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Polyester and polyesterimide compounds for impregnating of electrical motors were modified by incorporating
of three kinds of nanofillers: zinc oxide, fumed nanosilica and titanium dioxide so as to improve their properties.
Nanosized particles were added at 1 wt.% of loading and homogeneously dispersed in polyester and polyesterimide
matrix. The results on mechanical, electrical and barrier properties of standard and nanofilled compounds were
compared. Thermogravimetric/differential thermal analysis showed that thermal stability of nanofilled compounds
was significantly higher. Also the electrical and bonding strength of nanofilled impregnating compounds increased
and at the same time water absorption decreased. The highest improvement of properties owing to nanofillers was
obtained in the case of nanosilica.

PACS numbers: 81.07.Pr, 82.35.Np

1. Introduction

Polymer nanocomposites, a class of polymers rein-
forced with low quantities of well-dispersed nanoparticles
offer advantages over conventional composites. The re-
search on polymeric nanocomposite dielectrics has been
conducted for several years. It has been proved that when
the sizes of nanofillers are very small (at least one of their
dimensions is under 100 nm), the interface regions are
so large that they start to interact at very low level of
loadings. Nanoparticles have great effect on the proper-
ties and morphology of polymeric nanocomposite due to
their large specific surface and high surface energy. The
interactions between polymer matrix and nanoparticles
alter polymer chemistry, i.e. chain mobility and degree
of cure and generate new trap centers in the composite
which brings about the significant change in electrical
properties [1–8]. Where the size of the particle is close
to that of the polymer chain length, the particles do not
behave like foreign inclusions and space charge densities
are small [6, 9, 10]. While microcomposites show signifi-
cant Maxwell–Wagner interfacial polarisation at low fre-
quencies, nanocomposites show quite different behaviour
known as “low-frequency dispersion” or “quasi-DC” be-
haviour [6, 11–14].

Nanoscale dispersion of fillers in the polymer rein-
forces their mechanical, thermal and dielectrical prop-
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erties compared to neat resins [5, 7, 8, 15–28]. In the
improvement of dielectrical properties both the enhanced
scattering of the nanocomposite and mitigation of inter-
nal charge may play a role [8].

The purpose of this study was to develop the new
nanofilled insulating materials, that would be both re-
sistant to electrical stresses coming from inverters and
to exhibit the better mechanical endurance, appropri-
ate for application in high-speed revolution motors. It
was assumed that composites modified by incorporating
of nanoparticles of nanosilica, titanium dioxide and zinc
oxide can meet these requirements.

2. Experimental

To carry out this experiment the impregnating
polyester and polyesterimide compounds were added
with the following nanoparticles: fumed nanosilica
(specific surface 380 m2/g, particle size 7 nm), tita-
nium dioxide (specific surface 200 m2/g, particle size
< 25 nm), zinc oxide (specific surface 25 m2/g, particle
size < 100 nm). Nanosized particles doped with special
additives were added at the rate of 1 wt.% and homoge-
neously dispersed in a liquid polymer matrix by means
of ultrasonic mixer and laboratory high torque disperser.
For the proper dispersing of nanoparticles in a liquid,
the special method of mixing to a colloidal dispersion
was developed. As a result, the new compounds with the
long “shelf life” (i.e. six months without sedimentation)
have been obtained, which confirms thesis that phenom-
ena that occur in nanocomposites can also be considered
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in the aspect of model system for molecules as a colloid
suspension. Below the results on investigation of electri-
cal, mechanical and barrier properties of standard and
nanofilled compounds were presented and compared.

3. Test results

The compounds dielectrical properties, i.e. electrical
strength and resistance to partial discharges were trailed
on samples in a form of steel panels coated with a given
compound. The electrical strength was tested according
to IEC 60243-1 method, using ball to plate type of elec-
trode arrangement as per IEC 60646-2. The results of
electrical strength of polyesterimide compounds are pre-
sented in Fig. 1. In electrical strength the polyesterimide
nanocomposite with nanosilica exhibited more than 40%
improvement upon that without fillers, while in the case
of other nanofillers the advantage was not so evident. The
other authors [8, 3] found that the electrical strength be-
haviour due to nanofillers is not so univocal and electrical
strength can increase but also decrease. The weakness
can be caused by nanoparticles agglomeration or inter-
phase interactions [6, 7, 12, 15, 24]. The improvements of
electrical strength may be due to well-known scattering
mechanism occurring in filled composites [3]. This effect,
which relies on the extending the routes of the charge
carriers, is also known as “barrier effect” or “labyrinths
effect”.

Fig. 1. Electrical strength vs. temperature of the stan-
dard and nanofilled polyesterimide compounds.

The compounds resistance to partial discharges (PD)
was evaluated by measurement of their lifetimes under
PD activity by applying the repetitive bipolar square im-
pulse voltage. The severity of test (1100 V/20 kHz) was
such as to exceed the partial discharge inception voltage
(PDIV) of the compositions. The PD failure times were
recorded and plotted in a Weibull distribution curve, in
which the alpha value (63% probability) was taken as an
average lifetime of the sample. The example of compound
with 1% ZnO is shown in Fig. 2.

The lifetime of polyesterimide impregnating compound
nanofilled with nanosilica appeared to be more than 20
times longer than that of the standard compound. As

Fig. 2. Weibull probability function P (x) vs. lifetime
of compound with 1% ZnO.

a result of incorporation of TiO2 and ZnO nanoparticles
the composite lifetimes was elongated by 6 and 4 times,
respectively (Fig. 3). The best results were obtained for
compounds modified with nanosilica, whose grain sizes
were the smallest. The fact that adding of nanofiller
may lead to meaningful elongation of the polymer lifetime
under partial discharges has been reported in literature
[2, 6, 7, 11, 12, 24] and is also ascribed to the above
mentioned barrier effect which restricts partial discharges
penetration (shielding effect) and diminishes the erosion.

Fig. 3. Comparison of lifetimes of standard and
nanofilled polyesterimide compounds under pulse volt-
age 1.1 kV/20 kHz.

The water absorption was tested according to ISO 62.
In nanocomposites after 120 h of immersing them in wa-
ter it decreased (Fig. 4), as a result of the nanoparticles
barrier effect on water permeaiting.

Figure 5 presents the results on bond strength test-
ing as per IEC 61033 of both standard and nanofilled
polyester compounds. The bond strength of all the
nanocomposites increased and the enhancement was in
the range from 60% in the case of zinc oxide nanofiller
to 80% in the case of nanosilica. Figure 6 shows that
the bond strength of the nanofilled polyesterimide com-
pounds at elevated (180◦C) temperature also improves.
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Fig. 4. The water absorption of standard and
nanofilled polyester and polyesterimide compounds af-
ter 120 h immersing in water.

Fig. 5. Bond strength of the standard and nanofilled
polyester compounds at 20◦C.

This enhancement may be attributed to the generation
of the additional cross-couplings at polymer–nanofiller
interfaces.

To estimate the influence of nanofillers on the ther-
mal stability of the polyester and polyesterimide im-
pregnating compounds, the thermoanalytical testing in
the temperature range from 25 to 900◦C was performed
using thermogravimetric/differential thermal analysis
(TGA/DTA) method. It was established that, irrespec-
tively of the type of nanofiller, the nanofilled polyester
compounds improved their thermal stability at the same
rate. The TGA/DTA data for polyester and polyester-
imide resins with nanosilica are presented in Fig. 7.
It can be noticed that decomposition temperatures of
both nanofilled polymers increase up to 360◦C, even
though the initial values had been quite different. It
may be because the polymer with poorer initial proper-
ties (polyester) was more ready to generate the additional
chemical or physical bonding centers.

4. Conclusion

Polyester and polyesterimide compounds for impreg-
nating of electrical motors modified with nanoparticles of

Fig. 6. Bond strength of the standard and nanofilled
polyesterimide compounds at 180◦C.

Fig. 7. The decomposition temperatures of standard
and filled with nanosilica polyester and polyesterimide
compounds.

SiO2, TiO2 and ZnO, when compared to standard com-
pounds, show improved dielectrical properties and better
water resistance, which may be attributed to scattering
mechanism, caused by introduction of a second nanosized
phase. The obtained nanofilled compounds also exhibit
the better mechanical and thermal properties, probably
due to generating of the additional cross-couplings in the
interfaces. The best properties have been obtained for
compounds added with nanosilica, which may result from
the fact that nanosilica was characterised by the small-
est sizes of nanoparticles among nanofillers used in this
experiment.
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