFAE) oil with three types of 
nanoparticles at a concentration of 0.01 g/l (Fe3O4 conductive 
nanoparticles, TiO2 semi-conductive nanoparticles and Al2O3 
insulating nanoparticles) was been tested in [64]. The nanofluid 
with the Fe3O4 conductive nanoparticles presented the highest 
AC breakdown strength (an increase of 45% compared to 29% 
for TiO2 nanoparticles and 34% for the Al2O3 nanoparticles).  
The explanation regarding the improvements of the breakdown 
strength was attributed for the conductive nanoparticles to their 
electron scavenging capability, and to the semi-conductive and 
insulating nanoparticles to their shallow trap production. Fe3O4 
nanoparticles were dispersed in transformer oil at volume 
concentrations of 0.1-0.6 %, with the impulse lightning voltage 
being the highest at about volume concentration of 0.3% [65]. 
Other researchers [66] experimented with AC voltages as well 
as with positive and negative lightning impulses in nanofluids 
having Fe3O4 nanoparticles. They found that the AC 
breakdown voltage was by 16% higher than that of the pure 
transformer oil, the positive lightning impulse breakdown 
voltage by 36% higher than that of the pure transformer oil and 
the negative lightning impulse breakdown voltage by about 
20% higher. They attributed such large differences to the well 
known theory developed in [67], according to which if the 
relaxation time constant of free charges accumulated on the 

surface of nanoparticle is shorter than the time scale of 
streamer propagation, the presence of nanoparticles will 
effectively alter the electrodynamics in the oil.  

  Yet another group of researchers dispersed TiO2 
nanoparticles in transformer oil [68]. The concentrations of 
TiO2 nanoparticles in transformer oil are in the range from 
0.001 g/L to 0.01 g/L. The optimum concentration was about 
0.003 g/L for both fresh and aged transformer oils (4 and 15 
years aged oils). They attributed the improvement –as others 
before them – to the electron scavenging properties of the 
nanoparticles. Dispersion of TiO2 nanoparticles in transformer 
oil in quantities of 0.05 up to 0.30 g/L and their effects on the 
breakdown strength was reported in [69]. The largest 
breakdown voltage was observed for 0.30 g/L concentration of 
TiO2 nanoparticles. In a later publication, the same authors [70] 
reached the same conclusions, emphasizing the important role 
the surfactants play in the dispersion of nanoparticles. No 
surfactant or low surfactant concentration leads to nanoparticle 
agglomeration but, on the other hand, excess of surfactant 
concentration leads to double chains around the nanoparticles 
reducing thus their effectiveness. More recently, authors in [71] 
experimented with natural-ester transformer oil by adding 
CuO, ZnO and TiO2 nanoparticles. The breakdown voltage 
with the two latter types of nanoparticles was greatly improved 
(with concentration of less than 0.05 wt%), whereas the 
nanofluid with CuO nanoparticles showed at first an increase in 
the said quantity and then a decrease. With concentration of 
more than 0.1 wt% the breakdown voltage did not improve as 
far as the nanofluids with ZnO and TiO2 nanoparticles were 
concerned.  From this publication it is evident that different 
types of nanoparticles with different added percentages affect 
differently the breakdown voltage of an insulating oil. The 
explanation of the authors as to why such an improvement 
results does not differ from that of other researchers. Added 
TiO2 nanoparticles into natural ester fluid (nanoparticle content 
0.4 g/l) improved its breakdown voltage, especially after 150 
hours of ageing [72]. The authors of [72], however, posed 
questions as to the long-term stability of such nanofluids.  
Some other researchers experimented with soybean ester oil 
and palm ester oil with TiO2 and ZnO nanoparticles [73]. Both 
oils showed a higher AC breakdown voltage with 0.2 g/l 
nanoparticles (of either type). The explanation they offered as 
to the higher breakdown voltages with the nanofluids was not 
different from those of other scientists. It is to be noted, 
however, that increasing amounts of nanoparticles seem to 
have negligible effect on the flash point, fire point and 
viscosity [73]. Thus, nanofluids have to be considered in all 
their properties before a final decision has to be made about the 
replacement of the more classical insulating liquids. 

  An interesting aspect of Tanaka’s model (which was 
proposed for polymer nanocomposites) was tackled in [74]. 
The authors tried to explain the superior breakdown strength of 
natural ester oil with Boron Nitride nanoparticles (with content 
of 0.005 wt% and 0.1 wt%) in terms of Tanaka’s model, 
namely that with the decrease in size of the nanoparticles the 
interfacial regions become very important and they alter the 
charge distribution causing thus change in trap density  and 
depth.  The homocharge due to trapping reduces the electric 
field intensity and causes an increase of the voltage for charge 
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injection from the electrodes.  This in turn causes the increase 
of the short term breakdown voltage.  A point of contention in 
this paper is certainly the claim that there is an increase of the 
short term breakdown voltage. This, however, will be discussed 
in the following section.  An improvement of the AC 
breakdown strength as well as of the positive lightning impulse 
strength (but not of the negative lightning impulse strength) of 
vegetable oil with Fe3O4 nanoparticles was reported by [75]. 
The remarkable about this paper is that the authors attribute the 
higher breakdown strength of nanofluids to the larger electrical 
potential wells of nanoparticles in comparison with the ones of 
the pure insulating liquid. They also mention that the electrical 
potential wells are larger as the nanoparticle size becomes 
larger. Such electrical potential wells inhibit the free charge 
spread and enhance the capability of the breakdown 
performance of the nanofluids.  

  Work carried out with natural ester based nanofluids (with 
Commercial MIONs Powder (pNF) and Oleic Acid Surface 
Modification, as well as with Oleate-Coated Colloidal MIONs 
(colNF)) showed that breakdown voltage was the highest with 
the colNF at a concentration of about 0.008wt%). The authors 
attributed the decrease of the breakdown voltage after the 
surpassing of the 0.008wt% concentration to the [76] to the 
decreasing of interparticle distance and the formation of 
conductive paths. The positive influence of nanoparticles 
(SiO2, TiO2, ZnO, Al2O3, Fe3O4 and SiC) in transformer oil and 
in natural ester oil was reported in [77]. The authors 
emphasized the importance of moisture in diminishing the 
breakdown strength in both types of oil. Similar conclusions 
regarding the positive effect of SiO2 hydrophilic nanoparticles 
were reached in [78], where, however, it was also remarked 
that their positive influence depended on their size and their 
volume concentration.  Similar conclusions regarding the 
moisture absorption on the hydrophilic surface of silica 
nanoparticles have been reached in [79]. Nanoparticles of 
Fe3O4 added to transformer oil in volume concentration of 
0.2% raise the DC breakdown voltage in comparison with pure 
transformer oil [80]. Such nanoparticles affect negatively the 
formation of bubbles and because of their extremely short 
charging time, they are excellent electron traps. 

A criticism levelled against the use of conductive 
nanoparticles was reported in [81], where it was mentioned that 
conductive nanoparticles tend to agglomerate in the long-term 
and nanoparticles such as Fe3O4 tend to oxidize and become 
Fe2O3 particles. The author of [81] proposed that nanoparticles 
such as TiO2 and BN offer better possibilities to both mineral 
oil and ester based oils. The aforementioned nanoparticles in 
minute quantities improved the AC breakdown voltage and 
also the lightning impulse voltage of the said oils. Adding 
nanoparticles of TiO2 and ZnO (in concentration of  0.01wt%) 
into natural ester oils improved the AC breakdown voltage as 
well as the lightning impulse (both positive and negative) [82].  
The authors of the latter publication distinguished between 
adding nanoparticles in liquid form and in powder form and 
they observed that the nanoparticles in liquid form gave the 
highest breakdown voltage, probably because of the better 
dispersion in liquid form. An improvement in breakdown 
strength was noted for both AC voltages and lightning impulse 
voltages. Other researchers [83] investigated nanofluids based 

on transformer oil and on synthetic ester oil with SiO2 
nanoparticles. The increased lightning impulse breakdown 
voltage – with volume concentrations from 0.1% up to 1% - 
they found was attributed to the hydrophilic nature of the SiO2 
nanoparticles and their altered degree of polarization. 
(Researchers exploring various nanoparticles in mineral oil 
found that Al2O3 and TiO2 nanofluids remain good insulating 
liquids as far as their dielectric constant and loss tangent are 
concerned but they expressed their reservations as to the long 
term insulating properties over a broad range of frequencies (20 
Hz-1 MHz) because of water absorption from hygroscopic 
nanoparticles [84]). 

  An improvement of breakdown strength of aged 
transformer oil by adding nanoparticles of either ZnO or TiO2 
in volume concentrations w/v%  of 0.001%, 0.0015%, and 
0.002% was observed in [85]. 10- and 20- year old oils were 
treated with nanoparticles and showed a satisfactory recovery 
in breakdown strength. Similar conclusions about the beneficial 
effect of TiO2 nanoparticles on the breakdown voltage and the 
insulation resistance of mineral oil (in concentrations of 0.06 
g/l) were recently reached also in [86]. Recently [87], there 
were reports about the improvement of ester oil breakdown 
voltage with egg shell nanoparticles in 0.0.001wt%, 
0.0025wt% and 0.005wt% concentrations. The highest 
breakdown voltage was noted for 0.005wt% and it was 
attributed to the fact that such nanoparticles can absorb 
moisture. The authors reported stability of the nanofluid up to 
48 hours without the formation of any precipitate/particles 
sedimentation. However, there are cases where the breakdown 
strength of transformer oil does not increase. Recent work [88] 
indicated that Tungsten (III) Oxide (WO3)-silver nanoparticles 
in concentration of 1wt%, 2wt% and 3wt% decreased the 
breakdown strength compared with that of pure transformer oil. 
Perhaps the electrical conductivity of silver particles 
contributed to that decrease. 

VII. PROPOSALS FOR FUTURE RESEARCH 

  From the limited survey presented in this paper, it is clear 
that most of the researchers agree on the reasons of the 
improvement of the breakdown strength of nanofluids, i.e. on 
the workings of the mechanism which renders nanofluids 
superior to their respective base liquids.  From the literature 
survey, it is evident that the concentration of nanoparticles into 
base insulating liquids depends on the oil itself, on the type of 
nanoparticles, on the surfactants and on the treatment, i.e. the 
way of preparation of the nanofluids. Experimental data seems 
to be very sensitive to all the previous parameters. 
Consequently, more work has to be done in the materials 
direction in order to better understand the properties of 
nanofluids and their effect on breakdown strength, especially in 
the light of some contradictory results, as reported in [89] and 
in [90]. The authors of the latter publication make the 
distinction between conducting, semiconducting and non-
conducting nanoparticles claiming that the latter are more 
benign than the two former types of nanoparticles. 
Furthermore, more work has to be performed in the direction of 
high and low dielectric constant nanoparticles since, according 
to recent research, it seems that the former tend to better trap 
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and de-trap electrons, whereas the latter do not have the ability 
for electron attraction [91]. 

Among the things that remain to be seen and investigated, 
is whether the Tanaka model (proposed for solid 
nanocomposites) is also valid for nanofluids. This point can be 
further elaborated: since Tanaka’s model seems to work for 
solid dielectrics – nanoparticles act as nano-barriers against the 
treeing etc. – and nanoparticles in nanofluids seem to attract 
free electrons and thus hinder streamer propagation, it would be 
of interest to see whether Tanaka’s model can find an 
application also in nanofluids. Other nanomaterial models, such 
as those mentioned in [22], can also be tested for their validity 
in the field of nanofluids. Breakdown studies in solid 
dielectrics show that nanoparticles act as barriers which hinder 
treeing and breakdown. Breakdown studies in liquids, however, 
emphasize more the scavenging effects of nanoparticles. Based 
on this difference, we think that Tanaka’s model has to be 
modified somehow in order to take into account the scavenging 
possibilities of the nanoparticles. Whether this is a right idea 
must be further explored. Moreover, what has been done for 
classical insulating liquids (i.e. experiments with area effect, 
gap effect, volume effect, conditioning phenomenon) must also 
be performed with nanofluids. In traditional insulating liquids 
there has been an intensive study of such factors upon the 
breakdown strength. Similar studies must be carried out for the 
nanofluids. Statistical studies (based either on Weibull or on 
any other distribution) should be done in order to see whether 
nanofluids follow also the pattern of the classical liquids 
(although it seems that most of the researchers tend to work 
with Weibull distribution).  The effect of nano-agglomerations 
needs also a closer look. The role of surfactants has to be 
thoroughly researched [92]. A question in need of an urgent 
answer is that of the long-term stability of nanofluids [44]. The 
already reported improvement of nanofluids – regarding their 
breakdown strength – because of electron scavenging from the 
nanoparticles, needs to be investigated in the long run and see 
whether experimental results are repetitive.  

  Another aspect of the nanofluids that has to be further 
researched is the compatibility of such liquids with solid 
insulation. Given that the nanofluids present a somehow 
different dielectric constant from the base liquids, the question 
that arises is whether such difference in dielectric constants 
(between nanofluids and air pockets or voids) renders the use 
of such liquids more difficult. Important work already done in 
relevant areas has to continue [93]. Furthermore, nanoparticle 
research has to be performed with vegetable derived fluids or 
synthetic esters, which are supposed to have a more “green” 
behavior (such research is being already done but it has to be 
intensified).  Another aspect of nanofluids that has to be 
researched is their behavior at elevated temperatures. Last but 
not least, and this is valid for all nanomaterials, the insulation 
community has to see how laboratory experiments and data can 
be translated into larger samples of industrial sizes.  Concerns 
as to how this can be realized have already been expressed 
[94]. Needless to say that all the above can be realized under 
the assumption that adequate funding is and will be available 
[95]. 

VIII. CONCLUSIONS 

This publication is a short review on the breakdown of 
nanofluids. A large number of researchers converges as to the 
mechanism of breakdown in a nanofluid. Nanoparticles seem to 
have a scavenging role regarding the free electrons and as a 
consequence a higher breakdown strength results. However, in 
the context of this paper, only one aspect has been somehow 
been approached. Other aspects of nanofluids, such as 
viscosity, thermal properties, dissipation factor etc. merit also 
the appropriate attention. It is true that a great deal has been 
done regarding the research on nanofluids. A great deal more 
has to be done. Last but not least: the long-term stability of 
nanofluids has to be meticulously researched since this aspect 
is perhaps the most basic aspect for large scale industrial 
applications. 
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