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Thermal Degradation Phenomena of Polymer Film
on Magnet Wire for Electromagnetic Coils

Darren F. Kavanagh, Member, IEEE, Konstantinos N. Gyftakis, Senior Member, IEEE, and Malcolm D.
McCulloch Senior Member, IEEE

Abstract—Polymer film insulation degradation is a major
problem for electric machines which leads to short circuits,
overheating and eventually the occurrence of catastrophic fail-
ure. Electrical insulation materials provide the vital function
of turn-to-turn, phase to phase, and phase-to-ground electrical
isolation for the electromagnetic coils and windings. This paper
investigates the characterisation of early-onset degradation of
thin-film magnet wire insulation at elevated temperatures from
200 to 275 ◦C. Sample specimens were analysed after ageing
for 100 hours in terms of their physical properties [surface
roughness, mass], chemical properties [Fourier Transform Infra-
Red (FTIR) spectroscopy], dielectric properties [capacitance and
dissipation factor] and electrical properties [voltage breakdown
strength and resistance]. The results show that the specimen
roughness and mass increase and decrease uniformly, respectively,
with increased ageing temperature. Similar degradation results
trends with respect to ageing temperature for the dielectric
properties and electrical insulation strength is documented. The
paper also reports an extended ageing study which investigates
early breakdown voltage (EBV) on sample specimens over a much
longer time duration, that of up to 1600 hours.

Keywords—Electric machines, ageing, degradation, polymer film,
magnet wire, insulation, polyamide-imide (PAI), polyester-imide
(PEI), enamel insulated wires, dielectric properties, high voltage
breakdown, insulation thermal factors, electric breakdown, partial
discharges.

I. INTRODUCTION

Degradation of insulation materials is a major failure mode
of electromagnetic coils and electric machines [1], [2]. Insu-
lation materials provide a high resistance medium (typically
greater than TΩ/mm) in order to electrically isolate parts in
electric machines. A diverse variety of insulation materials
are available including polyester-imide (PEI), polyamide-imide
(PAI), mica, asphalt, nylon, epoxy resins and meta-aramid
calendered papers [3]. These are used in various different
ways in electric machines, including: thin-film insulation on
magnet wire to prevent strand-to-strand and turn-to-turn short
circuits; slot-lining insulation to prevent short circuits between
the electromagnetic coils and the frame or lamination stack,
and other functions such as electrical isolation of bearings [4],
[5], [3].

This work was part of the FUTURE Vehicles Project (EP/I038586/1) funded
by the Engineering and Physical Sciences Research Council (EPSRC). D. F.
Kavanagh is with the Faculty of Engineering, Institute of Technology Carlow,
Ireland. K. N. Gyftakis is with the School of Engineering at the University of
Edinburgh. M.D. McCulloch is with the Department of Engineering Science
at the University of Oxford, Oxford, OX1 3PJ, UK.

Electrical insulation materials in machines are subjected to a
multitude of stresses over the course of their lifetime, including
thermal, electrical, ambient (e.g. environmental or chemical)
and mechanical factors [6], [7], [8], [9], [4]. Sometimes these
are abbreviated as ‘TEAM’ [3]. These different factors degrade
the materials simultaneously and interact with one another, for
example, electrical stressing gives rise to temperature increases
which in turn gives rise to both chemical and mechanical
stressing occurring. Over time insulation materials may be-
come severely degraded to the point where partial discharge
occurs, leading to reduced dielectric properties and voltage
resistance of the polymeric coatings [10], [11], as well as
adhesion problems, delamination, surface erosion, oxidation
as well as the formation of treeing and micro-cracks [3], [12].
The occurrence of repetitive partial discharge events greatly
accelerates the ageing process further as it then moves from
intrinsic ageing into a rapid extrinsic ageing process, which
quickly leads to the catastrophic failure of the electric machine
as the electromagnetic coils will quickly yield sustained short-
circuit conditions [6], [7], [8], [13], [2]. This type of fault
mainly occurs in the stator coils, where resulting short circuits
can include phase-to-ground, turn-to-turn and phase-to-phase.
The latter case occurs to a much lesser extent for concentrated
wound machines compared to distributed wound machines.

In the field of condition monitoring of electric machines a
large amount of literature exists with respect to stator related
faults. Typically, these works are concerned with methods of
detection and diagnosis of short-circuits in electric machines
[14], [15], [16], [17], [2], [18], [19], [20]. More recently
there have been investigations into the fundamental aspects of
insulation ageing. In this context, the impact of water ingress
on electrically stressed stator coils [9], accelerated ageing
on wound model subsections of machines [4], the ageing of
calendered insulation paper for for transformers [21] and the
impact of fast switching of power electronic converters on
insulation health [22], [23] have all been investigated.

Suitable techniques for characterising and modelling insula-
tion in terms of physical, chemical, dielectric and electrical
properties are immensely valuable for quality assessment,
diagnostics and degradation analysis to determine state of
health and also for creating equivalent circuit models [24],
[13], [25] for thermal analysis. Related approaches in the
literature have investigated ageing on twisted insulation-coated
wire pair set-ups [23], [26], motorettes or coils [27], [4] or even
full machines [28], [29], [24], [25]. The complexity of such set-
ups and the coupled multifaceted ageing phenomena (TEAM)
makes the analysis extremely difficult to interpret. To address
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this, this experimental study has greatly simplified the sample
specimens under test which comprises of sections of rectan-
gular thin-film magnet wire. Rectangular wire was selected as
it greatly facilitates the measurement of dielectric properties.
These specimens have been exposed to elevated temperatures
ranging from 200 C to 275 C. Post ageing the specimens
were characterised using physical properties [surface rough-
ness, mass], chemical properties [Fourier Transform Infra-
Red (FTIR) spectroscopy], dielectric properties [capacitance,
dis-sipation factor and impedance] and electrical properties
[voltage breakdown strength and resistance]. This informed the
extended ageing study where the focus was on early breakdown
voltage VEBV and resistance REBV . The paper introduces a
novel metric β which unifies early breakdown voltage VEBV

and resistance REBV . This metric is valuable as it produces
a monotonic behaviour that characterises the severity of the
thermal degradation for the thin-film insulation under test.

This paper has been laid out as follows, section II describes
some classical background theory on degradation models. The
methodology is detailed in section III, which lists the main
experimental and characterisation approaches used. Section IV
presents an extended ageing study is presented which focuses
on the electrical characterisation of aged specimens over 1600
hours. Section V reports the results for the studies described
in section III and section IV. The results are discussed and
interpreted in section VI. Finally, section VII concludes by
summarising the paper and its major findings.

II. BACKGROUND

Early pioneers of this field, such as Montsinger and Dakin
[30], [31], investigated insulation lifetime estimation through a
combination of experimental investigation on the materials at
the time and the Arrhenius chemical reaction rate theory [32].
Montsinger conducted experiments on oil impregnated paper
insulation used in transformers and developed an empirical
theory based on the results [30]. Dakin developed a lifetime
prediction equation based on the Arrhenius model [31]:

ln ξ =
A

T
+B (1)

where ξ is the lifetime, A and B are constants that depend on
the material and T is the absolute temperature. A related rule
of thumb often used by designers, known as the ‘ten degree’
rule, states that beyond the rated temperature the insulation
ages twice as fast for every 10 ◦C rise in temperature [33].

Advances in polymer chemistry have led to sophisticated
materials such as PAI, which is used as an insulation coat-
ing for copper conductors in electrical machines, which has
properties such as high temperature stability and resistance to
abrasion and chemical attack. In comparison to other more
widely studied materials such as polyimide (PI), less is known
about how the properties of materials such as PAI change
as they degrade, in particular as they approach the glass
transition temperature Tg [34]. Moreover, there has been little
investigation into the performance of these materials when
coated onto copper conductor magnet wire in composite form
[35], [36].

CuPAI PEI
Bakelite

Fig. 1: Microscope image showing a close-up view of the thin-
film insulation materials, (PEI and PAI), adhered to the copper
substrate material.

Due to the challenge of attributing observed ageing to
underlying individual ageing factors in a full machine, coils or
motorettes, in this study the experimental approach and anal-
ysis was simplified greatly by using specimens of rectangular
magnet wire under elevated temperatures in order to investigate
thermal degradation phenomena.

III. METHODOLOGY

The magnet wire used for these experiments is Class H
(IEC 60317-29), which has a basecoat of Polyester-Imide PEI
(Terebec MT 533-NM) and an overcoat of Polyamide-Imide
PAI (Sivamid 595). The particular wire selected is rectangular
wire with dimensions 15.24 mm wide by 2.54 mm thick with
an insulation coating thickness of approximately 60 µm, see
Fig. 1 and Fig. 2. The thin-film is applied to the copper by
drawing the conductor through a bath of PAI solution and
then through a die to control the thickness, followed by curing
inside an oven.

A. Sample Specimen Preparation
The sample specimens of magnet wire were prepared by

cutting the wire into lengths of 350 mm. Care was taken during
the preparation to not scratch or damage the surface finish of
the insulation coating. The specimen bars were straightened
using a clamp and wedge setup to facilitate characterisation
measurements. This resulted in 25mm of the ends being bent at
an angle of 30◦, see Fig. 2 which shows the sample specimens
prior to ageing, consisting of six samples as well as Nomex
paper, resting on ceramic plates. The ends of the samples were
drilled and brass bolt fixtures were inserted to make electrical
contact with the copper for the dielectric and breakdown
measurements. There were 36 different sample specimens for
each of the 7 different temperature ageing classes described
below, and the results presented are averaged across all 36
samples for each temperature class respectively. The standard
error σx̄ = σx/

√
N is included where σx is the standard

deviation and N the number of samples in each class.
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B. Early-onset Ageing - Study 1
Thermal ageing of the wire samples specimens (class H,

200◦C) was achieved by exposing them to the following
elevated temperatures continuously in 6 separate temperature
controlled fan assisted Lenton thermal chambers: 200 ◦C, 215
◦C, 230 ◦C, 245 ◦C, 260 ◦C, 275 ◦C. Unaged samples were
also used for comparison, giving 7 different ageing classes in
total. All chambers were sealed and an extraction facility was
incorporated to remove any noxious fumes generated during
the experiments. The samples were all exposed to the elevated
temperature conditions for a duration of 100 h which consti-
tutes the chosen duration of early onset ageing. This period
is roughly a quarter of the lifetime at the upper temperature
range (275 ◦C) as defined by the Arrhenius lifetime equation,
using the materials data-sheet.

Samples were characterised in terms of their physical,
chemical and electrical properties. The physical measurements
included surface roughness, mass and visual inspection. The
surface roughness was measured using a MicroXAM 3D
surface profilometer and optical interferometer. The statistical
average roughness parameter used is Sa, as defined in equation
2 below, as defined in [37] and [38].

Sa =
1

MN

M−1∑
k=0

N−1∑
l=0

|z(xk, yl)| (2)

where M and N are the numbers of spatial samples in the x
and y directions and z is the local roughness height.

For the measurement of mass, the samples were weighed
using a precision balance, Adam PW 254, with a precision
of 0.1 mg. The chemical measurements consisted of Fourier
Transform Infrared (FTIR) Spectroscopy analysis, using a
Varian Excalibur FTIR microscope. The absorbance of the
insulation material was measured over a wavenumber range of
3500 to 800 cm-1. Above 1500 cm-1 the spectra corresponds to
the functional groups whereas below 1500 cm-1 it corresponds
to the material fingerprint of the polymer.

The parallel plate method [39] was used to make the
dielectric measurements. To achieve this a special dielectric
measurement probe was created using the ASTM Standard
D150 as a reference guide [40], see Fig. 3. The guard elec-
trode removes the effects of stray and fringe capacitance.
The dielectric measurements were made using an precision
impedance/LCR analyser (PSM1735). One of the measurement
leads of the impedance analyser was connected directly to the
copper conductor of the rectangular magnet wire specimen
and the other lead was connected to the plate electrode of
the dielectric measurement probe as shown in see Fig. 3.
This probe was placed directly on top of the rectangular wire
specimen to measure the dielectric properties. A known mass
of 0.5 kg was placed directly on top of the dielectric probe to
ensure that a consistent and repeatable pressure was applied
to the dielectric material coating on the magnet wire during
the measurements. The standard parallel plate capacitance
equation as seen in (3) is useful for analysis and interpretation
of the results.

C =
εrε0A

d
(3)

Fig. 2: Showing rectangular magnet wire specimens prior to
ageing on a ceramic plates which were then placed inside the
six thermal ageing chambers.

Plate

Electrode   

• 

.. 

Guard
 Electrode 

Epoxy 

Encapsulation 

Probe 

Leads 

Fig. 3: The dielectric measurement probe used is shown, which
was placed directly onto the surface of the rectangular magnet
wire specimens to make the measurements using the parallel
plate method. The white mounts help to ensure that the plate
electrode is correctly placed and aligned.

where C is the capacitance, εr is the dielectric constant of
the thin-film insulation materials (PAI and PEI), ε0 is the
permittivity of free space, A is the plate area (A=4.5E-04 m2

as the radius, r=12 mm) and d is the distance between the
plates, which corresponds to the thickness of the insulation
coating, in this case ≈ 60 µm. The early breakdown voltage
was measured using the conductive tape approach as defined in
the standard IEC 60851-5 [41]. To make these measurements
a Chauvin Arnoux CA6555 15 kV insulation tester was used
in DC ramp mode, starting at 1.2 kV and increasing up to
the breakdown point. The tester is used in early breakdown
mode. In this mode, breakdown is defined as the point when
the leakage current reaches 0.1 mA.
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Fig. 4: Early breakdown voltage test set-up.

C. Extended Ageing - Study 2

Groups of 6 sample specimens were thermally stressed
at four different temperatures and for different time periods
100h, 200h, 400h, 800h and 1600h. A number of EBV tests
has been carried out on different points along each sample.
Moreover, 11 healthy and unaged samples were also measured
for comparison. The EBV testing is achieved by supplying a
voltage ramp from 500 V to 15 kV in a 15 minutes interval.
Furthermore, if there is a rapid increase in the current and
the current exceeds the critical threshold of 0.2 mA, then
the EBV test stops to avoid any damage on the thin-film
insulation material. Every insulation point is subjected to three
consecutive measurements. This approach was followed after
observing that one measurement alone was not enough to
indicate the EBV accurately in samples of low degradation
levels. A second measurement on the same tested insulation
point led to significantly higher EBV, while a third one slightly
higher. However more than three repetitions were avoided
due to the significantly increased time required for every test
and because the accuracy was at acceptable levels. While
this particular study focuses on that of electrical breakdown
measurements, the reader is also directed towards some of the
authors prior literature, [7], [8], [10], [11], where the dielectric
measurements of capacitance and dissipation factor have been
investigated extensively.

IV. RESULTS

The surface roughness measurements are qualitatively
shown in Fig. 5. The unaged sample has a relatively smooth
surface with subtle horizontal lines due to the coating process,
in the direction of the insulation extrusion. It can be observed
that these lines become broader and more pronounced as
the ageing exposure temperature increases. The changes in
surface roughness is quantified using the a surface roughness
parameter Sa. The variation in Sa with respect to temperature
is shown in Fig. 6, a trend exists showing the roughness

increase from around 6 nm in the unaged sample to about
18 nm at 245 ◦C ageing and 51 nm at 275 ◦C ageing.

The results for the measured average masses of the samples
at various ageing temperatures are shown in Fig. 7. There is a
clear trend of decreasing mass as ageing temperature increases.
The mass of copper on the sample specimens was estimated
at approximately 101 g with a density of 8.96 g/cm3 whereas
the polymer PAI and PEI layer is only 460 mg with a density
of 1.44 g/cm3.

Fig. 8 shows the FTIR absorbance signatures for the PAI
outer insulation layer for the different specimen classes. The
spectra are in the range from 2000 to 800 cm−1. Three
different regions are highlighted which relate to changes in the
molecular structure in the regions of 1596 cm−1, 1258 cm−1,
928 cm−1. These can be referenced to different characteristic
molecular bond vibrations. These are annotated on the plot
in the regions of interest. The first case suggests increases in
the levels of carbon and oxygen double bond stretching. The
second case suggests increases in carbon and oxygen single
bond stretching with respect to higher exposure temperatures.
Finally, the third case suggests that carbon and hydrogen bond
vibration peak reduction was replaced by carbon and double
carbon bond stretching with respect to the specimens exposed
to higher temperatures.

The dielectric impedance measurements are shown in Fig. 9
and Fig. 10, which show the measured capacitance and the dis-
sipation factor (DF) for the different thermal specimen classes.
The measurements have been averaged over the frequency
range of 100 kHz to 1 MHz. Linear trend lines have been fitted
to the measured data to ease the interpretation of the changes
which have occurred. A capacitance of 6.2 pF is recorded for
the unaged specimens which rises to 8.2 pF for the specimens
which were aged at 275 ◦C as shown in Fig. 9. In the case
of dissipation factor, for the unaged specimens a value of 0.03
was measured and at the more elevated temperature class that
of 275 ◦C a value of 0.033 was measured.

The results for insulation resistance R0 and voltage VEBV

tests for the early onset ageing period of 100 h are shown
in Fig. 11 and 12, respectively. While the fitted trend line
shows a very marginal increase in resistance is recorded across
all classes, the measured resistance for the unaged specimen
class is 0.7 TΩ compared with to 2 T Ω at the 275 ◦C
which is significant. This increase can be attributed to the
oxidation of the copper material at the interface with the
polymer film. In Fig. 12 it shown that the high voltage isolation
or withstand capability of the insulation is significantly reduced
by prolonged exposure to higher temperature ageing even for a
relatively short early onset ageing period of 100 h. The unaged
case can withstand 8.5 kV before early breakdown occurs, but
this dramatically reduces to 5.7 kV for the 275 ◦C class.

For the extended ageing study as outlined in section IV,
measurements were performed on closely inspected insulation.
In cases of delamination or any observed damage, measure-
ments were not performed. For example, more than half of
the samples were catastrophically damaged under 230 ◦C after
1600 h. At 245 ◦C for 1600 h no samples survived. Finally,
after 800 h two samples were catastrophically damaged at 200
◦C and four at 245 ◦C. The population size of the tested sample
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Fig. 5: Measured surface profile at various ageing temperatures for the early onset ageing period of 100 h.

Fig. 6: Average surface roughness Sa of the specimens for the
early onset ageing period of 100 h.

Fig. 7: Average mass of the specimens for the early onset
ageing period of 100 h.

points for each degradation group is presented in Table I.
Two pieces of information are extracted from every mea-

surement. The first one concerns the last stored value of
insulation thin-film resistance before the breakdown R0. The

Fig. 8: The FTIR absorbance spectra for the different specimen
temperature classes for the early onset ageing period of 100
h.

second one concerns the EBV. The EBV is then divided
by the critical threshold current 0.2 mA thus leading to the
EBV resistance estimation, REBV . The analysis of the average
insulation thin-film resistance before the breakdown R0 reveals
that although the increase in temperature decreases the overall
average resistance, no monotonic behaviour exists in every
thermal stress case across the ageing period, see Table II. The
EBV value stabilized after the third measurement. For this
purpose, the REBV has been estimated using the last test only.
The statistical analysis of the results are shown in Fig. (13 to
16).

In addition, some catastrophic failure modes were observed
in the form of meandering cracks typically running the entire
length of the magnet wire specimens which show the occur-
rence of severe delamination. A representative example of this
phenomena is shown in Fig. 17.

V. DISCUSSION

The results presented show many material property changes
occurring for the different ageing temperatures over a relatively
short ageing period. The characteristics of early onset ageing
is present which is perhaps best highlighted by the significant
reduction in early breakdown voltage capabilities, Fig. 12.
However, collectively the results provide a complex set of
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Fig. 9: Capacitance for each of the specimen classes for the
early onset ageing period of 100 h.

Fig. 10: Dissipation Factor for each of the specimen classes
for the early onset ageing period of 100 h.

trends with respect to the different temperature classes and
make it difficult to draw conclusive findings.

The physical changes such as surface roughness and mass
show correlated trends with respect to increased temperature
stressing, with surface roughness increasing and mass decreas-
ing with respect to higher temperature exposure, suggesting
physical and perhaps chemical changes. Polymer becomes

Fig. 11: Resistance REBV for each of the specimen classes
for the early onset ageing period of 100 h.

Fig. 12: Early breakdown voltage (VEBV ) for each of the
specimen classes for the early onset ageing period of 100 h.

TABLE I: THE QUANTITY OF TEST SPECIMEN POINTS

T ◦C 100 (h) 200 (h) 400 (h) 800 (h) 1600 (h)

200 24 23 23 22 23

215 23 23 24 24 23

230 24 24 22 24 10∗

245 24 24 24 16∗ 0∗

∗Significantly reduced sample points due to catastrophic failure.

softer towards the glass transition temperature Tg which could
lead to changes in surface roughness. The manufacturers
(Elantas) list the glass transition for PAI (Sivamid 595) as [42]
as 260 ◦C and 280 ◦C, with reference to ISO 11357-2 [43].

As magnet wire is a composite material consisting of
polymers and copper, there is a significant difference in
thermal expansion coefficients of these materials with respect
to one another. Copper has a thermal expansion coefficient
α ≈ 17 × 10−6 K−1 but for PAI/ PEI, α ≈ 56 × 10−6 K−1.
This could lead to the insulation material being mechanically
constrained from expanding freely and could be the reason for
the roughness ‘lines’ along the lengths of the specimens as

TABLE II: THE AVERAGE RESISTANCE (GΩ)

T ◦C 100 (h) 200 (h) 400 (h) 800 (h) 1600 (h)

2001 1070 1241 1349 1218 1251

2002 1250 1301 1471 1241 1412

2003 1188 1354 1536 1348 1433

2151 670 1029 1015 1050 996

2152 700 1115 1173 1170 1066

2153 750 1138 1196 1228 1132

2301 685 841 764 830 956

2302 669 884 748 849 1031

2303 689 881 726 856 983

2451 379 327 170 372 CF∗

2452 360 411 153 310 CF∗

2453 340 335 153 313 CF∗

1,2,3Denotes the test iterations and ∗ CF denotes catastrophic failure.
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Fig. 13: REBV Mean±SD for thin-film magnet wire material
after exposure to 200 ◦C for 100 h to 1600 h.

Fig. 14: REBV Mean±SD for thin-film magnet wire material
after exposure to 215 ◦C for 100 h to 1600 h.

observed in Fig. 5. Other explanations for surface roughness
changes could be chemical oxidation of the polymer and
possible oxidation and outgassing of the copper underneath the
surface. The more elevated temperature specimens are clearly a
lot darker in colour, showing qualitative evidence that material
chemical ageing processes has occurred at the interface of
the polymer coating and the copper substrate material. As

Fig. 15: REBV Mean±SD for thin-film magnet wire material
after exposure to 230 ◦C for 100 h to 1600 h.

Fig. 16: REBV Mean±SD for thin-film magnet wire material
after exposure to 245 ◦C for 100 h to 800 h.

Fig. 17: Catastrophic failure of sample specimen aged at 200
◦C (a) crack running the entire length of specimen (b) observed
severe delamination underneath the cracked region.

polymers age due to their exposure to high temperatures, their
mass reduces due to physical changes caused by evaporation
of moisture, solvents, plasticisers, stabilisers and additives.
Moreover chemical reactions such as oxidation and breakdown
of the molecular bonding structures can result in significant
loss of molecular weight [12],[44]. The chemical analysis
of the FTIR spectra indicates that during the early stages
of ageing, molecular structure changes occur in the polymer
material. Three regions in the measured spectra are worth
focusing on, these are around the wavenumbers of 1600, 1250
and 950 cm−1, respectively.

These indicate that oxidation of the polymer is occurring at
the elevated temperatures since increases in carbon and oxygen
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Fig. 18: The relationship of β with respect to the applied
thermal stress conditions over time 100 h to 1600 h.

double and single bond vibrations are measured. There are
some signs that pyrolysis degradation of the benzene rings is
occurring, indicated in the spectra by a loss of carbon and
hydrogen single bond vibration which is being replaced with
carbon-carbon double bond stretching.

The dielectric measurements recorded show two major
trends that of increases in capacitance and increases in dis-
sipation factor with respect to increases in temperature. To
help with interpreting this, it is worth referring back to classic
capacitance equation (3) and assuming A is constant since
the electrode probe plate is not changing, this would suggest
that capacitance changes are caused by changes in d and εr.
These heavily relate to the physical property changes that were
captured, which shows a significant reduction in the mass
of the specimens and an increase in the surface roughness
with respect to the higher temperature classes. Also it is
important to consider the chemical changes to the polymer
material that the FTIR analysis has shown as well as the visual
inspection of the specimens post ageing which clearly shows
the growth of an oxide layer at the copper-polymer interface.
These will significantly impact on the capacitance and the
dissipation factor measurements. Hence, drawing conclusions
on what is happening to the thin-film coating which gives
rise to these dielectric properties changes remains difficult. It
does, however, highlight the potential for future investigations
into quantifying the changes of three main aspects, measuring
that of changes to d, εr and the oxide layer at the copper
polymer interface. The early voltage breakdown studies for
100 h has showed a significant reduction in voltage strength
of the materials with respect to their exposure to elevated
temperatures.

For the extended ageing study, as described in Section III,
for the unaged insulation case a significant number of test
measurements were performed on test specimens, 42 in total.
For these specimens the mean resistance was recorded as 49.13
MΩ with a standard deviation 12.51 MΩ. This is shown in the
plots of Fig. (13) through Fig. (16). For the case of 200 ◦C, see
Fig. (13), a clear trend is present where the mean is shifting
downwards and the statistical spread is reducing with respect
to increases in the ageing time duration. Similar observations
are made for 215 ◦C, see Fig. (14),. However, for the last

measurement at 1600 h, the average seems to be slightly higher
than that at 800 h, while the standard deviation increases again.
This result is opposing the clear monotonic behaviour of the
other studied cases, suggesting a possible critical degradation
state has occurred.

The samples aged at 230 ◦C, see Fig. (15), presents a similar
pattern. The average breakdown resistance drops from 100 h
to 200 h as expected with a simultaneous reduction of the
standard deviation. However, the resistance slightly increases
for 400 h and drops again for 800 h. Finally, for 1600 h the
average breakdown resistance is slightly higher than that at 800
h while the standard deviation is lower. However, the results
for 1600 h are less reliable while some samples of this group
were catastrophically damaged during the ageing process. In
the last case of 245 ◦C, see Fig. (16), there is a small drop
of the average breakdown resistance from 100 h to 200 h,
however the standard deviation does not change. Longer ageing
time leads to further reduction of the breakdown resistance
while the standard deviation progressively decreases for 400
h and 800 h. The drop of resistance automatically means
higher current through the thin-film insulation. To study the
dependency of current increase on the applied thermal stress
during the breakdown, both resistances before and at early
breakdown are required. Simply writing down Ohm's law for
before and at the early breakdown occurs, the following two
equations can be deduced, (4) and (5), respectively.

V0 = R0I0 (4)

Similarly,
VEBV = REBV IEBV (5)

As V0 is the controlled test parameter, and it can be assumed
that just before breakdown occurs, V0 ≈ VEBV . Hence, an
expression for the normalised increase in current, denoted here
as β, is defined in equation (6).

β =
∆I

I0
=
IEBV − I0

I0
=
R0 −REBV

REBV
(6)

The parameter β was calculated for all of the test cases
and the results are summarized in Fig.18. The results show
that as the temperature of aging increases then the leakage
current at breakdown IEBV and the resistance REBV at
breakdown reduces. Accordingly, this reduction leads to an
increase in the metric β across time as the magnet wire
degrades. This monotonic ageing trend has been observed for
the four different ageing temperature profiles which were part
of this research study.

This paper has presented different measurement results
and trends for physical, chemical, dielectric and electrical
measurements, which offers a collective analysis approach to
help interpret the result findings. The degradation phenomena
and behaviour of polymer film used on magnet wire under
thermal ageing conditions is complex and multifaceted. In real-
world electric machines the thermal ageing process is more
complex as thermal gradients and hot-spots are present within
the electromagnetic coils.
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VI. CONCLUSION

This paper has focused on characterising the thermal degra-
dation phenomena of polymer film insulation (PAI/PEI) on
magnet wire for electromagnetic coils. Two studies have be
reported, the first being an early onset ageing study (100
h) which explored, physical, chemical, dielectric and electric
properties and the second being an extended ageing study
(1600 h), which focused solely on electric properties. This
work has clearly shown that the ageing phenomena and char-
acterisation of thin-film magnet wire is highly complex and
one that requires careful treatment and examination. Electric
machine designers and equipment manufacturers should ap-
preciate the limitations of the widely used Arrhenius lifetime
law and the ‘ten degree’ rule. While these approaches have
theoretical and experimental foundations, the results and asso-
ciated phenomena strongly suggest that the ageing behaviours
and degradation mechanisms of polymer film on magnet wire
is significantly more complex. Moreover, advancements in
polymer chemistry and manufacturing processes has changed
substantially since the early lifetime phenomena studies on
insulation materials was undertaken in the 1930’s and 1940’s,
and therefore there is a need to carefully re-examine the
suitability of these for magnet wire which is a complex com-
posite material. The paper has also introduced a new metric
β, which unifies two related parameters, that of IEBV and
REBV for high voltage electric breakdown characterisation
and testing. This metric produces a monotonic trend which
increases over the ageing period, and hence offers a valuable
way to characterise the severity of the insulation degradation.
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