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THE ELECTRIC PROPERTIES OF CURED MICA-GLASS
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WELASCIWOSCI DIELEKTRYKOW OPARTYCH NA KOMPONENTACH
ZYWICA/MIKA/SZKLO

Abstract: The curing of Resin-rich composites materials is an important part of technology of electrical rotat-
ing machines main wall insulation manufacturing. The using of optimal curing temperature increases the ser-
vice reliability of insulating system as well as the whole electrical machine. The diagnostics of changing prop-
erties during the curing and the estimation of the optimal curing temperature are thus important components at
the manufacturing of insulating system of electrical machines.

The paper describes the behaviour of diagnostic parameter tan 6 of cured mica-composites in dependence on
curing temperature.

The studied material consists of two different three-layer mica composites, which are normally used for the
manufacture of main wall insulation in electrical rotating machines. The basic components of the composites
are: mica paper, epoxy-novolac resin and glass fabric. The particular variants of composites differ each from
other in the type of curing agent. The specimens were cured over six different temperatures in the range from
130 to 180 °C. The main diagnostic parameter tan & was measured online during the curing (curing character-
istics) and after the curing process. The temperature dependence of tan & was measured after the isothermal
curing.

An analysis of the results allows us to determine the optimal curing temperature where the value of tan  of the
cured system is the lowest of all and the properties of temperature dependence of tan d are the most suitable.
The magnitude tan & gives very good information capability about materials during their curing and enables to
determine the optimal curing temperature. The tan J is also able to determine possible undercuring of the in-
sulation, which occurs at lower curing temperatures.

Streszczenie: W celu zapewnienia wysokiej niezawodnosci systemow elektroizolacyjnych wirujacych maszyn
elektrycznych nalezy zwracaé szczegdlna uwagg na prawidtowos¢ przebiegu procesu technologicznego izolo-
wania, impregnowania i utwardzania uktadu elektroizolacyjnego. Wtasciwe utwardzanie uktadu Resin-rich jest
jedna z najwazniejszych operacji podczas produkcji uktadu elektroizolacyjnego. W tym czasie nastepuje wza-
jemne przenikanie wiazan zywic i uklad uzyskuje koncowe wiasciwosci izolacyjne. Ustalenie optymalnej
temperatury i czasu utwardzania jest niezwykle wazne. Opracowana zostata metoda okreslania wiasciwych
czasOw i temperatur utwardzania. Metoda badan (zwana charakterystyka utwardzania), pozwala obserwowac
zakres zmian wspolczynnika stratnosci tan 8 podczas procesu utwardzania (w niniejszym artykule zawarto
wyniki obserwowane dla warunkéw izotermicznych). Pomiary zaleznosci wspotczynnika tan & od temperatury
wykonano w celu uzyskania bardziej szczegoétowych informacji o wlasciwosciach systemu izolacyjnego. Ta
analiza pozwolila stwierdzi¢, iz na skutek niewlasciwej temperatury utwardzania, moga pojawic si¢ niewta-
$ciwe parametry uktadu izolacyjnego. Opisywana metoda badawcza moze by¢ stosowana do okreslania para-
metrow nowego rodzaju uktadu elektroizolacyjnego lub do modernizacji i rozwoju juz istniejacych materia-
tow, w celu osiagnigcia zmiany ich parametrow funkcjonalnych dla produkowanych maszyn elektrycznych.

W artykule przedstawiono mechanizm przemian zachodzacych w dielektryku podczas utwardzania. W roz-
dziale 2 omoéwiono teoretyczne zaleznos$ci, dotyczace wspotczynnika przenikalnosci elektrycznej €*, zawiera-
jacego zarowno cze$¢ rzeczywista (€”), jak 1 urojona (¢”"). Omoéwiono tu roOwnanie Havrilak-Negami (4), opi-
sujace zmiany wspolczynnika zespolonej przenikalnosci.

Przygotowano eksperyment badawczy dla dwoch nowych typow materialdow Resin-rich. Realizowano utwar-
dzanie plaskich probek dla szesciu izotermalnych warunkéw procesu technologicznego, od 130 do 180 stopni
C. W maszynach elektrycznych wirujacych izolacjg¢ gtéwna tworzg materiaty mika-szkto, zawierajace papier
mikowy, widkno szklane i zywice epoksydowa. W przeprowadzanych testach zastosowano zywice A i B, r6z-
nigce si¢ miedzy soba zawarto$cia utwardzacza. Oceng materialu elektroizolacyjnego przeprowadzono mie-
rzac charakterystyki wspolczynnika tan , jak rowniez zaleznosci tan & od temperatury (tab. I).

W tabeli II zawarto obserwowane wartosci wspotczynnika tan 6 w funkcji temperatury utwardzania po 200
minutach utwardzania. Rysunki 1 i 2 przedstawiaja ww. charakterystyki w formie graficznej. Jako optymalng
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temperaturg utwardzania przyjeto ok. 150 stopni C z uwagi na to, iz wspdlczynnik tan 6 przyjmuje wtedy naj-
nizsze wartosci dla ustalonego czasu wygrzewania. W celu zweryfikowania otrzymanych rezultatow, prze-
prowadzono pomiary zalezno$ci warto$ci wspotczynnika tan 6 od temperatury (dla materialéw utwardzanych
przez 200 minut). Wyniki tych préb przedstawiono na rys. 3 i 4. Potwierdzaja one fakt, iz optymalna tempe-

ratura utwardzania jest temperatura 150°C.

Przeprowadzone badania zmian wiasciwosci dielektrykéw opartych na komponentach zywica/mika/szkto po-
zwolity okresli¢ optymalna temperature utwardzania w celu zminimalizowania strat dielektrycznych uktadu
elektroizolacyjnego. W celu okreslania optymalnych temperatur utwardzania mozna stosowa¢ jedna z metod
analizy strukturalnej (np. DTA) [9]. Autorzy dzigkuja za wsparcie i pomoc Ministerstwa Edukacji Mtodziezy

i Sportu Republiki Czeskiej przy realizacji badan.

1. Introduction

The proper technological steps are required by
manufacturing of main insulation system of ro-
tating machines due to the service reliability as-
surance. The curing of Resin-rich insulating
materials is one of the most necessary techno-
logical operations. The crosslinking of bond
resins occurs at this process and the insulating
material acquires the final insulating properties.
The assessment of optimal curing time and
temperature when the system is properly cured
is very important. The suitable test method for
determination of mentioned parameters was de-
veloped. The test method (called curing char-
acteristics) continually observes magnitude of
tan & during the curing process (in the case of
presented paper under isothermal conditions).
The measuring of tan & in dependence on tem-
perature was realized for more detailed infor-
mation about insulating system properties. This
analysis discovers the possible inadequacies in
cured material due to the improper curing tem-
perature. The mentioned methods are suitable
for properties evaluation of new developed
materials during their application test as well as
for evaluation of already existing materials
during the manufacturing of new insulating
system of electrical rotating machines.

2. Theory

The behavior of a dielectric during the curing is
primary affected by polarization and conduction
mechanisms. Complex permitivity €* consists
of areal (¢") and imaginary (¢"") part

8* :6"—j€” (1)

The real part of €* is equal to the relative per-
mitivity of the dielectric. The loss factor € is
proportional to losses and it is equal to energy
losses due to dipole movement under an ac
electrical field. The loss factor &”” is given by
the equation:

noo ;
&= gion + gdipol (2)
The subscript ion indicates the contribution of
the ionic conductivity while the subscript dipole
indicates the contribution of dipolar relaxation
to the loss factor €”".

g . .
The part “%" is given as:
" O

gi(m =
2nfe, 3)

where o is the ionic conductivity, f is applied
frequency in Hz and €0 is the dielectric constant
of vacuum.

At the beginning of the curing reaction (low de-
gree of cure), the contribution of ionic conduc-
tivity is dominant and the value of relative per-
mitivity € is high [3]. The epoxy crosslinking
and dipole relaxation become more dominant
with further proceeding of curing reactions [4],
[7]. This can be monitored as a peak in the di-
electric dissipation factor. The contribution of
relaxation is dominant at this moment and
overlaps the contribution of ionic conductivity.
The Havriliak-Negami function (4) describes
this behaviour of complex permitivity, loss
factor and dipolar contribution respectively.

£, — €
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where 1 is relaxation time, ® is applied fre-
quency, g is relaxed or static dielectric permi-
tivity, €, is the unrelaxed permitivity, o, are
parameters between 0 and 1. The exponent o
describes the width of the distribution of re-
laxation times while the exponent [ describes
the skew of the distribution of relaxation times.

Eq. (4) leads to: [4]
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It is possible to study the parts of complex per-
mitivity during the curing with application of
this analysis.

3. Experiment

The experiment concerning about the curing of
two different Resin-rich materials was prepared
because of new material development and its
application test necessity. The curing of flat
samples was realized under six different iso-
thermal temperatures in the range from 130 to
180 °C.

The mica-glass composites usually used as
main wall insulation of rotating machines con-
tains mica paper, epoxy resin and glass fiber.
The particular variants of composites A, B
(used in the experiment) differs from each other
in the type of used curing agent of epoxy resin.
Evaluation of the materials was performed with
using of curing characteristics tan 6 measure-
ment as well as with the measurement of tan o
temperature dependence. The temperature de-
pendence of tan & was performed on samples
cured for 200 min. (from 40°C to 180°C with
1°C temperature increasing.)

Tab. 1. Order of experiments

Curing temperature / °C
130, 140, 150, 160, 170, 180

Curing time / min

Used Analysis 10 30 60 200
Curing characteristics of tan & + + + +
tan S temperature dependence +

4. Results and discussions

Described experiment discovers different curing
properties and tan o magnitudes at different
curing temperatures. Table 2 presents the de-
pendence on curing temperature.

Table I1.

Values of tan 6 depending on curing tempera-
ture after 200 min of curing

Curing Material A | Material B
temperature / °C
130 0,309 0,065
140 0,278 0,064
150 0,193 0,063
160 0,279 0,101
170 0,253 0,140
180 0,279 0,254

Figures 1, 2 present curing characteristics of
tan 6 in dependence on curing temperature. The
peak of tan 6 (given by dipolar relaxation [8])
depends on curing temperature - the higher the
curing temperature, the earlier the peak appears
(due to faster curing at higher temperatures)
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Fig. 1. Curing characteristics of material A

Curing characteristics of Material B

1008400

9,00E01

5 sooeor L1t
N
coeor |
e
01 \\;\ \ N
2,00E-01 \\
1,00E-01 =

uuuuuuu

Curing time /'s

Fig.2. Curing characteristics of material B

At low curing temperatures material B does not
show increased final dielectric loss values
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unlike material A which shows a strong upward
trend, however at high temperatures >160°C
both materials show increased dielectric loss
factors. This fact should be theoretically ex-
plained by two hypotheses. First, the delamina-
tion of composite due to high temperature and
consequently the beginning of micro-inho-
mogeneities leads to the loss factor increases.
The second hypothesis of increased tan 6 is
possible rise of polar particles due to isomeri-
sation processes inside the material structure
[1]. The optimal curing temperature of 150°C is
estimated from curing characteristics. The tan o
magnitude of cured material reaches the lowest
value at this curing temperature.

The measurement of tan o temperature depend-
ence (at materials cured for 200 min.) was pro-
ceeded for verification of these results.

Figures 3 and 4 present experimental data of
this test.
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Fig.3. Temperature dependence of tan S of ma-
terial A
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Fig 4. Temperature dependence of tan S of ma-
terial B

The imperfect curing of material A is evident at
curing temperatures of 130°C and 140°C. The
decreasing of tan & comes into effect at tem-

peratures near to the curing temperature. This is
because of further curing of epoxy resin.

Study of mutual relationships between curing
characteristics and tan & temperature depend-
ence confirms the most suitable curing tem-
perature 150°C. The optimal electrical proper-
ties are evident from presented figures.

5. Conclusions

A detailed investigation shows the behaviour of
the dielectric properties during the curing of
epoxy/mica/glass composite systems A, B. This
paper has described the differences in behaviour
of two composite materials during the curing
and has shown a method of determining the op-
timal curing temperature in order to minimize
the dielectric loss of the cured system. The op-
timal curing temperature of the current materi-
als appears to be 150 °C.

It is suitable to use any structural analysis (for
example DTA) for the determination of optimal
curing time [9].

The DTA test method, which follows the rate of
reaction-able particles within material, allows to
determine the moment of fully cured resin [1].
Thanks to this application the undercuring
doesn’t occur.
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