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Abstract. This work aims to characterize the dielectric and the mechanical properties of a resin based on an
unsaturated polyesterimide diluted in methacrylate reactive diluents used in the impregnation of rotating
machines. The broadband dielectric spectrometry and the dynamic mechanical analysis were used to quantify
the changes in dielectric and mechanical properties of the network PEI resin, as a function of temperature and
frequency. The network characterizations highlight the presence of two main relaxations, @ and o', confirmed by
the differential scanning calorimetry analysis, showing the complexity of the chemical composition of this resin.
The dielectric spectroscopy shows a significant increase in the dielectric values due to an increase of the material
conductivity, while the mechanical spectroscopy shows an important decrease of the polymer rigidity and
viscosity expressed by an important decrease in the storage modulus. The PEI resin shows a high reactivity when
it is submitted in successive heating ramps, which involves in a post-cross-linking reaction.

1 Introduction

The resins based on polyesters are widely used in the
impregnation industry to provide mechanical and electrical
insulating support to the windings of rotating machines.
Unsaturated polyesters (UP) are used because of their good
mechanical and electrical properties, as well as high
temperature resistance [1]. With the technical develop-
ments of recent decades, the constraints applied to
electrical devices (especially rotating machines such as
motors) have increased substantially. The components
subjected to increasing temperatures involve the use of
varnishes, which are increasingly resistant to heat. This
requirement has led to the establishment of thermal classes
corresponding to the maximum operating temperature of
insulating systems. This performance is meant to develop
products of higher thermal classes and has led to the
development of new resins’ families, such as polyester-
imide based ones. The challenge is to improve the heat
resistance of the impregnating resins while considering the
implementation aspect. In particular, the final product
must be a single component with a viscosity at room
temperature less than 2000 mPa-s. They must also be cross-
linked according to an industrially applicable thermal
cycle. Because of energetic costs, the thermal cycle is
preferably of a few hours, with a temperature around

* Contribution to the topical issue “Electrical Engineering
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150°C. In addition, environmental constraints require the
reduction of the volatile organic compounds (CoVs) to
agree with the new REACH’s standards.

Among the methods used to provide more resistance to
polyester resins (UP) is the addition of imide functions,
either at the end of the molecules or in the backbone. In the
first case, unsaturated polyesterimide oligomer disfunc-
tionalized imide is diluted in styrene, resulting in
unsaturated polyester resins with terminal functions of
imide. In this case, the UP structures are partially modified
to improve their properties. The unsaturations located on
the end chains do not participate in the copolymerization
reaction with the reactive diluent. Consequently, these end
chain unsaturations do not take part in building the 3D
network, providing few improvements to the resin proper-
ties. The other method is the modification of unsaturated
polyester chains by incorporating imide structures in the
backbone, thus using directly unsaturated polyesterimide
prepolymers. This method provides many more improve-
ments in thermal and mechanical properties, but then an
issue of imide homopolarization occurs. The formation of
polyester-imide blocks with high molar masses tends to
increase the viscosity of the resin that constitutes a
problematic implementation.

The syntheses of polyesterimide resins are generally
performed in three steps [2,3]. The first step consists of the
synthesis of the unsaturated polyester-imide prepolymer,
which involves a polycondensation reaction between
hydroxylamine and a heated anhydride. This is followed
by a radical copolymerization reaction between the
unsaturations of the prepolymer and those of the reactive
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diluent, which is generally styrene or vinyl toluene [4]. This
copolymerization step is needed to form the 3D cross-linked
network, which consists of transition of the polymer from a
liquid state to a viscoelastic one. This phenomenon of
gelation formation occurs in two successive steps: forma-
tion of microgels followed by their coalescence, resulting in
the formation of macrogels.

Since the development of unsaturated polyester resins,
styrene is the most commonly used reactive diluent, mainly
because of its high diluting capacity and its ability to
radically copolymerize with the unsaturations of polyes-
ters. Because of its high volatility and its hazardous,
carcinogenic [5], and pollutant [6] nature, replacing the
styrene became a major issue in the impregnating resins
industry. Therefore, other reactive diluents have been
identified as potentially interesting [7,8]. They can be
grouped into three distinct families: styrenic, (meth)
acrylic, and allylic diluents. Although researches have
shown that acrylic or methacrylic diluents are both used in
the resin formulation as a reactive diluent (alone or as a
mixture with styrene) [9,10], they are not well studied. Due
to its compatibility with polyesters, as well as low viscosity
and low volatility during polymerization (1-3%), the
BDDMA (1,4-butanediol dimethacrylate) [11,12] can
replace styrene as reactive diluent. The choice of BDDMA
appears to be potentially interesting because it produces
resins with equivalent or better properties to those made in
styrene. This is either in terms of implementation or
thermal and mechanical resistance.

The resistance of varnishes to mechanical and electrical
stresses depends not only on the operating temperature
parameter, but also on a solicitation frequency, such as
vibration or AC voltage frequencies. Therefore, the study
of the characteristic relaxations based on the stress
frequency is one of the keys to understand the behavior
of these electrical insulators under severe thermal and
stress constraints. In this study, we analyze the dielectric
and mechanical properties of a thermal class H resin, which
has a high operating temperature of 180°C. This resin is
based on an unsaturated polyester-imide precursor and
BDDMA and another methacrylate monomer, as reactive
diluents. The different characterizations are performed
under a wide range of temperatures and frequencies in
order to assess the network behavior of the polymer.

2 Experimental

The sample used in dielectric analyses is prepared by
coating liquid varnish on Polyimide film (Kapt0n®). The
coated films are then formed using a hydraulic press under
a curing cycle usually applied in industry. Two heating
ramps are used. The first one is soft and reaches an initial
temperature of 130°C in order to eliminate volatiles and
avoid trapping bubbles in the sample. In this step, a
copolymerization mechanism between unsaturated polyes-
ter-imide prepolymers and the reactive diluent starts and
the resin transitions from a liquid state to a viscoelastic
one. This is called the gelation process [13]. The second
temperature ramp is steeper and involves a cure of 3h to
obtain a solid sample. In the second step, the cross-linking

progresses and tends to be completed. The disk-shaped
samples obtained have a radius of 15 mm and a thickness of
0.3mm. They are then coated with gold by sputtering on
each face before measurements. The sample used in
mechanical spectroscopy is obtained by curing a block of
varnish using the previous curing cycle. The final sample
has a bar shape with 0.5 mm thickness, 50 mm length, and
1 mm width and is obtained by mechanical polishing of the
varnish block.

The dielectric properties are measured by broadband
dielectric spectroscopy (BDS) using a N ovocontrol®
spectrometer with a ZGS testing cell. Dielectric measure-
ments are performed under a nitrogen gas jet by applying a
low voltage of 1V in a temperature range from —50°C to
210°C with a ramp of 3°Cmin~'. The frequency range is
from 0.1 Hz to 10° Hz. The data have been obtained in the
form of the dielectric complex permittivity (¢ =¢ — i),
where ¢ and ¢’ are the permittivity and the dielectric
losses, respectively. The loss factor (tan (8)) is derived from
the ratio between the imaginary (¢”) and the real (¢') parts
of the complex permittivity.

The mechanical properties are measured by dynamic
mechanical analysis (DMA) using an ARES TA® device.
Mechanical spectroscopy measurements are also performed
under a nitrogen gas by applying a sinusoidal shear stress of
0.1 Hz to the parallelepiped sample in the same temperature
ramp and range conditions as the dielectric spectroscopy.
The data are obtained in the form of the shear complex
modulus (G*= G —iG"), where G' and G” are the storage
and the dissipative modulus, respectively. The loss factor
(tan (8)) is derived from the ratio between the imaginary
(G”) and the real (G) parts of the complex shear modulus.

The differential scanning calorimetry (DSC) analysis is
performed using a TA Instruments Q2000 DSC to find the
resin T,. A specimen of 9mg is taken from PEI resin
obtained using the same curing cycle showed above. Two
successive scans have been performed by DSC in a
temperature range from —50°C to 210°C with a ramp of
10°C min .

The samples were characterized by dielectric and
mechanical spectroscopies in their solid form. They were
previously subjected to 4 scans under temperature ramps
and frequency. We initially present the results obtained in
the first scan by DMA and in the second scan by BDS to
avoid dealing with surface capacitance that generally
happens in the first scan of dielectric spectroscopy.
Afterwards, we discuss the obtained results by analyzing
the four successive performed scans, which allowed
preceding the post-cross-linking reaction of the resin.

3 Dielectric and mechanical results
3.1 Mechanical spectroscopy results

The o relaxation associated to the manifestation of the
glass transition temperature could be pointed out using the
DMA technique. Three different methods could be used:
the extrapolated onset of the sigmoidal change in storage
modulus, the peak of the loss modulus signal, or the peak of
the tangent delta signal. Figure 1 shows the evolution of the
storage G (in black) and the loss modulus G” (in red) of the
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Fig. 1. Storage (G') and dissipative (G”) modulus of the PEI

resin as function of temperature obtained at the 1st run of DMA
at 0.1 Hz.
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Fig. 2. Loss factor (tan(8)) of the PEI resin as function of
temperature obtained at the 1st run of DMA at 0.1 Hz.

PEI resin as function of temperature in the first run of
dynamic mechanical analyses. Figure 2 shows the corre-
sponding loss factor (tan (8)).

In Figure 1, we can see a significant drop in the storage
modulus (@) over a wide temperature range, from 20 °C to
140 °C. The initial vitreous modulus with a value of almost
1 GPa decreases by about two decades to reach a value of
20 MPa. This strong drop in the polymer rigidity involves
an important change in the material viscosity. This shows a
significant decrease in the polymer viscosity when it crosses
the glass transition temperature domain. According to the
simplified Eyring model of viscous fluids [14], the polymer
viscosity is proportional to the storage modulus and is
inversely proportional to temperature.

The complex modulus (G”) has a maximum of 60 MPa at
20°C. This peak is related to the network chains mobility
located and comforting the presence of a Ty sample in a low
temperature domain.
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Fig. 3. Real part of the complex permittivity (¢') as function of
temperature and frequency obtained in 2nd run by BDS.

The tan (§) spectrum shows two peaks in Figure 2. The
first one is located at 20 °C and the second one is at about
80 °C. This finding could be related to the presence of two
distinct mechanical relaxations, therefore showing the
presence of two distinguished phases in the polymer blend.
A study conducted by Cousinet et al. [15] highlighted the
presence of two peaks on tan (8) spectrum at 70°C and
165 °C, on UP resins dissolved in methacrylate compounds
such as BDDMA and IBOMA (isobornyl methacrylate).
The first peak at about 70 °C is from the UP-BDDMA part
and is more specifically the phase rich in polyester resin.
The second peak at about 165 °C is relative to the phase of
IBOMA, whose intensity increased with the concentration
of this compound in the overall mix.

3.2 Dielectric spectroscopy results

In this section, we present the dielectric results obtained in
the second run of the BDS performed on the PEI resin.
Figures 3 and 4 present respectively the real (¢') and the
imaginary (¢”) parts of the complex dielectric permittivity
as function of temperature obtained for the isofrequencies
of 0.1, 50, and 10* Hz. Figure 5 displays the corresponding
loss factor (tan (3)).

Firstly, one can see that the permittivity (Fig. 3)
increases very slightly from —50°C to 0°C. Then, this
increase begins to be more pronounced from 0 °C and seems
to take place two times. Indeed, for the isofrequency of
0.1 Hz, the permittivity increases and reaches the value of 6
at 40°C and exceeds a value of 10 at 100 °C. These could
correspond to the presence of two main relaxations (o« and
'), which are related to the increase in polarized dipoles
mobility. According to the Adams-Gibbs theory [16], the
mobility of these dipoles is allowed by the cooperative
segments motions, which is activated at the glass transition
temperature (7). The possible presence of two dielectric
main relaxations (@ and ') stays in good agreement with
the DMA results (Fig. 2) that showed also the presence of
two distinguished main relaxations also called o and o'
Polymers with immiscible blends usually show several
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Fig. 4. Imaginary part of the complex permittivity (&”) as function
of temperature and frequency obtained in 2nd run by BDS.

main «-relaxations, where each relaxation is related to a
glass transition of each component [17,18]. On the same
frequency spectrum of 0.1 Hz and from 100 °C, the real part of
the complex permittivity continues to increase rapidly and
reaches the maximum value of 1050 at 160 °C. This could be
related to the electrode polarization (EP) phenomenon,
generally observed at low frequencies, which is superimposed
to the conduction phenomenon [19,20]. At this lowest
frequency (0.1 Hz), a phenomenon of electrode polarization
(EP) contributes to the important increase in values, thereby
masking the real dielectric response of the material. The
molecular origin of the EP phenomenon is the partial
blocking of charge carriers at the sample/electrode interface.
This leads to a separation of positive and negative charges,
which give rise to an additional polarization. The increase in
temperature makes it possible for the ionic charges to move
from the bulk to the interface between the electrodes and the
insulator [21,22]. One can observe a slight decrease in
permittivity from 160 °C for the same isofrequency spectrum
of 0.1Hz. This could come from chemical changes in the
polymer network rather than from polarization dipoles
phenomena. The measurement of the sample thickness after
the second run of the dielectric spectroscopy confirms the
nonvariation of the sample thickness. It can, therefore, be
concluded that the decrease in the observed permittivity
could be related to a post-cross-linking process or chemical
species removal such as residual humidity.

For the spectra obtained at 50 and 10%Hz, the
permittivity shows, until 80°C, a similar behavior than
the spectrum of 0.1 Hz. Above 80°C, it seems that the
increase in the permittivity values are less important at
high temperatures for these scanning frequencies. This is
certainly due to the less pronounced or absence of electrode
polarization at higher frequencies. In addition, one can
observe the classical shift of the dielectric phenomena to
higher temperatures with the increasing frequency.

The imaginary part of the complex permittivity (&)
(Fig. 4) and the loss factor (tané) (Fig. 5) display four
different dielectric processes. The first one is located below
0°C for the isofrequency of 0.1 Hz. One can observe a slight

—eo—f=10"Hz

EP+0 se

]l—=—f=50Hz o« e
0 —e—f=10"Hz e ~ i

32" run 3

Ramp : 3 °C/min

Loss factor (tan &)
|

10 ——
-40 0 40 80 120 160 200
T (°C)
Fig. 5. Loss factor (tan(8)) as function of temperature and
frequency obtained in 2nd run by BDS.

drop of the dielectriclosses and the loss factor values with the
increasing temperature. This could correspond to the end of a
relaxation peak, and more precisely to a secondary
B-relaxation, which generally occurs at low temperatures.
The B-relaxation is due to the motion of local noncooperative
dipoles in the condensed phase. In the second temperature
domain, located between 0 °C and 100 °C, one can observe a
more pronounced increase in both the dielectric losses (&)
and the loss factor (tané) values. We can observe the first
relaxation (o) peak located at 40°C in both &’ and tans
magnitudes. Around 80 °C, the loss factor spectrum shows
the presence of a second peak that could be related to the
second main o’ relaxation. On the dielectric losses spectrum,
it is more difficult to observe the second relaxation peak o’.
Indeed, the high temperature conduction overlaps to the
polarization electrode (EP) that contributes to mask the
dielectric response of the resin, and thus the second
relaxation «’. The last temperature domain is located above
the main relaxation area (beyond 100 °C). There, one can see
an important increase in the dielectric losses and loss factor
values. Several phenomena are superimposed, highlighting
the complexity of the mechanisms associated with each
different magnitude. Indeed, ¢” and tan (§) increase rapidly
and reach the maximum values of 2x10° and 20
respectively, for thelowest frequency of 0.1 Hz. This behavior
istypically due to an EP phenomenon overlapped to the high
temperature o-conduction. The electrode polarization is
induced by the relaxation of extremely mobile space-charge
layers in the polymer. Above the T, region, the free volumeis
increased and makes it possible for the ionic charges to move
[16]. This finding is widespread to other frequencies (50 and
10* Hz); however, the value of both magnitudes increase less
than for the scanning frequency of 0.1 Hz.

4 Discussion

4.1 Relaxation spectra

The results obtained by mechanical and dielectric spectros-
copies show the presence of two distinguished relaxations
o« and o in the studied range [20-140°C]. The first

10901-p4



L. Fetouhi et al.: Eur. Phys. J. Appl. Phys. 80, 10901 (2017) 5

2.0 R T T T S
1.5 4 -
T 2

1.0 - T, B
_ J
20
Z 05 E
<
3 J
=
< 004 -
<
2 -
==}

0.5 — -

1.0 < -

] T Endo up
Ramp : 10 °C/min
-15 e e
-40 0 40 80 120 160 200
T (°C)

Fig. 6. Heat flow spectrum as function of temperature obtained
by DSC.

relaxation () is around the room temperature (20°C) in
the mechanical spectroscopy, whereas it is located around
40°C in the dielectric spectroscopy. The second relaxation
(o) is around 80°C, taking into account the relaxations
observed on each loss factor spectrum obtained by DMA
and BDS at the scanning frequency of 0.1 Hz. The presence
of two distinguished phases is comforted by the continuous
decrease in the storage modulus G (cf. Fig. 1). The
continuous decrease in viscosity over the range [20-140 °C]
could cover both relaxations observed at 20°C and 80 °C.
The presence of two relaxations in the polymer network of
the resin suggests the existence of two possible glass
transitions. PEI resin is a mixture of at least two polymers
with varying levels of miscibility. The studied resin is
composed of a polyesterimide precursor present in a
reactive diluent of BDDMA and another methacrylate
monomer. The partial miscibility of the polyesterimide in
the reactive diluent, the homopolymerization of meth-
acrylates, or secondary reactions that take place during the
synthesis can induce the phase segregation in material [17].

The most commonly used method to evaluate the
miscibility of components in a mixture is the analyses of the
glass transition temperatures. The presence of two T,
indicates the presence of two phases in the polymer system.
The presence of a single T}, is often attributed to perfectly
miscible polymer blends [18]. The results obtained during a
second scan of DSC on the PEI resin are presented in
Figure 6. The DSC spectrum displays two endothermic
variations. The first one is at about 25°C and the second
one is at 90°C.

The measured T, on the resin based on PEI and
methacrylate monomers diluent are relatively low (25°C
and 90°C). The polyester-imide monomers are known for
their high glass transition temperature thanks to the imide
functions, which increase as a function of the number of
imide functions in the polyester matrix. As mentioned in
Section 1, unsaturated polyester resins with terminal imide
functions are assumed to provide few improvements to the
resin properties. This is because the end chain unsatura-
tions do not take part to build the 3D network. In addition,

0,30 T T T T T T T T T T T

4 f=0.1Hz
Ramp : 3 °C/min
0,25 - ' 4

_ 0,20
5
£ 0,15
&
0,10
0,05 -
0,00 :
-40 0 40 80 120 160 200
TCO)

Fig. 7. Comparison of the factor of losses (tan (8)) obtained in each
run by DMA as function of temperature and for a frequency of
0.1 Hz.

in this case, the Ty, is related to the concentration of the
reactive diluent based on methacrylate, especially the
BDDMA that is in contrary known to have a low T,,. The
analysis of the T, gives an idea of the methacrylate diluent
content. Studies show that the increase in styrene content
shifts the T, to a higher temperature and stiffens the UP
resin [23]. The use of methacrylate diluent in order to
replace styrene seems to be not only for health and
environmental interest, but also to reduce the glass
transition temperature of the PEI resin. This decrease in
the T, resin is advantageous in the impregnating field. This
suggests that the resin operates in a viscous state, which
allows for absorbing vibrations better and mechanical
stresses during rotating machine operation.

4.2 Post-cross-linking effects on mechanical properties

To study the effect of the PEI resin cross-linking rate on
the dielectric and mechanical properties of the resin, we
carried out additional scans on samples, those had
previously been submitted to two dynamic mechanical
and dielectric scans.

The peaks of tan (8) initially observed in the first run
tend to extenuate and homogenize in the 2nd, 3rd, and 4th
scans (Fig. 7). This suggests that the two distinct
relaxations, @ and o, previously highlighted tend to merge
as the system advances in its cross-linking. The heteroge-
neity of the polymer network is characterized by the
increase in the half-depth of tan (8) [24]. However, we
observe in the case of PEI resin shrinkage of the area under
the curve of tan (§), as the successive scans under a ramp
temperature are performed. This leads to two hypotheses.
At first we can assume that the blends contained in the PEI
resin become increasingly miscible as the cross-linking
reaction proceeds. Then, as we mentioned in the
introduction, the radical copolymerization between the
reactive diluent and the functional units of polyesterimide
precursor leads to the formation of 3D chemical gel that
rigidify under the influence of heat. During the polymeri-
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Fig. 9. Comparison of dissipative modulus (G”) obtained in each
run by DMA as function of temperature and for a frequency of
0.1 Hz.

zation, the cross-linked infusible network is formed. Then
in continuing the cross-linking of the network, the
copolymerization would continue [25].

The storage modulus (G'), shown in Figure 8, evolves
progressively with the performed scans under temperature
ramps. We observe an increase of this modulus on the 4th
run of about 5 MPa in a rubbery state. This is directly
related to the post-cross-linking phenomenon effect [23].
Indeed, this irreversible phenomenon allows the polymer
density to increase and consequently increases its rigidity.
This results in the recovery of the cross-linking reaction
initiated by the heating ramps.

In Figure 9, we observe a shift of the dissipative
modulus (G”) peaks to higher temperatures as the
successive runs are performed. However, the maximum
of the 3rd scan that appears to be shifted slightly to lower
temperatures than the 2nd one is probably due the interval
of time between the two scans. The amplitude of G”
decreases on the 2nd and 3rd transitions due to a post-

10000 T T T T T T T T T T
—e—Run 1
—=—Run 2
—+¢—Run3
—4—Run 4

1000

f=0.1 Hz
Ramp : 3 °C/min

100

Permittivity ()

10

-40 0 40 80 120 160 200
T (°0)

Fig. 10. Real part of the complex permittivity (¢') as function of
temperature obtained on the 4 successive runs for the frequency of
0.1 Hz by BDS.

cross-linking effect. As mentioned above, the loss modulus
G" characterizes the chain network mobility of the
polymer. The post-cross-linking of the network during
successive scans under temperature has resulted in
increased network density and thus reduced the chains
mobility. However, the dissipative modulus G” shows an
increase in amplitude of 20 MPa in the last scan. This
increase of mobility of the chains might be explained by the
initiation of the chemical degradation mechanisms of the
polymer network (chain scission), because the network
becomes more rigid and denser. The application of four
ramping temperature of 3°C min~"' in a temperature range
to 210°C could induce the scission of certain chemical
functional groups, such as the covalent band C-O-C,
which are known to be the weak point of ester functions.
Montaudo and Puglisi [26] located the initial degradation
temperatures of polyesters between 230°C and 300°C
under inert atmosphere.

4.3 Post-cross-linking effects on dielectric properties

The dielectric properties of the PEI resin obtained in the
3rd and 4th runs are significantly reduced. The permittivi-
ty (¢') and the dielectric losses (¢”), shown in Figures 10 and
11 respectively, decrease by about one decade between the
first and the last runs for the scanning frequency of 0.1 Hz.
Both the number of dipoles and the conduction phenomena
due to the electronic and ionic charges motions are
significantly reduced on the annealed sample. This
reduction in charge carrier mobility and density could be
related to the increase in the density network. Indeed, one
can observe in both Figures 11 and 12 a shift of the main
a-relaxations initially located at 20 °C and 80 °C to higher
temperatures of 40°C and 120 °C, respectively. The slight
fluctuation of the signal intensity, related to the main «
relaxations, is attenuated as the heating scans are
performed. This is also related to the post-reticulation
that occurs in the PEI resin during the different measure-
ments, which provides less mobility to the polymer
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Fig. 11. Imaginary part of the complex permittivity (¢”) as
function of temperature obtained on the 4 successive runs for the
frequency of 0.1 Hz by BDS.

network. In addition, processed polymers are usually in a
nonequilibrium state at the end of the shaping process;
thus, heating occurs during measurements operates as an
annealing that allows the network tending toward an
equilibrium state with a structural recovery [27]. The
macroscopic properties of the thermosets depend on the
cross-link density [15]. The heating increases the average
number of cross-links and reduces the average length
between them, thus increasing the polymer density.

The increase in dielectric values is partly explained by a
decrease in viscosity shown by the mechanical spectrosco-
py. In general, the material conductivity is considered to be
inversely proportional to its viscosity. Consequently, the
post-cross-linking reactions should affect the polymer
conductivity directly. In order to analyze more precisely
the o-conduction obtained in each dielectric-scanning run,
the AC conductivity is presented as function of frequency
using equation (1) for temperatures above the glass
transition domain (>120°C) for each run. We consider
the measured real part of the AC conductivity (o))
following the universal power law given by:

(1)

where ® is the angular frequency, g, is the vacuum
permittivity, &’ is the measured dielectric losses, A is a
temperature-dependent parameter, and sis the exponent of
the “universal” power law. o is considered as the DC
conductivity obtained at the lowest frequency of 0.1 Hz
through the AC conductivity (o) ). The angular frequency
exponent s is 0 <s<1 and is related to a non-ohmic
conductivity [28].

This representation (cf. Fig. 13) allows a plateau to
disclose independently on frequency and that corresponds to
the DC conductivity magnitude (o). The DC conductivity
(0) is calculated by extrapolating the conductivity curves to
zero frequency for different temperatures. In the higher
frequency region, conductivity o, becomes dependent and
increases linearly with frequency exhibiting a slope close to 1.

oo = wepe (w) = 0+ Aw®,

—e—Run 1
—=—Run 2
—<+—Run 3
—4—Run 4

f=0.1 Hz
» _| Ramp : 3 °C/min

Loss factor (tan d)
1 nul

10 — 77T
-40 0 40 80 120 160 200
T (°C)

Fig. 12. Loss factor (tan(§)) as a function of temperature
obtained on the 4 successive runs for the frequency of 0.1 Hz by
BDS.

In the first run, one can observe a progressive shift of the
plateau toward high frequencies when the temperature
increases. These changes correspond not only to the
thermally activated character of the AC conductivity but
also to the increase of the DC bulk conductivity in the PEIL

The o5 value around 1075Qem™ at 210°C in the
first run decreases to about 107 Q' em ™" in the last 4th
run. As far as the scanning heat is performed, the
conduction magnitude is reduced. The annealing allows
the resin to improve its dielectric behavior, showing the
reduction of the o-conduction of nearly one order of
magnitude between the first and the last runs. The T,
increases with the annealing and allows to better control
the free volume expansion responsible of charges motions in
the bulk. The material is more stable and the charge
carriers are trapped in the thermosetting polymer network.
Furthermore, one can see that the reduction in o-conduc-
tion after the first run is more important. This comes from
not only from the residual water and volatiles elimination
and the reduction in the surface capacity, but also from the
postlinking progression that happens during the first
scanning heat. In the 2nd, 3rd, and the 4th scans, these
phenomena tend to be completed.

Figure 14 presents the reciprocal temperature depen-
dence of the DC conductivity (o) extracted from the AC
conductivity values obtained at the lowest frequency of
0.1Hz for each scanning run. The conductivity being a
thermoactivated process, the Arrhenius model written by
the following form, fits well DC conductivity (o) values
versus the inverse of the temperature:

_Ea
0 = 0( €Xp k‘B_T s

where o is the extrapolated DC conductivity from the AC
form, oy is the pre-exponential factor, E, is the activation
energy, T is the temperature, and kg is the Boltzmann
constant (kg =8.62x 10 °eVK ™).

(2)
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Fig. 13. AC conductivity (oac) as function of the frequency obtained in each dielectric run for each temperature of measurements.
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Fig. 14. Extrapolated DC conductivity (o) of PEI resin extracted
from the low frequency AC conductivity as function of the inverse of
temperatureobtained for eachrunabove the T, region. Theredlines
represent the linear fits using the Arrhenius law.

Table 1. Activation energies obtained for each dielectric
scan under ramping temperature.

Scanning run E, (eV)
1st run 0.510
2nd run 0.697
3rd run 0.716
4th run 0.734

Above the second T’ region, the mechanisms follow the
Arrhenius law. The T’/ region is shifted to higher temper-
atures, which is explained by a cross-linking reaction
progression resulting in the different sample’s annealing.

The activation energies (F,) extracted from the
Arrhenius fit are reported in Table 1. The activation
energy increases from 0.51 eV obtained in the first run to
reach 0.734eV obtained in the last run of the dielectric
spectroscopy. This clearly shows that the physicochemical
mechanisms are different between the first and last runs.

10901-p8



L. Fetouhi et al.: Eur. Phys. J. Appl. Phys. 80, 10901 (2017) 9

The activation energy increases with the applied heating.
Moreover, this indicates an increase in the potential barrier
that the charge carriers have to overcome to jump between
sites [29]. The thermal heating induces the post-cross-
linking of the polymer network that could stabilize the
structures of the PEI resin.

5 Conclusion

This work has highlighted a complementary relationship
between the mechanical and dielectric properties of PEI
resin conducted by dielectric and mechanical spectros-
copies and correlated to its physicochemical characteristics
obtained by DSC. The different spectroscopies allow
analyzing the polymer network. That gives us precious
information on the miscibility of blends contained in the
resin. In addition, this study allows evaluating the
determining role of curing on the functional properties of
the PEI resin.

Both DMA and BDS identify two main relaxations on
the PEI resin at about 40 °C and 80 °C. DSC analyses show
endothermic jumps associated with the presence of T, in
the neighboring of these temperatures and in a wide range
of temperature [20-140°C|. The presence of two glass
transitions in the polymer network suggests the existence of
blends with varying levels of miscibility. This implies a
nonmiscibility or a nonperfect compatibility between the
precursor polyesterimide with the reactive diluent consist-
ing of BDDMA and another methacrylate monomer.
However, it is important to note that the peaks associated
with relaxations observed on the 3rd and 4th runs on the
tan (8) spectrum obtained by DMA seem to homogenize
(cf. Fig. 9). This initially implies an increase in the
miscibility of the polyesterimide in the BDDMA. On the
other hand, the post-cross-linking phenomenon observed
on successive runs appears to continue the radical
copolymerization reaction between the reactive diluent
and polyesterimide. This could improve the different
blends miscibility and avoid the previous phase segregation
observed in the first run.

The post-cross-linking phenomenon was observed in
both mechanical and dielectric properties of the PEI resin.
This pointed out by both Tés shifts to higher temperatures
and the increase in the viscous modulus. The post-cross-
linking seems to also improve the insulating properties of
the resin with reference to the decrease in dielectric and
conductivity values. Otherwise, even the evolution of the
dissipative modulus (G”) in the first three runs comforts
the post-cross-linking progression in the polymer network.
Its increase in the 4th run of mechanical spectroscopy
assumes the initiation of chains polymer. This gives a
general idea of the several problems that are related to the
cure reaction, where copolymerization and degradation
reactions are competing. Many publications [30-32] deal
with these issues and still do not completely elucidate all
aspects of formulation and cure of the impregnating resins.

The continuous and significant reduction in the
conservative mechanical modulus (G') observed in a wide
temperature range, in the T, domain, indicates a
significant dilatation of the material above the 7j,. This

could induce two distinct effects. The first effect is related
to the decrease of the rigidity of the material, which gives to
the material more flexibility and could help to absorb the
different vibration and /or mechanical stresses to which the
varnish is subjected during operation. The second is related
to the presence of the polymer T, in the temperature range
of the machine operation, that is 20-140 °C. This involves a
continuous transition of the material between the vitreous
and the rubbery states [25]. Therefore, the material is
constantly subjected to internal stresses of expansion and
compression, due to the important dilatation of the resin,
which could then contribute to ageing acceleration of the
resin and potentially induce microcracks. Many studies
deal with microcracking induced by mechanical fatigue
(mechanical cycling) [33-36] at the origin of increase in the
DP probability of occurrences.

This study shows that a thermal treatment of the resin
improves the electrical insulation properties of the resin.
The resin appears to be stabilized with the application of
thermal annealing to complete its cross-linking and to
evacuate the volatile compounds responsible for the
reactivity of the resin. Industrially, the application of
annealing requires input energy, which would require
considerable financial support.

The authors acknowledge the Leroy-Somer Company for their
financial support and their co-supervision in the PhD project. The
authors are also thankful to the ANRT France for their financial
support.
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