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Polyimide (PI) film is an important type of insulating material used in inverter-fed motors. Partial discharge (PD)
under a sequence of high-frequency square impulses is one of the key factors that lead to premature failures in insulation
systems of inverter-fed motors. In order to explore the damage mechanism of PI film caused by discharge, an aging system
of surface discharge under bipolar continuous square impulse voltage (BCSIV) is designed based on the ASTM 2275
01 standard and the electrical aging tests of PI film samples are performed above the partial discharge inception voltage
(PDIV). The chemical bonds of PI polymer chains are analyzed through Fourier transform infrared spectroscopy (FTIR)
and the dielectric properties of unaged and aged PI samples are investigated by LCR testers HIOKI 3532-50. Finally, the
micro-morphology and micro-structure changes of PI film samples are observed through scanning electron microscopy
(SEM). The results show that the physical and chemical effects of discharge cut off the chemical bonds of PI polymer
chains. The fractures of ether bond (C—O-C) and imide ring (C-N-C) on the backbone of a PI polymer chain leads to
the decrease of molecular weight, which results in the degradation of PI polymers and the generation of new chemical
groups and materials, like carboxylic acid, ketone, aldehydes, etc. The variation of microscopic structure of PI polymers
can change the orientation ability of polarizable units when the samples are under an AC electric field, which would cause
the dielectric constant € to increase and dielectric loss tan 0 to decrease. The SEM images show that the degradation path
of PI film is initiated from the surface and then gradually extends to the interior with continuous aging. The injection charge
could result in the PI macromolecular chain degradation and increase the trap density in the PI polymer bulk.
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1. Introduction

In recent years, many adjustable speed motors equipped
with power electronic devices have been used in the electri-
cal industry. Inverter-fed traction motors, as the typical drive
equipment, are more and more widely used in high speed rail-
ways, of which the insulation systems are exposed to transient
surge voltage stresses with steep fronts induced by the switch-
ing of insulated gate bipolar transistors (IGBT)!"?! as shown
in Fig. 1. Thus the electrical stress is different from those in
the common sinusoidal (50 Hz or 60 Hz) conditions. The pres-
ence of partial discharge (PD) is a source of extremely harm-
ful degradation of organic insulating materials, which would
result in premature failure of the insulation system and shorter
life expectancy of inverter-fed traction motors.>8 The ag-
ing processes and failure mechanisms under this special stress
have been investigated in numerous studies. As is now well
known, the supply voltage waveforms, generated by the con-
verters, play a major role in insulation damage. However, the

microscopic degradation mechanism of the insulating material
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is ambiguous.

Polyimide (PI) film, as a special type of engineering
plastic film, is characterized by high temperature resistance
(400 °C), low temperature tolerance (—269 °C), radiation
resistance, and excellent dielectric property. It is widely
used in turn-to-turn insulation and turn-to-ground insulation
of inverter-fed motors as a kind of basic insulating mate-
rial. However, the material will be aged gradually and
eventually cannot implement its insulating function to the
required standard over a period of aging time, and both
its chemical composition and physical morphology may be

9101 The properties and structures of aged materials

changed.!
can be known through the modern material analysis method,
such as scanning electron microscopy (SEM), Fourier trans-
form infrared spectroscopy (FTIR), thermogravimetry (TG),
etc. Currently, in many professional papers the erosion ef-
fects of insulating materials caused by surface discharge are
discussed, and the research objects mainly include epoxy and

[11-13 [14,15]

its composites, I'silicon rubber and its composites,
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polypropylene and its composites,!'®!”l polyamide and its
composites '8! and oil-impregnated insulation paper./?%-2!]
Therefore, there is also a great need for a better understanding

of the microscopic aging mechanism of PI film material.
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Fig. 1. (a) Schematic diagram of an inverter and (b) its output waveform.

In this paper, we focus on the microscopic damage mech-
anism of PI film samples which are stressed by electrical
stresses of the bipolar continuous square impulse voltage (BC-
SIV) in the presence of discharge. Firstly, the molecular bonds
of unaged and aged PI samples are revealed through the FTIR.
Then the dielectric parameters of unaged and aged samples are
measured and discussed, which indicate sufficiently the dipo-
lar orientation polarization. Finally, the microscopic struc-
tural and morphological change processes of the PI samples
are investigated by using SEM. Space charge distributions in
PI samples are measured by using the pulsed electro-acoustic
(PEA) method.

2. Experimental set-up
2.1. Aging condition

According to the criterion of IEC 60034-18-42, bipolar
continuous square impulse voltage (BCSIV) could take the
place of pulse width modulated (PWM) voltage for testing.
The typical waveform of BCSIV can be seen in Fig. 2. The
parameters of BCSIV, such as amplitude, repetition frequency
and rising timel, can be adjusted conveniently. The partial dis-
charge inception voltage (PDIV) for the PI samples is around
0.8 kV. The aging voltage of BCSIV is set to be 1 kV with a
frequency of 1 kHz. The duty cycle is 0.5, rising time is 1 pus.
The electrodes are designed based on the standard of ASTM-
2275. The upper electrode is a cylinder with a diameter of
6 mm, the edge radius is 1 mm. The lower electrode is a plate

electrode with a diameter of 51 mm. The materials of both

electrodes are stainless steel.
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Fig. 2. (color online) Typical waveform used in test.

2.2. Samples

The PI film samples of 100HN are supplied by DUPONT
Co., Ltd. The sizes of the samples are 50 mm x50 mm and 25-
pm thick. All the samples are cleaned in absolute alcohol with
99.99% purity and dried in a heat oven at temperature of 60 °C
for 2 h. Each specimen is placed between the upper and lower
electrodes, which are connected to the high voltage terminal
and low voltage terminal of BCSIV power respectively.

2.3. FTIR analysis

FTIR can be used to detect and identify the various polar
chemical bonds. In this paper, the chemical bonds of aged and
unaged PI samples are analyzed through FTIR. The wavenum-
ber is in a range of 4000 cm™!'~700 cm~!.

2.4. Dielectric analysis

In this paper, the values of the dielectric constant € and di-
electric loss tan 6 of the polyimide film samples with different
aging conditions are measured by using the LCR tester HIOKI
3532-50 and the frequency range is selected from 100 Hz to
1 MHz.

2.5. SEM analysis

The surface and sectional micrographs of samples in dif-
ferent aging states are investigated through scanning electron
microscopy (SEM). When the high voltage is applied to the
rod electrode, erosion caused by surface discharge happens
around the upper electrode, whereas the area below the upper
electrode is free of erosion as shown in Fig. 3(b).

As a low temperature resistance material, PI film is not
brittle even in liquid helium below the temperature —269 °C.
Thus it is difficult to obtain a good cross section of PI film.
In this paper, the PI film samples are torn quickly after be-
ing cooled under liquid nitrogen for 1 h, in order to reduce
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the damage to the cross section pattern. The section sketch is
shown in Fig. 3(c).
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Fig. 3. (color online) Electrode configuration and eroded area of
sample.

2.6. Space charge distribution

Space charge plays an important role in the aging process
of polymer dielectrics. The threshold field of PI film for space
charge accumulation is 31.5 kV/mm.??! The aging field of PI
film is 40 kV/mm, which is higher than the threshold field.
Therefore, space charge will be injected into the PI film bulk
and the space charge distribution is investigated by using the
PEA method.[?*! Polyimide films of S00HN are used to study
the space charge accumulation because of the limit of mea-
surement accuracy of the PEA method. The aging electrical
field across a SOOHN PI film is 40 kV/mm, which is equal to
that across a 100HN film.

3. Results
3.1. Results of FTIR analysis

The degradation process of a polymer is the fracture of
the molecule chain.>*?3 The molecule structure of a repeated

unit of PI is sketched below.

The PI macromolecule compounded by the repeat units is
a linear molecule chain consisting of heterocyclic rings (imide
rings and aromatic rings) linked together with covalent bonds.
Oxygen ether (C—O-C) with an angle of 126° results in the
zigzag conformation of chain. The PI polymer chains are ran-
domly arranged and wound with each other, which can provide
the degree of cross linking for the PI polymer.

When a beam of infrared light with continuous frequency
irradiates the sample, the infrared light according to a special

chemical bond will be absorbed. The phenomena can be re-
vealed from the spectrum. Therefore, FTIR can detect the
types of chemical bonds and identify the type of material. In
this paper, FTIR is used to analyze the changes of chemical
bonds for the unaged and aged PI samples. The results for
the unaged PI sample and aged samples with aging time from
1 h to 5 h are shown in Fig. 4. The reflectance peaks of un-
aged PI film at 1376 cm™!, 1112 cm™!, and 723 cm™! relate
to the bond of a C-N-C in imide ring, the 1776 cm~! and
1716 cm™! peaks are due to the vibration of C=0 in imide
ring. The reflectance peaks at 1240 cm~! and 1456 cm™! cor-
respond to the bond of ether linkage (C—O-C). The other re-
flectance peaks, such as 1012 cm~!, 1598 cm™!, 1500 em™!,
1168 cm™!, 1087 cm™!, 883 cm ™!, etc., relate to the benzene
ring.

Figure 4 shows the significant changes of FTIR spectra
for aged PI samples compared with that for the unaged PI sam-
ple. When the PI film was aged for 1 h, the intensities of the
reflectance peaks reduce because the structures and morpholo-
gies of chemical bonds have changed due to discharge erosion.
The degree of cross linking of PI polymers decreases. The ori-
entation ability of the dipolar group increases. When the PI
film is aged for 3 h, the initiation of the fracture of molecule

I and

chain occurs. It is notable that the peaks of 1240 cm™
1112 cm™! disappear. It is suggested that the ether linkage
(C—0O-C) is broken and a ring-opening reaction occurs in the
imide ring (C—-N—C), which leads to the decrease of PI poly-
mer molecular weight. A polyamic acid structure may be gen-
erated when the bonds of the imide ring (C-N-C) structure
are broken. 6! The new reflectance peak of 1259 cm~! corre-
sponds to a C—O bond that may be derived from the fracture of
ether linkage (C—O-C). The new peak of 2962 cm™! could be
assigned to the C-H stretching vibration of the methyl (-CH3)
or methylene group (-CH2-). The remaining two reflectance
peaks at 1014 cm~! and 798 cm ™! are attributed to the vibra-
tions of aromatic rings. Moreover, at this point in time, the
intensity of original reflectance peaks reduces more seriously.
It is demonstrative that the chemical structure of PI molecules
is affected. Some chemical bonds are broken down while some
new chemical bonds are generated. After samples are aged for
5 h, more chemical bonds in aromatic rings and imide rings
are broken, and the intensities of new peaks are enhanced. One
more new peak appears at 1412 cm™!, which may be assigned
to the interaction of O-H deformation and C-O stretching vi-
brations. The vibrations of other original chemical bonds of
PI molecules are very weak. It shows that the new chemical
bonds are increased by the discharge and the structure of poly-

imide is destroyed almost entirely at this aging time.
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Fig. 4. (color online) FTIR spectra of unaged and aged PI films.

3.2. Results of dielectric analysis

The dielectric constant is dependent on the ability of the
polarizable units under an alternating electric field, and dielec-
tric loss tan 0 is attributed to the friction interaction of po-
larizable units when the polarizable units orient at a certain
frequency. When the polyimide samples are aged under an
applied voltage, the chemical groups and the polarizable units
are changed. It can influence the orientation polarization of
dipolar groups.

Figure 5 shows the variations of the dielectric constant €
with frequency. For unaged and aged polyimide samples, each
curve of the dielectric constant € decreases with the increase
of frequency. All the dielectric constants for aged samples are
larger than those for unaged samples. The longer the aging
time applied to the sample, the larger the dielectric constant
value is, except for the sample aged for 6 h. The dielectric
constant € of the sample aged for 1 h increases more obvi-
ously. The polarizable units of PI samples have enough abil-
ity to follow the polarity variation of the applied electric field
when the frequency varies from 100 Hz to 10° Hz. With the
increase of frequency, polarizable units have not enough abil-
ity to orient following the applied electric field. Therefore, the
dielectric constant € remains nearly unchanged when the fre-
quency ranges from 100 Hz to 10° Hz, and then & decreases
gradually when the frequency is in a range from 10° Hz to
109 Hz.

For unaged and aged polyimide samples, figure 6 shows

the variations of the dielectric loss tan § with frequency. The
values of dielectric loss tand of all the samples increase with
the increase of frequency. The values of dielectric loss tan § of
all the aged samples decrease clearly compared with that of the
unaged sample. The longer the aging time applied to the sam-
ple, the smaller the dielectric loss, except for the sample aged
for 6 h. Atlow frequencies, the cycle time of the applied alter-
nating field is long enough that dipolar groups can follow the
alternation of the applied field, resulting in low dielectric loss.
When the frequency is in a higher frequency range, polariz-
able units do not have enough time to orient when the polarity
of the applied electric field is alternated. The friction interac-
tion among polarizable units will waste more energy which is
supplied by the applied electric field, so the dielectric loss tan

o increases.
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Fig. 5. (color online) Relationships between dielectric constant £ and
frequency for unaged and aged polyimide samples.
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Fig. 6. (color online) Relationships between dielectric loss tand and
frequency for unaged and aged polyimide samples.

3.3. Micro-morphology of unaged PI film

Figure 7 shows the surface and sectional micrographs of
100HN film. The surface of the unaged sample (Fig. 7(a)) is
smooth and most parts of the sample are uniform with no lay-
ers (Fig. 7(b)).
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(a) (b)

Fig. 7. Micrographs of (a) surface and (b) cross section of original
100HN sample.

3.4. Micro-morphology of aged PI film

Before the PI film is broken down, the damage to PI film
concentrates on the surface of the sample when discharge oc-
curs. Figure 8 shows the full view of the aging part. The
area, which is under the top rod electrode, remains the orig-
inal smooth morphology. The discharge appears around the
edge of upper rod electrode. The surface of PI film in area is
eroded as the consequence of surface discharge, which leads
to the surface roughness and morphology changing.

Fig. 8. Whole image of surface feature of aging sample.

Figure 9 shows the important details of microscopic
views of the 100HN sample aged for 3 h and the broken-down
sample (life time: 6 h and 10 min) under BCSIV respectively.

Figure 9(a) shows that significant damage occurs after
being aged for 3 h under BCSIV on the sample surface and
three layers are formed in sections. The layers are specified
as I, II, and III, respectively. The surface layers, i.e., layers I
and III, are low density layers resulting from the fast degra-
dation through both electrical and chemical erosions. Layer
II is a high density layer like the unaged sample. Figure 9(b)
shows the structure damage around breakdown point after fail-
ure under BCSIV. The whole microscopic view of the break-
down point is shown in the micrograph through the first pic-
ture from the top in Fig. 9(b). The mesh structure and voids
can be observed on the surface micrograph around the break-
down point obviously. The third picture from the top shows the
non-breakdown part (part 1) and the breakdown part (part 2).
Obviously, the voids also exist in the third layers of the sec-
tion as shown in Fig. 9(b). The voids in layers are mainly
caused by the degradation of insulation. When the voltage

across these voids exceeds the PDIV, it leads to discharge and
further degradation. The voids in which discharge occurs are
enlarged after degradation through both chemical and physical
erosion. The probability of forming voids is higher in low den-
sity layers due to the degradation caused by surface discharge.
Therefore the sizes of voids in layer are larger than those in
layer. Evidently, if the voids are subjected continuously to a
level of voltage above the PDIV, insulation degradation caused
by discharge will occur, and failure will be the eventual con-
sequence.

breakdows point

= part 1
Tlayer-®

part 1
layer IT

sectional micrograph
(a) (b)

Fig. 9. (color online) Effects of aging time on SEM micrographs in
100HN samples. (a) Aged for 3 hours; (b) breakdown sample.

sectional micrograph

3.5. Analysis of space charge distribution

Space charge distributions within the aged specimens
with a thickness of 125 um for different aging times are shown
in Fig. 10. As shown in Fig. 10, hetero-charges are trapped
in the vicinities of both electrodes. The hetero-charge can
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increase the electric fields near the electrodes, which is con-
ducible to the charge injection. The quantity of hetero-charges
increases continuously with the aging time increasing, which
means that the trap density increases and the trapping position
gradually moves into the bulk.
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Fig. 10. (color online) Space charge distributions of polyimide film
aged for various aging times.

4. Discussion

The essences of polymer degradation are the fracture of
polymer chains. Usually, chemical degradation and physical
degradation are caused together by discharge. There are some
main processes generated by discharge as listed below.[%10]

(i) High-energy electrons and ultraviolet rays, produced
by discharge, attack the polymer chain together.

(ii) Discharge generates local high temperatures which
would melt the local zone of the polymer dielectric.

(iii) «H and «O with high chemical activity would change
the chemical structure and physical property through the
chemical reaction with the polymer dielectric.

If surface discharge occurs, the mentioned effects con-
centrate on the surface layer of PI film together and cut
off the polymer chains of PI molecule. The micro-structure
and micro-morphology are changed because the organics are
melted, carbonized, and volatilized. The insulation property
of PI film is reduced and the film fails finally. Figure 11 shows
the degradation process of PI during discharge.

S

RH—R-+H \
RR'~R-+ R’

R-~0,+-H=ROOH (
ROOH—R”—OH, Ry—(C =0)—R /O

R'—CHO, R"—OOH, et al. chain fracture
05+ Ny+H/H,0y~HNOj
R-+HNO3>R—NOy, R—NHa, et al.
R-, R, R"+0,~COs, CO, HyO(y), et al.

discharge

PI ploymer chain

Fig. 11. Degradation process of PI molecule caused by discharge.

The synergistic effects of high-energy electrons, ultravio-
let rays, and local high temperatures cut off the polymer chains

of PI polymer. Consequently, the productive radical groups (R
and R’) react with oxygen to form ROOH and R'"OOH. Ac-
cording to the analysis of FTIR, the ether linkage (C-O-C)
and imide ring (C-N-C) of the backbone of the PI polymer
chain are destroyed at first, and the degree of polymeriza-
tion of PI molecules is reduced. The intermediates are con-
verted into the micro-molecule product including carboxylic
acid, ketone, aldehydes, etc. Meanwhile, the C=0 bond and
C-H bond in the PI molecule may be oxidized and also form
carboxylic acid, ketone, and aldehydes. Nitric acid will be
generated through the effects of discharge. The nitric acid re-
acts with the intermediates to generate nitro-compounds and
amino-compounds. All these intermediates, the mentioned mi-
cromolecule substance and active radical would be changed
into gaseous phase including HyOy), CO, CO», etc.[27-29]
Meanwhile, charges are injected into the PI polymer bulk
when PI film is aged. The injected charges (electron and hole)
with high energy can release remnant energy during the pro-
cesses of tapping and recombination. The remnant energy
may be transferred through radiation and/or non-radiation to
other electrons and make them hot electrons.*°! The hot elec-
trons impact the PI macromolecule and makes it a free radical,
which will result in the PI polymer degradation through the
free radical chain reaction, generating lower molecule prod-
ucts and forming a partial low density region. It can increase

[31

polymer inhomogeneity and trap density.3!! The whole pro-

cess can be illustrated as shown in Fig. 12.
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Fig. 12. Effects of space charge on degradation process of PI.

The trap density increases with aging time increasing.
It implies that the probability of electron being trapped in-
creases, which is conducible to the generation of more hot
electrons. It will accelerate the impact of space charge on the
degradation process of the PI polymer.

As analyzed above, the long PI polymer chains would be
broken due to the effect of discharge, and many new short
chains, functional groups or materials are generated with ag-
ing time increasing, which would affect the dielectric constant
and dielectric loss. As indicated by the FTIR spectra in Fig. 4,
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after the PI samples are aged for 1 h, the structures and mor-
phologies of their chemical bonds are changed. The degree
of cross linking decreases and the force among the polymer
molecules is reduced, resulting in relaxation among the PI
polymer chains and among the dipolar groups. As a result,
the dielectric constant value increases more obviously, and the
dielectric loss value decreases more clearly. After the aging
time of PI samples increases from 2 h to 5 h, the backbones
(like ether linkage (C—O-C) and imide ring (C—N-C) of back-
bone of PI polymer chain) and pendant groups (like C—H bond,
C=0 bond, etc.) of PI polymer molecules were cut off, more
and more chemical groups (like carboxylic acid, ketone, alde-
hydes, etc.) are generated with aging time increasing, as de-
picted by FITR spectra and degradation processes in Figs. 4
and 11. It causes more dipolar groups with smaller molecu-
lar weight to easily produce orientation polarization with the
applied electric field. The degree of polarization of the dipo-
lar groups increases, and the friction interaction between the
dipolar groups is weakened. Therefore, the dielectric constant
value increases with aging time increasing, and the dielectric
loss value decreases. The PI samples are damaged seriously
after they have been aged for 6 h, and some gaseous phase
products are separated out at this point. The number of dipo-
lar groups in the aged solid PI sample may decrease. But the
polarizable units of the samples aged for 6 h can orient more
difficultly than those of the samples aged for 5 h. So, the di-
electric constant € decreases but the dielectric loss tan § in-

creases.

(a) (b) (c)

Fig. 13. (color online) Damage process of dielectric caused by dis-
charge (a) discharge initiation; (b) discharge channel; (c) breakdown.

As shown in Fig. 9, we note that the surface micro-
structure and micro-morphology of PI film are damaged first,
and then the damaged paths gradually extend to the interior
with continuous discharge aging. The whole damage pro-
cess of dielectric can be seen in Fig. 13. Discharge erodes
the surface layer of PI film. The organics take the place of
chemical degradation and physical degradation. Some of the
degraded organics change into the gases and volatilize, the
other residues remain on the surface of PI film. The rough-
ness and surface conductivity will be changed because of the
residues.!?321 With the increase of aging time, the surface
layer of PI film is damaged more seriously. The eroded volume
of dielectric increases and the discharge paths begin to develop
into the PI film for forming electrical trees. Therefore, it can be
seen in Fig. 9 that the micro-structure and micro-morphology
are different between the surface layer of the PI sample and

the inner layer of the PI sample. When the discharge channels
extend to the opposite electrode, the dielectric film is broken
down. The microscopic views of damage processes of PI film
caused by discharge are shown in Fig. 14. The discharge chan-
nels of PI film aged for 3 h can be seen clearly in Fig. 14(b).

208 To0om

@ () (©)

Fig. 14. Microscopic views of damage process of PI film caused by dis-
charge. (a) Discharge initiation; (b) discharge channel; (c) breakdown.

5. Conclusions

In this work, structural and morphological changes of PI
film aged under BCSIV above PDIV are investigated by SEM
and FTIR. The dielectric properties of PI samples are ana-
lyzed, and the microscopic degradation mechanism of PI film
is investigated. Some interesting conclusions can be obtained
as follows.

1) The FTIR spectra show that the intensities of some re-
flectance peaks decrease due to the fact that the structures and
morphologies of chemical bonds have been changed by dis-
charges erosion. Meanwhile, new reflectance peaks are ob-
served in the FTIR spectra of the aged sample. It suggests that
ether linkage (C—O—C bonds), C—-N—C bonds in imide ring,
and other bonds in aromatic rings are broken.

ii) The degree of cross linking and dipolar groups is
changed by discharge, which can change the dielectric prop-
erties of aged samples. The dielectric constant € for aged PI
samples is bigger than for unaged samples and there is a big
increase for the sample aged for 1 h. The € increases gradually
with aging time increasing, except for the samples aged for 6 h.
Because more dipolar groups are generated for the samples
with aging time increasing from 1 h to 5 h, the dipolar groups
can orient following the polarity alteration of applied electric
field. Therefore, the dielectric loss tan§ decreases gradually
and tand for the sample aged for 1 h decreases more obvi-
ously. For the sample aged for 6 h, tan d increases on the con-
trary.

iii) Surface discharge damages the PI film, and the micro-
structure and micro-morphology of surface layer are changed.
The damage to PI film structure concentrates on the surface of
the sample under BCSIV in the presence of surface discharge.
Therefore the degradation of structure in PI film is initiated
from the surface and then gradually extends to the interior with
continuous aging.
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