
ETH Library

Influence of mixed-frequency
medium-voltage and
environmental stress on the aging
of epoxy

Journal Article

Author(s):
Küchler, Florian ; Färber, Raphael ; Sefl, Ondrej ; Bill, Fabian; Franck, Christian 

Publication date:
2023-08-31

Permanent link:
https://doi.org/10.3929/ethz-b-000617152

Rights / license:
Creative Commons Attribution 4.0 International

Originally published in:
Journal of Physics D: Applied Physics 56(35), https://doi.org/10.1088/1361-6463/acd55f

This page was generated automatically upon download from the ETH Zurich Research Collection.
For more information, please consult the Terms of use.

https://orcid.org/0000-0002-1526-3888
https://orcid.org/0000-0001-8511-8670
https://orcid.org/0000-0003-0868-4614
https://orcid.org/0000-0002-2201-7327
https://doi.org/10.3929/ethz-b-000617152
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1088/1361-6463/acd55f
https://www.research-collection.ethz.ch
https://www.research-collection.ethz.ch/terms-of-use


Journal of Physics D: Applied Physics

J. Phys. D: Appl. Phys. 56 (2023) 354005 (23pp) https://doi.org/10.1088/1361-6463/acd55f

Influence of mixed-frequency
medium-voltage and environmental
stress on the aging of epoxy

Florian Küchler∗, Raphael Färber, Ondřej Šefl, Fabian Bill
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Abstract
Recent developments in power electronic technologies lead to new challenges for insulation
systems. This contribution aims to clarify the influence of a broad range of mixed-frequency
(MF) medium-voltage and environmental stress parameters on the aging of epoxy insulation.
For this purpose, test samples are stressed with an AC (50Hz) or a DC voltage, superimposed
with a pulse-width-modulated (PWM) voltage (kHz range). An analysis of the samples’ health
state is carried out after the aging by the evaluation of potential aging markers (AC breakdown
strength, dielectric permittivity, glass transition temperature, Fourier-transform infrared
spectroscopy spectra). Although the main focus of this work is on aging below the inception of
partial discharges (PDs), it was first confirmed that PD-related aging depends mainly on the
peak voltage stress. In contrast, the results obtained by aging below PD inception suggests a
dependence on the root-mean-square of the applied voltage stress, and consequently on the
energy dissipation. Aging in the PD-free regime was only observed at alternating electric field
stress and high relative humidity or elevated temperatures. No influences of space charge and of
the slew rate of the PWM voltage were observed. Remarkably, higher PWM frequencies lead to
less insulation aging. This might be attributed to the increasing hindrance of polymer side chain
movement at higher frequencies, as observed by dielectric spectroscopy. In addition, it is
indicated that the aging mechanisms under MF voltage stress result from superimposed
single-frequency aging mechanisms and that aging is activated after a latency period. Of the
investigated potential aging markers, only the residual breakdown strength revealed aging
effects, which correlates with lifetime observations in the PD-free voltage stress regime. It is
hypothesized that the aging mechanism is associated with a rearrangement of the free volume in
the polymer, followed by a localized breaking of van der Waals bonds.

Keywords: insulation aging, inverter voltage stress, epoxy insulation, partial discharge,
hygroelectrical stress

(Some figures may appear in colour only in the online journal)

∗
Author to whom any correspondence should be addressed.

Original Content from this work may be used under the
terms of the Creative Commons Attribution 4.0 licence. Any

further distribution of this work must maintain attribution to the author(s) and
the title of the work, journal citation and DOI.

1361-6463/23/354005+23$33.00 Printed in the UK 1 © 2023 The Author(s). Published by IOP Publishing Ltd

https://doi.org/10.1088/1361-6463/acd55f
https://orcid.org/0000-0002-1526-3888
https://orcid.org/0000-0002-2201-7327
mailto:kuechler@eeh.ee.ethz.ch
http://crossmark.crossref.org/dialog/?doi=10.1088/1361-6463/acd55f&domain=pdf&date_stamp=2023-6-2
https://creativecommons.org/licenses/by/4.0/


J. Phys. D: Appl. Phys. 56 (2023) 354005 F Küchler et al

1. Introduction

Power electronic components play a vital role in the integra-
tion of renewable energy sources in modern energy transmis-
sion systems [1–3] as well as in areas with space or weight
limitations, such as traction [4] and electric aircraft [5, 6].
The recent progress in wide bandgap semiconductor techno-
logies (SiC and GaN) led to the reduction in power elec-
tronics’ switching losses thanks to the increased switching
speeds (>10 kV µs−1) [7, 8]. As a result, higher switch-
ing frequencies (>10 kHz) [9] can be employed, resulting in
higher conversion power densities. Furthermore, higher block-
ing voltages of SiC- and GaN-based devices (>2 kV) [10–12]
pave the way for a growing number of medium-voltage (MV)
and high-voltage (HV) applications, e.g. solid-state trans-
formers [4] and inverter-fed MV rotating machines [13]. In
general, the trend goes towards higher voltage levels as can
be seen by the recent step from 400 V to 800 V systems for
electric vehicles [14, 15].

These advancements, however, lead to new challenges for
the involved insulation systems, which need to withstand
novel types of stresses, such as higher switching speeds (pos-
sibly leading to transient overvoltages), higher frequencies
and higher voltage levels. Furthermore, voltage waveforms
might consist of components with different frequencies, such
as sinusoidal 50Hz voltageswith higher-frequency harmonics.
As reviewed in an earlier work [16], three main aging regimes
are identified in this context.

It was found that partial discharges (PDs) erode the insu-
lation material over time [17–19], depending on the repetition
frequency of the PD events, which mainly occur during the
pulse slope [19–24]. An increase in the PD amplitudes with
increasing slew rate is reported in [21, 25]. It is furthermore
noticeable that the partial discharge inception voltage (PDIV)
in some cases might be exceeded unexpectedly, e.g. if sys-
temic overvoltages at cable terminations occur [26]. Another
example is the decrease in the PDIV at low pressures, which
poses a problem in aircraft applications [27]. Moreover, the
PDIV was found to be reduced for an increase in the ambient
temperature [19, 28], which correlates with reduced lifetime of
polymeric materials subjected to PD activity at elevated tem-
peratures [28].

The influence of humidity on the PD behavior is not
straightforward. On the one hand, an increasing relative
humidity (RH) was found by several authors to decrease
the PD activity [29–31] and to increase the insulation life-
time [32–34]. This was mainly attributed to a spreading of
PDs over a larger area due to the increased surface con-
ductivity, thus leading to less impact on concentrated loc-
ations [33]. On the other hand, also a decrease in lifetime
with increasing RH is reported, which, in some cases was
only observed above a critical threshold RHc [32–35]. The
lifetime reduction is ascribed either to a removal of surface
charge, which should allegedly reduce the number of dis-
charges and average charge, hence reducing the intensity of
the aging [32], or to more severe chemical reactions (generat-
ing chemical by-products, such as ozone and nitric acids) in

the presence of high RH [36, 37]. Furthermore, the insulation
lifetime might decrease for increasing RH even if the PD amp-
litude decreases [38].

In the absence of PDs, insulation failure might occur
due to excessive insulation heating caused by dielectric
losses, which are generated during high-frequency switch-
ing [17, 23, 39–41]. This might either lead to a thermal break-
down if the heat is not dissipated effectively enough [42, 43]
or to enhanced thermally activated aging processes [24, 44].

If neither PD-related aging, nor dielectric heating were
present in polymeric insulation, aging was observed empir-
ically [28, 45–47], but the underlying mechanisms were not
investigated in detail. In principle, aging in the absence
of PDs and dielectric heating can also occur by elec-
tromechanical processes, for which different models were
developed [48–51]. These models are based on Griffith’s the-
ory of fracture mechanics [52] and describe microscopic mor-
phological material changes, such as the formation and growth
of microcracks in the (sub-)µm range. These are caused by
the electromechanically induced energy dissipation, especially
favored to occur in amorphous regions [53, 54]. The morpho-
logical changes are attributed to a rearrangement of the free
volume (present in the amorphous phase), leading to a deform-
ation/breaking of intermolecular van derWaals bonds with rel-
atively low-energy barriers (compared to those of intramolecu-
lar covalent bonds) that have to be exceeded for an onset of
aging [50, 54, 55]. These potential energy barriers can be
furthermore lowered by an applied electric field and space
charges [49, 54], whereas the broken bonds as well as pos-
sibly created free radicals are favorable to react with charges
and dipoles, such as water [54–56]. If a crack has grown big
enough for PD inception to occur, the aging regime shifts
to PD erosion. Consequently, electromechanical stress can be
regarded as the initiator for fatal aging.

In the case of alternating electric field stress, polymer
chains will occupy conformational states that are different
from their equilibrium under constant stress. This, in turn,
increases the free volume and thus accelerates the forma-
tion of voids in amorphous regions. This cyclic stress causes
mechanical energy dissipation, which is proportional to the
excitation frequency and the fourth power of the electric
field [55]. As the electromechanical aging processes are
thermally activated, higher temperatures will enhance aging
in this regime [49, 51, 54]. In addition, the presence of water
is reported to lower the activation energy for bond break-
ing and the highly polar water molecules might acceler-
ate fatigue processes during applied alternating electric field
stress [54]. Mechanical cracking under the influence of com-
bined electric field stress and water is described in [55, 57]. If
(sub-)microcracks are filledwith a (semi-)conductivemedium,
such as water, a (field-assisted) crack propagation might
occur [48, 58]. Furthermore, water-treeing is reported to
appear after stress-cracking [51, 59] and to be faster for
increasing frequency [57, 60].

As conclusive knowledge about insulation aging under
inverter-type stress in the absence of PDs and dielectric heat-
ing is still missing, the goal of this contribution is to clarify
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its influence on insulation performance. For this purpose, a
systematic study with a focus on a broad range of poten-
tial stress parameters is carried out in this work. More spe-
cifically, the influence of root-mean-square (RMS) voltage,
peak voltage, polarity of voltage, different types of mixed-
frequency (MF) voltages, slew rate, frequency and aging time
is studied. Additional environmental stress impact is taken
into account by aging at different temperatures and humid-
ities (i.e. the water content inside the polymer). In order to
show the differences in the aging behavior between the PD-
free and the PD-related aging regime, aging tests under PDs
are also performed. The health state of samples is evalu-
ated for both PD-free and PD-related aging before and after
each aging sequence by means of analysis of potential aging
markers, namely short-term AC breakdown strength, complex
relative permittivity (real and imaginary parts), volume res-
istivity, glass transition temperature as well as the chemical
composition obtained by Fourier-transform infrared spectro-
scopy (FTIR).

The aging study in the absence as well as in the pres-
ence of PDs follows, in principle, the approach described in
a former work [16]. As epoxy is a typical insulation material
for inverter-fed rotating machines, an anhydride-cured epoxy
is chosen as a sample material and suitable samples were
manufactured for PD-free as well as for PD-related aging
(section 2.1). Both PD-free and PD aging of these samples is
carried out in a suitable temperature/humidity-controlled test
bench (section 2.2) which is able to generate a broad range of
inverter-type stress profiles (section 2.4). In addition, the PDIV
is measured to evaluate the PD aging regime (section 2.3). The
analysis of the samples’ health state is carried out by measur-
ing the aforementioned potential agingmarkers. This demands
different diagnostic tools, for which either commercial devices
or in-house-built devices are used (section 2.5).

2. Methods

In the following section, the sample manufacturing, prepar-
ation and conditioning is briefly explained. Subsequently,
the used mixed-frequency medium-voltage (MF-MV) aging
setup, the measurement principle as well as the aging evalu-
ation approach is described.

2.1. Sample manufacturing, preparation and conditioning

All samples used throughout this work were manufac-
tured from a three-component anhydride-cured epoxy system,
consisting mainly of a 2,2-Bis(4-glycidyloxyphenyl)propane
resin, a tetrahydro-4-methylphthalic anhydride hardener and a
benzyldimethylamine catalyst. The manufacturing steps from
the rawmaterials, provided by Elantas, to the final samples are
described in detail in a former work [16].

For PD-free aging, the sample shape was chosen to be
recessed, i.e. with a thinner measuring volume of (200±
10)µm thickness (measured for each sample) and a thicker
part for mechanical support at the circumference. Pictures of

the samples with dimensions are shown in figure 1 (left). The
recessed part of the sample was designed with a diameter of
5mm (the flat part) and the rounding radius of 5mm (the edge).
Silver-coating (SCP Electrolube) of both sides ensured a uni-
form electric field stress as well as the absence of PDs at the
inner part, see figure 1 (right). Aging with PDs was carried
out with the same samples, but without silver coating, which
favored the inception of PDs near the contacting spherical
electrode with a radius of 5 mm, see figure 1 (middle). Both
plate and spherical electrodes were made of stainless steel and
polished after each aging sequence to eliminate possible pro-
trusions at the electrode surface.

Before conditioning, samples are dried at 50 ◦C for >24 h
according to ISO 62:2008 [61]. It was found by gravimetric
analysis (not shown here) that the silver conductive paint is
permeable to water. The saturation time of water absorption
in the used 200µm thick samples is estimated as 6.5 h, based
on measurements of the diffusion coefficient of the material
in thicker, plane samples. Explanations regarding the corres-
ponding measurement and calculation principles can be found
in [61, 62]. Thus, conditioning of samples in the desired atmo-
sphere for>24 h is sufficient for saturated (steady-state) water
absorption.

In addition to the standard thickness of 200µm, epoxy
samples with thicknesses of 100µm, 300µmand 400µmwere
manufactured in the same way as described before, in order to
investigate the volume/thickness dependence of the short-term
AC breakdown strength, see section 2.5.

2.2. MF-MV and ambient stress setup

In order to synthesize inverter-type voltage waveforms for the
electrical stressing of the samples, a low-frequency (50 Hz)
sinusoidal AC voltage (or a DC voltage) and a pulse-width-
modulated (PWM) voltage with high repetition frequency are
superimposed, which consequently leads to different MF-MV
stress waveforms. Both PD-free or PD-related aging of up to
eight samples, connected in parallel, was carried out simul-
taneously with the setup shown in figure 2. The bipolar PWM
voltage is generated with a half-bridge circuit and the coupling
capacitor C2, whereas the rise time of the rectangular pulses
can be varied by changing the resistor R2. The sinusoidal
AC voltage was then superimposed at the device-under-test
(DUT), which is represented by the eight parallel-connected
epoxy samples inside a temperature-controlled test cell. If a
DC voltage (of positive polarity) instead of an AC voltage is
used, VAC is rectified with a simple rectifier circuit, consisting
of a diode and a capacitor, before being superimposed to the
PWM voltage. Adjustment of the RH inside the test cell was
realized by controlling the flow rate of a dry and humid air
flow, which is mixed before entering the test cell. Details of
the MF-MV aging setup are described in a former work [16]
and the specifications are listed in table 1. Potential effects of
ozone, which is generated during PD activity and which might
additionally influence the aging behavior [33], were excluded
by the constant, humidity-controlled air flow through the test
cell.
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Figure 1. Top view and cross-section of manufactured recessed epoxy samples (left) with schematics of sample-electrode configurations
used for aging in the presence (middle) and in the absence (right) of PDs.

Figure 2. Schematic of mixed-frequency medium-voltage
(MF-MV) stress setup (a) and test cell with temperature and
humidity control circuits (b).

Table 1. Specifications of the MF-MV and ambient stress setup.

Parameter Value and unit

AC (50 Hz, RMS) voltage 0 . . .20 kV
DC voltage 0 . . .28 kV (positive polarity)
PWM voltage 0 . . .3.5 kV and 0.1 . . .50 kHz
Temperature 20◦C . . .110◦C
Relative Humidity 0% . . .80%± 3% at 22◦C± 1◦C

2.3. Measurement of the PDIV and characterization of the
PD activity

The PDIV of the non-coated epoxy samples was measured to
find suitable test voltage levels for subsequent PD aging exper-
iments. Since the test voltage also contains frequency com-
ponents much larger than 50 Hz, the PDs need to be measured
using an alternative (to IEC 60270 [63]) PD instrument. The

instrument of choice is a capacitor connected in series between
the test sample and the ground. With suitable decoupling and
high enough capacitance, the energy of each PD is deposited
practically exclusively into the capacitor, which manifests as
an abrupt change of the voltage on its terminals that is linearly
proportional to the PD magnitude. Thanks to their very fast
fronts, the voltage jumps are readily discernible from the frac-
tion of the test voltage also present on the capacitor terminals
(capacitive divider with the test sample). Further description of
the method, which is based on the IEC 61934 [64] standard,
and the used setup is given in [65].

The PDIV was measured at three frequencies, 50, 1000
and 10 000 Hz, for each condition type (RH= 0% and 75%)
to investigate the behavior within the frequency range delim-
ited by the fundamental and pulse repetition frequencies used
during aging experiments. As the PDIV measurement setup is
not capable of generating PWM voltage waveforms, a sinus-
oidal test voltage was employed instead. At the beginning of
the measurement, the PDIV was roughly estimated by a quick
ramp-up of the test voltage. Then, the voltage was reduced
to a value at least 200 V(peak) below the level at which no
more discharges were detectable, and subsequently gradually
increased in steps of about 20 V(peak) every 5 s until the dis-
charge activity was incepted and the PDIV hence determined.

Afterwards, phase-resolved partial discharge (PRPD) pat-
terns at the envisaged aging test voltage of 7.5 kV(peak) were
constructed to both characterize the PD activity and provide a
tool to quantitatively compare the individual activities under
the two condition types (dry vs. humid). The PD activity was
always gathered over 1 s from 10MSa at a sampling frequency
of 10MHz. The magnitude of the discharges was obtained by
differentiating the filtered voltage signal of the series capa-
citor, whereas the zero crossings were determined from the
test voltage signal (measured by a HV probe).

2.4. MF-MV and ambient stress

Eight epoxy samples were aged simultaneously in the setup
shown in figure 2 with the electrode configurations for either
PD-free or PD-related aging described in figure 1. The stand-
ard aging conditions subdivided by the main aging regimes are
listed in table 2. Note that for different measurements, voltage
and ambient stress parameters were changed selectively (usu-
ally only one parameter per measurement series) from the
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Figure 3. Possible variation range for RMS voltage stress VRMS at constant peak voltage Vp = 7.5kV by adjusting the duty cycle Dc (a) or
the amplitude ratio between VPWM,pp and VAC,p, i.e. VAC,p needs to be lowered according to an increased VPWM,pp (b).

standard conditions in table 2 in order to identify the individual
influences of each parameter.

For PD-free aging, samples were stressed at either dry
(RH= 0%) or high-humidity (RH= 75%) conditions as well
as at either room temperature (22◦C± 1◦C) or T= 70◦C.
Note that the RH value exhibits an inaccuracy of±3% accord-
ing to the specifications of the RH sensor, whereas the tem-
perature was found to be accurate within ±1%. In addition,
the influence of both the RMS and the peak voltage stress was
studied, meaning it was necessary to vary VRMS, while keeping
Vp = const. and vice-versa. This can be achieved by a combin-
ation of two measures. First of all, the amplitude ratio of the
two superimposed voltages VAC,p/VPWM,pp can be varied as
the total RMS voltage VRMS is related to the total peak voltage
Vp for a duty cycle Dc = 0.5 as follows:

VRMS =
√
(VAC,RMS)2 +(VPWM,RMS)2 (1)

=

√(
VAC,p√

2

)2

+

(
VPWM,pp

2

)2

(2)

=

√(
Vp −VPWM,pp/2√

2

)2

+

(
VPWM,pp

2

)2

. (3)

Note that equation (1) is only true if the frequencies of
VAC,RMS and VPWM,RMS do not share the same frequency com-
ponents, which is the case in the present work since fAC =
50Hz< fPWM = 1 . . .40kHz. The relation in equation (3) is
shown for different VPWM,pp values and Dc = 0.5= const. in
figure 3 (right). Since, however, VPWM,pp is limited to 3.5 kV,
the achieved variability is rather small (<20%). In order to
extend the adjustable range, Dc can be changed in the range
0 . . .1. In the case of AC + PWM voltage stress, this leads to

the voltage maximum occurring either in the positive (Dc <
0.5) or in the negative (Dc > 0.5) half-wave of the sinusoidal
voltage, as shown for the measured waveforms at two different
duty cycles in figure 4. Note that the difference of the abso-
lute values of the positive and negative peak PWM voltage
for Dc ̸= 0.5 is due to the coupling capacitor C2 shown in
figure 2, which eliminates a potential DC offset, resulting in
a bipolar PWM voltage without a DC component. The total
RMS voltage for variable Dc can be calculated as

VRMS(Dc) =
√
(VAC,RMS)2 + [VPWM,RMS(Dc)]2

(4)

=

√(
VAC,p√

2

)2

+
(√

Dc(1−Dc) ·VPWM,pp

)2
.

(5)

In figure 3(a), this relation is shown for different Dc values.
From equations (3) and (5), the total variable VRMS range is
visible. In summary, varying of the RMS voltage VRMS and
keeping the peak voltage Vp = const. (and vice-versa) can be
achieved by both changing the duty cycleDc and adjusting the
amplitude ratio VAC,p/VPWM,pp accordingly.

In order to investigate whether the polarity of the max-
imum voltage stress has an influence, measurement series for
both peak voltage polarities were carried out. Furthermore, the
influence of the type of MF voltages was studied by aging
at either pure AC, DC or PWM voltage stress as well as at
AC + PWM and DC + PWM voltage stress. In addition, the
influence of PWM frequency, slew rate and aging time was
investigated. The slew rate was varied by changing the value
of resistor R2 shown in figure 2, which results in a different
rise time τr due to the changed time constant τRC = (R1 +R2) ·
(C−1

2 +C−1
DUT)

−1 for charging the total load capacitance. The
measured rise times τr (defined from 10% to 90% of VPWM,pp)
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Figure 4. Example of measured mixed-frequency medium-voltage (MF-MV) waveforms composed of the same AC (50 Hz) voltage, but
different superimposed PWM (10 kHz) voltages (due to different duty cycles Dc), which leads to different peak voltages in the positive (+)
and negative (−) half-waves. The two waveforms are phase-shifted for better visibility.

Table 2. Standard voltage and ambient stress parameters used in this work (if not stated otherwise for a measurement series) for aging with
silver-coated electrodes in the PD-free regime (I) as well as without silver-coated electrodes in the PD-free regime (II) and in the PD stress
regime (III).

Aging VAC,p/VPWM,pp/fPWM/Dc VPWM,pp/τr,l Vp VRMS td T RH
regime in kV/kV/kHz/— in kVµs−1 in kV in kV in h in ◦C in %

I 5.75/3.5/10/0.5 38.9 7.5 4.4 48 22± 1 75± 3
II 0/2/10/0.5 38.9 1 1 0.5 22± 1 75± 3
III 6.5/2/10/0.5 38.9 7.5 4.7 0.5 22± 1 75± 3

for VPWM,pp = 3.5kV and two different resistors R2 (90.3Ω or
102.2 kΩ) were τr,l ≈ 90ns and τr,h ≈ 23.3µs, which resulted
in slew rates of 38.9 kVµs−1 and 0.15 kVµs−1, respectively.
The higher rise time τr,h led to a rise of the PWMvoltagewhich
was too slow to reach the full peak-to-peak PWM voltage
VPWM,pp within one PWM half-cycle for the standard test fre-
quency fPWM = 10kHz. Thus, the frequency for the compar-
ison of different slew rates was chosen as fPWM = 1kHz which
was sufficient to reach VPWM,pp within one PWM half-cycle
due to the ten times longer pulse width.

Another exception from the standard test conditions lis-
ted in table 2 is the lower PWM voltage VPWM,pp = 2kV.
The reduction in voltage was necessary for PWM frequen-
cies larger than 10 kHz due to the thermal limits of the used
metal-oxide-semiconductor field-effect transistor (MOSFET)
switch, as the generated switching losses Pl,PWM are related to
the switching frequency and voltage according to

Pl,PWM ∝ V2
PWM,pp · fPWM. (6)

In order to keep the total peak voltage in this case constant at
Vp = 7.5kV, the AC peak voltage was chosen as 6.5 kV for
aging sequences with fPWM > 10 kHz.

In case of a breakdown occurring before the intended end
of an aging sequence, the silver coating of the failed sample
was removed with ethanol and the sample surface was optic-
ally examined for traces of PD erosion. It was observed that

all of the few samples with PD traces failed within 10 h of
aging, while failures of samples without PD traces occurred
always after longer aging times. The results of this investig-
ation are found in [16]. Furthermore, optical analysis of non-
failed samples after 48 h of aging consistently revealed no PD
traces. This confirms the absence of PDs for samples aged for
the standard aging time of 48 h. All the failed samples were
replaced with new ones, which were then aged individually
to obtain the same aging time for all samples. However, as
sample failures during PD-free aging represent a clear sign of
(rather strong) aging, the number of failed samples per stress
condition was compared to the results of non-destructive aging
analysis to study potential correlations.

For non-coated electrodes, measurements were conducted
at dry (RH= 0%) and high-humidity (RH= 75%) conditions
below and above the PDIV (see table 2), which was determ-
ined as described in section 2.3. In addition, measurements
were carried out at two different Vp levels above the PDIV.
These two levels differed in values of VAC,p/VPWM,pp and Dc,
whereas VRMS = const. After the PD-related aging, samples
were silver-coated in order to conduct further aging analysis
as described in section 2.5.

2.5. Aging evaluation

The health state of the epoxy samples was examined in the
same way before and after each MF-MV aging sequence. For

6



J. Phys. D: Appl. Phys. 56 (2023) 354005 F Küchler et al

Figure 5. Comparison between measured short-term AC breakdown strength for different non-aged epoxy sample thicknesses and fitted
values according to equation (7) from ASTM D149 [67].

this purpose, several potential aging markers were tested for
their suitability to reveal evidence of aging as well as informa-
tion about the underlying aging mechanisms. If samples were
aged at humid conditions, they were dried before the aging
analysis at RH= 0% for>48 h at room temperature in order to
focus on irreversible aging effects instead of reversible effects
due to the presence of water. The potential aging markers eval-
uated in this work are the short-term AC (50 Hz) breakdown
strength, the relative permittivity (real and imaginary part), the
DC volume resistivity, the glass transition temperature Tg as
well as the characteristic spectra from FTIR measurements.
Note that except for breakdown strength and Tg measurements
(which both are destructive methods), the same set of samples
were tested before and after aging. The breakdown strength
and Tg wasmeasured on two identicallymanufactured and pre-
conditioned sets of samples (out of which one set consisted of
non-aged and one set of aged samples).

The short-term AC breakdown strength was measured
according to IEC 60243-1 and ASTM D149with a voltage
ramp of 2 kV s−1 to reach the breakdown in typically
10 . . .20 s [66, 67]. For this purpose, an AC (50 Hz) voltage
was applied at the samples, which were immersed in insulating
oil (Shell Diala S4 ZX-1) to prevent surface discharges. The
volume/thickness effect was considered by relating the meas-
ured breakdown strength Vbd,m for each measured thickness
dm ∈ [190µm,210µm] to the value at 200µm by [67]

Vbd,200µm =

√
200µm
dm

Vbd,m. (7)

This relation was verified bymeasurements of non-aged epoxy
samples with different thicknesses, see figure 5. However, the
maximum voltage differences according to equation (7) for the
samples used in this work were below 5% and thus almost
negligible. The measured breakdown strength data is repres-
ented as box plots, consisting of median (red line in figure 5),

boxes between the 25th and 75th percentiles (blue boxes) with
whiskers (black lines) up to 1.5 times the interquartile dis-
tance. Values outside of this range are separately shown as
outliers, which occurred, however, very rarely.

The complex relative permittivity, namely its real (ε ′
r ) and

imaginary (ε ′ ′
r ) part was determined by means of a broad-

band dielectric spectroscopy (BDS) measurement setup. The
description of the setup and themeasurement procedure can be
found in [16, 35, 62, 68]. Note that within the present work, the
silver electrodes used during aging were removed with ethanol
and new silver electrodes were applied only at the inner part
of the sample in order to probe only the dielectric response of
the flat part of the sample after aging.

Polarization-depolarization current (PDC) measurements
allowed the estimation of the (apparent) volume DC resistiv-
ity by measuring the current difference between the polariz-
ation and depolarization current components after 1 h, which
is related to the apparent DC resistivity as described in [69].
Measurements were performed at RH= 0% and at an elevated
temperature of 90 ◦C to obtain current signals that were suf-
ficiently above the noise level. The experimental procedure is
explained in detail in [16].

Glass transition temperature measurements were carried
out by means of differential scanning calorimetry (DSC) with
a Mettler Toledo DSC 1 device. In the case of aged samples,
the silver electrodes were removed with ethanol before each
measurement. Measurements were always carried out with
material extracted from the flat part of the samples, i.e. where
the highest electrical stress was applied during the aging. A
heating rate of 10Kmin−1 in the range 25◦C . . .180◦C with
two cycles per sample was chosen for all measurements.

FTIR was used to analyze the chemical composition of
the non-aged and aged samples. Measurements were carried
out with a diamond attenuated total reflection type device
(Varian 640 Fourier Transform Infra Red Spectrometer) in the
wavelength range 750 . . .4000 cm−1. For aged samples, the
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silver electrodes were removed with ethanol before each FTIR
scan. Note that the absorbance around 1608 cm−1 is reported
to be relatively stable and unaffected by aging due to its corres-
pondence to the aromatic structure in epoxy [70]. It was thus
used as the r̀eference peak for all FTIR measurements.

More detailed descriptions of the measurement procedures
and used setups can be found in [16]. Therein, it was found
that only the short-term AC breakdown strength is sensitive to
aging effects. Consequently, the focus in the present contribu-
tion is on this promising aging marker. The aging markers pre-
viously identified as insensitive to the applied dielectric aging
(measured by BDS, PDC, DSC, FTIR) were not investigated
for all, but only for one out of eight aged samples in order to
have enough samples for the (destructive) breakdown strength
testing.

3. Results

In the following section, the aging evaluation results for
samples stressed under different conditions in the presence as
well as in the absence of PDs are presented.

3.1. Aging in the presence of PDs

First of all, the measurement results of the PDIV are shown
and thereafter, the short-term AC breakdown strength of the
samples aged under different stress conditions in the presence
of PDs are presented.

3.1.1. Results of PDIV measurements. The PDIV meas-
urements performed according to the procedure described in
section 2.3 resulted in the values shown as box plots in figure 6.
Compared to the dry (D) conditions, the PDIV values at high
humidity (H) are slightly lower and show less (to no) scatter at
50 and 1000 Hz. Clearly, the PDIV demonstrates a rising tend-
ency with the test voltage frequency for both condition types.
Using these results, the limits for the aging in the presence
and absence of PDs can be set: below ≈1100 V(peak), PDs
should not be occurring, as the test voltage is below the lowest
measured PDIV at 50 Hz (the frequency trend increases mono-
tonously, suggesting that the PDIV of the PWM pulses should
be higher than that of 50Hz). Above≈1600 V(peak), the PDs
appear within a very short time after the application of the test
voltage, ensuring their presence for the entirety of the chosen
aging time. For the investigations of this work, however, even
lower and higher voltage levels were applied for aging below
and above the PDIV, respectively (see table 2). Note that aging
below the PDIV was thus investigated for non-coated samples
as described in this section as well as for silver-coated samples
with the results being described in section 3.2.

PRPD patterns of the PD activity at 50 Hz and 7.5 kV(peak)
were constructed for each condition type, as depicted in
figure 7. Both patterns show that the PD events occur
roughly between 340◦ . . .100◦ and 145◦ . . .285◦, respectively,
i.e. approximately between the test voltage zero-crossings and
peak values. Furthermore, compared to the high humidity con-
ditions, the PD activity under the dry conditions seems to be

Figure 6. Partial discharge inception voltage (PDIV) for non-coated
sample surface and sphere-to-plate electrodes and a sinusoidal
voltage of different frequencies under dry (D: RH= 0%) and humid
(H: RH= 75%) conditions, with five measurements at each
condition.

substantially less frequent (by a factor of about five per the
PD count), whereas the discharges appear to be significantly
stronger (about four times stronger on average per the IAVG).

3.1.2. Influence of aging conditions. Breakdown strength
measurements of non-coated epoxy samples, aged below the
PDIV, led to no significant changes at both dry (D: RH= 0%)
and high-humidity (H: RH= 75%) conditions, see figure 8.
However, measurements above the PDIV consistently led to
a reduced breakdown strength. The reduction was stronger if
aging was carried out at high RH level. In addition, the res-
ults indicate stronger aging at higher peak voltage stress (for
the same RMS voltage stress). The polarity of the maximum
voltage stress was found to play no role in terms of aging
effects.

Visual inspection of samples revealed that only samples
stressed in the presence of PDs showed circular traces of PD
erosion around the location where the spherical electrode was
placed. In contrast, no visual differences between non-stressed
and stressed samples could be observed if the electrical stress
was below the PDIV.

3.2. Aging in the absence of PDs

In this section, the results of aging in the absence of PDs
are presented. Firstly, the short-term AC breakdown strength
Ebd measurements of silver-coated samples aged under dif-
ferent types of stress conditions are shown. These breakdown
strengths are afterward compared to those of the prematurely
failed samples (i.e. before the intended end of aging) in order
to evaluate potential correlation between breakdown strength
and lifetimemeasurement results. In the last step, the measure-
ment results of the other investigated potential aging markers
are described, but less extensively, as it was found in an earlier
work [16] that they were not sensitive to the dielectric aging
revealed by the decrease in the short-term breakdown strength.

3.2.1. Influence of RH. As depicted in figure 9, no sig-
nificant changes in the breakdown strength were observed
after aging at dry conditions (RH= 0%) over a broad range
of VRMS values (for Vp = const.). For measurements with
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Figure 7. PRPD patterns of discharge activity obtained at 7.5 kV (peak), 50 Hz under humid and dry conditions. IAVG is the average
discharge current calculated according to IEC 60270 [63]. The series capacitor PD instrument was calibrated prior to the measurement,
resulting in a scaling factor of about 1.6 nC/1V, where the voltage refers to the height of the voltage jumps.

Figure 8. Short-term AC breakdown strength results of non-aged and aged (for 0.5 h) epoxy samples with sphere-to-plate electrodes and
non-coated sample surfaces below and above the PDIV at dry (D) or humid (H) conditions (see electrical aging conditions in table 2). Aging
above the PDIV was carried out at VRMS = const. and the listed different Vp values with the voltage maximum occurring either in the
positive (+), negative (−) or equally in both half-waves (=). Pictures of samples aged in the absence (left) and in the presence (right) of PD
activity are shown in the top part, whereas it needs to be mentioned that the samples are shown from below after the bottom layer of silver
paint was removed (in order to make the PD traces visible).

samples aged under the same electrical stress conditions, but at
high humidity (RH= 75%), a clear decrease of Ebd is visible
in figure 10. This decrease is stronger, the higher the applied
RMS voltage stress was, an observation, which is taken up
again in section 3.2.3.

In addition, the isolated influence of humidity (in the
absence of the electric field), i.e. saturated (steady-state) water
absorption inside the sample volume, was investigated. The
breakdown strength results after aging at RH= 75% for either
120 h or 1440 h (the samples aged for 120 h were not dried
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Figure 9. Short-term AC breakdown strength results of non-aged and aged (AC + PWM stress) epoxy samples under RH= 0% with
Vp = 7.5kV= const. (maximum peak in positive half-wave, i.e. Dc < 0.5) and variable VRMS. The value at VRMS = 5.3kV corresponds to
pure AC stress.

Figure 10. Short-term AC breakdown strength results of non-aged and aged (AC + PWM stress) epoxy samples under RH= 75% with
Vp = 7.5kV= const. (maximum peak in positive half-wave, i.e. Dc < 0.5) and variable VRMS. The value at VRMS = 5.3kV corresponds to
pure AC stress.

prior to the breakdown strength testing) as well as the res-
ults for hygrothermally (95 ◦C in de-ionized water for 168 h)
aged samples are shown in figure 11 together with pictures
of the non-aged and aged samples. It is evident that neither
of these conditions (labeled with an ‘H’/‘HT’) led to aging
with respect to Ebd or the optical appearance of the epoxy
samples.

3.2.2. Influence of temperature. Analogously to the pure
humidity stress, the isolated influence of temperature stress on
the breakdown strength was studied. The respective findings

of samples aged at 90 ◦C, 160 ◦C (both for 120 h) as well
as at 190 ◦C (for 168 h) are also shown in figure 11 together
with corresponding pictures of non-aged and aged samples. As
visible from these results (data sets labeled with an ‘T’), the
breakdown strength decreases with increasing aging temperat-
ure. This trend correlates with optical changes of the samples,
as they became significantly darker during aging at high tem-
peratures. It also correlates with thickness changes, since the
average sample thickness measured after aging was reduced
by 25.5%.

Thermoelectrical aging at 70 ◦C, dry conditions and three
different types of electrical stress conditions resulted in the
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Figure 11. Short-term AC breakdown strength results with pictures of non-aged and aged epoxy samples, which were stressed without
electric field under either pure thermal (T), pure humidity (H) or hygrothermal (HT) stress for specific amounts of time, whereas the number
after the stress-type indicator is either the corresponding temperature in ◦C or the relative humidity in %. A set of samples was dried
(D) after pure humidity stress and hygrothermal stress was carried out at 95 ◦C in a de-ionized water bath.

Figure 12. Short-term AC breakdown strength results of non-aged and thermoelectrically aged epoxy samples, which were aged under
different types of voltage waveforms at 70 ◦C and dry conditions.

breakdown strength values shown in figure 12. While for pure
PWM stress, only a slight reduction in the breakdown strength
was observed, a stronger reduction occurred for AC+ PWMas
well as for pure AC stress. However, it should be noted that the
RMS voltage stress was different for the three types of voltage
waveforms. Another observation during execution ofmeasure-
ments at elevated temperatures was the increasing risk of elec-
trode delamination even at temperatures below 125 ◦C, which
is the maximum applicable temperature of the silver conduct-
ive paint according to [71]. Nevertheless, electrode delamina-
tions were not observed at the conditions used for the meas-
urements shown in figure 12. This was further confirmed by
removing the silver electrodes with ethanol and inspecting of

the sample surface for potential PD traces, which were not
found on any sample.

3.2.3. Influence of RMS voltage stress. As already shown
in figure 10 for AC + PWM stress, a clear dependence of
the breakdown strength on the RMS voltage stress was found
for constant peak voltage stress at high humidity, but not at
dry conditions at ambient temperature (figure 9). A similar
study was conducted for pure PWM stress, whereas the RMS
and peak voltage stress is equal for bipolar PWM waveforms
with Dc = 0.5. The results shown in figure 13 also indicate a
dependence on VRMS = Vp = VPWM,pp/2.
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Figure 13. Short-term AC breakdown strength results of non-aged and aged epoxy samples under pure PWM stress at RH= 75% and
variable VRMS = Vp = VPWM,pp/2.

Figure 14. Short-term AC breakdown strength results of non-aged and aged (AC+ PWM stress) epoxy samples under RH= 75% with two
levels of VRMS = const. and variable Vp.

3.2.4. Influence of peak voltage stress. Analogous to the
method described in section 2.4, the peak voltage can be var-
ied, while keeping the RMS voltage constant. This was done
for two different RMS voltage stress levels and resulted in the
breakdown strength measurements displayed in figure 14. It
can be seen that the peak voltage stress has no significant effect
on Ebd, in contrast to the RMS voltage stress (in the presence
of water).

3.2.5. Influence of polarity of maximum peak voltage stress.
The maximum peak voltage stress occurred, depending on the
duty cycle, either in the positive or in the negative half-wave
of the sinusoidal voltage, see section 2.4. As a consequence,
a study on the effect of the polarity of the maximum voltage
stress was carried out at different RMS voltage stress levels
and RH= 75%. The short-term AC breakdown strength res-
ults for the maximum voltage stress during aging occurring
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Figure 15. Short-term AC breakdown strength results of non-aged and aged (AC + PWM stress) epoxy samples under RH= 75% with
Vp = 7.5kV= const. (maximum peak in negative half-wave, i.e. Dc > 0.5, in contrast to Dc < 0.5 in figure 10) and variable VRMS. The
value at VRMS = 5.3kV corresponds to pure AC stress.

Figure 16. Short-term AC breakdown strength results of non-aged and aged epoxy samples, which were stressed at RH= 75% with either
pure AC (50 Hz), pure PWM (10 kHz) or combined AC + PWM voltage stress at VRMS = 1.75 kV or VRMS = 4.43 kV.

in the positive half-wave were already shown in figure 10,
whereas the corresponding results for the maximum voltage
stress (absolute value) occurring in the negative half-wave are
displayed in figure 15. Comparison of both studies confirm
that no influence of the polarity of the maximum voltage stress
exists.

3.2.6. Influence of type of MF-MV waveform. A comparison
of differently composed MF-MV waveforms (either pure AC,
pure PWMor AC+ PWM) used for aging at two RMS voltage
stress levels is shown in figure 16. The frequency of the AC
voltage was 50 Hz, whereas the switching frequency of the
PWM voltage was 10 kHz. The results indicate no significant

influence of the type of voltage waveform whenever just one
type of voltage is present (i.e. either pure AC or pure PWM),
but a slightly stronger reduction in breakdown strength was
observed for MF voltages (AC + PWM) compared to single-
frequency voltages, especially for VRMS = 4.43 kV.

In addition to the alternating electric field stress, also
pure DC as well as DC + PWM electrical stress conditions
were investigated at RH= 75%. The results are displayed in
figure 17 together with an overview of the results for other
types of voltage stresses (pure PWM, pure AC, AC + PWM)
described so far. As seen from this representation, pure DC
stress leads to no change in the breakdown strength, despite
its high RMS voltage stress. If, however, a PWM voltage
is superimposed onto the DC voltage (with Vp = const.), a
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Figure 17. Short-term AC breakdown strength results of non-aged and aged epoxy samples, which were stressed at RH= 75% with
different superimposed voltage forms and variable VRMS.

Figure 18. Short-term AC breakdown strength results of non-aged and aged epoxy samples at RH= 75% under the same electrical stress
conditions for pure PWM stress as well as AC + PWM stresses with two different rise times τr,l ≈ 90 ns and τr,h ≈ 23.3µs (i.e. different
slew rates of the PWM voltage) and different RMS voltage values.

similar reduction in Ebd as for pure PWM voltage stress is
observed. All in all, the breakdown strength data presented in
figure 17 provides a summary of the main observations from
the aging studies with a focus on the different degrees of aging
for each type of voltage waveform.

3.2.7. Influence of slew rate of PWM voltage. Aging under
the same hygroelectrical stress conditions, but with two differ-
ent rise times τr,l ≈ 90 ns and τr,h ≈ 23.3µs (i.e. two different
slew rates) led to the short-term AC breakdown strength res-
ults shown in figure 18. It is evident that for both pure PWM
stress as well as for AC + PWM stress, a similar reduction in

Ebd results for both tested slew rates. The difference between
the different types of voltage waveforms is mainly attributed
to the different RMS voltage values, see section 3.2.3.

3.2.8. Influence of PWM frequency stress. As it was found
in the previous section that only alternating electric field
stress led to significant changes in the breakdown strength,
the influence of the PWM switching frequency was studied
for both for AC + PWM voltage stress as well as for pure
PWM voltage stress. The results of aging under AC + PWM
voltage stress are shown in figure 19, whereas aging under
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Figure 19. Short-term AC breakdown strength results of non-aged and aged (AC + PWM stress) epoxy samples under RH= 75% with
Vp = 7.5kV= const. and variable PWM frequency.

Figure 20. Short-term AC breakdown strength results of non-aged and aged (pure PWM stress) epoxy samples under RH= 75% with
VRMS = VPWM,pp/2= 1kV= const. and variable PWM frequency.

pure PWM voltage stress resulted in the Ebd values displayed
in figure 20. In both cases, the lower the applied PWM fre-
quency was, the stronger the reduction in breakdown strength
became. Note that only minor changes in Ebd were meas-
ured for the highest PWM frequency of 40 kHz. For AC +
PWM stress with fPWM = 1kHz, the breakdown strength was
reduced slightly more compared to pure AC stress even if the
RMS voltage was slightly lower (4.7 kV compared to 5.3 kV).
This observation is similar to the stronger Ebd reduction for
an MF voltage compared to a single-frequency voltage shown
in figure 16. Overall, the reduction in breakdown strength is
much stronger if the superimposed AC voltage was present,
which is attributed to the higher total RMS voltage stress, see
section 3.2.3.

3.2.9. Influence of aging time. Investigations on the time of
applied MF-MV stress at RH= 75% led to the results shown
in figure 21. It can be seen that an apparent reduction in break-
down strength started to manifest between 0.5 . . .5 h of aging
and increased with longer aging times.

3.2.10. Comparison between early sample failures and break-
down strength. As mentioned above, during some of the
investigated aging sequences, sample failures occurred before
the intended end of aging, i.e. <48 h. These samples were
replaced by new ones, which were subsequently aged indi-
vidually to obtain the same aging time for all eight samples.
In figure 22, the measured breakdown strength reduction after
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Figure 21. Short-term AC breakdown strength results of non-aged and aged (AC + PWM stress) epoxy samples for different aging times at
RH= 75% with a semi-log representation of the median breakdown strength Ebd,m over the aging time.

Figure 22. Comparison between the reduction of the short-term AC breakdown strength (median) and the number of silver-coated samples
failed before the intended end (i.e. before 48 h) of the respective PD-free aging sequence (out of all different aging sequences studied in this
work).

PD-free aging, namely the reduction of its median value Ebd,m

(of in total eight samples), is displayed together with the
corresponding number of failed samples during aging at the
respective aging sequence. A linear fit of the data shows the
correlation between the breakdown strength and the number
of sample failures, which is quantified by the coefficient of
determination, calculated as R2 = 0.8458.

3.2.11. Evaluation of potential aging markers. A system-
atic study on other potential aging markers than the short-
term AC breakdown strength was conducted after aging
under the most severe stress conditions found from the
Ebd measurements described above. The strongest reduction
in breakdown strength was observed at the PD-free aging
conditions listed in table 2. Measurements of the complex

relative permittivity (real and imaginary part), volume DC
resistivity, glass transition temperature and FTIR spectra
according to section 2.5, however, revealed no significant
changes. The detailed measurement results can be found in a
former work [16].

4. Discussion

In the following section, the obtained results are discussed in
different subsections.

4.1. PD inception

The observed rising tendency of the PDIV of non-coated
samples with increasing frequency (up to 10 kHz) of the
sinusoidal test voltage can be explained on the basis of
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Figure 23. Dependence of real (top) and imaginary (bottom) part of the complex relative permittivity on frequency of non-aged epoxy
samples at 10 ◦C and different levels of relative humidity (RH).

the frequency dependence of the epoxy samples’ relative
permittivity ε ′

r , which is depicted in figure 23 (top). Between
50 Hz and 10 kHz, the ε ′

r ≈ |εr| of the material slightly
decreases, meaning that toward higher frequencies, the elec-
tric field in the air gap between the upper electrode and the
epoxy sample is weaker, thus requiring a higher test voltage to
reach the same value as at lower frequencies. Consequently,
the PDIV should be increased accordingly, as was shown,
for instance, in [72]. Regarding the difference between the
PDIVs measured at dry and high humidity conditions, one
might note that the relative permittivity trend at high humid-
ity (RH= 80%) of figure 23 is shifted evenly downward with
respect to the trend observed under dry conditions. In line
with the previous explanation, this shift should result in lower
values of the PDIV for the high humidity conditions, which
indeed corresponds to the experimental observations. A gen-
eral decreasing tendency of the PDIV with increasing RH is
often cited in literature, such as in [30]. Unfortunately, the
behavior of the PDIV under PWM stresses could not be invest-
igated due to limitations of the PD measurement equipment
under these conditions.

4.2. PD aging

The aging results of non-coated samples show that below
the PDIV, no significant aging seems to have occurred,
as evidenced by the unchanged breakdown strength com-
pared to non-aged samples. Conversely, all sample sets aged
above the PDIV, have an evidently lower residual breakdown
strength than the non-aged samples already after 0.5 h of
aging. A slightly stronger degradation effect of the samples
aged at higher peak voltage of one polarity (‘9.9 kV(+)’ and
‘9.9 kV(−)’) compared to ‘7.5 kV(=)’ might be present in
figure 8 (however, the high scatter does not allow amore expli-
cit statement).

By looking at the PRPD patterns shown in figure 7, it is
clear that the PD activity is strongly affected by surface charge
deposited on the epoxy sample (PDs occur even prior to the
test voltage zero-crossings) caused by the discharges within
the air gap between the spherical electrode and the sample sur-
face. This implies that the peak-to-peak voltage rather than the
maximum absolute peak voltage (related to the voltage zero)
should determine the intensity of the PD activity and hence
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presumably the degradation. In line with this assumption, no
direct effect of a much larger absolute peak voltage on the
degradation was observed in [20, 73]; however, the employed
test voltage consisted of both DC and AC components and
might thus not be directly applicable to our work (aging car-
ried out under AC+ PWM stresses). Other than that, two addi-
tional facts are indicated by the PD aging results: there seems
to be no effect of the PWM pulses’ polarity on the degrada-
tion (‘9.9 kV(+)’ vs. ‘9.9 kV(−)’ in figure 8) and the samples
appear to age faster under the high humidity conditions (‘H’
vs. ‘D’ breakdown strength data sets above the PDIV).

The latter claim seemingly conflicts with the PRPD pat-
terns for dry and high-humidity conditions, which show that
both the discharge magnitude and the average discharge cur-
rent is larger for the dry conditions. Intuitively, stronger aver-
age discharges could be expected to lead to a faster degradation
rate, but in case of epoxy, it has been shown that the degrada-
tion due to the kinetic energy of the ions formed during PDs is
substantially weaker than the chemical degradation by reactive
by-products also released during PDs [37]. This is supported
by findings of [38], which show that a higher PD amplitude not
necessarily leads to stronger aging. Furthermore, under high-
humidity conditions, nitric, nitrous and oxalic acids are gener-
ated in addition to the by-products formed just in dry air. These
acids were linked to the more severe degradation of epoxy due
to PDs under high humidity conditions [36, 37], which aligns
with the observations in the present work.

4.3. PD-free aging under hygroelectric stress

In the absence of humidity and elevated temperatures, the MF-
MV aging regime applied to silver-coated samples (i.e., in the
absence of PDs) was found to be without effect on all con-
sidered aging markers. At high RH levels, however, a depend-
ence of aging on the RMS voltage stress at constant peak
voltage stress was observed for all alternating voltage stresses
(i.e. both AC + PWM and pure PWM voltages), but not for
DC voltage stress (figure 17). In the opposite case, i.e. aging at
constant RMS voltage stress, no influence of the peak voltage
stress could be detected (figure 14). This is a remarkable find-
ing as it points out that aging in the absence of both PDs and
dielectric heating depends on the RMS voltage stress and not
on the peak voltage stress, which contrasts with aging in the
PD regime.

As the applied RMS voltage is related to the amount of elec-
trical energy that is dissipated within the sample, it points out
the presence of an aging mechanism related to the electrical
energy input. A rather convincing explanation for the underly-
ing mechanism can be found in the context of the electromech-
anical aging model proposed by Parpal et al [54], since this
model not only describes an aging mechanism, which depends
on the (e.g. electrical or thermal) energy input (as it is the case
also for other models, e.g. [48, 49, 51]), but also gives a phys-
ical explanation which matches the findings of this work.

Within this model, the early onset of aging is attributed to
a rearrangement of the free volume under electric field stress,
which can take place in amorphous regions, which are obvi-
ously present in an amorphous polymer as the epoxy used

in this work. This might lead to a higher probability of a
long free path, along which electrons can be accelerated over
increasing distances under the influence of an electric field
[74]. This effect is expected to be pronounced for higher RMS
voltage stress values (thus matching the results of this work)
by the higher energy input and the corresponding stronger
deflection of the polymer chains, leading (locally) to larger
free volume fractions. As a consequence, it is assumed that
more high-energy electrons, which could subsequently break
intermolecular van der Waals bonds [54], are present locally
(not macroscopically), thus initiating stronger aging of the
polymer. This idea of a localized material alteration could
explain the findings of an earlier study [16] that of all invest-
igated potential aging markers, only the breakdown strength,
i.e. the only method that is sensitive to a very localized degrad-
ation (leading to a weak link for the initiation of a breakdown),
could indicate aging effects. This hypothesis is further sup-
ported by the strong influence of humidity on the aging beha-
vior as the potential energy barrier for the breaking of van
der Waals bonds is found to be lowered by the presence of
water [54].

Moreover, these findings support the hypothesis, made in
an earlier work [16], of local (microscopic) morphological
changes in the polymer structure occurring under MF-MV
stress in the presence of (absorbed) water.

4.4. PD-free aging under thermoelectrical stress

Under the thermoelectrical stress profiles, the epoxy samples
experienced aging effects similar to those under the hygro-
electrical stress profiles. Note that the reduction in break-
down strength after electrical stress of VRMS = 4.43kV was
found to be stronger at ambient temperature and RH= 75%
(figure 10) compared to 70◦C and dry conditions (figure 12).
However, a direct comparison between different thermoelec-
tric and hygroelectric stress levels is not meaningful. The
observed aging effects under thermoelectric stress might be
attributable to the additional thermal energy input by the
elevated temperature, which contributes to thermally activ-
ated electromechanical aging [54]. It should be mentioned
that a potential contribution of dielectric heating could be
excluded by experimentally validated thermoelectrical simu-
lations shown in an earlier work [16].

4.5. Aging under non-electrical stress

Note that hydrolysis could be ruled out as a potential aging
mechanism due to the absence of changes in the absorbance
peak related to the hydroxyl group, as observed by FTIRmeas-
urements [16, 70]. A potential moisture-induced, irreversible
plasticization, i.e. lowering of the glass transition temperat-
ure Tg, could as well be excluded by DSC measurements [16].
For pure humidity stress, pure temperature stress and even for
hygrothermal stress below Tg ≈ 123◦C, no aging effects were
observed for the epoxy samples (figure 11). This again indic-
ates the necessity of the presence of an alternating electric field
stress, potentially favoring a (cyclic) movement of polymer
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structures, for the onset of aging under the experimental con-
ditions in this work.

However, one exception for aging in the absence of elec-
trical stress was found, namely if aging was carried out above
Tg. This coincides with changes of the optical appearance of
the samples, more precisely a darker sample color, as well
as with a significant thickness reduction. It is thus assumed
that the reduced breakdown strength of the epoxy samples
was caused by excessive post-curing, making them thinner,
more brittle and thus potentially more prone to a dielectric
breakdown.

4.6. PD-free aging under different electrical stress
parameters

It should be noted that hygroelectrical stress profiles were
used in order to systematically study further stress parameters
(polarity of maximum voltage stress, type of MF-MV wave-
form, slew rate, PWM frequency, aging time) as they resulted
in the strongest evidence of aging.

First of all, the influence of the polarity of the sinusoidal
half-wave in which the maximum voltage stress occurred was
found to be negligible, see figures 10 and 15. This can be
explained by the almost symmetrical shape of the silver-coated
recessed samples, which makes it less likely for a polarity
effect to occur.

Space charge effects are assumed to be negligible, which
is based on the finding that a DC offset voltage, which intro-
duces space charges into the dielectric, had no measurable
effect on aging under the experimental conditions used in this
work (figure 17). It was indeed found that pure PWM stress
led to the same aging effects as DC + PWM stress, even if
the latter introduced a 3.4 times higher total RMS stress, but
at the same PWM stress level. A comparison of the alternating
voltage waveforms (pure AC, pure PWM and AC+ PWM) in
figure 16 reveals that MF voltage stress led to a stronger reduc-
tion in the breakdown strength than single-frequency voltage
stress, indicating the presence and superposition of more than
one aging mechanism for MF voltage waveforms.

The influence of the slew rate on aging below PD incep-
tion was found to be negligible for the values (0.15 kVµs−1

and 38.9 kVµs−1) studied in this work (figure 18). Note that
even if a higher slew rate itself does not lead to more severe
aging, the voltage transition in some applications might be
short enough to favor resonance effects and hence a voltage
overshoot that might be higher than the PDIV. This, in turn,
might lead to unexpected PD-related aging (while the RMS
voltage is not significantly altered).

Variation of the PWM frequency revealed a remarkable
effect on aging for both pure PWM as well as for AC+ PWM
voltage stress, namely a reduction in breakdown strength with
decreasing PWM frequency (figures 19 and 20). A possible
explanation for the observed PWM frequency dependence of
the short-term AC breakdown strength can be given with the
help of figure 23 in which the real part as well as the imagin-
ary part of the complex relative permittivity of the investig-
ated epoxy samples are displayed at 10 ◦C and different RH
levels. It is visible that the imaginary part increases towards

higher frequencies, i.e. a relaxation peak emerges (with the
maximum at higher frequencies than measurable in this work).
This means that the molecular side chains associated with
this β relaxation [3, 75] transition from a state in which the
chains can easily follow the alternating electric field changes
to a state in which the steric hindrance of the side chain
by other molecules is too high to follow the electric field
changes of higher frequencies. As a consequence, the favored
movement of side chains at lower frequencies will result in
a stronger rearrangement of the free volume (according to
the electromechanical aging model [54]) in the low-frequency
range.

Moreover, the β relaxation is stronger and the absorbed
water inside the sample is higher (visible by the steeper ε ′ ′

r
increase towards higher frequencies above fAC = 50Hz for
higher RH values in figure 23). Thus, the reduction in poly-
mer chain movement according to the alternating electric
field stress gets similarly stronger (and hence the sugges-
ted rearrangement of the free volume is less pronounced).
Since the same β relaxation was not altered by MF-MV aging
(shown in an earlier work [16]), it is confirmed that indeed
not the molecular side chains themselves are altered under the
employed stress conditions, which also supports the concept
of the free volume rearrangement.

Note that at the highest investigated switching frequency
fPWM = 40kHz, only minor aging effects were observed, des-
pite the superimposed AC (50Hz) voltage. This points out that
of the two (or more) assumed aging mechanisms for both AC
and PWM frequency components, the high-frequency com-
ponent (in the kHz range) seems to be able to suppress/alter
the aging influence of the low-frequency (50Hz) component.
This interesting finding needs more investigations in order to
clearly identify the relevant molecular structures involved in
the aging process.

As expected, longer aging times were found to lead to
increasingly severe aging (figure 21). However, the onset of
measurable aging effects (i.e. reduction in the breakdown
strength) were observed after 0.5 . . .5 h. This means that the
aged polymer structures exhibit aging effects not immediately,
but after a specific period of time, which might be necessary
for the hypothesized formation and/or growth of microcracks.
The finding corresponds to earlier models for solid insulation
aging, such as by [76, 77].

Another relevant finding is the fairly good correlation
between the reduction in breakdown strength of the samples
measured after different aging sequences and the number
of sample failures that occurred before the intended end of
aging under the same stress conditions, respectively. This is
considered as a clear indication that the residual breakdown
strength after aging is related to the lifetime of the insulation
material. As a consequence, the findings obtained by residual
breakdown strength measurements can be transferred to make
statements about lifetime-influencing aging conditions.

Other material properties such as the real and imagin-
ary part of the complex relative permittivity, the volume DC
resistivity, the glass transition temperature as well as FTIR
spectra were investigated in the context of this work (more
detailed described in [16]). They consistently did not show
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any changes, even at the aging conditions with the most severe
breakdown strength reduction. However, all of these potential
aging markers focus on integral macroscopic material prop-
erties, whereas the breakdown strength can be also influenced
by—and is often determined by—local microscopical changes
that might lead to the initiation of a dielectric breakdown path.
These observations are thus in accordance with the earlier
mentioned hypothesis of electromechanically induced mor-
phological material changes on a microscopical scale, more
precisely a rearrangement of the free volume in amorphous
regions, which favors the breaking of van der Waals bonds.

Moreover, the results of this work underline the conclusion
drawn in [16] that the absence of any aging-induced changes
for all of the investigated aging markers except for the AC
breakdown strength represent a clear issue for aging evaluation
of polymeric insulation materials. This is due to the fact that
relevant aging (shown by a reduction of the residual break-
down strength) is not observable by a broad range of non-
destructive aging markers and thus, aging effects might be
underestimated in real applications (when quantified by these
non-destructive agingmarkers, such as permittivity, loss factor
or resistivity measurements).

The findings in this work indicate that even if the comparat-
ively strong risk factors for insulation aging, namely PD activ-
ity and dielectric heating, can be excluded, aging effects under
MF-MV stress profiles still exist. However, if high humidity
levels and high temperatures can be avoided (which might not
always be possible), power electronic devices are expected to
be operated much more reliably.

5. Conclusion and outlook

In the present contribution, the influence ofMF-MV and envir-
onmental stress on the aging behavior of epoxy samples was
studied over a broad range of parameter variations. The key
findings are summarized in the following:

• PD-related aging due to material erosion is dependent on the
peak-to-peak voltage stress (in accordance with available lit-
erature) and occurs on a significantly shorter timescale than
PD-free aging, especially at high RH levels.

• Pure electrical MF-MV stress at dry conditions has no influ-
ence on aging under the studied conditions if in the absence
of PDs and dielectric heating.

• Non-electrical stress is critical only above a certain temper-
ature, most likely the glass transition temperature.

• PD-free aging is independent of the peak voltage stress (in
case of constant RMS voltage stress and frequency).

• PD-free aging in the presence of water (and/or most likely
at elevated temperatures) is dependent on the RMS voltage
stress, which is related to the energy input.

• Aging dependence on the RMS voltage stress is only present
for alternating voltage components, but not for DC voltage
components.

• Space charge effects on aging are rather unlikely as no effect
of a DC voltage offset is observed.

• Aging below PDIV under the conditions in this work is not
influenced by different slew rates.

• Less aging takes places at higher PWM frequencies, which
might be attributed to the steric hindrance of polymer side
chains moved by the alternating electric field.

• MFvoltages exhibit superimposed agingmechanisms attrib-
uted to the respective single-frequency components.

• Aging onset does not happen immediately, but only after a
specific period of time.

• The residual AC breakdown strength correlates with insula-
tion lifetime observations for the used epoxy samples in the
absence of PDs.

• Relevant insulation aging (indicated by a reduction in AC
breakdown strength) is not observable by a broad range of
non-destructive aging markers.

• The hypothesis of the electromechanically induced
rearrangement of the free volume, followed by the local
breaking of van der Waals bonds by high-energy electrons
as a dominant aging mechanism in the absence of PDs, is
supported by the measurement results in this work.

In a next step, it is recommended to investigate the afore-
mentioned hypothesis of free volume rearrangement with sub-
sequent breaking of van der Waals bonds in detail. For this
purpose, other diagnostics, e.g. microscopic tools or meth-
ods suggested by [54], such as small-angle x-ray scattering,
small-angle neutron scattering or positron annihilation will be
needed in order to detect such small morphological material
changes. However, as the changes relevant for critical aging
are hypothesized to occur only very localized, the experi-
mental detection is expected to be challenging. Nevertheless,
the obtained results of this work can already be used to optim-
ize the insulation material for applications which are exposed
to MF-MV and environmental stress. Promising results are
expected if it is possible to modify the material in a way that
its performance in the presence of water and elevated tem-
peratures is enhanced, e.g. by reducing the material’s tend-
ency to absorb water or increasing its glass transition temper-
ature. Furthermore, it is recommended to test the generality of
the findings for other types of polymers, e.g. for semicrystal-
line materials, having a lower amount of amorphous areas (in
which free volume can exist).
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