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Abstract

Polyester (PET) inter-turn insulation of dry-type air-core reactors endures long-term com-
pressive stress induced by internal pre-tightening force and temperature fluctuation during
service, which easily induces microcrack propagation and accelerated insulation break-
down. Existing studies mainly focus on thermal, electrothermal and hygrothermal aging of
PET films, while few investigations reveal the mechanical degradation laws under various
compressive stresses sustained during reactor operation. To fill this research gap, this paper
develops a continuous compressive loading test platform matched with an exponentially
damped oscillating voltage (EDOV) test system. Thermal- and damp-heat-pretreated PET
specimens are prepared via accelerated aging methods to simulate actual operating envi-
ronments. Combined with impulse withstand tests and dielectric loss characterization, the
micro-damage evolution and insulation performance decay rules under multi-gradient com-
pressive stress are analyzed. The results indicate that under sustained compressive stress,
progressive microcrack growth and property decay are observed, with a more pronounced
degradation for specimens subjected to prior thermal or damp-heat aging treatment. The
findings can provide quantitative support for reactor on-site insulation assessment, condi-
tion monitoring and maintenance strategy formulation.

Keywords: dry-type air-core reactor; mechanical aging; PET; insulation degradation analysis;
property characterization

1. Introduction

With the development of power systems toward ultra-high-voltage transmission, large
capacity, and a high penetration of renewable energy sources [1,2], dry-type air-core reactors
have been widely used in reactive-power compensation, overvoltage suppression, and short-
circuit current limitation because of their absence of magnetic saturation, good linearity,
and low maintenance requirements. They are therefore essential equipment for secure and
stable grid operation [3-5]. Field operation statistics indicate that an inter-turn insulation
short circuit is the most frequent and most severe failure mode of dry-type air-core reactors.
Once the insulation deteriorates, inter-turn short circuits, local overheating, and even fire or
explosion may occur, leading to equipment damage, large-scale power outages, substantial
economic losses, and serious safety risks [6-9].

During long-term operation, the inter-turn insulation of reactors is subjected to coupled
electrical, thermal, mechanical, and damp-heat stresses. Among these factors, mechanical
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compressive stress is a key driver of insulation degradation. Winding pre-tightening pres-
sure, electromagnetic force during operation, and thermal expansion/contraction caused
by temperature variation can all generate sustained compressive stress inside the insulation.
In cold regions in particular, large temperature excursions intensify thermal-expansion
mismatch and stress concentration, thereby inducing the initiation and propagation of
microcracks as well as interfacial debonding, which markedly accelerates insulation de-
terioration [10]. Compressive stress not only directly degrades the mechanical proper-
ties of insulating materials, but also acts together with thermal stress, damp-heat stress,
and switching overvoltage [11], thereby substantially reducing the dielectric strength and
switching-impulse withstand capability of the insulation. It is consequently a major cause
of early failure of inter-turn insulation [12,13].

A large number of existing studies have investigated the thermal, electrothermal and
hygrothermal aging characteristics of polyester films. These works reveal the chemical dete-
rioration mechanism dominated by molecular chain scission and oxidation, and establish
corresponding temperature-based life prediction models [14]. However, most mechanical
property tests of PET adopt short-time tensile or transient compression loading, failing to
simulate the long-term compressive stress formed by pre-tightening force and temperature
gradient inside dry-type air-core reactors. Few publications focus on the microcrack evo-
lution and breakdown life decay of PET inter-turn insulation under various compressive
stresses during reactor operation. Different from the conventional research framework of
electrothermal aging, this paper carries out multi-gradient compression accelerated aging
tests and conducts systematic microcrack characterization and withstand performance statis-
tical analysis, which fills the research gap regarding mechanical compression deterioration
of PET insulation for reactors.

Numerical and frequency-response studies have further shown that inter-turn short
circuits and local temperature rise can rapidly change reactor winding characteristics and
intensify insulation degradation [15]. Existing studies have mainly focused on thermal
aging, electrical aging, and overvoltage impulse characteristics of inter-turn insulation,
revealing such phenomena as the reduction in mechanical properties by thermal aging
and cumulative breakdown induced by switching overvoltage [16-20]. Polyester film is
the primary material used in inter-turn insulation. However, the deterioration mecha-
nism and quantitative behavior of polyester film under individual mechanical stresses
remain insufficiently investigated, and the relationship between microstructural damage
and macroscopic property decay has not been adequately established. Using the number of
switching-overvoltage withstand operations as a macroscopic lifetime indicator, and dielec-
tric loss as a microscopic diagnostic parameter, is consistent with the practical operating
conditions of reactors. It is therefore necessary to investigate the deterioration mechanism
of polyester film under sustained mechanical stress.

2. Preparation of Aged Specimens and Experimental Platform
2.1. Mechanical Stress Aging Device and Stress Levels

A simple device capable of continuously applying mechanical stress was designed
and fabricated. The main components include mechanical jacks, spring sets, smooth metal
disks, and a channel-steel frame.

The structure of the device is shown in Figure 1.

By adjusting the lift of the jack, the spring set is compressed to a specified length. The
elastic potential energy stored in the spring set is converted into a continuous mechanical
load, and the magnitude of the load is monitored in real time by a pressure sensor calibrated
against standard weights before each test. The smooth metal disks have a diameter of
25 mm; periodic re-verification of the spring compression was performed to compensate for
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load drift caused by spring and PET relaxation, confirming that the load remained within
15% of the nominal value throughout the 600 h aging. Once the preset compressive stress
is achieved, we stop adjusting the jack. The mechanical stress is transmitted to the surface
of the insulating specimen through the smooth metal disks, thereby simulating the contact
stress sustained by reactor inter-turn insulation in service.

Figure 1. Photograph of the mechanical stress aging device.

Before testing, a large-range pressure sensor was used to determine the spring dis-
placement corresponding to the target load. The pressure required for the experiment was
obtained from

F=PS=Mg (1)

where P is the pressure required for aging, S is the area of the metal disk, g is taken as
9.8 m/s?, and M is the load provided by the jack expressed in kilograms.

During long-term service of dry-type air-core reactors, the winding pre-tightening
force and axial temperature gradient continuously generate compressive stress on inter-turn
insulation. A thermal-structure coupling finite element simulation from Xu et al. reveals that
the average equivalent compressive stress of the intact epoxy encapsulation matrix under
rated operation is approximately 9.5 MPa [21]. The reactor temperature rises gradually
from bottom to top, and the difference in thermal expansion results in lower stress at the
low-temperature bottom and higher stress at the high-temperature upper region.

To fully cover the actual load conditions of on-site reactors, three equal-gradient
compressive stresses of 4 MPa, 8 MPa and 12 MPa are adopted for aging tests in this work.
The medium benchmark stress is selected as 8 MPa, which is close to the typical steady-state
operating stress of 9.5 MPa provided in the reference. A stress of 4 MPa simulates the low
stress state under light load and low temperature with favorable heat dissipation, while
12 MPa represents the high stress concentration condition caused by equipment overload
and local hot spots. The equal 4 MPa interval can quantitatively characterize the acceleration
effect of compressive stress on the withstand degradation of PET insulation.

Accordingly, normal loads of 200, 400, and 600 kg supplied by the jack are required to
apply pressures of 4, 8, and 12 MPa, respectively.

The compressive load is exerted by a jack, and the pressure sensor is fully calibrated
in advance. The jack’s lifting stroke is slowly adjusted until the sensor reads the target
stress, and the corresponding compression length of the spring is recorded. With the
overall installation position unchanged, the spring is adjusted to this calibrated length for
load calibration before every test. After calibration, six layers of PET specimens are neatly
stacked. Since all specimens possess identical material properties, every layer can bear
uniform compressive pressure. Aligned metal disks are arranged on the top and bottom of
the specimen stack. Subsequently, the jack is lifted to make the spring assembly reach the
pre-calibrated compression displacement to apply stable compressive stress. All PET sheet
specimens adopted in the tests have dimensions of 150 mmx 150 mmx 0.05 mm.
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2.2. EDOV Test Device

To reproduce the switching overvoltage generated during practical reactor switching
operations, an EDOV generator was built with reference to IEC 60076-6:2007, Clause 12.8.11
(switching-impulse test) and Annex E (turn-to-turn overvoltage test for dry-type reactors).
The test device and its schematic diagram are shown in Figure 2.
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Figure 2. Schematic of the EDOV test device.

During the charging stage, which corresponds to the negative half-cycle of the power
supply, the high-voltage silicon stack D conducts and the sphere-gap switch S remains
open. The test transformer T, the high-voltage silicon stack D, the protective resistor R,
the damping resistor R,, the main capacitor Cc, and the inductor L form a closed charging
circuit, and the main capacitor is charged by the power-frequency source to the preset
voltage. During the discharge stage, corresponding to the positive half-cycle, the high-
voltage silicon stack D is blocked and the sphere-gap switch S is triggered into conduction.
The main capacitor C discharges through the damping resistor R, into the inductor L,
causing periodic conversion between electric-field energy and magnetic-field energy. When
R, is lower than the critical damping value, an EDOV is produced across the inductor
L. Throughout this process, the energy periodically transfers between Cc and L and is
gradually dissipated in R,. With an appropriate R, value, the required EDOV waveform
can be obtained across the inductor.

A digital oscilloscope was used to record and display the voltage waveform during
testing. The displayed waveform is shown in Figure 3.
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Figure 3. Waveform of EDOV at the test voltage of 21 kV captured by the oscilloscope.

The device generated the required EDOV waveform, with a peak value of 180 kV, which
represents the maximum output capability of the generator; the actual test voltage applied
in this study is 21 kV. The main capacitance is C. = 3 nF, the inductance is L ~ 14 mH
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(corresponding to an oscillation frequency of about 24.6 kHz), and the damping resistance
is R, = 2 k(); the protective resistance and the preset charging voltage were selected to
produce the required 21 kV waveform. It can output 3000 standard waveforms per minute,
which satisfies the specified test repetition rate and substantially reduces the experimental
duration. Cylindrical electrodes with a diameter of 25 mm and a 3 mm chamfer were
selected, and six layers of 0.05 mm PET film specimens were connected in parallel for
simultaneous withstand-voltage testing. Enlarged specimen dimensions were adopted to
increase the creepage distance and suppress surface discharge along the film edges.

3. Mechanical Stress Aging
3.1. Compressive Stress Aging and Accelerated Thermal Aging

To further investigate the influence of aging time on the mechanical and electrical
deterioration of polyester film sheet specimens, five aging durations were designed, with
120 h defined as one mechanical aging cycle. This duration is selected to balance accelerated
aging efficiency and measurable accumulation of microstructural damage under contin-
uous compression. A subset of specimens was removed and sealed after each cycle. To
examine the effect of compressive stress aging on the dielectric properties of specimens that
had already experienced mechanical property degradation, two types of thermally aged
specimens were further aged for 240 h under three stress levels. The dielectric properties
and impulse-voltage withstand characteristics of all aged specimens were then investigated.

A large number of studies have shown that reactors inevitably suffer thermal stress
aging during operation. However, the effect of thermal stress is mainly reflected in the
decline of mechanical properties, whereas its influence on dielectric withstand performance
is comparatively limited [22]. Considering the environmental factors encountered by
reactors in service, single-factor thermal aging and damp-heat cyclic aging tests were
performed on polyester film sheet specimens using accelerated aging methods. Specimens
with degraded mechanical properties were thereby obtained and subsequently subjected to
mechanical stress aging, with the aim of clarifying the overvoltage withstand behavior of
specimens with different mechanical-property states after mechanical stress exposure.

Single polyester film specimens were used in the accelerated thermal aging test and
stacked in six layers. To ensure uniform heating, the specimens were clamped onto a mesh
tray. According to GB 10229-1988 and IEC 60289:1988 [23,24], the long-term operating
temperature of the reactor is set to 80 °C. Substituting this temperature into the Class B
insulation life formula (2) gives

4808.121

75 = 100750 7723 = 1204 x 10° h ~ 139 years (2)

The insulation life at 80 °C is approximately 139 years. Preliminary tests show that the
electrode system becomes structurally unstable above 170 °C, so 160 °C is selected as the
accelerated aging temperature.

4808.121
T = 1070 79 = 3705 h
{ v (3)

r= % x 3725 = 399.9 ~ 400 h

Using the Class B insulation life model, 15 years of reactor operation at 80 °C is equiva-
lent to about 400 h aging at 160 °C.

To simulate and accelerate the most severe environmental stresses encountered by
reactors in service, a damp-heat cyclic aging experiment with clear engineering relevance
was designed. Condensation caused by day-night temperature differences or start-stop
operation, prolonged humid conditions in wet climates or rainy seasons, condensation of
residual internal hot gas during abrupt temperature drops, and rainwater ingress due to
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package damage can all wet the insulation layer and thereby directly or indirectly accelerate
insulation deterioration. Accelerated damp-heat cyclic aging of polyester film specimens
was implemented in a GDJW-100 alternating temperature-humidity test chamber. This
chamber adopts closed-loop real-time automatic control to stably maintain preset tempera-
ture and humidity parameters throughout the aging cycle without manual adjustment. The
procedure was as follows:

(1) High-temperature dry-heat stage: Specimens were placed in a constant-temperature
oven and aged for 50 h in dry air at 160 °C.

(2) High-temperature high-humidity stage: Specimens were then transferred to a
constant-temperature and constant-humidity chamber and aged for 24 h at 80 °C and
95% relative humidity. Preliminary tests and literature results indicate that the properties
of polyester materials, such as elongation at break and dielectric strength, decrease very
slowly in dry air at 80 °C. This means that, in the absence of humidity, chemical-structure
changes caused by pure thermal aging at 80 °C may be regarded as secondary within the
experimental duration. Therefore, the 80 °C/95% RH stage in this experiment is essentially
a strengthened moisture absorption and hydrolysis condition. The role of 80 °C is to relax
the polymer microstructure and provide channels and reaction activity for water molecules;
it is not the primary aging stress source. The dominant driving force is the high humidity
of 95% RH, while 80 °C accelerates this moisture-related aging process.

The high-temperature dry-heat and high-temperature high-humidity stages were per-
formed consecutively. The two stages lasted 74 h in total and were defined as one complete
damp-heat cyclic aging cycle. Four such cycles were interspersed within the 400 h thermal-
aging schedule, so that the damp-heat group experienced periodic moisture-and-hydrolysis
exposure superimposed on the thermal-aging baseline.

At the end of each aging cycle, 12 specimens were removed for frequency-domain
dielectric spectroscopy. Subsequently, cumulative breakdown tests under overvoltage,
namely EDOV, were conducted. To shorten the test duration and suppress the effect of
air discharge at the electrodes, an EDOV with an amplitude of 21 kV was selected as the
test voltage. The cumulative number of EDOV applications sustained by a specimen until
breakdown was taken as the lifetime endpoint; after removing the maximum and minimum
values, ten valid data points were retained.

3.2. Mechanical Property Testing

Mechanical properties are direct macroscopic indicators for evaluating the aging degree
of insulating materials. In this study, uniaxial tensile tests were performed on dumbbell-
shaped specimens according to GB/T 1040.3. Two key parameters were obtained: elongation
at break (%), which is highly sensitive to aging and reflects material toughness; and tensile
strength (MPa), which reflects the load-bearing capacity of the material.

Twelve specimens of each of the two thermally aged groups were removed at different
aging cycles, cut into dumbbell-shaped specimens according to the standard, and tested for
tensile strength and elongation at break using a universal testing machine. The maximum
and minimum values were discarded, and the average of the remaining results was used.
The obtained elongation at break and tensile strength are shown in Figure 4.

The variation in tensile strength and elongation at break of PET films under the two
aging conditions shows that the mechanical properties of the specimens continuously
deteriorate with aging time. Nevertheless, the magnitude, rate, and underlying mechanism
of degradation differ markedly between single-factor thermal aging and damp-heat cyclic
aging. During single-factor thermal aging, both tensile strength and elongation at break
decrease slowly, and the overall mechanical performance remains relatively stable.
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Figure 4. Mechanical properties of the two groups of aged specimens as a function of thermal aging
time.

Two distinct stages can be distinguished in the evolution of mechanical properties. In
the first 100 h, tensile strength remains nearly unchanged because it is borne mainly by the
crystalline and oriented skeleton; oxidation and hydrolysis act initially on the amorphous
region without disrupting the load-bearing network, and moisture primarily exerts a plasti-
cizing effect rather than chain scission. Thereafter, accumulated oxidation and hydrolysis
reach the crystal-amorphous interface, and the strength begins a gradual decline. Elonga-
tion at break shows a different sensitivity: it remains nearly unchanged in the first 100 h
(entanglement intact, limited chain scission), then decreases approximately linearly, which
is consistent with near-first-order hydrolytic chain scission and a progressive reduction in
molecular weight that embrittles the material. The damp-heat group declines more steeply
because hydrolysis directly scissions chains in the amorphous region.

For mechanically aged specimens subjected to different stress levels and aging dura-
tions, dumbbell-shaped specimens were cut from the aged region and tested for mechanical
strength. The tensile strength and elongation at break are shown in Figure 5.

The results indicate that, regardless of the applied stress level, mechanical strength
decreases with increasing aging time. The overall trend is characterized by a rapid initial
decrease followed by a slower decline. Higher applied stress produces more pronounced
mechanical deterioration.

To quantify the decay kinetics, the measured data in Figure 5 were fitted to o (t) = oco
+ (0y — 0o0)-exp(—t/T). The fitted time constants and coefficients of determination are
summarized in Table 1.
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Table 1. Fitted decay time constants and coefficients of determination of PET film under different
compressive stresses.

Applied Stress  Elongation at  Elongation at Tensile Tensile
(MPa) Break T (h) Break R? Strength T (h) Strength R?
4 656 0.992 250 0.970
8 378.6 0.995 274.7 0.995
12 210 0.988 222.9 0.982
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Figure 5. Mechanical properties of initially unaged specimens as a function of mechanical aging time.

The time constant T of elongation at break decreases monotonically with applied stress,
approximately halving for each 4 MPa increment, whereas T of tensile strength shows no
clear monotonic trend. This contrast indicates that compressive stress primarily accelerates
the loss of ductility (elongation at break, reflecting chain scission in the amorphous region);
the decay rate of tensile strength, borne mainly by the crystalline skeleton, is less stress-
dependent, and the effect of stress on strength manifests mainly in the total degradation
amplitude rather than in the decay rate.

4. Mechanical Deterioration Mechanism Under Different Aging Conditions
4.1. Overvoltage Withstand Count After Mechanical Stress Aging

Unpretreated polyester film specimens were aged at 4, 8, and 12 MPa, respectively,
with 120 h defined as one aging cycle and five cycles applied at each stress level. After aging,
the overvoltage withstand count was measured. Each group was tested 12 times; after
removing the maximum and minimum values, the results shown in Figure 6 were obtained.
Multi-cycle aging tests on unpretreated polyester film specimens under compressive stresses
of 4, 8, and 12 MPa show that the overvoltage withstand count decreases continuously
with increasing stress level and aging duration. Under low stress (4 MPa), the material
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response is dominated by elastic and plastic deformation. The molecular chains gradually
compact under sustained compression, and few internal defects are generated; therefore, the
withstand count decreases slowly. When the stress increases to 8 and 12 MPa, microcracks
and micropores are more likely to initiate in regions of internal stress concentration. As
aging proceeds, these defects expand and interconnect, forming electric-field concentration
sites and charge traps, reducing the partial-discharge inception voltage, and accelerating
the formation of breakdown paths. For the same aging duration, higher stress corresponds
to a lower withstand count, and degradation exhibits a clear acceleration feature under

high stress.
120
4Mpa
o~ 8Mpa
€ o L" = 12MPa
=
<
(==}
~ ]
w)
2 100 | "
S
&) u
(]
%0 n [ |
= 90+ .
>
-g n n ]
S o
2 80 "
=
70 1 " 1 " 1 L 1 1 1 " 1
0 120 240 360 480 600

Aging Time(h)
Figure 6. Withstand count versus aging time under different stresses.

The 95% confidence interval of the endurance life at each stress point is calculated based
on the t-distribution for small samples. For each test condition, ten repeated specimens are
measured. The confidence interval is expressed as:

CI:HtM(n—D% (4)
where X is the sample mean, s is the sample standard deviation, n = 10 is the number
of replicates, and ¢, ,(n — 1) = 2.2622 corresponds to the two-tailed t-value at the 95%
confidence level with 9 degrees of freedom.

To quantify the dispersion of withstand test data, the 95% t-distribution confidence
intervals for each working condition are calculated and summarized in Table 2.

Table 2. 95% confidence intervals of withstand breakdown cycles of PET insulation under different
compressive stresses and aging durations.

Aging Time/h 4 MPa CI 8 MPa CI 12 MPa CI
120 17,221.6 108,262.5 134,411.7
240 62,351.7 72,259.8 64,377.0
360 112,450.2 30,943.0 54,802.3
480 91,024.1 118,010.3 152,978.1
600 111,560.5 77,906.6 78,586.1

The confidence interval range generally expands with the rise in compressive stress,
which reflects higher data dispersion under large mechanical loads. For a fixed stress level,
data dispersion decreases first and then increases with aging time, reaching its minimum
value during the medium aging stage of 240-360 h.
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4.2. Withstand Count After Thermal and Mechanical Aging

To evaluate the degradation effect of thermal aging and damp-heat cyclic aging on
the dielectric withstand performance of polyester film, the number of switching-impulse
withstand operations was measured for specimens at aging stages of 0, 100, 200, 300, and
400 h, where each 100 h interval corresponds to one aging cycle. This test was used to reveal
the evolution of insulation performance during aging.

The withstand-count data of specimens subjected to the two thermal aging conditions
are shown in Figure 7.

15 k- = Single-Factor Thermal Aging
7 . = Damp-Heat Cyclic Aging
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S |
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100 - " .
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Aging Time(h)

Figure 7. Overvoltage withstand count of the two groups of aged specimens as a function of aging
time.

Under a 21 kV EDOV, the withstand counts of both specimen groups decrease with
aging time. The degradation magnitude and rate of the damp-heat cyclically aged specimens
are significantly higher than those of the single-factor thermally aged specimens.

The initial withstand count is 1.1215 x 10°. After 400 h of single-factor thermal aging,
the retention rate is 89.13%, showing a slow, approximately linear decline. After 400 h of
damp-heat cyclic aging, the retention rate decreases to only 82.95%, exhibiting an acceler-
ated behavior characterized by an initial slow decrease followed by a rapid decline. The
overvoltage withstand counts of the single-factor thermally aged and damp-heat cyclically
aged specimens after 240 h of aging under three different stress levels are compared in
Figure 8.

The overvoltage withstand capability of the three specimen groups under 4, 8, and
12 MPa is shown in Figure 8.

After 240 h of mechanical compressive stress aging, the withstand counts of the unaged,
single-factor thermally aged, and damp-heat cyclically aged specimens all decrease with
increasing stress. At the same stress level, the order is unaged specimens > single-factor
thermally aged specimens > damp-heat cyclically aged specimens, which is consistent with
the mechanical-property degradation trend. The damp-heat cyclically aged specimens
exhibit the most severe decrease in withstand count as the stress increases.

These results show that prior thermal or damp-heat aging changes the subsequent re-
sponse to compressive stress. The differences in withstand count among the three specimen
groups indicate that mechanical deterioration should be assessed in relation to the initial
material condition. The sequential test design does not establish an independent additive
law for these degradation processes.
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Figure 8. Effect of aging stress level on the overvoltage withstand count of three specimen groups.

4.3. Dielectric Loss After Mechanical Aging

The dielectric-loss variation in unpretreated specimens aged under 12 MPa compressive
stress was first measured using an IDAX-300 system. The results are shown in Figure 9.
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Figure 9. Dielectric-loss variation in PET with aging time under 12 MPa compressive stress aging.

After mechanical compressive stress exposure, the dielectric loss of polyester film in-
creases significantly over the entire frequency range with aging time, and the low-frequency
range (0.01-10 Hz) is the most sensitive. The loss increases rapidly in the early aging stage,
rises slowly in the middle stage, and tends to stabilize in the later stage, indicating that the
stress-induced structural damage and defect development gradually approach saturation.
The applied stress not only promotes the formation of internal microcracks and strengthens
interfacial polarization and space-charge effects, but also reduces insulation resistance and
increases conductive loss.

The tan delta behavior near 100 Hz reflects two competing polarization mechanisms.
The slow decrease from 0.01 to 100 Hz is attributed to interfacial and space-charge polariza-
tion, which are slow processes that gradually lag behind the alternating field as frequency
rises. The subsequent increase above approximately 100 Hz is attributed to the onset of
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the PET dipolar beta-relaxation, corresponding to local motion of amorphous-region chain
segments, whose contribution grows at mid-to-high frequencies.

Dielectric loss was then measured for the two groups of mechanically degraded speci-
mens after 240 h of exposure to different stress levels. The results are shown in Figure 10.
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Figure 10. Dielectric loss of the two groups of thermally aged specimens after aging under different
stress levels.

Comparison of the dielectric loss of the two types of 400 h thermally aged specimens
after 240 h of aging under different stress levels shows that their loss curves exhibit broadly
similar trends: the loss decreases markedly in the low-frequency region, while increasing
over 0.1-100 Hz, with a raised peak in the mid-frequency region. A likely reason is that
both 400 h thermal aging conditions generate numerous microcracks on the surface or
inside the material. Mechanical stress can partially close these microcracks, reducing the
air-gap volume and thereby markedly decreasing the interfacial-polarization loss in the
low-frequency range. At the same time, mechanical stress reduces insulation resistance
and thus increases conductive loss. This behavior differs from that of unaged specimens.
Because unaged specimens have smooth surfaces and no obvious defects, externally applied
stress tends to generate microcracks; meanwhile, mechanical stress aging reduces insulation
resistance, causing loss to increase over the whole frequency range, with a larger increase at
low frequencies.

This result also explains why damp-heat cyclically aged specimens subjected to 4 MPa
aging may show a higher overvoltage withstand count than mechanically aged specimens.
Under low stress, pre-existing microcracks may be compressed to smaller dimensions and
few additional microcracks are generated, thereby reducing the overall partial-discharge
intensity and the erosive effect of discharge on the insulation. The dielectric strength
therefore shows a short-term increase. Under higher stress, however, a larger number of
microcracks are generated, and the withstand count decreases sharply.

The frequency shift between stressed and unstressed specimens indicates a change in
the dominant polarization mechanism. Under compression, newly generated microcracks
and pores form large-scale interfaces that give strong MWS (Maxwell-Wagner-Sillars)
polarization, whose characteristic response lies in the low-frequency range (0.01-10 Hz). In
the uncompressed or thermally aged specimens, loss variation is dominated by molecular
dipolar beta-relaxation, whose characteristic frequency lies near 100 Hz and above. Thus
compressive stress shifts the dominant polarization toward lower frequencies by introducing
large-scale interfacial defects.
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The two degradation scenarios should be distinguished. For unpretreated specimens
under compression (Figure 9), newly generated microcracks create additional interfacial
area, strengthening low-frequency MWS polarization and increasing the loss. For pre-aged
specimens (Figure 10), the pre-existing microcracks are partially closed by the applied
stress, which reduces the interfacial-polarization loss at low frequencies; meanwhile, the
stress-induced reduction in insulation resistance increases the conductive loss in the mid-
frequency range. The apparent difference in frequency response therefore originates from
whether microcracks are newly generated or compression-closed, which is consistent with
the microscopic observations in Section 4.4.

4.4. Optical Observation of PET Microcracks
To illustrate the evolution of micro-defects in PET insulation during compressive stress

aging, optical micrographs of specimens aged under 4 MPa, § MPa and 12 MPa for 120 h,
240 h, 360 h and 480 h are presented in Figure 11.

Figure 11. Optical microscope images of polyester film under various compressive stresses and aging
durations.

The evolution process of microcrack initiation and propagation is analyzed by compar-
ative observation.

The surface of unaged specimens is flat and smooth, without obvious micropores,
microcracks or other defects. After compressive stress aging, microcracks emerge rapidly
under all three stress levels. As aging time increases, the generated microcracks continu-
ously extend and widen. After several aging periods, the growth rate of cracks decreases
significantly, and the crack size tends to stabilize.

The compressive stress magnitude exerts a remarkable influence on microcrack devel-
opment. For the same aging duration, higher compressive stress induces more microcracks
and larger crack sizes on the specimen surface.

The above microscopic observations directly confirm that compressive stress is the
primary factor triggering the generation and continuous propagation of microcracks in PET
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insulation. Higher stress accelerates crack initiation and promotes defect accumulation.
From a microscopic perspective, this explains the macroscopic experimental trend that
the insulation withstand life declines markedly with rising compressive stress, and pro-
vides intuitive microscopic experimental evidence for the exponential decay of mechanical
properties with aging time (fitted in Figure 5).

4.5. Mechanical Deterioration Mechanism

The deterioration of polyester film under mechanical compressive stress follows a
complete evolutionary path of structural deformation, defect initiation, crack propagation,
property decay, and breakdown failure. The core mechanism can be summarized as follows.

First, mechanical compressive stress directly drives deterioration. Sustained com-
pressive stress causes compression, orientation, and rearrangement of polyester molecular
chains. Under low stress, the material structure tends to become denser; under high stress,
stress concentration occurs in internal weak regions, inducing molecular-chain scission, mi-
cropores, and microcrack initiation [25]. With increasing aging time, microcracks continue
to propagate and interconnect, forming conductive paths and electric-field concentration
sites. This reduces dielectric strength and the breakdown threshold, which is ultimately
manifested as a pronounced decrease in the overvoltage withstand count.

Second, single-factor thermal aging relaxes polymer chains and reduces toughness,
whereas damp-heat aging involves water molecule ingress and hydrolysis reactions, which
significantly weaken intermolecular interactions and severely degrade mechanical prop-
erties. These aging processes reduce the material resistance to deformation and crack
propagation, making structural damage more likely under mechanical stress. Thermal or
damp-heat pretreatment therefore changes the initial mechanical state on which compressive
stress acts. The greater deterioration of the damp-heat group is consistent with moisture-
related weakening of PET [19]. The relative contributions of these processes depend on the
aging history and cannot be separated quantitatively by the present sequential tests.

Third, microstructural evolution is directly coupled with macroscopic performance.
Microstructural changes caused by mechanical stress determine the macroscopic electrical
and mechanical properties. In initially unpretreated specimens, newly generated microc-
racks and interfacial defects are associated with increased low-frequency dielectric loss. In
pre-aged specimens, compression-induced closure of existing cracks can instead reduce
this contribution, as discussed in Section 4.3. Destruction of structural integrity reduces
tensile strength and elongation at break and weakens the switching-overvoltage withstand
capability. Dielectric-loss spectra should therefore be interpreted together with mechani-
cal properties, microscopic observations and withstand count when relating macroscopic
performance to microscopic damage.

In summary, mechanical compressive stress is a major contributor to inter-turn insula-
tion deterioration, while thermal and damp-heat environments play significant accelerating
roles. Microcrack initiation and propagation, together with molecular-chain structural
evolution, constitute the core degradation mechanism. These processes ultimately reduce
dielectric strength and lead to breakdown failure. The deterioration mechanism is illustrated
in Figure 12. This study did not include a time-matched unloaded control under identical
stacking, disk contact, and environmental conditions; the independent contribution of
environmental exposure to the observed degradation cannot be fully excluded. A dedicated
control study is planned as future work.
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Figure 12. Mechanical deterioration mechanism.

4.6. Mitigation Measures and Assessment Under Operating Conditions

The observed dependence of microcracking and withstand count on compressive
stress suggests that mitigation should focus on limiting local stress concentrations while
retaining adequate winding restraint. During design and assembly, the clamping load
should be distributed uniformly, and uneven supports, sharp contact edges and excessive
local preload should be avoided. The restraint should also accommodate differential thermal
expansion during changes in load and ambient temperature. Reducing preload alone is
insufficient because the winding must retain mechanical stability under normal operation
and fault forces.

Thermal and moisture control are complementary measures because the pre-aged
specimens generally exhibited greater deterioration under subsequent compression. Main-
taining ventilation passages and limiting local overheating can reduce thermal exposure
and the associated expansion mismatch. Inspection and repair of damaged encapsulation,
together with drainage and protection against condensation and water ingress, can limit
moisture exposure. Where insulation materials or coatings are changed, their moisture resis-
tance, thermal endurance and mechanical compatibility should be evaluated together [19].
Switching transients should also be considered in insulation coordination: mitigation mea-
sures should be selected according to the inter-turn voltage waveform and its distribution
within the winding, rather than terminal voltage magnitude alone [11,13].

Comprehensive assessment should begin with the operating history, including load
current, temperature rise and thermal cycling, ambient humidity and condensation, and
switching events. These records help identify whether thermal aging, moisture exposure,
mechanical loading or repetitive electrical stress is likely to dominate. Local mechanical
stress should be estimated from the winding structure, assembly condition and validated
thermomechanical analysis; the specimen test stresses should not be treated as universal
service-stress thresholds. Visual inspection of encapsulation and supports, combined with
temperature monitoring, can then locate regions requiring closer examination.

Electrical measurements should complement these observations. During an outage,
suitably controlled oscillating-voltage partial-discharge measurements can help identify
active insulation defects [26], while winding frequency-response measurements can provide
complementary evidence of inter-turn short-circuit abnormalities [6]. Comparisons should
use a commissioning baseline or a comparable sound unit under consistent test connections
and environmental conditions. Where representative material samples are available from
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maintenance or retired units, dielectric-loss spectra, tensile properties and microscopy can
be used to relate electrical changes to embrittlement and cracking. These material tests and
the cumulative EDOV breakdown test are laboratory assessments; the measured withstand
count is not a direct measure of the remaining operating life of an installed reactor.

The indicators should be interpreted jointly because different mechanisms can produce
competing responses. Section 4.3 shows that compression of pre-aged specimens can lower
low-frequency dielectric loss through partial closure of existing cracks, even though the
insulation has already deteriorated. A lower loss value alone therefore cannot establish
recovery or exclude damage. Temperature and moisture conditions should be recorded
when comparing dielectric responses, and changes in discharge activity or winding response
should be checked against the thermal and structural observations. Agreement among
several indicators provides a stronger basis for inspection or maintenance decisions than a
single diagnostic quantity.

The present experiments establish relationships for PET films subjected to sustained
compression, including specimens with prior thermal or damp-heat exposure. In an operat-
ing reactor, these stresses can occur simultaneously, and electrical discharges can further
modify the damage. The proposed measures and assessment approach are engineering
implications of the results; their effectiveness and diagnostic thresholds require validation
on representative winding structures. Simultaneous multistress tests and comparisons with
service-aged insulation are needed before a quantitative condition index or remaining-life
model can be established.

5. Conclusions

Through aging experiments and property characterization of polyester film sheet
specimens, this study systematically clarified the mechanical deterioration mechanism of
inter-turn insulation materials in dry-type air-core reactors under different single-factor
stresses and revealed the influence of each stress on material properties. The main conclu-
sions are as follows.

(1) After compressive stress aging of initially unaged specimens, the withstand count
decreases significantly with increasing stress and aging time. Low compressive stress
only induced a small quantity of microcracks, while high stress accelerated crack
initiation and propagation, formed electric field concentration regions, and accelerated
electrical breakdown. Mechanical stress has an obvious degradation-promoting effect
on thermal- or damp-heat-pretreated specimens. At the same stress level, withstand
count is positively correlated with mechanical strength. Because damp-heat aging
causes early molecular-chain scission and severe mechanical-property degradation,
cracks in these specimens are more likely to interconnect under compressive stress,
resulting in the most pronounced decline in insulation performance.

(2) After mechanical stress aging, dielectric loss increases over the entire frequency range,
with a more pronounced increase at the initial stage. This indicates that stress not
only generates microcracks and increases interfacial-polarization loss, but also reduces
insulation resistance and increases conductive loss. The loss of thermal- and damp-
heat-aged specimens increases monotonically, with a larger increase observed for
damp-heat aged specimens. When stress is applied to already degraded specimens,
the low-frequency dielectric loss first decreases and then increases, which is associated
with the size and number of microcracks and the strength of interfacial polarization.
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