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ELECTRICAL ENGINEERING EXPERIMENTATION

Electrical Machine Insulation: Traditional
Insulating Materials, Nanocomposite Polymers
and the Question of Electrical Trees

M.G. Danikas, R. Sarathi *
Power Systems Laboratory, Department of Electrical and
Computer Engineering, Democritus University of Thrace,
Xanthi, Greece [1]
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Abstract

Electrical machine insulation consists basically of epoxy
resin and mica foils. Both are good insulating materials and
they proved to withstand large partial discharges and/or the
combined attack from electrical, thermal and mechanical
stresses. Nowadays alternatives to the traditional insula-
ting materials exist, namely those of nanocomposite poly-
mers, which present somehow improved performance regarding
the aforementioned stresses. It is the aim of the present
paper to investigate mechanisms of electrical treeing and/or
breakdown in machine insulation as well as to study possible
improvements with the aid of nanocomposite polymers.

Keywords

Machine insulation, nanocomposite polymers, breakdown, par-

tial discharges,

Introduction

Machine insulation is ge-
nerally characterized by hard
materials, capable to with-
stand partial discharges of
quite large magnitudes. An
electrical insulation in high
voltage machines must have a
high breakdown strength, a
good 1long term functioning
without possible problems em-
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breakdown strength,

vli-7

pre-breakdown phenomena

anating from degradation ef-
fects (partial discharges
(PD), treeing phenomena etc.)
and certainly rather small -
if any - leakage -currents.
Such insulation must also ha-
ve a satisfactory thermal per-
formance and must withstand
relatively high temperatures.
The electrical and thermal
properties of such insulation
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must not be deteriorated be-
cause of some extreme condi-
tions, i.e. the highest pos-
sible temperature to be tol-
erated should not provoke any
alterations to the insulation
itself. The electrical machi-
ne insulation should have good
long term functioning and it
should present only small
changes (to be tolerated) af-
ter many thermal cycles. Mo-
reover, electrical machine in-
sulation should have a satis-
factory mechanical behavior,
i.e. high mechanical strength
which should stay high even
at higher temperatures.

Thermal stressing may cau-
se some sort of breakdown on
the surface of mica sheets,
whereas mechanical stressing
may cause also fissures 1in
epoxy resin and in mica. Elec-
trical stressing may cause
partial discharging in possi-
ble existing imperfections of
the insulation and thus lead
to electrical failure [1].
Needless to say that all pro-
perties - electrical, mechan-
ical and thermal - are vital
for the reliable operation of
rotating machines. The insu-
lation should have satisfac-
tory electrical properties,
it should withstand the ex-
pansion and contraction dur-
ing temperature cycles and it
should respond in a good way
to mechanical stresses.

Rotating machines can be
divided into two categories:

FUNKTECHNIKPLUS # JOURNAL
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those with voltage ratings
less than 6.6 kV and those
with voltage ratings higher
than 6.6 kV. Mica has been
used for years in the elec-
trical machine industry. Mica
sheets with a backing of
glass cloth and of binding
material, 1like epoxy resin,
have been the classical insu-
lation systems for rotating
machines. Generally speaking,
such insulating systems have
proved to be reliable [2]-
[4].

Research on possible break-
down mechanisms in such sys-
tems revealed that PD and
electrical treeing may lead
to breakdown [5]. As is poin-
ted out in published work,
electrical trees propagate
through the weaker material
and they tend to reach the
opposite electrode, resulting
thus in total failure [2]-
[5].

It is the aim of the pre-
sent paper to explore mecha-
nisms of failure both in con-
ventional insulating materi-
als used for rotating machi-
nes as well as to investigate
alternative insulating sys-
tems based on a new series of
insulating materials, namely,
the nanocomposite polymers.
Simulation data will be pre-
sented for conventional insu-
lating materials and possible
improvements will be sugge-
sted. It has to be noted that
this review is by no means an
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exhaustive one. Rotating ma-
chine insulation is a complex
insulating system and, in the
context of the present paper,
only some aspects of it will
be treated. It should also be
added that the present review
does not deal with the sub-
ject of enameled wiring,
which will possibly consist

the topic of another review
paper.
At this stage, it would be

fitting to state that review
papers are useful even today.
wWhy? Because they give some
insight to the newcomer as
well as to the experienced
scientist regarding a partic-
ular subject. Although we are
flooded with much information
from the Internet with prac-
tically thousands and thou-
sands of references (books,
papers, journals etc.), a re-
view paper can always be a
starting point for the inter-
ested person. The purpose of
a review paper is not simply
to collect information on a
particular subject, it is ra-
ther to offer - besides a
wealth of information and the
relevant references - com-
ments and interrelations be-
tween experimental data, cri-
ticism and approaches for pos-
sible new theoretical models,
it is probably the right pla-
ce to also propose some new

velopments. This is why we be-
lieve in the validity of such
efforts, this is why we think
that reviews will always be
useful, despite the flood of
new scientific and technical
information, almost on an eve-
ry second-basis.

Conventional Insulating
Materials for Rotating

Machines
Mica sheets are wused in
rotating machine insulation

as traditional insulating ma-
terial. Mica is a natural mi-
neral. Its crystalline nature
gives very strong bonds 1in
one plane and very weak Van-
der-Waals’s forces in the pla-
ne normal to this. The conse-
guence of that is that mica
can be split easily into fla-
kes [2]. Mica has excellent
tracking strength, high break-
down field strength, very good
resistance to PD, high volume
resistance as well as good
thermal stability up to 6000
C [2]. For high voltage ap-
plications, mica sheets use
as bonding material epoxy re-
sin, a thermosetting material
with very good electrical
properties and good resis-
tance to PD. Moreover, for a
resin to be suitable for long-
term operation, it requires
high thermal stability with
low electrical loss at ser-

insights from the reviewer, vice temperature and at power
it is the place to offer some frequency, excellent adhesion
thoughts for possibly new de- to mica, high resistance to
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moisture, chemicals and other
contaminants, high mechanical
strength over a range of ser-
vice temperatures, dimensio-
nal stability, ability to ope-
rate at higher temperatures
and a short cure time at 1500
C to 1600 C [6]. In typical
rotating machine insulations,
mica sheets form a sort of
sandwich with epoxy resin,
thus rendering the electrical
breakdown of such a combined
system rather difficult [7].

One of the problems facing
the mica/epoxy resin insula-
tion is the one of electrical
trees, which may grow and
eventually bridge the gap be-
tween the electrodes causing
thus ultimate failure. Elon-
gation of electrical trees
has been experimentally ob-
served in [8], [9]. In such a
case, the mica sheets consist
the harder material and the
electrical trees propagate
via the epoxy resin, which is
the weaker material. Electri-
cal trees propagate, gener-
ally speaking, more easily in
epoxy resin, a fact also con-
firmed in another paper [10].

Normally prior to electri-
cal treeing, PD take place in
defects in the machine insu-
lation. Such defects may come
about from construction or
from the stressing of the in-
sulation. As said, the stres-
sing in machine insulation
can be multi-factor stress-
ing, i.e. the insulation may

FUNKTECHNIKPLUS # JOURNAL
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be stressed because of high
voltage, thermal cycles as
well as from mechanical load-
ing [11]. Defects can come
about as enclosed cavities,
delaminations, problematic
interfaces, possible enclosed
foreign particles etc. The
consequence of all these is
local electric field enhance-
ment, PD activity which sub-
sequently may result to insu-
lation damage. Such PD can be
gquite intense in the order of
1-10 nC [12], [13]. These phe-
nomena can have a cumulative
effect and cause aging and
shortening of the lifetime of
machine insulation [14], [15].

Rotating machine insula-
tion systems suffer from what
most of composite insulating
systems suffer, i.e. the pre-
sence of interfaces. Mica
sheets and epoxy resin con-
sist of a system with multi-
ple interfaces. Interfaces
may encourage electric field
intensifications in the wea-
ker material and, thus, the
cause of deteriorating phe-
nomena. On the other hand,
thinner (and consequently mo-
re) mica sheets may delay the
discharge process 1in that
discharges lose energy at the
interfaces, i.e. a discharge
having penetrated one layer
could not enter the next
layer of material until the
spot on the interface, cen-
tred on the channel, had been
charged to a potential which
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could produce a field compa-
rable with that of the chan-
nel at the level in question
[16].

Breakdown mechanisms in-
side the insulation may start
from defects due to excessive
electrical field. Previous
work done on epoxy resin sam-
ples showed that it is possi-
ble that trees emanate from
enclosed cavities, causing
thus conditions for further
propagation and eventual fai-
lure [17]. Although such ema-
nating trees are still put
into question from some re-

searchers [18], experimental
evidence can hardly be re-
futed. PD cause pits on the

inner surface of such cavi-
ties possible and then elec-
trical trees may ensue. One
aspect that should be stres-
sed is that of the applied
voltage: for meaningful com-
parisons of data (perhaps with
several years interval) and/
or comparison of data in the
same laboratory or factory,
it is essential to use iden-
tical wave shapes of volta-
ges [19]. It 1is something
that people tend to forget
but something that comes out
when PD measurements - com-
parisons of such measurements
at different times - have to
be performed.

Mica barriers delay tree
propagation. Depending on the
dielectric constants of mica
sheets and of epoxy resin as

MONDAY 4 AUGUST 2014
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well as on the threshold vol-
tages, electrical trees may
take different forms but, in
general, they seem not to pe-
netrate the mica barriers
[20]. Mica barriers may re-
sult in a major increase in
breakdown time, this increase
being depended on both the
tree growth time and the set-
in of the failure time [21].

The interplay and interde-
pendence between PD and elec-
trical treeing has been shown
before, where in narrow holes
of short length small PD in a
rather high number may be pro-
duced whereas in holes of lar-
ger diameter and longer length,
fewer PD but with larger mag-
nitudes will ensue [22]. In any
case, trees tend to grow a-
round the mica barriers [23].

A crucial factor determin-
ing tree propagation along a
mica barrier 1is the type of
chemical bonding between mica
and epoxy resin. The stronger
the bonding, the higher the
resistance to the tree propa-
gation [24]. Imperfections
may result from imperfect mi-
ca sheet overlapping, from
the creation of cavities in
parts which are at the edges
of windings, from not so
smooth mica sheets or from
abrupt interruptions of mica
sheets (because of construc-
tional faults) [25]. Further-
more, the layered mica can
delaminate under thermo-mecha-
nical stresses and thus cause

FUNKTECHNIKPLUS # JOURNAL



cavities, which in turn will
lead to PD [25]. Examples of
imperfections are given be-
low. In Fig. 1, a winding in-
sulation is shown and the
different radii of mica sheets
are noted. In Fig. 2, imper-
fections in winding insula-
tion are noted.

Experimental evidence that
a mica barrier may withstand
electrical treeing much bet-
ter than epoxy resin was gi-
ven in [10], where it was al-
so noted that the breakdown
strength of such a combina-
tion depends on the thickness
of mica sheets, on the thick-
ness of epoxy resin, the tem-
perature, the type of epoxy
resin as well as the cleanli-
ness of both materials.

Generally speaking, the
time to breakdown is the sum
of the time from the initial
PD activity and the creation
of initial tree channels and
the growth time of trees to
the final breakdown. For some
authors, there is an incuba-
tion period during which PD
activity is barely detectable
and trees grow only slightly,
then a period of tree expan-
sion follows and finally a wi-
dening of the smaller tree
channels which eventually
leads to bridging of the elec-
trodes and the breakdown [9].
For others, two stages of tree-
ing are observed: first, the
inception period which may be
for very many cycles, follo-

FUNKTECHNIKPLUS # JOURNAL
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wed by a relatively short pe-
riod of tree growth. PD de-
tection reveals that a tran-
sition is accompanied by big
increase in the PD magnitude,
which persists wuntil break-
down [26]. A good account of
PD measurements and the ef-
fect of PD in rotating ma-

chines were given in [27],
where examples of '"good"
(i.e. relatively free of PD)

and "bad" (with delamina-
tions) windings were presen-
ted. In [27], it was empha-
sized that for any comparison
between PD measurements, the
experimental conditions play

a predominant role, a state-
ment that echoes reference
[19]. Certainly, a condition

assessment of windings can be
done by continuously monitor -
ing the PD activity, taking
into account that an increase
in discharge activity occurs
when the insulation is eroded
and also that a PD activity
can manifest itself both as
internal PD activity and as
surface discharges [28]. A
good account of the relation
between PD and tree structu-
res was given in [29], where
it was emphasized that elec-
tron avalanches, field fluc-
tuations arising from the
discharges themselves, local
variations in permittivity and
resistance of the insulation
can play a decisive role for
the electrical tree propaga-
tion. Minor variations of
trapped space charges may
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lead to preferred directions tions and, thus, may also af-
for new tree channel forma- fect the tree propagation.

Fig. 1: Winding insulation. Note the different radii which
cause the different bending of mica sheets (after [10])

Fig. 2: Imperfections of winding insulation at the edges
(after [10])
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It is not to underestimate
that several years ago, prob-
lems with very small PD - not
to say with phenomena below
the inception voltage - were
noticed in turbine generator
armature winding insulations,
namely that although such win-
dings withstood standard test-
ing, they failed short after
the beginning of their ser-
vice. Why was that? Possibly
because extremely small PD,
not easily detected by con-
ventional methods, are at
work and 1little by 1little
could deteriorate the insula-
tion of such windings [30].

Mica sheets offer a good
protection to breakdown paths
and/or to electrical treeing.
This certainly depends on the
applied voltage. Simulations
in epoxy resin/mica sheets
show that there is a voltage
limit beyond which breakdown
even of mica sheets is possi-
ble. From a certain voltage
value upwards, mica sheets
are also prone to treeing, as
the following figures show.
In Fig. 3, the applied volt-
age is 28 kV, which creates a
rather distinguished form of
treeing in the epoxy resin
but which cannot penetrate the
mica sheet. On the contrary,
in Fig. 4, with another
higher applied voltage, the
mica sheet 1is penetrated by
the electrical trees and 1in

M.G. DANIKAS, R. SARATHI

resin/mica sheet. It is to be
noted that in Fig. 4 as well
as in Fig. 5, the trees in
the epoxy resin are of bush-
type and in the mica sheet of
branch-type. This 1is because
trees in the weaker material
are far more numerous and
thus they are interconnected
much more densely than in the
stronger material. The simu-
lations shown in Figs. 3, 4
and 5 were performed with the
method of Cellular Automat
[31]-[33]. The different ty-
pes of electrical trees in
epoxy resin (bush-type) and in
mica sheet (branch- type) de-
pend on the applied voltage
as well as on the type of the
insulating material [34]. In
Figs. 4 and 5, the progres-
sion of treeing towards the
opposite electrode can well
be seen. It is indeed a ques-
tion of time before the tree-
ing structure reaches the op-
posite electrode.

All in all we observe that

conventional insulating mate-
rials functioned more or less

satisfactorily. Both experi-
ments and simulations indi-
cated that breakdown paths

follow the easiest way to the
other electrode, i.e. through
the epoxy resin, which is the
weaker of the two materials.
Breakdown of the mica sheets
may be possible but this de-
pends on their thickness as

Fig. 5, there is a complete well as on the voltage ap-
failure of the system epoxy plied.
FUNKTECHNIKPLUS # JOURNAL vi-14 ISSUE 5 — YEAR 2
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Fig. 3: Propagation of electrical tree in epoxy resin and mica
sheet. Applied voltage 28 kV, breakdown strength of epoxy re-
sin is 26 kV/mm, breakdown strength of mica sheet is 35 kV/mm

i) T

Fig. 4: Propagation of electrical tree in epoxy resin and mica
sheet. Applied voltage 34 kV, breakdown strength of epoxy re-
sin is 26 kV/mm, breakdown strength of mica sheet is 35 kV/mm
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Fig. 5: Propagation of electrical tree in epoxy resin and mica
sheet. Applied voltage 34 kV, breakdown strength of epoxy re-
sin is 26 kV/mm, breakdown strength of mica sheet is 35 kV/mm

Is there a way to improve
even more the electrical per-
formance of such a composite
system? The following section
will concentrate on some of
the modern materials proposed
for machine insulation.

(As an explanatory note to
this paper: It 1is evident
from the present review that
here we are not interested in
an estimation of lifetime ex-
pectancies of the insulation
in connection with the qual-
ity of the insulation itself.
Models of lifetime expectan-
cies have been developed and
commented upon elsewhere [35].
It should also be emphasized
that, the present paper is not
concerned with the technica-
lities of the measurements of
PD in rotating machine insu-
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lation either [36]).

Nanocomposite Polymers for
Rotating Machine Insulation

A recent paper on nanodi-
electrics applications has
pointed out that "three types
of insulations have been de-
veloped with great improve-
ments in the resistance to
partial discharges: first in
random-wound wire enamel; se-
cond in form-wound strand
enamel; and third in form-
wound stator bar insulation
or ground wall insulation"
[37]. Of these aforementioned
applications, the one that
interests us most for the
time being is the third one,
i.e. that of stator bar insu-
lation. The other two types
of insulation may constitute
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the subject of yet another
review paper. In the context
of the present paper, we will
concentrate on some off the
novel insulating materials
concerning the stator bar in-
sulation.

Results reported on 13.8
kv form-wound hydro generator
bars made of epoxy resin with
a high percentage of nanopar-
ticles of silica, indicated a
very optimum performance re-
garding their thermal and me-
chanical properties. The elec-
trical performance of such an
insulation w.r.t. the PD and
electrical treeing resistance
was also noted [37], [38].
Better resistance to PD and
electrical treeing implies
less insulation thickness.

Before starting an evalua-
tion of nanocomposite materi-
als for machine applications,
let us be clear on a certain
point: the novel materials
may offer some new insights
regarding the endurance of
the insulation of electrical
machines, but the condition
-based maintenance treatment
is not expected to change
that dramatically. In other
words, we are still far from
new aging models and/or ac-
celerated laboratory testing
[40]. In yet other words, sy-
nergy effects may occur also
with the new materials and,
when two or more aging mecha-
nisms are at work simultane-
ously, the total degradation
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may not be a single algebraic
sum of the separate degrada-
tion outcomes [39], [40].

It is rather clear that
from the two basic components
that constitute the rotating
machine insulation, the one
that is expected to be prone
for the addition of nanopar-
ticles, 1is the epoxy resin.
Inorganic nitrides and oxides
(such as, AIN, BN, SiO2, Zno,
Al203 and TiO2 among others)
may be added in small amounts,
and if homogeneously disper-
sed, they may show potential-
ly better electrical and ther-
mal properties than the con-
ventional epoxy resin [41].
The need for good dispersion
of the nanoparticles as well
as the important role of in-
terfaces in the nanocomposite
polymers has been discussed
elsewhere and there 1is no
need for any repetition here
[42]. Boron Nitride (BN) has
been used to enhance the di-
electric properties of the
groundwall insulation system
for generators because it has
a reasonably high resistivity
(10** ohm.cm) and breakdown
strength (53 kV/mm) as well
as a rather small relative
permittivity (around 4). Such
inherent properties render BN
a good nanoparticle material
to be added to epoxy resin
[41]. Moreover, the addition
of BN nanoparticles improved
the thermal conductivity of
epoxy resin. In another pub-
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lication, epoxy resin was mi-
xed with Al203 nanoparticles
[43]. The breakdown strength
of such a nanocomposite was
comparable to the breakdown
strength of conventional epo-
Xy resin but with a lower
scatter in values. In [43],
particular attention was paid
to the fact that nanoparticle
agglomerations were dependent
on the method of preparation
of the nanocomposite. As 1is
well known, nanoparticle agglo-
merations affect the PD, the
electrical tree propagation
and the breakdown strength of
nanocomposites [44]. Zirconia
nanoparticles added to epoxy
resin offer an improvement of
the breakdown strength as
well as of the thermal and
dielectric properties. Addi-
tion of zirconia nanoparti-
cles to about 5 wt% gives a
higher breakdown strength com-
pared to conventional epoxy
resin [45]. It must, however,
be noted that in [45], there
are in certain parts of the
paper discrepancies between
the text and the experimental
data.

Fillers in insulation sys-
tems for rotating machines
are investigated in [46], a
most thorough review publica-
tion. Without going into many
details about the application
of nanocomposites for machine
insulation and the role of
nanoparticles, that paper
points out several vital as-
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pects of insulation engineer-
ing, namely, the effect of
electrical, mechanical and
thermal stresses, which leads
to delaminations and/or void
formation. Nanoparticles are
deemed to restrain the charge
transport processes. As a con-
sequence, nanocomposites ex-
hibit less space charge for-
mation than conventional po-
lymers or their microparticle
counterparts. The novel ap-
proach of [46] is that it in-
sists on a concept for void
formation that is based on a
micro-mechanical approach, 1i.
e. void formation can be con-
sidered as a process by which
the insulating material ac-
commodates mechanical energy,
no matter whether this energy
is purely mechanical, elec-
tro-mechanical or thermo-me-
chanical in nature. 1In the
case of nanocomposites, crack
initiation may be considered
as having a critical nucle-
ation size. Crack initiation
sites may well come from na-
noparticles aggregates, as was
noted in [47]. In [47], the
breakdown strength of epoxy
resin/clay nanocomposites was
investigated, the clays being
Cloisite 20A (C20A) and Cloi-
site 30B (C30B) with diffe-
rent levels of loading. It
was reported that the break-
down strength depends on the
level of loading (around 5wt%
being the optimum) and also
on the type of nanocomposite
structure (intercalated nano-
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composite or exfoliated nano-
composite), with the exfolia-
ted type giving the higher
breakdown strength. Clay C30B
gave the better results since
it is more hydrophilic than
clay C20B and, consequently,
it has a greater affinity for
epoxy resin. Epoxy pre-poly-
mers can more easily interca-
late into C30B clay galle-
ries, increasing thus the in-
terlayer spacing (more de-
tails on intercalated and ex-
foliated structures in [48],
[49]). In yet another paper,
it was reported that appro-
priate nanoparticles, if sui-
tably added, may enhance the
breakdown time of conventio-
nal epoxy resin by a factor
of ten [50].

Nanosized particles were
also discussed in [51], where
excellent voltage endurance
results seemed to be very pro-
mising. Large percentages of
silica nanoparticles (up to
25 wt%) were reported for
making practical coils in VPI
(vacuum pressure impregna-
tion) epoxy resin successful-
ly [52]. The reported percen-
tage seems to be excessive in
view of previous publica-
tions. Nevertheless, for na-
nocomposite materials in high
voltage machinery, the prob-
lems remain much the same as
with the more traditional in-
sulations, namely that the
heat transfer must be satis-
factory also for the new
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materials, the mechanical
strength must be high enough
and the risk from PD must be
minimized [51]. Recent work
on mechanical properties sho-
wed that, with epoxy resin
and montmorillonite (MMT) clay
mineral, natural frequency of
vibration and damping factor
of the said material increase
by adding up to 5 wt% of nano
clay [53]. Recent work also
indicated that epoxy resin
with 10 wt% TiO2 nanoparti-
cles improved greatly the ac
breakdown strength and the
time to breakdown [54].

The percentage of nanopar-
ticles to be included in a
base polymer matrix depends
on the type of nanoparticles
as well as on the base poly-

mer. It has been reported,
for example, that with epoxy
resin and layered silicate,

just small amounts of nano-
particles are enough for the
improvement of partial dis-
charge resistance, whereas in
other publications, it was
confirmed that only 2 wt% of
nanoparticles 1is sufficient
to improve the partial dis-
charge resistance of poly-
amide/layered silicate nano-
composites [55]-[57]. Small
amounts of nanoparticles (3
wt% of SiO2 nanoparticles)
were also reported to improve
the glass transition tempera-
ture of epoxy resin in com-
parison with the neat epoxy
resin. This is due to the re-
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duction of polymer chains mo-
bility. On the other hand, in
the same paper, the resisti-
vity of epoxy resin with 3 wt
% of TiO2 nanoparticles was
lower by one order of magni-
tude with respect to pure
epoxy resin [58]. Paper [58]
is a good example of the de-
pendence of the nanocomposite
properties on the nature of
the added nanoparticles to
epoxy resin. Further evidence
as to the effect of the per-
centage wt% of nanoparticles
in epoxy resin is offered in
[59], where POSS (polyhedral
oligomeric silsesquioxane) na-
noparticles were added to the
base material. Tand measure-
ments as well as thermo-
gravimetric analysis showed
that moderate percentages in
wt% (between 1% and 4%) of-
fered the best results. The
importance of nanoparticle
percentage and functionaliza-
tion was also emphasized in
[60], where poly (butylene
te-rephthalate) based poly-
mers containing alumina nano-
particles were investigated,
as alternative to epoxy re-
sin. It was reported that an
optimum nanoparticle percent-
age exists for giving a low-
ering of the permittivity of

the resulting nanocomposite
as well as a lowering of
tand. The 1lowering of the

aforementioned parameters can
probably be ascribed to the
restriction of polymer chain
movement by nanoparticles due
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to the modified molecular
structure and chain dynamics,
which cause a strong surface
interaction between the nano-
particle and the polymer ma-
trix [61].

Treeing effects in nano-
composite epoxy resin propa-
gate through the base mate-
rial and do not go through
the nanoparticles [44], [62].
Erosion depth was found to be
minimal for a combination of
micro- and nano- particles
[62]. The desirable result of
having good thermal conduc-
tivity and low dielectric con-
stant is more difficult to
obtain. In [60], it was shown
that epoxy resin with h- or
c- boron nitride nanoparti-
cles presents higher thermal
conductivity at the expense
of a higher dielectric con-
stant, whereas epoxy resin
with silica nanoparticles has
a much lower dielectric con-
stant but with a far Ilower
thermal conductivity. The re-
ported lower thermal conduc-
tivity of epoxy resin with
silica nanoparticles, howe-
ver, was contradicted in [52],
[63]. In [52], it was men-
tioned that nanosized SiO2
particles act as barriers to
the treeing phenomena and hin-
der propagation. Moreover, the
mechanical and thermal pro-
perties are improved signifi-
cantly, thus giving a promi-
sing new insulation system
with less thickness and bet-
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ter heat transfer. The dis-
agreement between [62] and
[52] may be due to the dif-
ferent processing methods as
well as to the different size
and/or shape of the nanopar-
ticles.

Differentiation between
short-time breakdown and long
-term failure in nanocompo-
sites was reported in [64].
As the authors pointed out,
short-term breakdown proper-
ties depend on the applied
voltage waveforms as well as
the bonded region of the
nanoparticles, whereas for
long-term aging and failure,
the transitional region and
the cohesive energy density
(CED) of the polymer matrix
play the dominant role. They
remarked that the percentage
weight of nanoparticles to be
included in a polymer matrix
depends on the matrix itself,
the chemical nature of the
nanoparticles, their  func-
tionalization, their size and
their bonding to the polymer
matrix. For example, Ag nano-
particles of about 20 nm in
size mixed with epoxy resin
at about only 0.05 wt% may
improve the short-term break-
down strength by about 30%
w.r.t. the pure epoxy resin.
Regarding nanoparticle con-
tent and the polymer matrix,
it was shown that with 1 wt%,

polyethylene counterpart. The
authors of [64] also remarked
that PD resistance improves
as the size of nanoparticles
decreases because the proba-
bility of electron collision
with nanoparticles increases
leading the electron trans-
port to become harder. The
latter statement agrees with

simulation results presented
in [42].

Rotating machine insula-
tion will be better served

with nanomaterials, if such
materials include nanometric
layered silica nanoparticles,
since the latter offer better
PD resistance and improved
mechanical properties. As the
design field nowadays for
conventional machine insula-
tion is limited to only about
3 kvV/mm [65], silica nanopar -
ticles may help to increase
the design field [66]. Such
layered silica nanoparticles
present a barrier behavior,
rendering them interesting for
applications.

Possible Charging Phenome-
na Below Inception Voltage

The present paper did not
deal with either the techni-
calities of PD measurements
in rotating machine insula-
tion or the modeling of life-
time of such insulation under
a variety of simultaneous

epoxy resin nanocomposite has stresses (electrical, thermal
a better long-term electrical and mechanical) [67]-[69].
aging resistance than its The literature on such topics
MONDAY 4 AUGUST 2014 vi-21 FUNKTECHNIKPLUS # JOURNAL



is very rich to be dealt with
in the present work. This pa-
per did not deal either with
the possibility of charging
phenomena below the so-called
inception voltage. Relevant
work done 1in the past re-
vealed that it is possible to
have sudden failures in insu-
lation systems (including
those of rotating machines),
even though the equipment
passed the relevant specifi-
cation tests [30], [70]-[76].
More recent research on the
topic of charging phenomena
below inception voltage indi-
cated that in both base epoxy
resin [77], and in epoxy re-
sin with TiO2 nanoparticles
and microparticles, charging
phenomena were observed [78].
It has, however, to be noted
that in the case of epoxy re-
sin with nanoparticles and
microparticles, charging phe-
nomena below inception were
rather sporadic. This may be
due to the bonding strength
between fillers and matrices,
the interfiller space or ma-
trix volume surrounded by
neighboring fillers and to
the morphology in the inter-
filler space [79]. The whole
subject of possible charging
effects below the so-called
inception voltage cannot be
dealt with in the present pa-
per. It is, however, a sub-
ject which unjustly does not
attract much attention from

M.G. DANIKAS, R. SARATHI

to this subject, possibly
with another review paper con-
centrated on this subject on-
ly. Certainly, for the treat-
ment of this question, impor-
tant publications such as
[80]-[83], must be taken into
account.

Further Developments

It is understandable that
there may be alternatives to
the epoxy resin as insulating
material for rotating machi-
nes. Such alternatives may be
silicone based, resin rich in-
sulation materials due to
their thermal stability, fle-
xibility, anti-vibration and
very good electrical proper-
ties. It would be interesting
to see admixtures of such ma-
terials with nanoparticles,
as a further exploration for
possible applications [84].
Furthermore, more fundamental
research has to be performed
regarding the combined stres-
ses on nanocomposite poly-
mers. Since the various stres-
ses (electrical, thermal, me-
chanical etc.) are applied
not sequentially but combined
[85]-[88], experimental work
has to be done in this re-
spect. In [63], detailed steps
for future work have been pro-
posed, such as thermal aging
and classification tests at
different temperatures, elec-
trical aging - voltage en-
durance tests at various le-

the insulation community. The vels resulting in lifetime
authors intend to come back
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curves, multifactor aging as
well as thermo-mechanical ben-
ding endurance 1in parallel
with electrical stress tests.
On a more general basis, op-
timization of nanocomposite
material fabrication methods,
a better understanding of in-
terfaces and possible combi-

nations of micro- and nano-
composites may be research
fields in the future. The
need for nanocomposites ha-

ving high breakdown strength,
low thermal expansion coeffi-

cient, high thermal conduc-
tivity, satisfactory 1long-
term aging and good with-

standing capability to multi-

stressing, will be even more
pronounced in the coming
years [89]. The variety of

nanoparticle sizes and types,
the variety of polymer matri-
ces as well as the variety of
processing methods, leaves us
with the hope that optimal
combinations w.r.t. the elec-
trical, mechanical and ther-
mal properties, may be found
for the benefit of the elec-
trical machines industry.

Conclusion

In this paper a review was
performed for both traditio-
nal and modern insulating ma-
terials for rotating machine
insulation. Traditional insu-
lation mainly consists of mi-
ca sheets and epoxy resin,
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with the former being the
stronger of the two materi-
als. Electrical trees tend to
propagate through the epoxy
resin and have greater diffi-
culty in breaking through the
mica sheets. Nanocomposites
on the other hand offer gene-
rally better insulating prop-
erties. The nanoparticles that
are dispersed in the polymer
matrix tend to act as ex-
tremely small barriers, pre-
venting thus the propagation
and growth of electrical
trees. The performance of the
nanocomposite polymers de-
pends on a variety of parame-
ters, such as, for example,
the type of polymer matrix,
the type of nanoparticles,
their functionalization and
their size.
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