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Preface

Polyimide is one of the most efficient polymeric materials in many industries due 
to its excellent thermal, electrical, mechanical, and chemical properties, as well 
as its easy processability. In particular, in the electronic and electrical engineering 
industries, polyimide has widely been used for decades thanks to its very good 
dielectric and insulating properties at the high electric field and up to temperatures 
of around 200°C in long-term service, and sometimes at even higher temperatures 
for short-term service.

Since polyimide’s discovery in the mid-1950s, it has become a key material for 
designing reliable electrical devices and systems for use in applications ranging 
from low to high voltage. Polyimide is also essential for the development of new 
types of electronic devices where further considerations such as high power density, 
integration, higher temperature, thermal conduction management, energy storage, 
reliability or flexibility are required in order to sustain the growing electrical energy 
consumption needs of the global society.

Consequently, polyimide materials have faced and will face new and exciting 
fundamental, technological and environmental challenges, including: 

• a better understanding of its intrinsic electrical and dielectric properties to 
identify current limitations and propose new, advanced device designs 

• the development of innovative composites and nanocomposites structuration 
to tailor its physical properties (electrical, thermal, mechanical) by involving 
classical and original nanoparticles such as graphene, carbon nanotubes, 
metal, silicates, nitrides, and so on 

• the development of polyimide-based composites for energy storage 
(high-k composites, conductive electrodes for lithium-ion batteries), 
thermal management (high thermal conductive composites), reinforced 
nanodielectrics, and corona-resistant nanocomposites (high electric field, 
partial discharge resistant)

• the development of new low dielectric constant (low-k and ultra-low-k) 
polyimide chemistries for microelectronics (fluorinated polyimides, 
nanoporous, mesoporous) 

• the development of new higher temperature reliable polyimide (high glass 
transition, high degradation temperature) 

• the processability, performance, and flexibility required for new digital 
isolators, organic substrates, or thin-film transistor applications

• the emergence of bio-based, eco-friendly polyimide process routes to sustain 
societal environmental challenges



VI

With all these challenges addressed, polyimide should be well placed for technological 
breakthroughs in the field of electronic and electrical engineering applications in the 
coming decades. In addition, many challenges regarding the understanding of the 
aging mechanisms under single or multiple constraints and the prediction of accurate 
lifetimes using both powerful physical modeling and design of experiments is a 
ubiquitous question in most electronic industries.

This book reviews the main applications of polyimide in the field of electronic and 
high-voltage engineering. The volume is organized as follows:

 - Section 1: General Considerations and Technological Processes of 
Polyimide for Electronics and Electrical Systems

Chapter 1: Polyimide in Electronics: Applications and Processability Overview  
(by S. Diaham)

 - Section 2: Polyimide in Microelectronic Applications

Chapter 2: Synthesis and Properties of Fluorinated Polyimides from Rigid and Twisted 
Bis(Trifluoromethyl)Benzidine for Flexible Electronics (by S.D. Kim et al.)

Chapter 3: Design, Fabrication, and Application of Colorless Polyimide Film for 
Transparent and Flexible Electronics (by C. Wenlin, C. Bin, D. Hui, F. Rao, Z. Ying,  
S. Xuejiao, J. Yanya, Y. Jiansu, Z. Zhongfu)

 - Section 3: Polyimide in Space Applications

Chapter 4: Charging and Discharging Mechanism of Polyimide under Electron 
Irradiation and High Voltage (by X. Wang, D. Min, S. Li)

Chapter 5: Polyimide Used in Space Applications (by V. Griseri)

 - Section 4: Polyimide in Power Conversion Applications

Chapter 6: Polyimide Films for Digital Isolators (by B. Chen and S. Diaham)

Chapter 7: Behavior of Space Charge in Polyimide and the Influence on Power 
Semiconductor Device Reliability (by K. Tajiri, H. Muto, D. Marty-Dessus,  
L. Berquez, G. Teyssedre, M.-L. Locatelli, S. Diaham, V. Griseri, F. Carrasco)

 - Section 5: Polyimide for Energy Storage

Chapter 8: Polyimides as High Temperature Capacitor Dielectrics  
(by J. Ho, M. Schroeder)

Chapter 9: High-Temperature Polyimide Dielectric Materials for Energy Storage  
(by J.-W. Zha, X.-J. Liu, Y. Tian, Z.-M. Dang, G. Chen)

 - Section 6: Breakdown, Aging and Lifetime of Polyimide

Chapter 10: Space Charge Accumulation Phenomena in PI Under Various Practicable 
Environment (by H. Miyake, Y. Tanaka)
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Chapter 1

Polyimide in Electronics:
Applications and Processability
Overview
Sombel Diaham

Abstract

Polyimides are nowadays quite famous dielectrics and insulating materials
widely used in electronics and electrical engineering applications from low voltage
microelectronics up to high voltage engineering industry. They are well appreciated
because of their excellent physical properties (i.e., thermal, electrical, and mechan-
ical properties), as well as, their coating process ease either from a liquid or a gas
phase. Consequently, polyimides appear in a various range of applications to effi-
ciently separate metal levels or electrodes at different electrical potentials. This
chapter intends to review the main chemical generalities of polyimides, the differ-
ent monomer families, the coating and curing processes, and the main physical
properties for electronic and high voltage industrial applications.

Keywords: polyimide, imidization, deposition techniques, curing process,
physical properties, microelectronics, high voltage

1. Introduction

Polyimides are advanced polymeric materials that are well known for their
excellent thermal, electrical, mechanical, and chemical properties [1]. Polyimides
are particularly interesting for microelectronics as well as for high voltage electrical
engineering industry, thanks to their high thermal stability, high glass transition
temperature, low dielectric constant, and overall very good electrical insulation
properties (high breakdown field, low dielectric loss factor, and low conductivity).
Polyimides present also an ease of processability making them patternable for many
types of integrated electronic devices [2]. In the last 20 years, with the emergence of
a wide range of novel electronic applications, polyimides have regained an increas-
ing interest from both fundamental researches and applicative research and devel-
opment sides, as shown in Figure 1 where the publication map across the scientific
fields and the total number of publications in Electrical Engineering and Electronics
edited journals between 1975 and 2019 are presented.

Thus, one can observe that two publication thresholds occurred in 1999 and 2011
leading now to an annual dissemination activity on polyimides close to 4,000
publications for only the Electrical Engineering and Electronics domains. This
clearly proves the large interest that these polymeric materials arouse and this trend
should still progress over the next coming years.

Polyimides are present in different ways (from substrates to thin coatings) and
for different purposes (purely mechanical one to advanced electrical insulation) in
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electronics and high voltage applications. Figure 2 shows an overview of the main
electrical industrial applications of polyimides.

They can be listed as:

• low-k intermetallic layer for ultra-large scale integration in microelectronics,

• bond pad redistribution and buffer layers for ICs

• films for flexible substrate for the development of a wide range of sensors,

• rigid substrate for PCB technologies,

• protective coating for space applications,

• films for high temperature capacitors in new energy storage challenges,

• insulating layer in next generation of high temperature aeronautic cables,

Figure 1.
All publication records map on ‘polyimide’ ranked by topics from 1975 to 2019 (a) and number of citations per
year in the category ‘Electrical Engineering Electronic’ (source: Web of science).
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• high thermal class enamel for high temperature wires in electrical motor
applications,

• passivation layer for surface insulation of high voltage and/or high temperature
power electronic devices (Si, SiC, GaN, … ),

• insulating barrier for digital isolators in isolated gate drivers,

• gate insulator for new organic electronics, etc.

The present book overall intends to present most of these applications and the
place of polyimides in their related context, the state-of-the-art as well as the next
challenges to face to enable improving the efficiency of electrical devices and
systems at different scales.

As a preliminary introduction, the present chapter will detail some generalities
on polyimide chemistry, their thermal stability, the main chemical routes to
synthesize them, their deposition and process techniques, their different curing
processes, and a summary of their main physical properties.

2. Chemical generalities of polyimide

2.1 Thermal stability

The thermal stability of a polymer is defined as its ability to withstand high
temperatures without initiating degradation processes such as thermolysis. It is
usually evaluated by thermogravimetric analysis. This method consists in measur-
ing the mass loss of a material either as a function of temperature or as a function of
time at a constant temperature. By convention, a polymer is said to be thermostable
if it can be used without losing its properties for 1000 hours at 300°C, 10 hours at
400°C, and a few minutes at 500°C. In the case of polyimides, the decomposition
temperature generally appears between 500°C and 600°C. However, their typical

Figure 2.
Overview of the main electronic and HV engineering industrial applications of polyimide.
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maximum usable temperature is usually between 250°C and 275°C, as shown in
Figure 3 where all the main thermostable polymers are also displayed for compar-
ison. Thus, polyimides appear as the thermostable polymer having the highest
maximum working temperature.

It has been shown that the increase in the number of benzene rings in polyimide
monomer macromolecules contributes to increase their degradation temperature
[1]. However, the degradation temperature can also be affected by the presence of
low thermostable chemical bonds in the macromolecular structure like the
CdOdC ether group [3]. Finally, a few studies even present thermal stability as
high as 300°C that report on the potential use of polyimides in high temperature
electronic applications for electrical insulation purposes [4, 5].

2.2 Synthesis and imidization reaction

The two-step synthesis method is the simplest and most commonly used method
to obtain polyimides in industry. In 1955, Edwards et al. were the first to synthesize
polyimides (PI) from polyamide salts [6]. Endrey was the first to successfully
synthesize high molecular weight aromatic polyimides [7]. In the method described,
the synthesis is carried out in two stages.

The first one is to prepare a polyamic acid (PAA) solution, which is the precur-
sor of polyimide. The synthesis of PAA takes place via the reaction between two
precursor monomers, a dianhydride and a diamine at room temperature and in
polar aprotic solvents such as N-methyl-2-pyrrolidone (NMP), N,N-
dimethylformamid (DMF) or N,N-dimethylacetamid (DMAc).

PAA is then cyclodehydrated using a thermal or chemical conversion process,
called “imidization,” to form the final, insoluble, and infusible polyimide. The steps
for the synthesis and imidization of polyimides by this method are presented in
Figure 4, where dRd and dR0d represent the radicals of the dianhydride and
diamine monomers, respectively.

2.3 Main radicals for dianhydride and diamine precursor monomers

Many varieties of PAA can be synthesized leading to hundreds of different
polyimide combinations.Tables 1 and 2 list the main radicalsdRd anddR0d of the
dianhydride and diaminemonomers, respectively, marketed for the synthesis of PAA.

Figure 3.
Maximum working temperature for the main developed polymers over the last century including polyimides
(reproduced and modified from [1]).
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2.4 Polyimide deposition and process techniques

There are several routes to shape polyimides depending on the targeted applica-
tion. Among them, one can cite the biaxial stretching for film production, the spin-
coating and lithography process for wafer-level deposition and the vapor-deposition
process. The following sections present all these.

2.4.1 Biaxial stretching for film production

Compared with the lab-scale preparation, the greatest difference for industrial
manufacturing of polyimide films is the stretching process [9, 10]. Stretching pro-
cess, either uniaxial or biaxial stretching of the gel-like PAA films, will result in the
full orientation and extension for the polyimide molecular chains.

Figure 5 shows themain steps of the industrial scale production line of polyimide
film by biaxial stretching from PAA precursors. In this procedure, the precursormono-
mers are firstly introduced into the polymerization reactor containing the solvent. After
PAA synthesis, the obtained solution is deaerated and cast in the form of a continuous
film onto the surface of a heated rotating stainless steel drum. The solvent is partially
evaporated and a part of the imidization reaction takes place simultaneously. Thus, a
self-supported PAA film is formed. The gel-like PAA film is peeled from themetal drum
and first stretched in themachine direction (MD)while controlling the stretching rate.
The PAA film is then stretched in the transverse direction (TD). The solvent is removed
by evaporation, and the film is heat treated bymeans of hot air or radiant heat from an

Figure 4.
Two-steps synthesismethod of polyimide. Step 1: PAA synthesis. Step 2: PAA conversion into polyimide by imidization.
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electrical heater to give a biaxial oriented polyimide film. The transverse stretching is
carried out at temperatures around 350°C to facilitate the imidization of PAA into
polyimide. Such a procedure has beenwidely used for PI film production, and there has
been significant patent activity in the past half century since the commercialization of
PI films in 1960s. Up to now,most of the commercially available wholly aromatic PI
films have been produced by such kind of procedure.

2.4.2 Spin coating and lithography for wafer-level deposition

Spin coating is a common technique widely used in microelectronic industry for
applying resins in thin film form to silicon wafers. Its primary advantage over other
methods is its ability to quickly and easily produce very uniform films.

Dianhydride Radical chemical structure
(dRd)

Pyromellitic dianhydride PMDA

3,30,4,40-benzophenonetetracarboxylic
dianhydride

BTDA

3,30,4,40-biphenyltetracarboxylic dianhydride BPDA

3,30,4,40-oxydiphthalic anhydride ODPA

4,40-hexafluoroisopropylidenebis(phthalic
anhydride)

6FDA

4,40-bis(3,4-dicarboxyphenoxy) diphenylsulfide
dianhydride

BDSDA

3,6-diphenylpyromellitic dianhydride DPPMDA

1,4-phenylenebis-(phenylmaleic anhydride) 1,4-P(PMA)

4,40-(1-phenyl-2,2,2-trifluoroethylidene bis
(phthalic anhydride)

3FDA

4,40,5,50-dioxydiphthalic anhydride DODPA

4,40,5,50-sulfonyldiphthalic anhydride DSO2DA or
DSDA

Table 1.
Main radicals for dianhydrides (reproduced from [8]).
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Diamine Radical chemical structure (dR0d)

p-phenylene diamine p-PDA, PPD

m-phenylene diamine m-PDA, MPD

4,40-methylene dianiline ou 4,40-
diaminodiphenyl methylene

MDA

2-chlorophenylene diamine C1PPD –

benzidine Bz or BDA

2,20-dichlorobenzidine 2,20-diC1Bz –

3,30-dimcthylbenzidine 3,30-diMeBz or
DBDA

4,40-oxydiphenylene ether or 4,40-
diaminodiphenyl ether

ODA or DDE

4,40-diaminobenzophenone 4,40-DABP

3,30-diaminobenzophenone 3,30-DABP

4,40-diaminodiphenyl sulfone 4,40-SO2D or
DDS

4,40-diaminodiphenyl sulfide SDA

1,4-bis-(4-aminophenoxy)benzene APB 4–1,4

1,4-bis-(3-aminophenoxy)benzene APB 3–1,4 –

1,3-bis-(4-aminophenoxy)benzene APB 4–1,3

1,4-phenylindanc diamine DAPI

2,2-bis-[4-(40-aminophenoxyphenyl)]
hexafluoropropane

4-BDAF

1,1-bis-(4-aminophenyl-1-phenyl-2,2,2)
trifluoroethane

3FDAM

2,2-bis-(4-aminophenyl) hexafluoropropane p,p0-6FDAM

2,20-di-bis-(trifluoromethyl) benzidine PFMB, TFMB

3,5-diaminobenzotrifluoride DABTF

Table 2.
Main radicals for diamines (reproduced from [8]).

9

Polyimide in Electronics: Applications and Processability Overview
DOI: http://dx.doi.org/10.5772/intechopen.92629



When the solution of PAA containing NMP solvent is spun at high speeds, the
centrifugal force enables to cover the substrate (see Figure 6). Spin coating results
in a PAA thin film ranging from a few microns to a few tens of microns in thickness
depending on coating parameters. The thickness of the final film is determined by
the spinning speed, surface tension, and viscosity of the solution. The solvent is
removed partly during the spinning process due to evaporation and partly by
subsequent baking at elevated temperatures during imidization.

Many experiments have confirmed a mathematical model for photoresist depo-
sition where the thickness variation versus the spin speed is like ω�0.5 [11]. In the

Figure 6.
(a) Industrial polyimide spin-coating process on 800-wafer scale from PAA precursor solution. (b) Polyimide
thickness as a function of spin speed and time (reproduced from [11]).

Figure 5.
Industrial scale polyimide film stretching manufacturing from PAA precursors (reproduced and modified
from [9]).
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case of polyimide deposition, the thickness variation versus the spin speed shows
experimentally different behavior ranging between ω�0.5 and ω�1. It has been
proved that the polyimide has a different behavior depending on the residual
solvents at the end of the process. The double behavior is emphasized with two
different power laws. This proves that the model is verified only if the solvent is
completely removed at the end of the process.

Nowadays, the semiconductor manufacturing industry commonly process
300 mm wafers. Thus, polyimides have been developed to be spin-coated and
patterned at this scale with very good thickness uniformity accuracy (around 2% of
difference in thickness across the wafer) [12].

Conventional, or non-photosensitive, polyimide cannot be directly patterned on
wafers due to the absence of photo-active agent (see Figure 7a). They require several
process steps after the fabrication of the active device. To process non-photosensitive
polyimide, a first thick polyimide film is spin coated on the wafer similarly to the
photoresist process (see Figure 7b). Then, a thin layer of photoresist is applied and
exposed using a photolithography tool. A standard development process of the pho-
toresist using a mask is used to define the pattern. This pattern is transferred to the
polyimide layer by wet etching through openings during the photoresist lithography
step. The wet etch is an isotropic process that causes critical dimension and sidewall
control issues. This technical difficulty, combined with the complexity of the process,
has limited the non-photosensitive polyimide application.

Figure 7.
Comparison of precursor PAA monomers between non-photosensitive and photosensitive polyimides (a).
Lithography process steps comparison between conventional and photosensitive polyimides (reproduced from
[13]) (b).

11

Polyimide in Electronics: Applications and Processability Overview
DOI: http://dx.doi.org/10.5772/intechopen.92629



To overcome such difficulties, photosensitive polyimides have been developed to
offer an alternative cost savings to the buffer coat polyimide application
(see Figure 7a). Photosensitive polyimides can be processed similarly to standard
resists using photolithography techniques, as shown in Figure 7b. Thus, the eight-step
non-photosensitive polyimide process can be reduced into a three-step process using
photosensitive polyimide. In addition to providing process simplification, this three-
step process offers the significant advantages of superior resolution and improved
sidewall profiles. As a consequence, cycle time and chemical consumption are
reduced. All of these benefits translate into cost savings, ease of use and better quality.

Photosensitive polyimide, like photoresist, can be divided into two categories:
positive and negative tones (see Figure 8). In the case of the positive tone, the
photosensitive polyimide is degraded by UV light and the developer will dissolve
away the regions that were exposed. That will leave behind the coating where the
mask was initially placed. In the case of the negative tone, the photosensitive
polyimide is cross-linked by UV light and the developer will remove only the
unexposed regions, leaving behind the coating in areas where the mask was not
placed. Application of positive photosensitive polyimide is limited because of the
narrow film thickness range available. This makes the negative photosensitive one
the most commonly used in electronic industry with a wide viscosity range.

2.4.3 Vapor-deposition process (VDP)

The vapor-deposition polymerization (VDP) is a method where polyimide is
directly deposited and synthesized from its two precursor monomers (dianhydride
and diamine), evaporated separately at high temperature in a vacuum chamber and
collected on a heated substrate for imidization (see Figure 9).

The temperature of the transported vapors and of the substrate is usually between
100 and 200°C. A higher temperature post-annealing (≥300°C) is sometimes carried
out to complete the imidization reaction. The synthesis of polyimides (with thickness
between a few 1 to 10 μm) has been successfully demonstrated by this method for
PMDA/ODA[16–19] and other variants of polyimides. Polyimides synthesized byVDP
generally have a low oxygen permeability in comparison with conventional spin-
coated versions and adhere relatively well to their substrate. However, this method
remains difficult to fit with industrial manufacturing processes for electrical and elec-
tronic systems because of certain inhomogeneities in terms of thickness of the layers.

Figure 8.
Lithography process steps comparison between negative and positive photosensitive polyimide resins.
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2.5 Curing process techniques

2.5.1 Thermal curing

Different techniques for curing polyimides and complete the imidization reac-
tion can be used and are reported in the literature. The curing enables to convert
PAA into polyimide and so that to finalize the physical properties of the deposited
layer. The most commonly used method is the thermal curing, which is carried out
optimally at temperatures of at least 250°C under inert gas, like N2. It is simple to
implement and leads to good properties of the material.

During that critical process step, the PAA coating is slowly heated up until a first
temperature plateau at 200°C corresponding to the NMP solvent boiling point. It is
usually held on for at least 15 minutes in order to fully remove the solvent from the
layer (see Figure 10). Then, a subsequent temperature rising is performed up to a
second plateau at temperature from 250 to 400°C and between 30 minutes up to
2 hours to complete the imidization reaction and obtain the final polyimide. Of
course, the final chemical structuration and physical properties strongly depend
on the temperature and time duration [20]. Moreover, heating and cooling
ramps also need to be controlled to avoid thermomechanical stress storage within
the films [21].

2.5.2 Variable frequency microwave (VFM) curing

In addition, other annealing methods have started to emerge, leading to equiva-
lent properties of the deposited polyimide layers. This is the case with variable
frequency microwave (VFM) curing [22, 23].

Figure 9.
Polyimide thin-films deposited by VDP from vapor phase (reproduced from [14, 15]).
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Figure 10.
Typical thermal curing profile for polyimide.

Figure 11.
Variable frequency microwave curing process for polyimide and impact on cyclization (reproduced from
[25]).

Figure 12.
Typical cure temperature–time profile of polymers using VFM and conventional thermal curing (reproduced
from [26]).
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Microwave heating of polymers occurs because of dielectric loss mechanisms.
When an external electric field is applied to a dielectric material, three types of
polarization can occur [24]. These ones are the electronic, ionic or atomic, and
orientational or dipolar polarization mechanisms. The main coupling mechanism
between microwave radiation and polymer dielectrics is through dipole orientation
under the applied electric field. The efficiency of coupling microwave energy into a
polymer depends on different factors, which include the dipole strength, the dipole
mobility and the dipole mass.

The VFM curing principle is to subject the deposited films to very high fre-
quency waves (>1 GHz) causing the macromolecular structure to vibrate (see
Figure 11). The vibrations then locally heat the coating which thus polymerizes.
The advantages of the VFM curing method are the short annealing time. It is around
10 minutes only compared to a few hours for a conventional full thermal cycle.
Moreover, the lower associated temperature (�200°C) during the application of
microwaves enables shorter curing cycles (see Figure 12). The industrial interest
could be to replace standard thermal curing techniques with faster and lower cost
VFM method.

3. Polyimide physical properties … at a glance

Polyimides are therefore materials which have very good thermal, electrical and
mechanical properties. These depend essentially on their chemical structure gener-
ated by the choice and the reaction of the basic monomers constituting them.

This chapter ends by a summary of the physical properties of the main aromatic
and fluorinated polyimides that have been developed over the last decades, as
shown in Table 3.

4. Conclusion

This chapter has introduced polyimide materials which are now since few
decades commonly used as dielectrics or insulating materials in the electronics and
high voltage engineering industries for different purposes. It has been reviewed the
state-of-the-art on the polyimide thermal stability. Moreover, the synthesis and
imidization reactions, the main precursor monomers, the different deposition and
process techniques, and the curing methods were presented. Finally, the main
physical properties were summarized. This will offer a good overview as an
introduction for the rest of this book.
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Chapter 2

Synthesis and Properties of
Fluorinated Polyimides from Rigid
and Twisted Bis(Trifluoromethyl)
Benzidine for Flexible Electronics
Sun Dal Kim,Taejoon Byun, Jin Kim, Im Sik Chung
and Sang Youl Kim

Abstract

Fluorinated polyimides were prepared from the twisted benzidine monomer
containing two trifluoromethyl (CF3) groups on one aromatic ring. The diamine
monomer having a rigid and nonplanar structure was polymerized with typical
dianhydride monomers including BPDA, BTDA, ODPA, 6-FDA, and PMDA, to
obtain the corresponding polyimides. Most polyimides are soluble in organic sol-
vents due to their twisted chain structure and can be solution cast into flexible and
tough films. These films have a UV-vis absorption cut-off wavelength at 354–
398 nm and a light transparency of 34–90% at a wavelength of 550 nm. They also
have tensile strengths of 92–145 MPa and coefficients of thermal expansion (CTE)
of 6.8–63.1 ppm/°C. The polymers exhibited high thermal stability with 5% weight
loss at temperatures ranging from 535 to 605°C in nitrogen and from 523 to 594°C in
air, and high glass temperature (Tg) values in the range of 345–366°C. Interestingly,
some of the soluble polyimides showed thermo-responsive behaviors in organic
solvents presumably due to the multiple hydrogen bondings with unsymmetrically
positioned two CF3 groups along the polymer chains.

Keywords: fluorinated polyimides, rigid and nonplanar structure, flexible and
tough films, thermal stability, high glass temperature, coefficients of thermal
expansion

1. Introduction

Aromatic polyimides (PIs) are well known as high-performance polymeric
materials having excellent thermal, mechanical, and electrical properties. As a result
of these properties, many PIs have been commercialized and used widely in micro-
electronic and aerospace engineering [1, 2]. Recently, aromatic PIs are considered as
a strong candidate for flexible plastic substrates applicable to flexible electronics,
including flexible solar cell arrays and flexible organic light-emitting diode (OLED)
displays [3]. Despite the outstanding results associated with the use of aromatic PIs,
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they also have a number of drawbacks, one of which is their poor processability
caused by their limited degrees of solubility in organic solvents due to strong
interchain interactions. Another shortcoming is the pale yellow or a deep brown
color of PI films due to their highly conjugated aromatic structures and/or the
formation of an intermolecular charge-transfer complex (CTC) between alternating
electron-donor (diamine) and electron-acceptor (dianhydride) moieties, thus
narrowing their applicability [4, 5].

To overcome these problems, much research effort has focused on the synthesis
of soluble and transparent PIs in a fully imidized form without deterioration of their
excellent properties [4, 6]. Several successful approaches to synthesize soluble and
transparent PIs, including the insertion of flexible or unsymmetrical linkages or
bulky substituents on the main chain and the use of noncoplanar or alicyclic
monomers, have been introduced over the last few decades [4–8].

Among many approaches, the incorporation of trifluoromethyl (CF3) groups
onto polymer chains is considered as an effective means of realizing soluble and
transparent PIs without deteriorating their excellent properties, not only because
bulky CF3 groups disturb the interactions and chain packing between the polymer
chains, but also because the strength of the carbon-fluorine chemical bond is the
one of the strongest single bonds [6, 9–30]. It is also possible to give the
corresponding PIs have many attractive features, such as a low refractive index as
well as low optical loss, dielectric constant, surface energy, and moisture absorption
characteristics, due to the high electronegativity and low electric polarity of fluorine
atoms [31–39].

Recently, we reported new soluble PIs which were prepared from 4-(40-
aminophenoxy)-3,5-bis(trifluoromethyl)aniline to introduce two CF3 groups
unsymmetrically onto the repeating units of the chain [40, 41]. Unsymmetrical
incorporation of the substituents into the main chain of PIs can improve the solu-
bility and optical transparency because increasing the irregularity of the micro-
structure of PIs disrupts the interchain interactions [42–47]. The PIs synthesized in
earlier work showed good solubility while retaining their useful thermal and
optical properties due to the unsymmetrical presence of CF3 groups as
substituents. Furthermore, the good solubility of the PIs led them to show lower
critical solution temperature (LCST) behavior in organic solvents. This unprece-
dented phenomenon of the PIs may stem from a change of the interaction strength
in the vicinity of CF3 between the polymer chains and the acetyl-containing
solvents [41].

Subsequently, we designed another monomer, 2,6-bis(trifluoromethyl)
benzidine, which has two CF3 groups at the 2,6-positions of the benzidine unit [48].
Although this monomer has more rigid structure compared to 4-(40-
aminophenoxy)-3,5-bis(trifluoromethyl)aniline, a series of poly(amide-imide)s
synthesized from the monomer exhibited good solubility as well as good thermal
and optical properties. Meanwhile, in terms of the structure, the new benzidine
monomer has an isomeric relationship with 2,20-bis(trifluoromethyl)benzidine, well
known as a rigid/linear benzidine unit containing the CF3 group and frequently
employed in the synthesis of PIs having a high thermal resistance, a high Tg

value, a low degree of thermal expansion, a low refractive index, and low water
absorption capabilities [16–30]. Therefore, we envisioned that the PIs obtained
from the new benzidine monomer would exhibit high thermal and mechanical
properties while maintaining good solubility in organic solvents, as they have
twisted structures while retaining the rigidity of the chains. The chemistry and the
physical properties of the PIs prepared from the twisted benzidine monomer
containing two trifluoromethyl (CF3) groups on one aromatic ring are described
herein.
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2. Experiments

2.1 Materials

2-Bromo-5-nitro-1,3-bis(trifluoromethyl)benzene (1) and 2,6-bis
(trifluoromethyl)benzidine (3) were synthesized as reported in our previous
papers [31, 48]. The aromatic tetracarboxylic dianhydrides of pyromellitic
dianhydride (PMDA), 3,30,4,40-biphenyltetracarboxylic dianhydride (BPDA),
3,30,4,40-benzophenone-tetracarboxylic dianhydride (BTDA), 4,40-oxydiphthalic
anhydride (ODPA), and 4,40-hexafluoroisopropylidenediphthalic anhydride
(6-FDA) were purified by vacuum sublimation. m-Cresol was stirred in the
presence of P2O5 overnight and then distilled under reduced pressure. All other
commercially available reagent-grade chemicals were used without further
purification.

2.2 Measurements

The Fourier-transform infrared (FTIR) spectra of the compounds were obtained
with a Bruker EQUINOX-55 spectrophotometer using a KBr pellet or film. The
nuclear magnetic resonance (NMR) spectra of the synthesized compounds were
recorded on a Bruker Fourier Transform Avance 400 spectrometer. The chemical
shift of the NMR was reported in parts per million (ppm) using tetramethylsilane as
an internal reference. Splitting patterns were designated as s (singlet), d (doublet),
dd (doublet of doublets), dt (doublet of triplets), t (triplet), q (quartet), or m
(multiplet). Elemental analyses (EA) of the synthesized compounds were carried
out with a FLASH 2000 series device. The single-crystal diffraction data of the
diimide model compound were collected on a Bruker SMART 1000 with graphite-
monochromated Mo Kα radiation (λ = 0.71073 Å) at 120 K. The inherent viscosities
of the polymers were measured using an Ubbelohde viscometer. Gel permeation
chromatography (GPC) diagrams were obtained with a Viscotek TDA302 instru-
ment equipped with a packing column (PLgel 10 μm MIXED-B) using tetrahydro-
furan (THF) as an eluent at 35°C. The number and weight-average molecular
weight of the polymers were calculated relative to linear polystyrene standards.
Wide-angle X-ray diffraction (WAXD) measurements were performed at room
temperature (ca. 25°C) on a Rigaku D/MAX-2500 X-ray diffractometer with a Cu
Kα radiation under graphite monochromatic operation at 40 kV and 300 mA. The
scanning rate was 1°/min over a range of 2θ = 2–45°. The mechanical properties of
the films were measured with an Instron 5567 at a crosshead speed of 2 mm/min on
strips approximately 40–50 μm thick and 11 mm wide with a 15 mm gauge length.
The average of two individual determinations was used. Thermogravimetric analy-
sis (TGA) and differential scanning calorimetry (DSC) were conducted on a TA
Instruments TGA Q500 and a DSC Q100 instrument, respectively. The TGA mea-
surements were conducted at a heating rate of 10°C/min in N2 and air. The melting
points (m.p.) of the synthesized compounds and the Tg values of the polymers were
obtained with DSC instrument at a heating rate of 10°C/min in N2. Tg values were
taken from the second heating scan after cooling to 0°C from 400°C. The in-plane
linear coefficients of thermal expansion (CTEs) of polymer films were measured by
thermomechanical analysis (TMA) using a TA TMA-2940 thermomechanical ana-
lyzer. Specimens were 5 mm in width, 10 mm in length, and typically 70 μm thick.
The measurements were carried out three times in a heating range up to 300°C at a
heating rate of 5°C/min. After the first measurement (first run), the sample was
cooled gradually to room temperature in a nitrogen atmosphere, after which the
second measurement (second run) was taken. The same operation was carried out
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between the second run and the third run. The CTE values were determined as the
mean at 50–250°C in the second and third heating runs. UV-visible spectra of the
polymer films were recorded on an Optizen POP spectrophotometer in the trans-
mittance mode. The refractive indices nTE and nTM for the transverse electric (TE)
and transverse magnetic (TM) modes of the polymer films were measured with a
Sairon SPA-4000 prism coupler equipped with a gadolinium gallium garnet (GGG)
prism at a wavelength of 633 nm at room temperature. The birefringence values
(Δn) were calculated as the difference between nTE and nTM. In order to confirm the
thermal response behavior of the polymers in organic solvents, another UV-vis
spectrophotometer (Shimadzu UV-3600) was used. The transmittance change was
measured at a wavelength of 600 nm, and the heating and cooling rates were
0.5°C/min. The clouding point (Tcp) was determined as the temperature at which
90% transmittance was observed during the heating process. When Tcp was observed
at a temperature above the boiling temperature of the solvent used,Tcp was measured
by the naked eye, while the solutions were placed in screw-cap vials and gradually
heated at 5°C intervals in a heating bath equipped with a mercury thermometer.

2.3 Polymerization

PI-1. Diamine monomer 3 (0.4012 g, 1.253 mmol) and BPDA (0.3689 g,
1.254 mmol) were initially dissolved in 4.8 mL of m-cresol to a concentration of
16 wt% in a 25 mL three-necked round-bottom flask equipped with a nitrogen inlet,
a Dean-Stark trap, and a mechanical stirrer. After the mixture was stirred at room
temperature for 30 min, isoquinoline (ca. 5 drops) was added, and further stirring
was conducted at room temperature for 4 h. After the solution was diluted with
4.8 mL of m-cresol to a concentration of 8 wt%, the temperature was raised to
190°C slowly and the reaction mixture was stirred for 12 h at this temperature.
During this time, the water released during the imidization process was removed by
distillation as chlorobenzene/water azeotrope, and small amount of m-cresol (total
additional volume = 4.8 mL) was added periodically to maintain proper viscosity of
the reaction mixture. After cooling to room temperature, the solution was diluted
with m-cresol and then slowly poured into an excess of vigorously stirred ethanol.
The resulting polymer was collected by filtration, washed with ethanol, and then
dried in vacuo at 180°C for 12 h (0.7444 g, 100% yield). FTIR (thin film, cm�1):
1779 (asym C]O str); 1726 (sym C]O str); 1476 (aromatic C]C); 1373 (CdN
str); 1123–1190 (CdF in CF3); 738 (imide ring deformation). 1H NMR (DMSO-d6,
400 MHz, 100°C, ppm): 8.54–8.34 (m, 6H), 8.25–8.04 (m, 2H), 7.66 (d, J = 8.1 Hz,
2H), 7.56 (d, J = 8.5 Hz, 2H). 1H NMR (THF-d8, 400 MHz, 55°C, ppm): 8.49 (d,
J = 18.6 Hz, 2H), 8.37 (s, 4H), 8.24–8.08 (m, 2H), 7.73 (d, J = 7.9 Hz, 2H), 7.51 (d,
J = 8.6 Hz, 2H). Anal. calcd for C30H12F6N2O4: C, 62.29; H, 2.09; N, 4.84. Found:
C, 61.51; H, 2.06; N, 4.78.

PI-2. The same procedure used for PI-1 was repeated with 0.4017 g
(1.254 mmol) of 3, 0.4043 g of (1.255 mmol) of BTDA, and 5 mL ofm-cresol. Before
heating the reaction mixture to 190°C, the solution was diluted with 5 mL of m-
cresol and there was no injection of the additional solvent (0.7538 g, 99.1% yield).
FTIR (thin film, cm�1): 1783 (asym C]O str); 1732 (sym C]O str); 1679 (diaryl
ketone of BTDA); 1476 (aromatic C]C); 1376 (CdN str); 1137–1191 (CdF in
CF3); 723 (imide ring deformation). 1H NMR (DMSO-d6, 400 MHz, 25°C, ppm):
8.40 (s, 2H), 8.35–8.14 (m, 6H), 7.60 (s, 4H). Anal. calcd for C31H12F6N2O5: C,
61.40; H, 1.99; N, 4.62. Found: C, 61.20; H, 2.08; N, 4.44.

PI-3. The same procedure used for PI-1 was repeated with 0.4030 g of
(1.258 mmol) of 3, 0.3907 g (1.259 mmol) of ODPA, and 4.9 mL of m-cresol. Before
heating the reaction mixture to 190°C, the solution was diluted with 4.9 mL of
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m-cresol and there was no injection of the additional solvent (0.7548 g, 100% yield).
FTIR (thin film, cm�1): 1782 (asym C]O str); 1729 (sym C]O str); 1475 (aromatic
C]C); 1375 (CdN str); 1276, 1239 (dOd); 1140–1190 (CdF in CF3); 745 (imide
ring deformation). 1H NMR (DMSO-d6, 400 MHz, 25°C, ppm): 8.36 (s, 2H), 8.14
(dt, J = 17.8, 6.7 Hz, 2H), 7.77–7.62 (m, 4H), 7.56 (s, 4H). Anal. calcd for
C30H12F6N2O5: C, 60.62; H, 2.03; N, 4.71. Found: C, 60.71; H, 2.01; N, 4.66.

PI-4. The same procedure used for PI-1 was repeated with 0.4003 g
(1.250 mmol) of 3, 0.5560 g (1.252 mmol) of 6-FDA, and 6 mL of m-cresol. Before
heating the reaction mixture to 190°C, the solution was diluted with 6 mL of m-
cresol without injection of any additional solvent (0.8961 g, 98.4% yield). FTIR
(thin film, cm�1): 1789 (asym C]O str); 1733 (sym C]O str); 1476 (aromatic
C]C); 1375 (CdN str); 1145–1193 (CdF in CF3); 722 (imide ring deformation). 1H
NMR (DMSO-d6, 400 MHz, 25°C, ppm): 8.34 (s, 2H), 8.28 (t, J = 7.8 Hz, 1H), 8.23
(t, J = 8.0 Hz, 1H), 8.04 (t, J = 6.6 Hz, 1H), 7.98 (t, J = 6.2 Hz, 1H), 7.80 (dd, J = 18.6,
15.8 Hz, 2H), 7.56 (s, 4H). Anal. calcd for C33H12F12N2O4: C, 54.41; H, 1.66; N, 3.85.
Found: C, 55.43; H, 1.56; N, 3.77.

PI-5. The same procedure used for PI-1 was repeated with 0.4062 g
(1.268 mmol) of 3, 0.2768 g (1.269 mmol) of PMDA, and 4.2 mL of m-cresol. After
the solution was diluted with 4.2 mL of m-cresol to a concentration of 8 wt%, the
temperature was raised to 190°C slowly. The solution became turbid and heteroge-
neous as soon as the temperature reached 190°C. The heterogeneous reaction mix-
ture was further stirred for 12 h at this temperature. After cooling to room
temperature, the solution was poured into an excess of vigorously stirred ethanol.
The solid polymer powder was collected by filtration, washed with ethanol, and
then dried in vacuo at 180°C for 12 h (0.6392 g, 100% yield). FTIR (KBr, cm�1):
1783 (asym C]O str); 1728 (sym C]O str); 1477 (aromatic C]C); 1367 (CdN
str); 1125–1192 (CdF in CF3); 724 (imide ring deformation). Anal. calcd for
C24H8F6N2O4: C, 57.38; H, 1.61; N, 5.58. Found: C, 56.81; H, 1.70; N, 5.46.

2.4 Preparation of polyimide films

AnN,N-dimethylacetamide (DMAc) solution of the polymers (7.5 wt%) was
prepared at room temperature. The DMAc solution was filtered and cast onto a glass
plate. The solvent was evaporated in a vacuum oven at room temperature for 5 h and
then heated to 180°C for 10 h to remove the residual solvent. Tomeasure the refractive
indices of the polyimides, the DMAc solution of the polymers (2.5 wt%) was filtered
and cast onto a silicon substrate and then dried in the samemanner described above.

3. Results and discussion

3.1 Monomer syntheses

The diamine monomer, 2,6-bis(trifluoromethyl)benzidine (3), was prepared in
two steps, as reported previously (Figure 1) [48]. In the first step, 2-bromo-5-nitro-
1,3-bis(trifluoromethyl)benzene (1) was reacted with 4-aminophenylboronic acid
through a Suzuki coupling reaction in the presence of Pd as a catalyst to produce 2. The
mono-nitro compound was quantitatively converted to the corresponding diamine
monomer 3 by hydrogenation with hydrogen in the presence of Pd/C catalyst.

The chemical structures of 2 and 3 were confirmed by 1H and 13C NMR, FTIR,
and an elemental analysis. Figure 2 shows the NMR spectra of 2 and 3. Through a
reduction reaction, the chemical shifts of proton H1 and carbon C1 moved upfield
because they were more shielded by the change of the substituents from the NO2
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group to the NH2 group. Meanwhile, there were obvious differences in the chemical
shifts between the two amine groups in monomer 3. The chemical shifts of proton
H5 and carbon C1 in 3 appear further downfield compared to those of H4 and C9 due
to the deshielding effect of the electron withdrawing CF3 groups, indicating that the
amine group located far away from CF3 groups in monomer 3 has a higher electron
density and greater nucleophilic reactivity than in the opposite case. The FTIR

Figure 1.
Synthesis of the unsymmetrical diamine monomer.

Figure 2.
(a) 1H and (b) 13C NMR spectra of 2 and 3 (DMSO-d6, 25°C) [48].
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spectra of 2 and 3 are shown in Figure 3. The compound 2 gave characteristic bands
at 3499, 3401 cm�1 (NdH stretching), at 1620 cm�1 (NdH bending), and at 1333–
1533 cm�1 (NO2 asymmetric and symmetric stretching). After the reduction, the
characteristic absorptions of the nitro group disappeared, and the amino group
exhibited a pair of NdH stretching bands in the region of 3221–3486 cm�1 and an
NdH bending band at 1640 cm�1. All spectroscopic data obtained were in good
agreement with the predicted structures.

3.2 Model reaction

A model reaction was conducted to investigate the suitability of a nucleophilic
addition and cyclodehydration of the diamine monomer in the polymerization
reaction condition as well as to obtain a model compound as a reference material for
a structural analysis. The diamine monomer was reacted with two-equivalent of
phthalic anhydride in m-cresol in the presence of a catalytic amount of isoquinoline

Figure 3.
FTIR spectra of mono-nitro (2) and diamine (3) compounds [48].
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(Figure 4), and all reaction steps were examined by thin layer chromatography.
Despite the difference in the electron density between the two amines resulting
from the unsymmetrical structure, the two amines had sufficient nucleophilicity
to react with the phthalic anhydride. As a result, the corresponding diamic acid
form was generated quantitatively within 0.5 h at room temperature, and
cyclodehydration was completed within 0.5 h at 190°C. Finally, diimide model
compound (4) was obtained quantitatively. The structure of 4 was confirmed by
FTIR, 1H NMR and 13C NMR spectroscopy (Figure 5). The FTIR spectrum of
the model compound shows absorption bands at 1789, 1380, and 722 cm�1

corresponding to the C]O imide stretching, CdN imide stretching, and imide ring
deformation, respectively, without the characteristic absorptions of the amino
groups. The 1H and 13C NMR spectra also supported the formation of the diimide
model compound. Owing to the unsymmetrical presence of CF3 groups on the
product, proton and carbon peaks on both phthalimide units appeared with differ-
ent chemical shifts in the NMR spectra, in which the peaks of phthalimide
connected to a trifluoromethylated phenyl ring appeared further downfield due to
the electron-withdrawing characteristic of the CF3 groups. All spectroscopic data
obtained were in good agreement with the predicted structure.

The structure features of 4 were further detailed by single-crystal X-ray diffrac-
tion, and its X-ray quality crystals were obtained by the slow evaporation of satu-
rated tetrahydrofuran/water solution at room temperature [48]. As shown in
Figure 6, the solid-state structure of 4 also ensures the coupling reaction of 3 to the
phthalic anhydrides. It is noteworthy that the plane of a phenyl moiety is almost
orthogonally located relative to the adjacent m-(CF3)2Ph plane such that the biphe-
nyl of 4 had a rigid but twisted structure with a dihedral angle (θ) of 76°. Compared
with 2,20-bis(trifluoromethyl)benzidine (θ = 59°) [27], the benzidine unit of 4 is
more distorted. Therefore, it was expected that the obtained polyimides would
exhibit good solubility and transparency with high mechanical and thermal proper-
ties, as they have a rigid but twisted structure with bulky CF3 groups, thereby
reducing the interchain interactions.

3.3 Polymer syntheses

Based on the results of the model reactions, several polyimides (PIs) were
prepared from 3 and commercially available aromatic dianhydrides via a one-pot
solution imidization method, as shown in Figure 7. The polymerizations of diamine

Figure 4.
Model reaction of 3 with phthalic anhydride.
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monomer 3 with stoichiometric amounts of five different aromatic dianhydride
monomers, BPDA (PI-1), BTDA (PI-2), ODPA (PI-3), 6-FDA (PI-4), and PMDA
(PI-5), were carried out inm-cresol with catalytic amounts of isoquinoline at a solid
content of about 16 wt%. The ring-opening polyaddition at room temperature for

Figure 5.
(a) FTIR, (b) 1H, and (c) 13C NMR spectra of model compound (4) (NMR: DMSO-d6, 25°C) [48].
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4 h yielded poly(amic acid) solutions. After dilution of the solution to 8 wt%,
subsequent cyclodehydration by heating at 190°C with the azeotropic distillation of
chlorobenzene for 12 h gave fully imidized and homogeneous PI solutions except for
that of PMDA (PI-5). When PMDA was used as the dianhydride, the solution
became turbid with phase separation as soon as the temperature reached 190°C.
This was likely due to the most rigid chain characteristic of PI-5. At the end of the
reaction, pure solid polymers were obtained by precipitation of the corresponding
polymer solutions into ethanol.

Table 1 shows the inherent viscosities and GPC data of the PIs. The inherent
viscosities of the organosoluble PIs were in the range of 0.69–2.30 dL/g, as mea-
sured in DMAc at 30°C. Additionally, the PIs soluble in THF exhibited weight-
average molecular weights (Mws) in the range of 7.32–8.81 � 104 relative to the
polystyrene standard. The molecular weights of the PIs were high enough to obtain
flexible and tough polymer films by casting from their DMAc solutions.

The formation and the structures of the polymers were verified by elemental
analyses, FTIR, and 1H NMR spectroscopy. The elemental analysis values of the PIs
(listed in Experiments) were in good agreement with the calculated values of the
proposed structures. The typical FTIR spectrum of PI-1 is shown in Figure 8. All PIs
exhibited characteristic imide group absorptions around 1780 and 1730 (typical of
imide carbonyl asymmetrical and symmetrical stretching), 1370 (CdN stretching),
and 730 cm�1 (imide ring deformation), together with a number of strong absorp-
tion bands in the regions of 1120–1200 cm�1 due to CdF stretching. The absence of
amide and carboxyl bands indicates the virtually complete conversion of the poly
(amic acid) precursors into PIs. The 1H NMR spectra of the PIs are illustrated in
Figure 9. All proton peaks were also assigned to the predicted structures without
amide and acid protons, demonstrating the successful preparation of the PIs. Addi-
tionally, the proton peaks of the dianhydride units in the polymer chains were
divided into different chemical shifts due to the unsymmetrical structure of the
diamine unit in the PI main chains. The chemical shifts of protons closer to the CF3

Figure 6.
(a) Top view and (b) side view of displacement ellipsoid (50%) representations of 4. All hydrogen atoms are
omitted for clarity.

Figure 7.
Polymerization of 3 with aromatic dianhydrides.
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groups appeared further downfield in the NMR spectrum due to the deshielding
effect of the electron-withdrawing CF3 groups. This result was consistent with the
model reaction result.

3.4 Polymer properties

The solubility of the synthesized PIs is summarized in Table 2. The synthesized
polymers retained good solubility in organic solvents, although their rigidity
increased compared to those synthesized from 4-(40-aminophenoxy)-3,5-bis
(trifluoromethyl)aniline [40]. All PIs except for PI-5 exhibited good solubility in
N-methyl-2-pyrrolidone (NMP), N,N-dimethylacetamide (DMAc), m-cresol, and
anisole at room temperature. In addition, PI-2, PI-3, and PI-4 showed good solu-
bility in N,N-dimethylformamide, dimethyl sulfoxide, tetrahydrofuran, and ethyl
acetate at room temperature. The good solubility of the PIs is attributed not only to
the bulkiness of the two CF3 groups on the polymer chains but also to the unsym-
metrical structure resulting from the diamine monomer. Given the increased chain
flexibility, PI-3 and PI-4 were also soluble in chloroform and PI-4 was soluble even

Polymer code ηinh (dL/g)a Mw (kDa)b Mn (kDa)b Mw/Mn
b

PI-1 2.30 —c —c —c

PI-2 0.78 73.2 28.2 2.60

PI-3 0.88 83.7 33.6 2.49

PI-4 0.69 88.1 32.9 2.68

PI-5 —c —c —c —c

aMeasured in DMAc at a concentration of 0.5 g/dL at 30°C.
bDetermined by GPC in THF at 35°C (relative to polystyrene standard).
cInsoluble.

Table 1.
Inherent viscosities and elemental analyses results of the PIs.

Figure 8.
FTIR spectrum of PI-1 (film).
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in acetone at room temperature. Upon a comparison of the solubility behavior with
PIs prepared from symmetrical benzidine, 2,20-bis(trifluoromethyl)benzidine
[17–21], the PIs described here showed enhanced solubility. The improved solubility
can be attributed to the unsymmetrical and more twisted chain structure, which
inhibits close packing and reduces intermolecular interactions. Meanwhile, PI-5
showed poor solubility in the organic solvents tested, although it was partially
soluble in NMP and DMAc.

Figure 9.
1H NMR spectrum of PI-1 (DMSO-d6, 100°C);

1H NMR spectra of PI-2, PI-3, and PI-4 (DMSO-d6,
25°C).

Solvents PI-1 PI-2 PI-3 PI-4 PI-5

NMP ++ ++ ++ ++ +�
DMAc ++ ++ ++ ++ +�
m-Cresol ++ ++ ++ ++ �
Anisole ++ ++ ++ ++ �
DMF + ++ ++ ++ �
DMSO + ++ ++ ++ �
THF + ++ ++ ++ �
Ethyl acetate � ++ ++ ++ �
Acetone � +� +� ++ �
Chloroform � � ++ ++ �
ODCB + + + + �
Acetonitrile � � � � �
Toluene � � � � �
Diethyl ether � � � � �
n-Hexane � � � � �
Methanol � � � � �

Solubility: ++, soluble at room temperature; +, soluble on heating; +�, partially soluble; �, insoluble. Abbreviations:
NMP, N-methyl-2-pyrrolidone; DMAc, N,N-dimethylacetamide; DMF, N,N-dimethylformamide; DMSO, dimethyl
sulfoxide; THF, tetrahydrofuran; ODCB, 1,2-dichlorobenzene.

Table 2.
Solubility of the PIs.
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To clarify the cause of the poor solubility of PI-5, wide-angle X-ray diffraction
(WAXD) studies were performed because a crystalline domain can influence the
solubility of the polymer [31]. The X-ray diffractograms of PI-1 and PI-3 showed
broad diffraction curves without obvious peak features, indicating that the PIs have
an amorphous morphology in principle (Figure 10). On the other hand, the X-ray
diffraction curve of PI-5 exhibited a relatively unambiguous peak around 17°, which
indicated that PI-5 has a more ordered phase compared to the other soluble PIs. This
is likely related to the highly linear and rigid chain structure of PI-5, which induced
high intermolecular interactions, resulting in a decrease of the solubility.

The soluble PIs of PI-1, PI-2, PI-3, and PI-4 could be processed into flexible and
tough films conveniently by casting from the DMAc polymer solutions. While PI-2,
PI-3, and PI-4 produced transparent films, PI-1 generated a turbid film which
appeared as the solvent was evaporated. Table 3 shows the mechanical properties of
the PI films. The PI films had tensile strength levels, elongation at break values, and
a Young’s modulus in the ranges of 92–145 MPa, 26–55%, and 2.1–3.2 GPa, respec-
tively. These values were comparable to the mechanical strength of the PIs prepared
from 2,20-bis(trifluoromethyl)benzidine [22] and also indicated that the PI films are
strong enough for use.

The thermal properties of the PIs were evaluated by TGA, DSC, and TMA, and
these results are summarized in Table 4. The dynamic TGA result showed high
thermal stability in which 5% weight loss occurred for the PIs in the range of

Figure 10.
Wide-angle X-ray diffractograms of PI-1 (film), PI-3 (film), and PI-5 (powder).

Polymer code Tensile strength (MPa) Elongation at break (%) Young’s modulus (GPa)

PI-1 145 26 3.2

PI-2 125 55 2.8

PI-3 92 35 2.1

PI-4 95 39 2.6

Table 3.
Mechanical properties of the PI films.
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535–605°C in nitrogen and 523–594°C in air (Figure 11a and b, respectively). DSC
experiments were conducted at a heating rate of 10°C/min in nitrogen (Figure 11c).
A survey of all of the PIs by DSC revealed that no endothermic peaks associated
with melting were observed up to the temperature region investigated here. More-
over, while the glass-transition temperatures (Tg) of PI-2, PI-3, and PI-4 were
clearly detected, PI-1 and PI-5 did not show any discernible glass transition on the
DSC thermograms. Therefore, the Tg of PI-1 was measured by the TMA method
after preparation of the polymer film (Figure 11d). All PIs exhibited high Tg values
above 340°C which depended on the chemical structure of the aromatic
dianhydride component. PI-1 obtained from BPDA showed the highest Tg value
(366°C) among the soluble PIs owing to the absence of a flexible linkage between
the phthalimide units. Compared with PIs derived from 4-(40-aminophenoxy)-3,5-
bis(trifluoromethyl)aniline [40], the PIs based on 2,6-bis(trifluoromethyl)benzi-
dine possess higher Tg values due to their greater chain rigidity. Even when com-
pared to the PIs derived from 2,20-bis(trifluoromethyl)benzidine [18–22, 25], the
PIs synthesized here showed similar or higher Tg values. For example, the PIs based
on BPDA and 6-FDA with 2,20-bis(trifluoromethyl)benzidine exhibited Tg values of
287–373°C and 335°C, respectively. This result could be attributed to the unsym-
metrical introduction of the two CF3 groups, which further increases the rotational
barrier of the polymer chains compared to the symmetrically introduced case.

The coefficients of thermal expansion (CTEs) of the PI films were found in the
range of 6.8–63.1 ppm/°C. In general, polymers consisting of rod-like backbone
structures together with a high chain alignment toward the direction parallel to the
film plane have shown relatively low CTE values [24–28]. The relationship between
the chain rigidity/degree of in-plane orientation and the CTE value can be applied
to this study. The CTE value of the PIs decreased from 63.1 to 6.8 ppm/°C with an
increase in the chain rigidity and the degree of in-plane orientation, as identified
through the birefringence value (Table 5). Although the birefringence value of PI-1
could not be measured due to the low transparency in this case, it can be speculated
that PI-1 has the highest degree of in-plane orientation because PI-1 possesses the
most rigid chain structure among the soluble PIs [18, 19, 24, 25, 28–30]. Therefore,
PI-1 gave the lowest CTE value (6.8 ppm/°C), displaying good dimensional
stability.

Polymer
code

Td5 (°C)a Tg (°C)b CTE (ppm/°C)c Cutoff
wavelength (nm)

Transmittance
at 550 nm (%)

In N2 In air 2nd run 3rd run

PI-1 604 594 366d 6.8 6.8 398 34

PI-2 581 553 348 42.0 42.5 371 87

PI-3 589 566 345 52.6 51.9 368 89

PI-4 535 523 362 63.1 63.0 354 90

PI-5 605 569 —e —f —f —f —f

a5% weight loss temperature measured by TGA at a heating rate of 10°C/min.
bMeasured by DSC (the second scan) in N2 at a heating rate 10°C/min.
cA TMA analysis was conducted three times for each sample at a heating rate of 5°C/min in a heating range up to 300°
C. Each CTE value was calculated from the mean coefficient of the linear thermal expansion over a specific
temperature range between 50 and 250°C in the second and third runs, respectively.
dMeasured by TMA at a heating rate of 5°C/min.
eNot detected.
fNot measured.

Table 4.
Thermal and optical properties of the PIs.
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The corresponding UV-vis spectra of the PI films with a thickness of about
60–80 μm are shown in Figure 12a. While the light transparencies of PI-2, PI-3, and
PI-4were as high as 87–90% at a wavelength of 550 nm, PI-1 film exhibited extremely
low transparency of 34%. This outcome is attributable to the high degree of in-plane
orientation caused by the most rigid chain structure compared to other PIs. The cutoff
wavelengths (λo) of the PI films listed inTable 4 range from 354 to 398 nm, indicating
that they are light-colored films. The color of the PI films decreased in the following
order: PI-1 > PI-2 > PI-3 > PI-4. As shown in Figure 12b, PI-3 and PI-4 produced
fairly transparent and almost colorless PI films compared to the other PIs. The good
optical properties of PI-3 and PI-4 were attributed to the poor CTC formation ability
caused by the ether chain of ODPA and the bulky hexafluoroisopropylidene group of

Figure 11.
TGA curves of the PIs in (a) nitrogen and (b) air at a heating rate of 10°C/min, (c) DSC curves of the PIs (the
second heating run ranging from 0 to 400°C at a heating rate of 10°C/min in N2) and (d) TMA CURVE Of
PI-1 (measured at a heating rate of 5°C/min).

Polymer codea nTE
b nTM

c nav
d Δne εf d (μm)g

PI-2 1.638 1.566 1.614 0.072 2.87 4.7

PI-3 1.619 1.561 1.600 0.058 2.82 3.1

PI-4 1.548 1.506 1.534 0.042 2.59 3.8
aMeasured at a wavelength of 633 nm at room temperature.
bnTE: the in-plane refractive index.
cnTM: the out-of plane refractive index.
dnav: the average refractive index (nav = (2nTE + nTM)/3).
eΔn: birefringence (nTE � nTM).
fDielectric constant estimated from the refractive index: ε ≈ 1.10nav

2.
gFilm thickness for the refractive index measured.

Table 5.
Refractive indices of the PIs.
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6-FDA, respectively. The increased yellowness of PI-2 resulted from the presence of
the carbonyl group, attracting electrons in the dianhydride units.

The refractive indices and birefringence values of the PI-2, PI-3, and PI-4 were
measured using a prism-coupling method with a laser beam having a wavelength of
633 nm. The measurement of the PI-1 film could not be performed due to the low
transparency of the film. As shown in Table 5, the PIs showed low refractive indices
(nav) in the range of 1.534–1.614 due to the incorporation effect of the two CF3
groups, which led to low molecular polarizability and density levels. The birefrin-
gence (Δn) values of the PIs were determined as the difference between nTE and
nTM and were in the range of 0.042–0.072. The birefringence values among the PIs
tested increased with an increase of the chain rigidity because the high chain
rigidity led to high chain alignment in the direction parallel to the film plane
[28–30]. PI-4 showed the lowest birefringence value, indicating that the linear
polarizability and segmental orientation of PI-4 are the most isotropic among the
PIs. The dielectric constant (ε) can be estimated from the refractive index n
according to Maxwell’s equation, ε ≈ n2. The ε value at 1 MHz was determined to be
ε ≈ 1.10 nav

2, including an additional contribution of approximately 10% due to
infrared absorption [49]. The ε values of the PI films estimated from the average
refractive indices ranged from 2.59 to 2.87. The low dielectric constants are also
attributed to the existence of two CF3 groups in the main chain.

In our previous work, the thermo-responsive behavior of PIs containing CF3
groups was observed in acetyl-containing solvents [41]. Likewise, PI-2 and PI-3 also
showed LCST behavior in the solvents used here. The transmittance of the ethyl
acetate solutions of PI-2 and PI-3 was followed as a function of the temperature at a
heating/cooling rate of 0.5°C/min. With an increase of the solution temperature, the
solutions clearly turned turbid and opaque, indicating a phase transition. The
clouding point temperatures (Tcp) of the PI-2 and PI-3 solutions were 44 and 48°C,
respectively, at a concentration of 0.1 wt%, and the Tcp values decreased with an
increase of the polymer concentrations. Compared to the polymers synthesized from
4-(40-aminophenoxy)-3,5-bis(trifluoromethyl) aniline, PI-2 and PI-3 have lower Tcp

values, presumably due to lower solubility originating from the increased chain
rigidity. The solutions became clear and transparent again when they were cooled.

4. Conclusion

New fluorinated PIs were prepared from the benzidine monomer containing two
trifluoromethyl groups on one aromatic ring, 2,6-bis(trifluoromethyl) benzidine.

Figure 12.
(a) Transmittance UV-vis spectra and (b) photographs of the PI films.
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Due to the rigid and twisted structure of the diamine monomer, the resulting PIs
showed good solubility together with high thermal stability and excellent mechan-
ical properties. The PIs also possessed low refractive indices and low dielectric
constants due to the high fluorine contents. These PIs can be considered as promis-
ing processable high-temperature materials that can find applications in flexible
electronics including substrates of flexible and rollable AMOLED displays and low-
k dielectrics for microelectronics.
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Chapter 3

Design, Fabrication, and
Application of Colorless Polyimide
Film for Transparent and Flexible
Electronics
Wenlin Chen, Hui Ding, Jianshu Yu, Ying Zhang, Xuejiao Sun,
Bin Chen, Yanya Jin, Rao Fu and Zhongfu Zhou

Abstract

Driven by the emerging development of transparent and flexible electronics,
colorless polyimide (CPI) has been attracting much attention in recent years. As a key
component for next generation electronics, CPI film will be well focused both on
research and commercialization. In this chapter, we would like to provide a review
and outlook to the field for the reference of scientists, engineers, and entrepreneurs.
Topics being addressed are formulation/design, synthesis of the resin, fabrication,
and characterization of the CPI films, as well as trends of the film application for the
next generation of electronics. Attention will also be given to the current stage of
manufacturing of CPI monomers and resin, industrial production of CPI films, etc.

Keywords: colorless polyimide, design, fabrication, electronics

1. Introduction

Polyimides (PIs) are one of the most important classes of polymers with high
mechanical properties, thermal stability, high temperature resistance, good chemical
resistance, and dielectric features [1, 2]. Since their mass production in 1955 [3], they
enjoy a superior role in the application of electronics, aerospace, automobile, and
military fields for their excellent combined properties under harsh environment
[4, 5]. With the rapid development of electronic industry, PI film has even become
indispensable in microelectronic and optoelectronic engineering due to their high
demand of lightweight, durable, and reliable materials [6]. PI films are used in image
display devices, optical films, organic photovoltaics, flexible printing circuit boards,
and other optoelectronic devices [7]. However, conventional colored PI films which
have lower optical transmittance can’t fulfill the need of optical transparency in
electronic devices, and a reliable colorless polyimide (CPI) is highly desired.

The lower optical transmittance of conventional PI is caused by the formation of
intra- and intermolecular charge transfer complex (CTC) originated from their
conjugated structures [8, 9]. Therefore, the basic principle to increase the transpar-
ency of CPI is to avoid or reduce the conjugated units and suppress the CTC. To
achieve this, two manners of molecular design are adopted in most of the CPI
studies. One is to choose diamines with lower electron-donating capability or
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dianhydrides with lower electron-accepting capability to decrease the CTC induced
by them [9]. For example, 2,20-bis(trifluoromethyl)-4,40-diaminobiphenyl (TFMB)
[10], which is used widely as the monomer of CPI material, has weaker electron-
donating property than many diamines like p-phenylenediamine (PPD), 4,40-
oxydianiline (ODA) and will show lighter color if copolymerizing with the same
dianhydride [9]. The similar phenomenon will happen to 3,30,4,40-biphenyl
tetracarboxylic diandhydride (BPDA) with weaker electron-accepting property
compared with pyromellitic dianhydride (PMDA) [9]. The other manner is to break
the chemical regularity of the copolymer, like inducing the alicyclic structural unit
[11, 12]. But in most cases, these two manners are combined together to improve
the transparency of CPI. To be concrete, many CPIs are synthesized by introducing
fluorine atoms, cyclic side groups, bulky substituents, flexible linkages, and so on
[13–18].

Besides the monomers, the film preparation method can also influence the color of
PI films by heat or solvents [15]. There are two conventional ways to prepare CPI
films: PAA route and organo-soluble PI route. As heat treatment in air will cause
coloration, it is suggested that the film preparation should be under inert gas atmo-
sphere or in vacuum by PAA route, however, the high temperature about 300–350°C
will still affect the transparency. If the CPIs are soluble, the solvent method will be a
better way to prepare CPI compared to PAA route. But, it needs to be concerned that
organo-soluble PIs may have relatively low heat and solvent resistance.

Since the discovery of CPI, quantities of studies have been done. In terms of
patent layout, patent applications in the CPI field began in the 1970s and reached a
peak in 2011. Among them, the number of patent applications in Japan ranks first,
accounting for nearly half of the total number of applications.

After more than 30 years of development, the industrial production of CPI has
been realized in recent years. While PI production has high technical barriers,
there are only several main suppliers, including DuPont, Kaneka, Ube Industries,
South Korea SKC, and Taimide, which occupy more than 90% of the global market.
The number of CPI suppliers is even less, such as Kolon Industry, SKC, and
Sumitomo Chemical. Sumitomo Chemical took up more than 95% of the global CPI
films market in 2018. The main suppliers of CPI and their products are listed in
Table 1 [19].

Although CPI has been used in applications, like OLED and photovoltaics, there
are still many aspects to be improved. For designing molecular structure, high-
temperature stability, optical transparency, and other properties need to be bal-
anced, as in many cases these properties contradict with each other. For PI film
production, the major challenge is the high level of technical capabilities is needed
to improve the yield. Other properties like water and gas properties need to be
enhanced too.

Company Product name Transmission Tg (°C)

MitsubishiGas Chemical Neopulim® 89–90 300–489

DuPont-Toray Colorless Kapton® 87 >300

Kolon Industry — >89 330–350

SKC — 89 —

Sumitomo Chemical — >90 —

HiPolyking — >90 >330

Table 1.
The main suppliers of CPI and their products.
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2. The formulation of CPI

Conventional aromatic PIs showing deep color by absorbing visible light
intensely is not applicable in microelectronic and optoelectronic engineering. This is
well known due to the formation of charge transfer complexes (CTCs) from the
interactions between electron-donating diamine and electron-accepting
dianhydride. Recent development shows that the suppression of CTC can be
achieved by incorporating structures such as fluorinated group, alicyclic monomers,
noncoplanar structure, meta-substitute structure, or sulpone into the main chain of
PIs thus increasing the transparency of PI films [20]. According to the composition
of main chain, colorless polyimides (CPIs) will be classified into fluorinated CPIs,
alicyclic CPIs, noncoplanar CPIs, and other CPIs. The key monomers are listed
below in tables to show the studies clearly (Tables 2–6).

2.1 Fluorinated CPIs

Examples of aromatic CPIs are largely dominated by fluorinated ones, as incor-
porating the charge negative fluorine atoms into the electron-donating diamine will
suppress the formation of CTC and therefore increase the transparency of PI films.
Furthermore, due to the larger volume of fluorine atoms, the free volume between
the molecules are also increased which improves the dielectric properties of PIs.
Despite the improvement of both optical and dielectric properties, the incorpora-
tion of fluorine atoms might lead to the lowering of mechanical strength and glass
transition temperature (Tg).

2.2 Alicyclic CPIs

A more effective approach to synthesize CPIs is to use nonaromatic monomers
either in diamines or dianhydrides. An alicyclic compound is an organic compound
that contains one or more all-carbon rings, which may be either saturated or unsat-
urated but do not have aromatic character. By adopting the alicyclic moieties in the
main chain of PI, the probability of undergoing inter- or intramolecular charge
transfer (CT) is lower, which leads to an improvement in the optical properties of
PIs. However, the incorporation of alicyclic unit generally reduces thermal stability
and mechanical strength and both are crucial factors for PI. Therefore, it’s impor-
tant to consider the proportion of alicyclic structure without too much compromise
on the thermal and mechanical properties.

2.3 Noncoplanar colorless PIs

Incorporation of noncoplanar structures into polymer chains is considered as
one of the effective ways to improve the optical transparency of PIs without too
much compromise of their thermal stability and mechanical strength. The
nonplanar structure reduces the strong interaction and tight stacking of the molec-
ular chains preventing the forming of CTC.

2.4 Other colorless PIs

Besides the monomers listed, there are also other structures that can be intro-
duced into the PIs to improve the optical transparency of PI films. For instance,
sulfonyl-substituted PIs exhibit good combined quality, including good thermal
stability and high optical transparency within the visible light region. This is due to
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Monomer Chemical structure Ref.

1,3-Bis(4-amino-
2-trifluoromethyl-
phenoxy)benzene

[21]

2,2-Bis[4-(2-trifluoro-
methyl-4-
aminophenoxy)
phenyl]
hexafluoropropane

[22]

2,20-Bis
(trifluoromethyl)-4,40-
diaminobiphenyl
(TFMB)

[23, 24]

4,40-Bis(4-amino-2-
trifluoromethylphenoxy)
biphenyl

[25]

4,40-((Perfluoro-[1,10-
biphenyl]-4,40-diyl)bis
(oxy))dianiline

[26]

4,40-((Perfluoro-[1,10-
biphenyl]-4,40-diyl)bis
(oxy))bis(2,6-
dimethylaniline)

[26]

1,4-Bis(4-amino-2-
trifluoromethylphenoxy)
benzene

[25]

4,40-Bis(4-amino-2-
trifluoromethylphenoxy)
diphenyl ether

[27]
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the existence of charge-accepting sulfur atoms in sulfonyl suppressing the forma-
tion of CTC. Another example is incorporating meta-substituted diamine to
increase the free volume which lowers the interaction between molecules and
effectively reduces the CTC. Moreover, hyperbranched polymer is considered to
have low probability of forming CTC due to their asymmetrical spherical loose
structures with defect (Table 6).

3. CPI film production

In general, polymer film manufacturing techniques include several types, such
as melting extrusion, casting, and blowing. There are many factors that affect the
choice of polymer film production process, including physical and chemical prop-
erties, color and appearance requirements of polymer resins, and the existing capa-
bilities of film production equipment. For crystalline polymer resins with clear
melting points, such as PET and PEN, non-solvent melt extrusion technology is
mainly used. For amorphous polymers with low to medium melting points, such as

Monomer Chemical structure Ref.

2,4-Diamino-1-
(1H,1H,2H,2H-
perfluorodecathio)
benzene

[28]

2,20-Bis((1H,1H,2H,2H-
perfluorodecyl)thio)
[1,1’-biphenyl]4,40-
diamine

[28]

3,5-Di(2-trifluoromethyl-
4-amino)-
1-trifluoromethyl-
tuluene

[29]

2,2-Bis(3,4-
dicarboxyphenyl)
hexafluoropropane
dianhydride (6FDA)

[23, 27,
28, 30–
32]

Table 2.
Key monomers for fluorinated CPIs.
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Monomer Chemical structure Ref.

4,40-Methylenebis
(cyclohexylamine) (MBCHA)

[11]

4,40-Methylenebis(2-
methylcyclohexylamine)

[33]

1,4-Cyclohexanediamine
(CHDA)

[11]

Cyclobutane tetracarboxylic
dianhydride (CBDA)

[12, 25,
34]

Cyclopentane tetracarboxylic
dianhydride (CPTA)

[25]

1,2,4,5-
Cyclohexanetetracarboxylic
dianhydride

[25, 35]

Cyclohexanetricarboxylic–
based dianhydrides

[11]
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PC and PES, melt extrusion and solution casting are used. As PIs are amorphous
polymers with high melting points due to their hard molecular skeleton, the solvent
casting process [47] (as shown in Figure 1) is usually the best choice, especially in
the laboratory.

The solvent casting process to prepare colorless polyimide film in the laboratory
can be realized by two conventional film-forming routes, PAA and organo-soluble
PI route [48–54]. Similar to the preparation of ordinary PI film, the PAA method to
produce CPI just needs to add salivation, drying, stretching, and other steps in the
middle of the two steps of PI polymer production, synthesis of polyamide acid, and
imidization. In detail, the monomers of dianhydride and diamine are first polymer-
ized in DMAc or NMP to form a PAA solution. A PAA film is then formed by
casting the solution on a clean substrate. Finally, an imidization treatment is
performed to produce a colorless PI film. Because PAA membranes are prone to

Monomer Chemical structure Ref.

1,4:3,6-Dianhydro-2,5-di-O-(4-
aminophenyl)-D-mannitol

[36]

1,4:3,6-Dianhydro-2,5-di-O-
(3,4-dicarboxyphenyl)-D-
mannitol dianhydride

[36]

5,50-(1,1,3,3-Tetramethyl-1,3-
disiloxanediyl) bisnorbornane-
2,3-dicarboxylic anhydride

[27]

3,4-Dicarboxy-1,2,3,4-
tetrahydro-1-naphthalene
succinic dianhydride (TDA)

[37, 38]

Table 3.
Key monomers for Alicyclic CPIs.
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Monomer Chemical structure Ref.

3,30,5,50-Tetramethyl-
4,40-diaminodiphenyl-
butyltoluene (BADP)

[39]

3,30-Ditertbutyl-4,40-
diaminodiphenyl-4″-
tertbutylphenylmethane

[40]

4,40-(Naphthalen-1-
ylmethylene)dianiline

[30]

4-[1-(4-Aminophenyl)
cyclohexyl]aniline

[24]

2,20-Bis(4-chlorothiophenyl)
benzidine

[41]

Table 4.
Key monomers with large substituent group or side group.
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thermal decomposition or hydrolysis, freshly synthesized PAA is usually used to
prepare PI films. High-temperature curing can cause obvious coloring, so the prep-
aration of CPI film should be carried out under vacuum or inert atmosphere. The
curing process includes both solvent evaporation and dehydration imidization. In

Monomer Chemical structure Ref.

2,3,30,4’-Biphenyl
tetracarboxylic dianhydride
(a-BPDA)

[25]

4,40-(4,40-
Isopropylidenediphenoxy)bis
(phthalicanhydride)
(BPADA)

[17, 42]

2,20-Bis[4-(5-amino-2-
pyridinoxy)phenyl]-propane

[43]

1,3-Bis(3-aminophenoxy)
benzene

[42]

2,20-Bis(5-amino-2-
pyridinoxy)biphenyl

[31]

4,40-Bis(5-amino-2-
pyridinoxy)biphenyl

[31]

Table 5.
Key monomers in bended main chain of CPIs.
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most cases, the temperature of the imidization process needs to reach 300–350°C
[55], under which, even in a vacuum or inert atmosphere, the PI system is prone to
discoloration. At the same time, microdefects such as pinhole cracks are also prone
to occur during the dehydration process. Therefore, in the preparation process of
the colorless PI film, the PAA route is rarely used. The organo-soluble PI solution is
only applicable to polyimides that can be dissolved in organic solvents. This method
uses a stable high-solid polyimide solution to form a film on a clean substrate.

Monomer Chemical structure Ref.

4,4-Bis(4-amino-
phenylenesulfany
l)diphenylsulfone

[44]

m-
Phenylenediamine

[45]

Bisphenol A bis
(3,5-
diaminobenzoate)

[46]

Table 6.
Sulfonyl-substituted, meta-substituted, and hyperbranched monomers.

Figure 1.
Production of solvent cast films, adopted from [47].
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Because the curing process of the pre-iminated PI solution is almost a pure physical
process of solvent evaporation, the curing process can be realized under a lower
temperature (≤250°C) which will not cause coloring. CPI films prepared this way
will have a good surface smoothness and better transparency.

The excellent performance of PI film is related to its heteroaryl molecular struc-
ture as well as their unique production technology. Compared with laboratory
preparation, industrial production also use the solvent casting process, however, the
biggest difference between them is the stretching process. There are two stretching
methods, uniaxial stretching (machine direction, MD) and biaxial stretching
(transverse direction, TD, and mechanical direction, MD) technologies, as shown in
Figure 2 [56]. Biaxial stretching is always used to ensure the evenness of the film.
The gelation of the PAA membrane used for stretching can be achieved by partial
evaporation of the solvent, or by chemical treatment of the dehydrating agent
(acetic anhydride, dicyclohexylcarbodiimide, etc.) and its catalyst (pyridine). Dur-
ing the stretching process, whether it is uniaxial stretching or biaxial stretching, the
gel-like PAA film will lead to a complete orientation and stretching of the PI
molecular chain. From the perspective of polymer physics, stretching will greatly
improve the mechanical properties of the resulting PI film. CPI films produced by
biaxial stretching have good optical transparency, heat resistance, and reduced
dimensional change.

In production, the monomer of polyimide is firstly sent to a polymerization
reactor for polycondensation to obtain PAA solution. The solution is degassed and
casted to a continuous film on a heated, rotating steel drum forming a self-
supporting PAA film. The gel-like PAA film will be peeled off from the metal drum
and stretched in the machine direction (MD) and lateral direction, which is
performed at a temperature of about 350°C to promote the imidization of PAA. This
method above has been widely used in the preparation of polyimide films industri-
ally. Whereas, due to the high temperature (350°C) of full imidization of PAA, the
above-mentioned manufacturing process may be difficult for producing colorless
polyimide film. Therefore, a novel manufacturing technology has been developed in
recent years. It uses soluble PI resin as the starting material instead of PAA. The key
elements of this procedure include the following: (1) the PI resin must be soluble in
volatile solvents; (2) the formed PI solution should be stable with a reasonable solids

Figure 2.
Production process of polyimide films, adopted from [56].
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content and viscosity; and (3) it must be able to form a uniform film and be
releasable from the casting support. Mitsubishi Gas Chemical Company introduced
a method [57, 58] for producing colorless and transparent PI films using this tech-
nology. The starting soluble PI resin was prepared from 1,2,4,5-cyclohexanetetra-
carboxylic dianhydride and aromatic diamine by one-step high-temperature
polycondensation. The PI film was then stretched 1.01 times in the machine direc-
tion and 1.03 times in the transverse direction under the condition of nitrogen at a
temperature of 250°C and dried. The obtained PI film showed good properties, with
a thickness of is 200 mm, a light transmittance 89.8%, and a yellow index 1.9.

The major challenge of polyimide film market is the high level of technical
capabilities involved in the film processing. Besides, the strong heat and chemical
resistance of polyimide lead to processing difficulties, such as lack of solubility. This
makes it difficult to integrate other materials into the polymer matrix. At the same
time, there are some other key issues in processing of CPI film, high unevenness,
the thickness decline caused by high stress (50–60% of the deposited value), and
poor adhesion.

4. Challenges and solutions

4.1 Challenges of CPI for TaFEs

Targeting the applications of transparent and flexible electronics, it is of priority
that CPI film owns satisfied optical, mechanical, thermal, chemical, optical, and
electrical properties. For the key applications, the specifications of such properties
are listed in Table 1. Like other materials, usually, the physical and chemical
properties of CPI film are not independent; it is always the case that we need to
adjust the composition and structure of the CPI film to balance the needs of the
properties. However, there are major challenges we have to take, with the consid-
eration of balancing the overall performance of the CPI film (Table 7).

4.2 Balance of the desired properties of CPI film for TaFE applications

Extensive studies have been made to improve the transmittance of CPI film. The
major strategies to improve the transmission properties of light with the balance of
other properties are by employing fluorine containing monomers [63–67], aliphatic
monomers [68, 69], non-coplanar monomers [70, 71], adjusting conjugated

Specification Parameters Desired figures Reference

Transmittance Transmission of visible light
around 400–700 nm (T)

�90% [59]

Thermal
expansion

Coefficient of linear thermal
expansion (CTE)

<30 ppm/°C (as low as the
inorganic components)

SiNx gas barrier
(5–15 ppm/°C) [60]

Oxygen
permeability

Water vapor transmission
rate (WVTR)

<10�5 cm3/m2 day at 23°C
(OLED)

[61]

Water
permeability

Oxygen transmission rate
(OTR)

<10�6 g/m2 day at 23°C (OLED) [61]

Thermal
stability

Tg �300°C (process temperature of
α-Si TFTs is below 300°C)

[62]

Table 7.
The specifications of CPI film for transparent and flexible electronics.
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electrochromophores which limit the formation of charge transfer complex [72].
The influence of these monomer molecular changes on the transmittance and ther-
mal stability can be observed more clearly in PI with a similar structural unit [11]
(Figure 3). As shown in Figure 3, introducing fluorine atoms, alicyclic moieties,
and flexible main chain is a very effective way to improve the transparency of CPI.
The transparency will grow with more of these groups added into the molecule.
However, the thermal stability decreases fast with the increase of the transparency
of CPI, which is what the researchers have tried for years to overcome. With the
deepening of the research of CPI, a unique kind of monomers-isomerized mono-
mers have drawn people’s attention. Figure 4 has shown that changing a CPI
monomer to an isomerized one will enhance not only the transparency of the CPI
but also the thermal property, which is different from other CPI monomers [73].
This means this kind of noncoplanar structure have no or less influence in the
rigidity, and therefore will not sacrifice the mechanical and thermal properties. So it
is suggested that using the noncoplanar in the main chain as well as bringing in
fluorine atoms, alicyclic groups in the molecular design may be a very useful way to
achieve a better comprehensive performance under the synergistic action of all the
factors.

As discussed in the previous section, it is very promising to obtain CPI with good
mechanical and thermal properties by using noncoplanar structure cooperating
with fluorine and alicyclic groups. But these factors are associated with negative
effects to the applications as gas barriers and transparent packaging materials. They
will lead to worse water/oxygen permeability, even though the water/oxygen per-
meability is always a pain point of CPI. The usual methods to solve this problem is
coating barriers like SiNxOy [74] and Al2O3 [75] or using composite fillers like
graphene [75], montmorillonite [76], and other nanosheet fillers. Nanocomposite
filler method is more practical in industrial production and can reduce the thermal
expansion of CPI while keeping its transparency and thermal properties, so it is a
more promising way in the future.

Figure 3.
The molecules of CPIs with a similar structure but different transmittance and thermal stability, which suggest
the influence of the main chain, fluorine atoms, and alicyclic groups.

57

Design, Fabrication, and Application of Colorless Polyimide Film for Transparent and Flexible…
DOI: http://dx.doi.org/10.5772/intechopen.93428



In general, it is thought prospective to produce CPI with high comprehensive
performance by using nanosheets as the filler to modify CPI with good thermal and
mechanical properties. This kind of PI can be prepared by using the noncoplanar in
the main chain as well as bringing in fluorine atoms, alicyclic groups.

Figure 4.
The molecules of CPIs with isomeric structures have different transmittance and thermal stability.
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Charging and Discharging 
Mechanism of Polyimide under 
Electron Irradiation and High 
Voltage
Xiaoping Wang, Daomin Min and Shengtao Li

Abstract

Polyimide has been widely used as insulating and structural materials in space-
craft due to its excellent electrical, thermal and mechanical properties. However, 
its charging and discharging problem in harsh space environment has been a major 
limit to the development of high-voltage and high-power spacecraft. In this chapter, 
charging and discharging phenomena of dielectric materials under electron irra-
diation environment were presented. First, the electrical properties of polyimide 
consisting of dielectric properties, trap properties, conductivity and electrical 
breakdown properties were investigated, which have great influences on charging 
and discharging characteristics. Then, a surface charging model under relatively 
low-energy electron irradiation was proposed for polyimide, based on the synergistic 
effects of electron movement above surface and charge transport in surface layer. The 
DC surface flashover of polyimide under electron irradiation with different energies, 
fluxes and incident angles was investigated. Furthermore, a deep charging model 
under high-energy electron irradiation with the Fluence Model for Internal Charging 
(FLUMIC) spectrum was established. The effects of electron flux enhancement and 
operating voltage on charging characteristics were discussed in different grounding 
modes. It indicates that the processes of discharging under electron irradiation have a 
close link with the charge transport characteristics of polyimide.

Keywords: charging and discharging, charge transport, electron irradiation,  
high voltage, polyimide

1. Introduction

The charging and discharging of dielectric materials under space radiation 
environment are the main factors that cause anomalies in a spacecraft. Koons et al. 
counted the abnormal failures of the spacecraft, suggesting that 54.2% from the 
total 299 cases were caused by the charging and discharging of dielectric materials 
[1]. A spacecraft is inevitably exposed to space plasma, energetic particles radia-
tion, extreme temperature, cosmic rays, etc. [2]. A situation has to be taken into 
consideration that partial accumulation of space charges and high electric field occur 
when energetic electrons penetrate through the aluminum shield and deposit in the 
surface or deep layer of insulating materials. When the maximum electric field of 
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insulating material exceeds a certain threshold, electrostatic discharge (ESD) will 
occur. Consequently, it will lead to the deterioration of insulating materials and even 
the failure of the whole electronic equipment. With the rapid increasing interest on 
space exploration, several countries are making efforts to build a Space Solar Power 
Station (SSPS) with megawatts or even gigawatts [3]. The reliability of the spacecraft 
becomes a very important problem. Polyimide is widely used in spacecraft system 
because of its good insulating, mechanical and antiaging properties [4]. Therefore, 
the charging and discharging mechanism of polyimide under electron irradiation 
and high voltage is a research focus in the field of spacecraft reliability.

Surface dielectric charging and deep dielectric charging are two kinds of dielec-
tric charging, which are divided by the incident electron energy range and discharge 
position [2]. Surface dielectric charging refers to the deposition of low-energy 
electrons (e.g., 1–50 keV) on the dielectric surface and the induction of surface 
potential, while the deep dielectric charging refers to the penetration of high-
energy electrons (e.g., 0.1–10 MeV) from the dielectric surface, deposition within 
the insulating materials and establishment of internal electric field [5]. Modeling 
the dielectric charging based on secondary electron yield, surface potential decay 
processes and characteristic parameters is the research focus in surface dielectric 
charging [2, 6–10]. While for deep dielectric charging, the charge transport proper-
ties of insulating materials irradiated by energetic electrons are key issues, and 
several models have been proposed to investigate it [11–14]. There are two types of 
typical models: the radiation-induced conductivity (RIC) model and the charge 
generation-recombination (GR) model. RIC model describes the transport pro-
cesses of electrons in insulating materials under the irradiation of electron beam. 
It is a macroscopic model in which the parameters are given by the measurement 
of radiation-induced conductivity [14]. GR model describes the generation and 
recombination processes of electron-hole pairs in insulating materials. It is a micro-
scopic model in which some specific parameters are difficult to be determined.

Charge behavior on the dielectric surface layer or the deep layer under electron 
irradiation has an important influence on discharging properties. As to DC surface 
flashover, it implies that the essence of surface flashover is the charge transport 
behavior across gas-solid interface under high electric field, which involves charge 
trapping and de-trapping properties in dielectric surface layer, secondary electron 
emission properties, impact ionization of gas molecules and electron multiplica-
tion properties in gaseous phase (or desorbed gas). The development process and 
formation of surface flashover is a coupling effect of the above factors. The vacuum 
surface flashover voltage of dielectric material irradiated by electrons is much lower 
than that in vacuum or gaseous atmosphere. At present, several theories have been 
postulated to explain the surface flashover phenomenon in vacuum, among which 
the theory of secondary electron emission avalanche (SEEA) is dominant [15]. The 
flashover of insulating material in vacuum under electron beam irradiation is also 
closely related to the field-emission electrons emitted from the cathode-dielectric-
vacuum triple junction (CTJ) and secondary electrons (SE) [16]. A large number 
of experimental studies emphasize the effects of deposited charges in the dielectric 
surface layer, while few data can be obtained about the effect of kinetic electron from 
the electron beam on surface flashover [17]. On the aspect of dc electrical breakdown 
mechanism of polyimide, it has been proven that under the action of a high electric 
field, charges are injected into the insulating materials, and space charges are accu-
mulated [18–20]. The electric field distortion appears inside the insulating materials 
caused by the accumulated space charges. When the maximum local electric field 
exceeds a threshold value, the electrical breakdown will occur [19, 21].

In this chapter, the charging and discharging phenomena of dielectric materials 
under electron irradiation environment were introduced. The electrical properties 
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of polyimide were investigated. The surface and deep charging process and model 
of polyimide radiated by electrons were analyzed. Then, the experimental results of 
DC surface flashover during electron irradiation with different energies, fluxes and 
incident angles were investigated.

2.  Charging and discharging phenomena of dielectric materials under 
electron irradiation environment

2.1 Charging and discharging phenomena and hazards

In the field of spacecraft charging and discharging, the potential of the spacecraft is 
relative to the zero potential of the space plasma. Although the density of space plasma 
is fluctuating, it is much faster than the change of the spacecraft potential on the time 
scale. The spacecraft potential is floating. The spacecraft operates in a harsh space envi-
ronment, such as plasma, high-energy electrons, atomic oxygen, etc., and charging 
and discharging phenomena will occur in the surface or deep layer of the spacecraft 
[2]. Figure 1 depicts a schematic diagram of the spacecraft floating potential.

When the energy of the incident particles is low, the charge exchange process 
will appear between spacecraft and the surrounding environment. Environmental 
electrons or ions interacting with target atoms on the surface of the dielectric mate-
rial will generate the secondary electrons and backscattered electrons. In addition, 
when the spacecraft is operating on the sunny side, photoelectrons are generated on 
the surface of the dielectric material. The combined effects of the above processes 
will cause charging and discharging phenomena on the surface of the dielectric 
materials. For different dielectric materials, due to their different secondary 
electron emission coefficients, backscattering coefficients and photoelectron coef-
ficients, the surface charge exchange processes are different. Consequently, differ-
ent surface potentials appear on the dielectric materials, which will cause unequal 
charge between the dielectric materials [2].

Figure 1. 
The schematic diagram of spacecraft floating potential in space plasma environment [2].
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The deep dielectric charging refers to the process that high-energy electrons 
(MeV) penetrate through the dielectric surface and deposit within the insulating 
materials [22]. Incident electrons penetrate into insulating materials, and their energy 
will gradually transfer into target atoms, owing to the physical mechanism of elastic 
scattering or inelastic scattering. For high-resistivity polymer, the intrinsic conduc-
tivity is very low. High-energy electrons penetrate the surface and deposit inside the 
material. These charges are called deposited electrons. Under the radiation of the 
space electron spectrum, electrons of different energies have different penetration 
distances inside the material, resulting in the formation of deposited charge layers of 
different depths. The charge accumulation will cause distortion of the electric field, 
which is likely to cause internal electrical breakdown of the dielectric materials [23].

From 1980 to 2005, the statistics of 156 anomalies of orbiting spacecraft showed 
that 45% of spacecraft anomalies were caused by the failure of the power system 
of the spacecraft [24], among which the insulating materials and structure of solar 
array and its drive assembly are most likely to discharge. The spacecraft power sys-
tem fails once the solar array or its drive assembly fails. Even worse, the spacecraft 
will be out of control. A Nigerian satellite launched by China in November 2008 
completely failed due to the failure of solar array drive assembly [25]. Especially 
with the increase of spacecraft operating voltage and power requirements, the 
coupling effect of high operating voltage and space radiation environment will pose 
a greater threat to the insulation system of spacecraft.

2.2 Research process of dielectric charging and discharging

As early as the 1920s, Mott-Smith and Langmuir began the initial theoretical explo-
ration of the electrostatic charging of isolated bodies in space [2]. With the launch 
of the first artificial satellite in 1957, humankind entered the era of space, and the 
related issues of space dielectric charging have gradually attracted researchers’ atten-
tion. Before 1980, it was believed that the charging and discharging of the dielectric 
surface was the main cause of spacecraft anomalies, and related research focused on 
the surface charging phenomenon [26]. With the occurrence of abnormal spacecraft 
failures and the launch of CRRES satellite (Combined Release and Radiation Effects 
Satellite) in the 1990s, deep dielectric charging of the spacecraft came into focus and 
research on spacecraft charging entered a new era [27]. H.B. Garrett published two 
review papers in 1981 and 2000 [26, 27], which summarized the research progress of 
spacecraft surface charging before 1980 and research development of surface charging 
and deep charging between 1980 and 2000. Lai published a review paper in 2003 [28], 
which summarized the suppression methods of dielectric charging.

Since the twenty-first century, great achievements have been made in space 
environment exploration, basic theoretical research and ground simulation experi-
ments. However, the charging and discharging of dielectric materials is still the 
main factor threatening the safe operation of spacecraft. Especially with the devel-
opment of high-voltage and high-power spacecraft, the field of dielectric charging 
and discharging is facing new challenges.

3. Electrical properties of polyimide

3.1 Dielectric properties

The complex permittivity of polyimide with thickness of 100 μm was mea-
sured at room temperature using a broadband dielectric spectrometer (Concept 
80, Novocontrol Technologies, Germany). The applied voltage was 1 Vrms and the 
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frequency was from 10−2–105 Hz. Figure 2 depicts the real and imaginary parts of 
the relative complex permittivity, obtained from polyimide sample at room tem-
perature, which is a function of frequency in semi-logarithmic coordinates [29]. 
Figure 2 shows that the real part of relative complex permittivity increases slightly 
as frequency decreases. In the frequency range of 10−2–105 Hz, the imaginary part 
is lower than 3.6 × 10−3. The small dielectric relaxation strength of the relaxation 
peak around 30 Hz reveals that the dipolar moment is very low. The dielectric loss, 
ε"/ε', is very low, which indicates that in the dc electrical breakdown experiments 
at room temperature, the Joule heating generated by the dipole orientation is 
negligible [29].

3.2 Bulk and surface trap properties

Thermally stimulated depolarization current (TSDC, Concept 90, Novocontrol 
technologies, Germany) was carried out on a polyimide sample with a thickness of 
100 μm to investigate its trap distribution characteristics. Figure 3 shows the results 
of TSDC experiments for polyimide [29]. Thermally stimulated relaxation processes 
can be observed in the temperature range of 10–170°C. One obvious relaxation 
peak is around 69°C, while another relaxation peak may be located near 135°C. The 
experimental results were analyzed using the classical TSDC theory to reveal the 
thermally stimulated processes and their activation energies [30].

The TSDC experimental results were fitted and four relaxation peak com-
ponents could be obtained. As shown in Figure 3, it can be seen that the fitting 
results are in good agreement with the experiments. We can determine the peak 
temperature, activation energy and relaxation time for the four relaxation processes 
listed in Table 1. The activation energies of four peaks at 69, 87, 109 and 135.5° are 
0.60, 0.65, 0.70 and 0.83 eV, respectively. As the temperature at the relaxation peak 
increases, the corresponding activation energy increases. The three peaks at 69, 
87 and 109°C may correspond to shallow traps that assist carriers hopping process 
in polyimide, while the peak at 135.5°C may correspond to deep traps that can 
capture mobile carriers and accumulate space charges. The energy of deep traps is 

Figure 2. 
The real and imaginary parts of relative complex permittivity, ε' and ε", of polyimide as a function of 
frequency at room temperature [29].
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consistent with the results obtained from the Arrhenius relation between conduc-
tivity and temperature [4].

Surface potential decay was carried out on a polyimide sample under electron 
radiation to investigate its surface trap distribution characteristics. In this experi-
ment, charging process takes a very short time, about 25 s, as the electron flux 
density was so high. We set that with a filament emission current of 10 μA and a 
radiation distance of 300 mm, and the charging process was completed within 30 s. 
After radiating for 30 s, we turned off the electron gun and then moved the probe 
over the sample to measure the surface potential. Figure 4(a) gives the surface 
potential decay curves of polyimide under electron radiation of different energy 
levels (3–11 keV) [31].

It can be seen that the initial surface potential gradually increases with the 
increase of electron energy. This indicates that the charging process and properties 
are different under electron radiation of different energy levels. Hence, the dielec-
tric properties during the charging process can be investigated by analyzing the 
initial surface potential of the dielectric after the charging process.

The surface trap distribution of polyimide can be obtained from surface 
potential decay model, as shown in Figure 4(b) [31]. There are two types of 
traps, defined as shallow and deep traps, respectively. It can be seen that the trap 
charge density related to shallow traps is more than that of deep traps under the 

Figure 3. 
TSDC experimental results of polyimide after being polarized at an applied voltage of 250 V at 180°C for 
30 min. The classical TSDC theory was used to fit the experimental results. Symbols and solid curves represent 
experimental and fitting results, respectively [29].

Peak temperature (°C) EA (eV) B (Am−2) τ0 (s)

69 0.60 2.63 × 10−4 7.50 × 10−7

87 0.65 2.01 × 10−4 4.23 × 10−7

109 0.70 1.80 × 10−4 3.23 × 10−7

135.5 0.83 1.60 × 10−4 3.09 × 10−8

Table 1. 
Parameters for relaxation processes extracted from TSDC experimental results [29].
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same electron energy radiation. The charges captured in relatively shallow traps 
can escape the trap center in a short interval, which is demonstrated by the rapid 
decay of surface potential. With the time increases, these de-trapped electrons will 
migrate to the grounded electrode under the effect of the internal electric field. By 
contrast, deeply trapped charges remain in the trap center for a longer period. The 
density of deep traps determines the steady surface potential, and the stabilization 
time depends on the energy level of the deep traps.

The surface trap distribution of polyimide presents different behavior under 
radiation from electrons of different energy levels. The shallow trap level increases 
slightly with the increase of electron energy, while the deep trap level remains 
unchanged about 0.94 eV. Under the radiation of different electron energy, the 
depth of the electron deposition layer and the range of electrons are different. 
The higher the electron energy, the deeper the deposition layer. These trapped 
charges need to overcome a much higher potential barrier to escape the trap center. 
Therefore, the shallow trap energy level increases with the gradual increase of the 
electron energy. In addition, the total trap charge density gradually increases with 
increasing electron energy. Due to the increased electron energy, the distance from 
the electron deposition layer to the dielectric surface is longer, and much more 
charges will be captured by the trap centers [31].

3.3 Shallow trap-controlled carrier mobility and conductivity

The surface potential experimental results of samples charged by negative 
corona discharging and positive corona discharging as a function of time are shown 
in Figure 5 [29]. Negative and positive charges are deposited on the surface of 
polyimide, and electric field is established inside the polyimide during the charg-
ing process. After charging, surface charges are injected into polyimide, and the 
migration of charges toward the grounded electrode in the bulk leads to the decay 
of surface potential. The decay rate of surface potential varies before and after the 
injected charge carriers flow out of the dielectric material, as shown in Figure 5 
[29]. The time when the front charge carriers arrive at the grounded electrode is 
defined as transit time tT. The transit point existing at the beginning of the poten-
tial decay curve can represent the mobility of carriers controlled by shallow traps 
[29]. In order to obtain the transit time tT, the potential decay results were fitted 
by an exponential function, and then we obtained the relation between tdϕs/dt 
and t. The time corresponding to the peaks can be regarded as transit time tT, and 
it is used to calculate carrier mobility controlled by shallow traps according to the 
following Eq. (1) [29, 32]:

Figure 4. 
Surface potential decay curves (a) and surface trap distributions (b) of polyimide after irradiation by electron 
beam with different energies [31].
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   μ  0 (e,h)    =  d   2  /  ϕ  s0    t  T    (1)

Here, μ0 is the carrier mobility controlled by shallow traps in m2V−1s−1, d is the 
thickness of sample in m, and ϕs0 represents the initial surface potential in V. The 
subscripts have the following meaning: (e) for electrons and (h) for holes. By calcu-
lation, the hole and electron mobilities controlled by shallow traps are 1.80 × 10−14 
and 3.67 × 10−14 m2V−1s−1, respectively.

For studying the surface and volume charge transportation properties, the iso-
thermal surface potential decay (ISPD) experiment on space-grade polyimide was 
carried out at various temperatures from 298 to 338 K. In high vacuum, the charge 
was accumulated on the surface of polyimide under low-energy electron irradia-
tion. After irradiation, the charge was transferred to the grounding electrode on the 
surface through the volume. Through the three parameters of surface resistivity, 
volume ohmic resistivity and charge carrier mobility, the leakage rate of electron 
was determined. And the three parameters were revealed by a two-dimensional 
ISPD model established by using genetic algorithm (GA), as shown in Figure 6 [33].

As shown in Figure 6, the carrier mobility increased with temperature, while 
the surface resistivity and volume ohmic resistivity of polyimide decreased with 
temperature. The surface resistivity, volume ohmic resistivity and carrier mobility 
were obtained. For example, at 298 K, they were 1.02 × 1019 Ω, 2.87 × 1017 Ω m and 
1.49 × 10−19 m2/V s, respectively. The calculated errors were all not more than 0.9%, 
which showed that there was a good consistency between the experimental and 
simulated 2D ISPD results [33].

3.4 Electrical breakdown properties

The influencing mechanism of sample thickness on electrical breakdown of 
polyimide is not very clear until now. The dc electrical breakdown fields of poly-
imide films with different thicknesses from 25 to 250 μm were measured using a 
computer-controlled voltage breakdown test device. The dc electrical breakdown 
experiments were carried out under 30°C using spherical copper electrodes with a 
diameter of 25 mm in transformer oil. The rate of dc voltage increase is 1 kVs−1. For 

Figure 5. 
Surface potentials of polyimide charged by negative corona discharging and positive corona discharging as a 
function of time at room temperature [29].
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each thickness of the sample, at least 15 times breakdown tests are performed. The 
average value of all data is taken as the breakdown electric field of the sample.

Figure 7 shows the experimental results of the dc electrical breakdown field 
of the polyimide film, Fb, as a function of thickness, d, at room temperature 
[29]. As shown in Figure 7(a), the dc electrical breakdown field of polyimide 
films decreases with an increase in sample thickness. In addition, the deriva-
tive of dc electrical breakdown field with respect to sample thickness dFb/dd 
decreases with the increase in sample thickness. The relation between the dc 
electrical breakdown field and sample thickness looks like an inverse power 
function. Accordingly, we change the linear coordinates in Figure 7(a) to double 
logarithmic coordinates in Figure 7(b). It can be seen from Figure 7(b) that the 
dc electrical breakdown field of polyimide is linear with sample thickness under 
double logarithmic coordinates [29].

The influence of sample thickness on polymer breakdown can be explained 
by electron avalanche breakdown, electromechanical breakdown, free volume 
breakdown and space charge modulated electrical breakdown [29, 34]. In electron 
avalanche breakdown, the energy gain of electron can be obtained by free electron 
movement in the conduction band of dielectric material under the action of elec-
tric field [34]. When the energy exceeds the band gap energy, the electrons in the 
valence band may be excited to the conduction band, resulting in the chemical bond 
breaking. The avalanche effect is caused by further collision and ionization of the 
released electrons with other matrix atoms, which results in the doubling of local 
current and finally triggers the breakdown. The electric breakdown field decreases 

Figure 6. 
Arrhenius plot of surface resistivity (a), volume ohmic resistivity (b), and charge carrier mobility (c) of 
polyimide. The linear fitting errors, R2, were respectively 0.959, 0.986 and 0.991 from (a) to (c) [33].

Figure 7. 
Experimental results of dc electrical breakdown field of polyimide at various thicknesses in linear coordinates 
(a) and in double logarithmic coordinates (b) [29].
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with the increase of sample thickness, which is due to the critical number of elec-
trons produced in the whole sample thickness by collision ionization [29, 34]. The 
Stark-Garton model of mechanical and electrical breakdown has been widely used 
to predict the breakdown strength of thermoplastics, while the Young’s modulus and 
dielectric constant of temperature-sensitive polymers determine the mechanical 
and electrical breakdown strength [34]. Because the thickness of the sample deter-
mines the electrostatic compressive stress and the opposite elastic stress produced 
by the electrostatic attraction of the two electrodes, the electric breakdown field is 
a decreasing function of the sample thickness. In the theory of free volume break-
down, it is assumed that the electric breakdown field of polymer depends on the 
longest mean free path of electron. Electrons are accelerated in the free volume, and 
their average free path depends on the maximum length of the free volume. When 
enough energy is obtained by electrons in the free volume to overcome the potential 
barrier, the local current will be multiplied, so that the material is heated to a very 
high temperature and finally causes the phenomenon of electrical breakdown. From 
a statistical point of view, the longest free path is a function of sample size, so the 
electric breakdown strength is related to sample thickness.

4. Surface charging and discharging mechanism of polyimide

4.1  Surface charging process and model of polyimide radiated by low-energy 
electrons

The synergistic effect of surface electron movement and charge transport in 
dielectric surface layer should be taken into account when studying the charging 
process under low-energy electron radiation (1–50 keV). A schematic diagram of 
charge transport on polyimide surface and in its surface layer under low-energy 
electron radiation is shown in Figure 8. ‘Surface layer’ refers to the area inside the 
material that is about a few micrometers from the surface of the dielectric material.

The intrinsic conductivity of polyimide with high resistivity is very low, but its 
total conductivity will increase due to the radiation-induced conductivity (RIC). 
The incident electrons are mainly deposited in a dielectric surface layer of about 
a few microns [16], and they will migrate to the interior of polyimide. However, 
the charge in the surface layer will continue to be accumulated, because the charge 
conduction velocity is far lower than that of deposition [5].

The surface potential is very low in the initial stage of electron radiation, whose 
reverse effect on the incident electron energy is very weak. Rather than being 
released by the secondary electrons, the incident electrons will be deposited on the 
surface. On the one hand, the change of the distribution of the deposited electrons 
in the surface layer and the change of the charge transfer characteristics occur due 
to the change of the incident electron energy and density on the dielectric surface, 
and it will further affect the negative potential and the induced reverse electric field 
on the surface in turn. On the other hand, these deposited electrons will generate 
an internal electric field, whose intensity will gradually increase with the radia-
tion duration. A reverse-acting force will be produced by this field on the moving 
electrons reaching the dielectric surface [16]. As a result, the incident trajectory and 
the kinetic energy of the incident electron can be changed by the reverse electric 
field, by which the secondary electron yield characteristics of dielectric surface will 
be greatly affected.

The charging process will be stable, if the incident electron current is equal to 
the sum of the conduction current in the surface layer and the secondary electron 
generation current on the surface. Therefore, the key to the study of the charging 
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process is a thorough understanding of the charge transfer properties in the dielec-
tric surface layers and kinetic electrons in the surface [31].

4.1.1 Surface kinetic electron properties

A reverse electric field will be formed in the process of electron radiation by 
the electrons accumulated in the polyimide surface layer, by which the trajectory 
of the incident electrons will be changed, and thus there will be a dynamic impact 
on the density and energy of the electrons reaching the polyimide surface. The 
characteristics of the subsequent incident electrons are different from those of the 
initial electrons. They will change with time, thus affecting the yield attributes 
of the surface secondary electrons. Figure 9(a) gives the energy and density of 
electrons reaching the polyimide surface over radiation time. Figure 9(b) shows 
the current density of secondary electrons emitted from polyimide surface and the 
surface conduction current against time [31].

Due to the repelling effect from the electric field forming in the surface layer, 
with the radiation time increasing, the energy and density of electrons reaching 
the polyimide surface gradually decrease, as shown in Figure 9(a) [31]. It can also 
be observed that, with radiation time increasing, the energy and density of elec-
trons reaching the polyimide surface become a whole range of values from single 
values, resulting in a great impact on the dynamic processes of secondary electron 
movement and electron deposition, transport and accumulation behavior in the 
dielectric surface layer. Secondary electron yield coefficient gradually increases 
with the drop of the energy of kinetic electrons reaching the polyimide surface, and 
correspondingly the secondary electron yield current gradually increases, as shown 
by the red curve in Figure 9(b) [31]. In addition, the phenomenon that some of 
the incident electrons deposit in the surface layer after penetrating the dielectric 
surface will occur, especially at the initial stage. With different radiation time and 
material position, the distributions of deposited electrons are different. The change 
of charge conduction current density on the polyimide surface is shown by the 
blue curve in Figure 9(b) [31]. In the initial radiation stage, the charge conduction 
process can be overcome by most of the incident electrons under the radiation-
induced conductivity, after they penetrate the dielectric surface. On the contrary, 

Figure 8. 
Schematic diagram of charge transport on polyimide surface and in the surface layer under low-energy electron 
radiation [31].
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the production process of secondary electron is very weak. The secondary electron 
yield current increases with the energy of the kinetic electron to the surface of 
polyimide decreasing over radiation time. With the radiation time increasing, 
the conduction current density on the polyimide surface will gradually decrease, 
resulting in most of the incident electrons on the polyimide surface being released 
by the secondary electrons, and only a few electrons penetrating the surface. In the 
case of low-energy electron radiation, the influence of secondary electron genera-
tion process is more obvious than that of deposition electron transport process. The 
dynamic process of charge transport in the dielectric surface layer plays a leading 
role in the initial stage of radiation, so it cannot be ignored [31].

4.1.2 Charge transport properties in the surface layer of polyimide

A non-uniform distribution of potential and electric field is caused by the 
different spatial distribution of charge in polyimide surface layer under low-energy 
electron radiation. By solving charge balance equation, current conduction equation 
and Poisson equation, the distribution of electric potential and electric field can be 
obtained. Figure 10(a) and (b) depicts the spatial and temporal distributions of 
the internal potential and electric field of polyimide under electron radiation. The 
electron energy is 10 keV and the flux density is 5 × 10−4 A/m2.

Figure 10(a) shows that with the radiation time increasing, the surface poten-
tial increases gradually, and the maximum potential appears at about 25–30 s. 
Meanwhile, with the material depth increasing, the potential decreases. It can be 
seen in Figure 10(b) that the electric field intensity increases with the radiation 
time increasing, which is due to the electrons accumulating in the polyimide surface 
layer. The electric field tends to be stable when the radiation time is more than 25 s. 
It can be obtained that the electric field decreases gradually from the maximum 
electron range to the dielectric surface, on which the electric field is equal to zero, 
according to Poisson’s equation. The distribution of the maximum potential and the 
maximum electric field over the radiation time is depicted in Figure 10(c). It can 
also be seen from Figure 10(c) that the maximum surface potential increases with 
the radiation time increasing and tends to stabilize at 25–30 s. When the radiation 
time is 30 s, the stable potential reaches −8778 V. The corresponding experimental 
result that was measured by the non-contact surface potentiometer was −8424 V, 
which is slightly lower than the simulated value. Correspondingly, the maximum 
electric field is 1.78 × 108 V/m, which is very high, but does not cause damage to the 
material. Once electron radiation stops, the electric field value will drop sharply. 

Figure 9. 
Surface kinetic electron properties. (a) The energy and density of electrons reaching the polyimide surface over 
the radiation time and (b) secondary electron emission and charge conduction on polyimide surface over the 
radiation time [31].
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Figure 10(d) shows the distribution of surface potential with over the radiation 
time under different incident electron energy levels [31].

4.2 DC surface flashover mechanism of polyimide irradiated by electrons

Li et al. measured the DC surface flashover voltage of insulating material in 
vacuum under electrons irradiation by controlling the energy, emission flux and 
incident angle of the electron beam [16, 35]. Combining the common effects of 
deposited electrons and kinetic incident electrons, they proposed a physical model 
of surface flashover under electrons irradiation.

Figure 11(a)–(c) depicts the effect of electron energy, incident angle and 
electron flux on DC surface flashover voltage of polyimide during electron irradia-
tion. The surface flashover voltage of polyimide irradiated by electron beam is 
determined not only by the deposited electrons in the surface layer of the dielectric 
but also by the kinetic incident electrons striking the dielectric surface [35].

During low-energy electron irradiation, for one thing, deposited electrons will 
reduce the electric field in the vicinity of CTJ; thus, the field-emission effect is 
suppressed, hindering the initiation of SEEA. For another, the surface potential 
established by deposited electrons is proportional to the electron energy. The 
secondary electrons will be repelled away from the polyimide surface, hindering the 
development process of SEEA. Both of these two effects will promote the surface 
flashover voltage.

However, during high-energy electron irradiation, the kinetic incident electrons 
will strike the polyimide surface to generate secondary electrons, which promotes 
the development of SEEA. If the impact points of kinetic incident electrons are 
close to the CTJ, they will be an alternative to field-emission electrons as the seed 
of SEEA. Thus, a high voltage to generate field-emission electrons and initiate the 
SEEA is no longer needed. A lower applied voltage can provide energy for secondary 

Figure 10. 
Charge transport properties in polyimide surface layer. Distributions of internal potential (a) and internal 
electric field (b) at various material positions and radiation times. Maximum potential and maximum electric 
field (c) and surface potential (d) as a function of radiation time [31].
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electron multiplication. In other words, the applied voltage for electron multiplica-
tion is much lower than that for the field-emission–initiated SEEA. For another, the 
electron beam bombardment will release the adsorbed gases on the irradiated area 
of polyimide surface. Considering the shielding effect of the cathode, when the 
applied voltage is the same value, the irradiated area of the case during high-energy 
electron beam irradiation is larger than that of the case during low-energy electron 
beam irradiation. When enough adsorbed gases are released, ionization may be 
caused by electron beam bombardment as well as secondary electrons that gain 
enough energy from the applied electric field. If the electron beam can approach 
the polyimide surface, the effects of deposited electrons will be suppressed by those 
kinetic incident electrons. The model of surface flashover under electrons irradia-
tion is shown in Figure 11(d) [35].

5. Deep charging and discharging mechanism of polyimide

5.1 Deep charging model of polyimide radiated by electrons

Energetic electrons are difficult to conduct when they are deposited inside 
polyimide due to its low conductivity, resulting in deep charging of insulation. 
Under the condition of typical electron radiation environment in geosynchronous 
orbit (GEO), deep charging of polyimide normally does not cause discharge risk. 
However, during the energetic electron storm, the electron flux will increase by 2–3 
orders of magnitude within a few days and last for 10 days or so. At this point, the 
incident electron flux will exceed the threshold of 0.1 pA/cm2, resulting in a great 
risk of ESD [5, 36].

FLUMIC model, proposed by Rodgers et al., based on spacecraft data of GOES/
SEM and STRV-1b/REM was utilized in this paper to manifest the electron radiation 

Figure 11. 
DC surface flashover properties of polyimide under electron irradiation. Effects of electron energy (a), incident 
angle (b), and electron flux (c) on surface flashover voltage. (d) The surface flashover model for dielectric 
materials under electron irradiation [35].
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environment in GEO [37, 38]. It is commonly agreed that FLUMIC model is suitable 
for charging risk assessment and spacecraft design due to its complete demonstra-
tion of seasonal and annual variations in energetic electron flux. Figure 12(a) 
depicts FLUMIC spectrum under typical and extreme space environment [36].

The penetration depth of energetic electrons in polyimide can be obtained from 
the Weber semi-empirical equation. The charge conduction process consists of 
inherent charge conductivity and radiation-induced conductivity. Charge transport 
process satisfies the current conduction equation, the charge continuity equation 
and Poisson’s equation [36].

Assume that electrons irradiate a plate polyimide from the upper side. HV is 
applied to one side of the sample, and the other side is suspended or grounded. 
Four cases of the sample are considered altogether, that is, (A) suspended-HV; 
(B) HV-suspended; (C) grounded-HV; and (D) HV-grounded, as shown in 
Figure 12(b) [36]. The condition before the hyphen indicates condition on the 
upper surface, and the latter indicates condition on the lower surface.

Here, the first case will be discussed: HV is 0 V, that is, and the electrode is 
grounded. Case A becomes suspended-grounded, case B becomes grounded-
suspended, and cases C and D are merged into grounded-grounded. We take the 
condition with enhancement of 100 and radiation time of 5 days for an example.

5.2 Simulation results and discussion

In case A, the maximum electric field strength reached 5.00 × 107 V/m, appear-
ing near the lower electrode. Most of the charge deposited near the radiated surface, 
though part of the charge mitigated toward the lower electrode driven by the electric 
field, as shown in Figure 13(a1)–(a3) [36]. In case B, the maximum electric field 
strength reached 4.39 × 107 V/m, appearing near the upper electrode. Vast charges 
are accumulated at the region near the radiated surface. As Figure 13(b1)–(b3) 
shows, compared with case A, the electric field in case B tends to move downward, 
inhibiting the migration of electrons from the field to the bulk of sample, which 
leads to deposition of the charges near the surface and formulate a local high-space 
charge area [36]. When both electrodes are grounded, it is clear that, similar to the 
results in case B, the electric field near the upper electrode is at a lower position 
vertically, restricting the transformation of the electrons to the bulk of the sample 
and electrons accumulated at the region near upper electrode. In addition, as 
Figure 13(c1)–(c3) shows, the electric field close to the downward electrode tends 
to move up vertically, fostering the electron migration downward [36].

Furthermore, the impact of electron flux promotion on the charging of poly-
imide is addressed. Here, with four cases considered, we take the HV of 500 V and 
radiation time of 10 days for an example. It is shown in Figure 14(a) and (b) that 

Figure 12. 
(a) The FLUMIC model value at GEO environment. (b) Four cases of the sample [36].
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case A has the highest total space charge density and maximum electric field, which 
are significantly higher than those in other three cases at the same enhancement 
[36]. With flux enhancement increases, total space charge density reaches the valley 

Figure 14. 
(a) Influence of electron flux enhancement on total space charge density. (b) Influence of electron flux 
enhancement on maximum electric field. (c) Influence of operating voltage on total space charge density. 
(d) Influence of operating voltage on maximum electric field [36].

Figure 13. 
Distribution of charge density, electric field and potential. (a) Suspended-grounded, (b) grounded-suspended, 
(c) grounded-grounded [36].
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value under case D when enhancement is 1, while when enhancement increases to 
100 and 1000, lowest charge density is seen in case B. Additionally, though charge 
density in cases B and D is varied, lines representing maximum electric field almost 
overlap. In case A, considering the voltage is applied to the lower electrode and 
electric field moves upward, accumulated electrons are attracted to the lower elec-
trode; therefore, more electrons may be injected into the sample. On the contrary, 
in case B, the voltage is applied to upper electrode and electric field moves down; 
hence, vast charges are accumulated at the region near upper electrode, inhibiting 
further electron injection. In cases C and D, the electric field moves down and up at 
the region near upper and downward electrode, respectively. Based on the previous 
analysis, it can be determined that with an increase in flux enhancement, its impact 
on case A is more obvious than that in other cases.

At last, the influence of operating voltage on the charging of polyimide is dis-
cussed. Take the enhancement of 1 and the radiation time of 10 days as an example; 
we discuss the influence of operating voltage on the charging of polyimide in the 
four cases. As can be seen from Figure 14(c) and (d), the increase of operating volt-
age has a small influence on cases A and B, since the virtual electrode is at infinity in 
both cases A and B [36].

6. Conclusions

Charging and discharging problem of polyimide in harsh space environment has 
been a major limit to the development of high-voltage and high-power spacecraft. 
Electrical and charge transport properties have great influences on the surface and 
deep charging-discharging characteristics. The conclusions drawn are as follows:

1. The parameters obtained from the electrical experiments can be used in the 
simulation of charge transport process, such as permittivity, trap energy level, 
trap density, the activation energy and so on. The electrical breakdown field 
decreases with an increase in sample thickness in the form of an inverse power 
function. The elongation of free volume caused by the displacement of the 
molecular chain associated with the accumulation of space charges and the 
distortion of electric field may play important roles in the breakdown charac-
teristics of polyimide.

2. In terms of the surface electron properties of polyimide under electron radia-
tion, the electrons deposited in dielectric surface layer will form a reverse 
electric field, which has a great impact on the dynamic process of the second-
ary electron movement and the process of deposition, transport and accumu-
lation of electrons in the dielectric surface layer. In terms of charge transport 
properties in polyimide surface layer, the electrons deposited in dielectric 
surface layer will migrate to the inside under the action of the RIC. The charge 
conduction velocity is much lower than that of deposition, so the charge will 
continuously accumulate in the surface layer, which will cause a reaction force 
on kinetic electrons flowing to the dielectric surface.

3. Negative surface charge accumulation can increase the flashover voltage, to 
some extent. Since kinetic incident electrons in the vicinity of the CTJ can ini-
tiate the surface flashover at a much lower voltage, the shield of the spacecraft 
is of great importance. If a trade-off must be made on the shielding layer, the 
region of CTJ should be ensured. Moreover, narrow and deep gap between the 
electrodes can shield the kinetic incident electrons with non-normal incidence 
and may promote the surface flashover voltage.
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4. The use of the suspended-HV insulation should be limited to reduce the influ-
ence of electron flux enhancement when designing a spacecraft. To increase 
the operating voltage of a large spacecraft like SSPS in the future, the rapid 
increase of space charge density and maximum electric field in grounded-HV 
and HV-grounded cases should be further considered.
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Chapter 5

Polyimide Used in Space 
Applications
Virginie Griseri

Abstract

Polyimide (PI) is an interesting material for space applications as it offers 
excellent thermal properties. However, due to its dielectric properties, charge 
storage and release can be at the origin of electrostatic discharges that are haz-
ardous for the surrounding electrical equipment. Depending on the spacecraft 
orbit, it is necessary to study the impact of specific surrounding environment. 
In any cases, the effect of vacuum and temperature variations can be combined 
with electrons and protons’ irradiation, atomic oxygen erosion, and photons 
impact from UV exposure. On the market, there exist many types of PI, and since 
several years, composite are also developed. The main properties that are usually 
observed are the conductivity that is analyzed from surface potential decay, the 
photoemission and the ability to initiate and propagate surface flashover. Since 
several years, the space charge storage analysis by the pulse electro-acoustic 
method has been developed as an interesting complementary tool. It is important 
to remember that experimental characterization needs to be representative to the 
space environment especially because it has been observed that PI can recover its 
original properties in air in a couple of hours depending on the ageing degree.

Keywords: electrostatic discharges, electron and proton irradiation, conductivity, 
space charge, surface potential decay, secondary emission, photoemission

1. Introduction

Spacecraft evolves in very high-energy radiation environment that is directly 
dependent on the orbit and sun activity. This harsh environment is composed of 
high vacuum, energetic electrons and protons’ radiations, atomic oxygen, UV 
exposure, and thermal cycling [1, 2]. A good understanding of the charge accumu-
lation dynamics in dielectrics subjected to the charging space radiative environment 
is necessary to ensure spacecraft operation reliability [3, 4].

Among the dielectrics that are used in satellites conception, the polyimide (PI) 
has been selected since quite a long time because it offers excellent electrical and 
thermal properties [5]. However, the modification of their properties with time 
under such a specific environment needs to be studied carefully. To do so, large 
facilities have been developed in laboratories to reproduce the complex spectra that 
may be encountered in worst configurations [6–8]. Many tests arrangements have 
been developed and adapted to this specific environment to be able to analyze the 
properties evolution of materials submitted to various types of external aggression.

The aim of this chapter is to get an overview on experimental results obtained 
on polyimide (PI) used in space environment. The amount of studies is quite 
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important and always undergoing so that is why we will focus on main techniques 
and tendency. Many PIs are available on the market. In order to improve some 
properties, the production of composite material [9] appears quite interesting as 
it might allow to reach in a near future a better control on dielectric properties for 
such specific applications. Qualifications are necessary before sending such a new 
material in the space environment. This characterization and phase test can take 
quite a long time.

2. Environment effect on dielectric properties

As already mentioned, when spacecrafts are evolving into space, they are 
submitted to a large number of charged particles and encounter several operational 
anomalies. It has been demonstrated that the harmful anomalies are related to 
spacecraft charging and the risk of electrostatic discharges (ESDs). For instance, 
Koons et al. [10] established a list of spacecraft accidents between 1973 and 1997, 
where he shows that 54.2% of the 326 cases analyzed were directly due to ESDs. 
Other studies confirm the link between ESDs and anomalies recorded on satel-
lites and try to establish links with surface and/or internal charging [11, 12]. The 
final idea is always to recommend solutions so as to improve satellite’s design that 
mitigate the occurrence of ESD on future spacecraft even if they are submitted 
to extreme environmental conditions. Many other studies tend to give access to a 
broad panel of information concerning the origin of those anomalies through the 
space weather analyses [11, 12].

Usually spacecraft charging is attributed to three main categories called absolute 
charging, surface charging, and deep-dielectric charging. The absolute charging 
is associated to the charging of the whole structure versus its environment; the 
surface charging refers to the external charging and can be associated to the differ-
ential charging between the various part of satellites; and at last the deep-dielectric 
charging concerns the charging in bulk (Figure 1). Deep-dielectric charging can 
occur in materials located on the satellite surface or inside the main structure. It 
is due to higher energy particles that can cross thick materials on the way without 
being stopped. In most of the cases, it is surface materials that are studied as they 
are directly exposed to various sources of ageing and at the origin of most of the 
discharges.

Figure 1. 
Schematic representation of satellite charging.
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As satellites are made of a large number of materials, it is important to determine 
surface-material properties and their role in spacecraft surface charging. The main 
properties that are usually analyzed are:

• the conductivity (surface and bulk)—the accumulation of charges into a 
dielectric can be responsible for the creation of critic potential difference 
between adjacent materials from which discharge phenomena can be initiated. 
In another words, if the conductivity of a dielectric is increased, the differen-
tial charging will be limited.

• the dielectric constant as the capability of charge storage will increase if thin 
samples with high dielectric constant are selected. For instance, 25 μm PI has a 
dielectric constant close to 3.4.

• the secondary electron emission (SEE) usually dielectric generates more second-
ary emissions than metals under identical electronic irradiation. Actually the 
material potential equilibrium will tend toward the second crossover point E2 
(Figure 2). This is in favor of a reduction in a dielectric surface potential versus a 
neighboring metal and might create a disequilibrium at the origin of a discharge.

• the photoemission as the photoelectric effect tends to drive sunlight surfaces 
more positive than shadowed surfaces and might create differential charging.

2.1 Conductivity and resistivity

The determination of the resistivity of insulating material used in spacecraft 
conception is very important as it determines how charges will accumulate and 
will be redistributed during flight. The estimation of an accurate decay time is 
necessary for the buildup of appropriate spacecraft charging models. As the ohmic 
resistivity of the PI is too high, the American Society for Testing and Materials 
(ASTM) method cannot be applied. This is due to the fact of the poor accuracy of 
pico ampere meter at low current (<1 pA). However, a charge decay resistivity test 
method was proposed in order to study the ohmic resistivity of high insulation 
materials [13, 14] and has been adopted by the community. Using this method 
and fitting surface potential decay (SPD) curves, the ohmic resistivity of PI was 
estimated to be in the order of 1017 Ω.m. It occurs to be several order higher than the 
value estimated by ASTM method.

Figure 2. 
Secondary emission efficiency for dielectric and metal.
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2.1.1 Isothermal surface potential decay experiment

Experimental conditions always need to be carefully controlled. Isothermal 
SPD is in the range 298–338 k, while the PI sample is irradiated by low-energy 
electron beam that has been initially recorded. It has been observed that the 
conductivity is modified as the irradiation goes on and the trapping state gets filled 
with electrons. That is why depending on the way it is measured, data might be 
slightly modified.

Besides, we can consider, to some extent that for PI, the photoconduction is a 
form of radiation-induced conductivity (RIC) as its conductivity can be increased 
by several decades when exposed to solar lighting with respect to the conductiv-
ity in the dark. It has been reported that thin PI films will not charge in sunlight 
provided that its back surface is grounded. It is therefore recommended to keep PI 
sample into the dark while SPD is recorded.

The ISPD curve can be separated into three zones: in the part I (transient 
process), charge trapping and detrapping are competing, whereas in part III (steady 
state process), the conduction is predominant. In part II, all phenomena are com-
peting [15]. This region limits are difficult to identify that is why most of the time 
only the initial transient and final steady-state regions are reported on graphs. As 
surface resistance of spacecraft dielectrics is higher than volume resistances [16], 
at least one order higher in the case of PI and because external aggression such as 
atomic oxygen seems to increase the surface resistance without modifying the bulk 
resistance [17], it is acceptable to neglect the surface charge transport to estimate 
the bulk conductivity [15]. It is also acceptable to consider that the relative permit-
tivity of PI remains quite stable with the temperature and the electric field during 
ISPD. However, it was noticed that the surface potential decay is much faster if the 
initial surface potential is increased. The steady-state current density obtained for a 
time t = 3 × 105 s plotted versus the applied voltage show clearly two regime: ohmic 
(at low voltage below –950 V) and space charge limited current (at high voltage 
above –950 V). From the slope, the ohmic resistivity was estimated to 1.2 × 1017 Ω.m 
and the effective charge carrier mobility to 1.9 × 1–19 m2/V.s and the trap density 
estimated to 1.3 × 1021m–3. Obviously this type of experiment realized at 298 k needs 
to be repeated at different temperatures.

Using the 2D ISPD model [18], it is possible to estimate the average surface 
resistivity, the volume resistivity, and the charge mobility of PI by a genetic algo-
rithm from 298 up to 338 k. In the results reported in Table 1, we can observe that 
the values at 298 k differ a little from the previous estimation by the same authors. 
This means that these values remain relatively difficult to determine precisely even 
with the same equipment and the same material. However, the authors managed 
to calculate the PI surface and volume activation energy and the trap energy which 
are estimated to 0.3, 0.32, and 0.54 eV, respectively. To get these values, they fitted 
the surface and volume ohmic resistivity and charge carriers versus the temperature 
curves using the Arrhenius law.

T (k) 298 308 318 328 338

Surface resistivity (×1017 Ω) 101.51 42.75 11.66 10.96 3.62

Volume resistivity (×1016 Ω.m) 28.70 14.96 4.06 2.14 1.08

Charge mobility (×10−19 m2/V.s) 1.49 3.88 6.24 15.60 30.95

Table 1. 
Surface and volume resistivity estimated from ISPD and simulation with an error of 0.9% [18].
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2.1.2 Charge transport model based on deep and shallow traps

In order to model the charge transport in PI, complementary experiment such 
as thermally stimulated current (TSC) is often performed [19] to investigate the 
relaxation polarization properties that cannot be easily obtained by dielectric 
spectroscopy. The charge transport is controlled by high field mechanism as soon 
as the charging potentials exceed the transition voltage of the ohmic regime. It was 
reported that the time-dependent permittivity εr(t) in PI obeys to Cole-Cole equa-
tion rather than Debye ones. Besides, the trap depth could be estimated to be near 
1.35 eV [20]. Once released from the surface traps, the charges migrate through the 
shallow trap to the rear electrode. At 298 k, the carrier residence time was estimated 
between 7.92 × 10–12 and 1.34 × 104 s in trap depth of 0.1 and 1 eV, respectively [21]. 
The carriers can easily hop in the shallow traps but will stay in deep traps much 
longer. Therefore, shallow traps assist conduction processes, whereas deep traps 
will control the space charge dynamics [22].

It is considered that the shallow traps will control the temperature-dependent 
hopping at low temperature; then at high temperature, deep traps can also assist the 
conduction processes as the residence time carriers drops (at 400 k, the residence time 
carriers in 1 eV trap depth is reduced to 0.648 s). At room temperature, it is reasonable 
to develop a unipolar charge transport model with a single deep trap level in a first stage 
(Figure 3(a)). It was notice that the surface electrons are easily released from traps 
surface center whereas they can remain into the bulk for a very long time when they are 
stored into deep traps. The steady state was reached after 94.8 h; at that time, 39.72% of 
electrons deposited close to the surface creating a surface potential of –2056 V [21] were 
released. The resistivity of PI was estimated in the range 8.08 × 1016–9.40 × 1016 Ω.m. 
However, in order to improve the model, it would be better to refine the trap distribu-
tion characteristics (Figure 3(b)) and consider the density of localized state [23, 24].

2.1.3 Effect of radiation on radiation-induced conductivity

As already mentioned, the RIC is an important phenomenon occurring in 
PI materials [25]. The RIC can contribute the sample charge decay and prevent 
discharges. It has been shown that when a step function and uniform irradiation 

Figure 3. 
Schematic representation of state density in dielectric materials. (a) Model with one level of deep and shallow 
traps. (b) Model of shallow and deep traps for electrons and holes that are related to physical and chemical 
disorder.
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are applied, RIC initially rises to a maximum then decreases continuously [26]. 
In such a case, the accumulation of space charge is not prevented and ESD can be 
observed.

A different behavior has been observed in various PI (Kapton® 25 μm produced 
by Dupont© and PM-1-OA 15 μm or PM-1 13 μm produced by Russian services) 
submitted to large dose rate and long irradiation time [27]. In this study, 40 mm 
diameter films were Al coated (electrode characteristics: 32 mm diameter and 50 
nm thick). They used fresh sample each time even if they mention that an annealing 
dose effects was observed in PI after 4 h in air at 393 K. For instance, measurements 
on PM-1 irradiated from 4 up to 10 MeV protons in vacuum (1–4 Pa) and room 
temperature shows a classic behavior up to a dose of 105 Gy (the dose rate could 
be in the range 100–5000 Gy/s). Above this dose, the signal increases by two or 
three orders of magnitude. Even after the end of irradiation, this dose-modified 
RIC remains much higher than the dark conductivity during a quite a long period 
of time. An interesting point is that this slow process is completely extinguished 
as soon as air is introduced into the chamber. The DM RIC effect was attributed to 
a metastable state in polymers with a strong donor-acceptor interaction that can 
be easily cancelled by the introduction of atmospheric oxygen. This metastable 
conjugated structure might be due to the presence of side or inner-chain molecular 
groups with local conjugation. This strong DM RIC produced by electron of the 
ambient plasma seems quite useful to reduce the bulk charging of PI used on the 
outside spacecraft but it is not well controlled. This DM RIC which is a PI intrinsic 
property prevents the RIC to decay drastically after long irradiation exposure. 
However, new materials providing, thanks to the introduction of nanoparticles, a 
better control of the RIC are expected as replacement in the future.

2.1.4 Effect of temperature on conductivity

The effect of temperature has also been studied as spacecraft charging in 
plasma, and radiative environment is highly sensitive to the temperature decrease 
which is accompanied by a reduction of the electrical conductivity in dielectric 
materials [28]. Spacecraft orbiting around the earth are submitted to a large tem-
perature range between 120 and 400 K. It is therefore easy to understand that when 
dielectric materials are exposed to low temperature, the charge storage increases; 
whereas when a warming up occurs, a dissipation of this charge can be produced. 
Experimental setups have been developed in order to study the PI resistivity 
combining the effect of temperature and electron irradiation to take into account 
the RIC [29]. First of all, the temperature effect on the volume resistivity was 
investigated on a Kapton® 200H irradiated for 60 s under a 20 keV electron beam. 
The useful data reported in Table 2 have been extracted from the signal recorded 
for 240 h. The volume resistivity is calculated in the dark region using the expres-
sion (Eq. (1)):

 ( ) τ
 
−  
 = 0

d

t

V t V e  (1)

where V(t) is the surface potential, V0 is the initial surface potential, and τd is 
the decay time constant in the dark current region. As the temperature increases, 
the volume resistivity decreases exponentially.

To determine the volume resistivity in short-time region where the polarization 
current is dominant, Eq. (2) has been used:
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where τp is the decay time constant for the decrease in potential due to polarization 
current; and ∞ε r corresponds to the relative permittivity when the complete polariza-
tion is achieved. The volume resistivity in short time seems to be independent from 
the temperature, while the volume resistivity in the dark region drops a lot with the 
increase of the temperature.

Another experiment consists in increasing the energy of the electron beam in 
addition to the temperature. It shows that when the electrons are injected deeper, 
the surface potential decay rate increases. This is due to an enhancement of the 
conductivity produced by trapped electrons in the irradiated area that are respon-
sible for polymer chain scission reaction and the RIC effect. It is particularly true for 
electrons above 40 keV. It is always important to remember that several effects are 
combined in real situations that is why the analysis remains quite complex.

2.2 Secondary emission yield

As the electron emission related to irradiated electrons influences the satellite 
surface charge accumulation, the measurement of the secondary electron emission 
(SEE) from metal and insulating material used for satellites is quite important. 
Studies have been performed on material to determine the effect of surface deg-
radation on SEE. The SEE yield is calculated as the ration of the primary incident 
electron current over the secondary electron current. The shape of the curve repre-
sented in Figure 2 shows E1 and E2, the crossover energy values, where the yield is 
equal to 1 and the maximum of δ that corresponds to the primary electron energy 
Emax. The SEE Yield (SEEY) in solid depends therefore mainly on the primary 
electron energy Ep, the injection angle, the material density, and the surface status.

2.2.1 Measurement difficulties in polymers

Because of the difficulty in measurement, yield is often neglected as an impor-
tant contributor into spacecraft charging and therefore the resistivity which is 
easier to be measured is taken into consideration. Indeed, a full study on the effect 

Kapton® 200H 50 μm
Temperature (K)

Volume resistivity (Ω.m)

Dark current (×1017) Short time (×1013)

233 3.3 0.49

253 1.1 1

273 0.83 1.1

299 0.42 1.7

323 0.33 1.3

353 0.11 0.45

Table 2. 
Volume resistivity data obtained on Kapton® 200H films irradiated with an 20 keV electron beam for 60 s at 
different temperatures [29].
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of low-fluence electron yield [30] confirms that the electron provided by the mea-
surement system cannot be easily extracted in insulators as in conductor and can 
affect the measurements. Furthermore, they come to the conclusion that in insula-
tors with modest yield, the incident pulse does not produce enough SE to apprecia-
bly charge the specimen under studies. However, in the case of PI with a maximum 
yield σmax < 3 due to the RIC and its persistent effect after the end of the irradiation, 
charge dissipation is possible and the incident pulse amplitude does not need to be 
reduced so much. Fortunately, since several years, research is made to improve the 
measurement system and make it more reliable for polymers and ceramics. The 
measurement method described in paper [31] shows that very accurate SEEY values 
can be recorded on Kapton-HN for instance.

2.2.2 Analysis based on frontier molecular orbital theory

Also it was reported that the SEEY of Upilex®-S was smaller than Kapton®-H 
[32]. This property was explained by a variation in the potential energy bound that 
can be estimated by quantum chemical calculation which is based on the density 
function theory. In this representation, the highest occupied molecular orbital 
(HOMO), corresponding to the conduction band, and the lowest unoccupied 
molecular orbital (LUMO), corresponding to the valence band, are calculated. 
For Upilex®-S, the gap between HOMO and LUMO was found to be smaller than 
for Kapton®-H. The ionization energy that corresponds to the energy difference 
between the vacuum level and the HOMO was found to be 5.36 eV for Upilex®-S 
and 5.91 eV for Kapton®-H that comfort the fact that it might be easier to get SEE 
in the case of Upilex®-S. Such approach needs further investigation.

2.2.3 Effect of atomic oxygen and UV radiations

SEEY is really dependent on the surface status of the material under studies. 
Among all external factors, the atomic oxygen (AO) plays the most important role 
in the erosion processes of organic materials on the low earth orbit (LEO). It is 
therefore important to determine the effect of such degradation on PI surface as it 
might affect quite a lot its SEE properties with time.

To simulate the collision in laboratory, many sources are available [33]. 
Unfortunately, many AO sources produce VUV radiation during their operation, a 
fact that should be taken into consideration when comparing results. It was reported 
that the maximum SEEY of PI film is 1.1 when primary electron energy is 600 eV. 
Specific work on PI films shows that when the fluence of the AO was increased, the 
SEE yield was decreased. However, the results were different if the AO was deliver 
by a laser detonation AO beam source or by the plasma asher method [34]. Usually 
it is considered that an exposure between 12 and 24 h with a fluence of 3.5 × 1019 and 
6.9 × 1019 atom/cm2 is respectively equivalent to 6 month and 1 year AO erosion in 
LEO. The SEE yield was increased in the second case. The difference in the result is 
due to the source of AO production. It is mentioned that the asher method compared 
to laser detonation generates AO more easily and avoids contamination which is 
more representative to what happens in space. The conclusion is that the charging 
effect of the space plasma should be less effective with time due to AO effect on LEO.

In many cases, the effect of UV and AO are studied simultaneously [35]. In some 
studies, the total electron emission yield (TEEY) is reported. It corresponds to the 
sum of the SEEY and the backscatter electron emission yield. The contribution of 
this phenomenon depends on the electron energy and the material properties [36]. 
In many cases, the SEEY remains the main source of electron in the TEEY. Similar 
results are obtained on virgin sample as reported in Table 3.
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The effect of UV was to increase the TEEY maximum. A saturation was 
observed above 500 equivalent sun hours (ESH) UV exposure. In PI, UV creates 
bond scission and provides high concentration of free radicals that are remain-
ing stable for several hours under vacuum as their lifetime is of about 20 h in air. 
The non-bonded electrons are active and can be excited more easily than bonded 
electrons that contribute to the increase of the TEEY. However, the UV can pen-
etrate only about 100 nm in materials, whereas energetic electrons (> 3 keV) can go 
further. The effect of UV is mainly efficient close to the surface where low-energy 
electrons with a weak penetration depth are supposed to be located.

On addition, the AO erosion acts on both Emax and TEEY. The first one increases, 
whereas the second decreases with the exposure time. The AO acts on the surface 
roughness. Usually Emax and TEEY are expected to increase with the injection angle 
increase. However, in the case the roughness becomes too important, the secondary 
electrons might become the source of new primary electrons with lower energies, 
but the new secondary electrons might not have enough space to escape the surface. 
That is why as the AO exposure increases, TEEY decreases and Emax is significantly 
increased. The effect of surface roughness was clearly highlighted in the study 
tempting to demonstrate the effect of surface modification on spacecraft charging 
parameters [38]. An analysis on Kapton® HN shows that the presence of Dow corn-
ing DC 704 diffusion pump oil as surface contaminant oil or scratched produced 
at the surface during a polishing operation makes the reflectivity to reduce and the 
absorption coefficient to increase.

2.3 Photoemission yield

When a high frequency light illuminates a dielectric material, the photons inter-
act with the orbital electrons of the atoms. The energy provided to the electrons 
might be large enough to make them overcome the material work function and 
become free in vacuum. These electrons are photoelectrons. The photo emission 
yield (PEY) is the number of photoelectrons to the incident photons. It depends 
mainly on the incident photon energy, wavelength, and incidence angle but also on 
the material properties such as absorbance and reflectivity.

It is also important to remember that the photoconduction plays an important 
role in PI as it is contributing to the RIC. It has been noticed that under constant 
solar lighting, the conductivity of PI can increase by several decades with respect to 
conductivity in the dark. Theoretically, PI should not pose any problems of charg-
ing under illumination and therefore no electrostatic should be expected. However, 
it is the surrounding that needs to be considered carefully.

As already mentioned even if spacecraft are operating in the sunlight, some 
parts will remain in the shadow. The photoemission phenomena maintain the 

Reference E2 (eV) Emax (eV) σmax

Virgin—Kapton HN [37]
[31]

500 150
180

1.7
1.95

Virgin—Kapton 100 H [35] 670 150 1.69

UV dose—Kapton 100 H
D = 2000 ESH

150 2.1
Saturated D > 500 ESH

AO eroded—Kapton 100 H
12 h
24 h

500

700

1.2

1.0

Table 3. 
Secondary emission values of cross over energy E2, maximum energy Emax and yield σmax.
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spacecraft frame and polymers in sunlight to low potential as the photoemission 
current between the spacecraft and the ambient plasma dominates the current 
balance equation. On the contrary, polymers in the shadow are charging negatively 
because the photoemission does not occur and they are mainly impacted by the fast 
moving electrons of the surrounding plasma.

On the GEO orbit, mainly electron and proton encountered into the Van Allen 
Belt can lead to the material degradation with time. On LEO, the effects of atomic 
oxygen and ultraviolet rays are more that need to be considered as harmful as 
mentioned in the previous section. These UV radiations are responsible for photo-
emission that might be affected by other degradation with time.

2.3.1 Effect of proton and electron irradiation

Usually the photoemission induced a positive charging at the surface of dielec-
tric that can influence the emission as photoelectron can be attracted back to the 
surface. That is why during measurements, it is important to choose new area each 
time by shifting the sample and using short-time exposure to UV pulse. It was 
shown on Kapton® 100H sample [39] that the proton ageing (in the range 1–15 
years equivalent exposure on GEO with 50 keV proton in which penetration depth 
is estimated by Casino software to be of 600 nm and various flux) makes the PEY to 
raise. On the contrary, the same ageing with electrons (of 500 keV that can cross the 
25 μm sample thickness) seems to make the PEY decay slightly. In both cases, the 
energy loss by the particles along the way is transmitted to the material, however 
in the case of proton, this energy is concentrated into the surface shallow layer that 
might induce high ionization and act in favor of photoemission. In the case of high-
energy electron, the energy is deposited in the entire bulk and the surface ioniza-
tion that might occur is not predominant. It is also important to remember that air 
exposure can help the sample recovery in a few hours [40]; it is recommended to 
perform all these measurements while the sample is maintained under vacuum.

2.3.2 Effect atomic oxygen and UV exposure

The UV ageing in the range 25–1000 ESH seems to make the PEY increase but 
with a saturation above 500 ESH. The same saturation was noticed on secondary 
electron emission experiments [39]. A study on Kapton®HN, Kapton®E, and 
Upilex®S showed increases in solar absorptance and the α/ε ratio under VUV 
radiation exposure, whereas emittance changes were not significant [41]. As more 
photons can be absorbed by damaged PI, the PEY is expected to increase. This effect 
of absorbance is probably coupled with the chemical degradation and the produc-
tion of free radical during the UV irradiation [42]. Actually free radicals provide 
activated electrons that can enhance PEY. At last the AO effect seems to be limited 
even with the equivalent exposure of 1 year on LEO. In fact, AO increases the 
surface roughness of the PI film and the photoelectron that are emitted are probably 
recapture before they can really escape and be detected that is why the PEY tends to 
decrease with long AO beam exposure.

2.4 Surface flashover

Surface flashover has been identified at triple junction locations on spacecraft 
[43]. A triple junction is characterized by a metal electrode, a dielectric, and 
the surrounding environment (air or vacuum). The main theory is based on the 
secondary electron emission avalanche (SEEA) [44]. The electrons are emitted 
from the cathode due to field emission. The electrons hit the dielectric surface and 
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produce secondary electrons. Those electrons continue to move into the direction 
of the anode under the effect of the electrostatic field. The production of other 
secondary electrons is made on the way and can be at the origin of an avalanche 
that produces a degassing and ionization phenomenon on the dielectric surface at 
the origin of the discharging channel (Figure 4).

To understand surface flashover phenomena in space environment, electron 
irradiation and dc voltage should be considered at the same time. It is also important 
to take into account the surrounding vacuum [45]. The number of studies combin-
ing both effects is growing and has confirmed that the experimental conditions are 
really sensitive.

The simultaneous action of dc voltage and electron irradiation (Figure 4) can be 
described as follows:

• During electronic irradiation, there is a charge injection and storage in the 
dielectric bulk. This SC leads to the buildup of an electric field in the bulk that 
can influence flashover performance.

• During the dc voltage application, a distortion of the electric field at the triple 
junction (metal/dielectric/vacuum) occurs and electron emission from the 
cathode is enhanced. The “classic” flashover propagation will occur.

Both phenomena are influencing each other; on one side, the internal electric 
field (due to the injected charges) creates a reverse-acting force on the kinetic 
electron flowing to the dielectric surface, and on the other side, the surface electric 
field might affect the electron injection.

2.4.1 Effect of electron irradiation

It was reported that after electron irradiation, the dc surface flashover of PI was 
increased due to the electron stored below the surface [46]. Due to the presence of 
electron in the bulk, the electric field at the triple junction is lowered and then the 
flashover initiation prevented unless the dc voltage is increased. For instance, the dc 
voltage flashover on raw polyimide is recorded at 19.2 and 23.9 kV after an irradia-
tion under 20 keV. When the flashover is initiated, the secondary electrons are 
deviated from the surface and the propagation of the flashover is inhibited. It was 
noticed that electrons irradiation with an energy above 20 keV up to 30 keV seem to 
produce the same effect as the penetration depth increases the influence on the sur-
face flashover initiation and propagation might have reached a limit. This tendency 
was also pointed out on deeply studied PI-type SKPI-MS30 provided by Changzhou 

Figure 4. 
Surface flashover propagation and combine effect due electron beam irradiation.
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Sunchem High Performance Polymer company [47]. It has been observed that 
above a 20 keV electronic irradiation, the dc surface voltage flashover decreases 
slightly with the increase of the electron energy. It was also reported in this work 
that the previously irradiated PI presented higher flashover voltage than the initial 
sample. They suggest that irradiation could induce chemical-physical modifications 
such as degradation with the generation of low molecular compounds, gases, and 
crosslinking. The dielectric constant usually decreases in favor of the diminution 
of the electric field distortion and deep trap amount increases under low-energy 
irradiation. These deep traps prevent electrons from migration and favor a charge 
accumulation that is at the origin of the increase of the dc voltage flashover.

2.4.2 Effect of the electron beam flux

In addition, if the flux of the electron beam is increased (from 0.175 to  
1.75 μA/cm2), the dc surface flashover decreases exponentially with the electron 
energy. This is explained by the RIC phenomena. During the electron irradiation, 
electron-holes pairs created can exceed the number of intrinsic carriers and make 
the RIC to increase. This increase is generally following the energy increase. But 
when the dose rate increases, the RIC effect decreases and then the effect of accu-
mulated charges increases and contributes to the reduction of the flashover voltage.

2.4.3 Behavior under continuous irradiation

Besides, when measurements are performed during irradiation on the previ-
ously irradiated samples, the dc voltage flashover varies. It decreases as the energy 
of radiation in increased. Starting at 26.9 kV under 5 keV electron irradiation, the 
dc flashover voltage is of about 10.5 kV under 30 keV electron irradiation. The dc 
flashover voltage was equal to the value recorded on raw PI under 17.5 keV electron 
irradiation. Below this energy, the electrons from the beam are repelled and the dc 
flashover voltage remains higher than on Virgin PI. On the other hand, when the 
energy is higher, the electrons can reach the surface and contribute to the flashover 
phenomenon and the initial dc flashover voltage is decaying. The effect of attraction 
of the electron of the beam toward the anode is not so important when the energy 
of the beam is high. The contribution of injected electron below the surface on the 
electric field distortion is in favor of the reduction of the dc voltage flashover decay.

2.4.4 Influence of vacuum

As mentioned earlier, the effect of vacuum variation in non-negligible. The 
surface flashover voltage rarely varies in the range of vacuum going from 1.10–6 to 
6.10–1 Pa. However, the decay of the surface flashover voltage is extremely impor-
tant when the vacuum levels drops. The Paschen’s law is controlling the surface volt-
age flashover above 6.10–1 Pa. It could be thought that if the system is maintained in 
vacuum, as it is the case for satellite environment, these effects could be neglected. 
However, the pressure can be modified locally above some materials due to a degas-
sing phenomenon. Indeed, it has been shown that the degassing effect can enhance 
flashover process and should be taken into account in the material selection [48]. 
Fluorination surface treatment was tested in order to prevent hydrogen degassing 
from PI samples. The fluorination is realized into a reactor containing a mixed 
gas composed of 12.5% of fluorine and nitrogen. It was observed that after this 
surface treatment, the surface flashover voltage was increased by 10.5%. The C▬H 
and C▬O bonds are replaced by C▬F bonds at the surface which are more stable 
during the surface flashover and make degas process less effective. Besides, the 
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electronegativity of the fluorine tends to weaken the avalanche phenomenon and 
facilitate the electron absorption. This fluorination treatment might be considered 
as an effective process to reduce flashover due to degassing, but the effect over time 
should be considered. It might fade with time due to the surrounding aggressions in 
space.

3. Complementary tools

As discussed in the previous section, there is a large number of conventional 
tests that have been selected and validated to study material used in a space envi-
ronment. New tools have been developed to provide complementary information. 
For instance, the pulse electro acoustic (PEA) method that was commonly used 
since the 1980s to study the material encountered in electrical engineering applica-
tion has been adapted to characterize the material under vacuum. This method has 
been developed to be also efficient to study materials under various conditions such 
as electron or proton irradiation and under various temperatures in the last 18 years.

3.1 PEA signal recorded after electron irradiation

At first, it was necessary to demonstrate that it is was possible to combine mea-
surements of the surface potential and the distribution of charges in the volume by 
the PEA method. Initial PEA measurements were performed ex situ by using a clas-
sical system. Then, a specially adapted PEA cell to perform in situ measurements 
during the irradiation was developed [49, 50]. The analysis of surface potential and 
PEA data provides additional information.

Thanks to the PEA technique, it is possible to follow the buildup of charge into 
the bulk during an irradiation and then follow the relaxation. The direct observa-
tion of the SC distribution with time is providing quite a lot details on the dynamics 
of the charges migration with time that cannot be obtained by surface potential 
measurements alone. Depending on their energy, the electrons are expected to 
be stored at a specific penetration depth that can be predicted by various online 
programs such as ESTAR [51] that provides, for instance, the range and stopping 
power in PI. In Figure 5, an example of PEA signal recorder on a Kapton®-H film 
irradiated under a 100 keV electron beam shows a negative peak of injected charges 
near the back surface in agreement with the theoretical calculation. Thanks to 
PEA results, it has been shown that the relaxation of these negative charges is quite 

Figure 5. 
Space charge distribution recorded by PEA on a previously electron irradiated Kapton®-H film. Irradiation 
conditions: 100 keV with a flux of 1 nA/cm2 for 20 min [52].
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slow and takes more than 24 h [52] in air. In this case, there was no spreading nor 
migration of the charge with time as it could be observed in other materials. As 
mentioned earlier, this type of information cannot be provided by surface poten-
tial data.

3.2 Effect of temperature and moisture on space charge distribution

As thermal effect is very important for materials used in space environment, 
some studies on the impact of temperature on irradiated PI have been realized. At 
first, a study on the effect of space charge formation under polarization by PEA on 
Kapton®-H using high electric field (from 110 up to 150 kV/mm) shows that het-
erocharge accumulates slowly until the breakdown occurs. This effect seems to be 
accelerated by the temperature when it is increased from 30 to 80°C [53]. Even long 
short-circuit period could not help to recover initial condition. After an annealing 
treatment (of at least 150 min in silicon oil at 100°C), it was concluded that the 
presence of moisture could favor the heterocharge accumulation and breakdown. 
That is why it is always recommended to take into account the humidity in the 
atmosphere to characterize PI samples.

X-rays photoelectron spectroscopy (XPS) studies on PI reveals that after a fast 
thermal cycling (based on IEC-60068-2-14:2009 method), the amount of C▬N and 
C═O bonds increases so as the crystallinity, whereas the amount of C▬C and C▬O 
bonds decreases [54]. Due to these modifications, an increase in shallow traps (in 
the range of activation energy 0.04–0.05 eV) and in the deep traps (in the range of 
activation energy 0.95–1.31 eV) has been predicted. These alterations are directly 
linked with the increase of space charge amount detected by PEA during the 60 min 
polarization under –5 kV. The increase in shallow energy level traps act in favor of 
charge injection and recombination. In addition, the deep energy level traps make 
the charges stay into the material after the end of the polarization as observed on 
the PEA signal.

Another analysis of PEA measurements on a PI irradiated under a 140 keV 
electron beam at room temperature for various period of time (from 10 to 1800s) 
then heated up to 135°C has been reported [55]. The buildup of a negative peak into 
the bulk due to the accumulation of electrons provided by the beam after 10 s of 
irradiation was clearly observed. An additional negative peak was detected close to 
the irradiated surface but its origin was not clearly identified. After longer irradia-
tion time, a migration of the negative charges toward the non-irradiated grounded 
surface was observed. The different patterns of migration accelerated by the 
temperature are also easy to understand with the representation of the electric field 
into the bulk. The polarity of the electric field helps to define the direction in which 
charged particles tend to move. It is also possible to analyze the charge migration 
into the bulk in combination with thermo-stimulated current (TSC) measurements. 
A global picture of the charge behavior into the bulk even if only the net charges 
were observed by PEA can be extracted [56].

3.3 PEA measurements on proton irradiated PI

The PEA technique has been also quite useful to follow the behavior of PI 
under proton irradiation with different energy on Upilex® S 125 μm films [57]. 
The energy selected was 1 and 1.5 MeV, and the current density varied from 0.3 
to 30 nA/cm2 knowing that 0.3 nA/cm2 corresponds to the real flux within the 
inner radiation belts when a solar flare occurs. The irradiation was performed for 
10 min. As expected positive charges are detected into the bulk but remain close to 
the irradiated surface despite the energy as expected by the calculation of proton 
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range and stopping power by PSTAR [51]. For 1 and 1.5 MeV, the proton penetra-
tion depth in PI should be of about 19 and 37 μm, respectively. It was noticed that 
the SC distribution is highly dependent on the flux. The amplitude of the peak 
was saturated quickly during irradiation and the relaxation was quite fast for flux 
higher than 3 nA/cm2. This tends to show that some chemical modifications might 
have happen into the irradiated area. The analysis by XPS UV-vis confirms that 
molecular scission was produced. Depending on the PI selected, it has been noticed 
that usually the C▬C bond at benzene group increases, whereas C▬N bond at imide 
group and C═O bound at carbonyl of imide group decrease [58]. At last the recovery 
of the dielectric properties was obtained after a day in air.

4. Conclusions

Polyimide films are used for spatial applications as they offer excellent thermal 
properties. As they are submitted to various charged particles and radiation dur-
ing their lifetime, the determination of the ageing effect on such material is really 
challenging. In laboratories, many irradiation chambers have been developed so 
as to reproduce and couple the ageing sources such as electron radiation, proton 
radiation, UV exposure, atomic oxygen surface erosion, and temperature variation. 
In this chapter, the classic experimental measurements used to study materials for 
space applications have been presented. It is obvious that the surface potential decay 
is quite convenient to study the PI conductivity variation under various external 
conditions. It is also important to be able to characterize the SEE or photoconduc-
tion or surface flashover processes in order to mitigate ESD. In addition, the chemi-
cal analysis and the use of other techniques such as the PEA method to follow the 
dynamic of charge buildup and release are important to get a better understanding 
of the dielectric properties of PI under such an aggressive environment that remains 
quite difficult to reproduce entirely in laboratories. As mentioned, PI is very 
sensitive to air exposure, humidity, or UV exposure, so all the experiments must 
be performed with care in order to provide reliable data for the model that tend to 
reproduce satellite in its whole structure taking into account the material arrange-
ment so as the surrounding environment.

© 2020 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms 
of the Creative Commons Attribution License (http://creativecommons.org/licenses/
by/3.0), which permits unrestricted use, distribution, and reproduction in any medium, 
provided the original work is properly cited. 
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Chapter 6

Polyimide Films for Digital 
Isolators
Baoxing Chen and Sombel Diaham

Abstract

Digital isolators provide compelling benefits over legacy opto-couplers in terms 
of high speed, low power consumption, high reliability, small size, high integra-
tion, and ease of use. Billions of digital isolators using micro-transformers have 
been widely adopted in many markets including automotive, industry automation, 
medical, and energy. What are essential for the high voltage performance for these 
digital isolators are polyimide films deposited in between the top spiral winding and 
bottom spiral winding for the stacked winding transformers. In this chapter, digital 
isolator construction using polyimide films as isolation layers will be reviewed. To 
meet various safety standards such as UL and VDE, digital isolators need to satisfy 
various high voltage performances, such as short duration withstand voltage, surge 
voltage, and working voltage. Polyimide aging behavior under various high voltage 
waveforms such as AC or DC was studied, and isolator’s working voltage is extrapo-
lated through a polyimide lifetime model. Structural improvements to improve 
polyimide high voltage lifetime will also be discussed.

Keywords: polyimide films, digital isolators, high voltage, lifetime model,  
charge injection, barrier effect

1. Introduction

Isolation between circuit components is typically required for safety and/or data 
integrity considerations. For example, isolation protects sensitive circuit compo-
nents and human interface on the system side from dangerous voltage levels present 
on the field side, where more robust components such as sensors and actuators 
reside. Isolation can also eliminate common-mode noises or ground loops that affect 
data acquisition accuracy. While opto-couplers are choices of isolation for many 
decades, they present significant limitations in terms of low speed, high power 
consumption, and limited reliability. Its low bandwidth and long propagation delay 
presented significant challenges in meeting the ever-increasing speed requirements 
for many isolated field bus communications such as RS485 in industry automa-
tion systems. Its high power consumption due to the need to lighting up LED puts 
significant constraint on overall system power budget in power limited industry 
systems such as process control 4–20 mA systems. As current transfer ratio for the 
opto-couplers degrades over time, especially at high temperatures, they fail to meet 
reliability for demanding applications such as automotive.

Digital isolators remove penalties associated with isolation, provide compelling 
advantages over opto-couplers in terms of high speed, low power consumption, 
high reliability, small size, high integration, and ease of use. Digital isolators using 
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micro-transformers [1, 2] allow the integration of multiple transformers and with 
other necessary circuit functions. These stacked spirals used in digital isolators 
provide tight magnetic coupling between the top coil and bottom coil and very little 
coupling between spirals side by side. This enables multiple channel integration 
with little interference between the channels. The magnetic coupling between the 
top spiral and bottom spiral depends only on the size and separation, unlike the 
current transfer ratio for the opto-couplers, and does not degrade over time, which 
leads to the high reliability for these digital isolators based on transformers. These 
transformers have self-resonant frequency from a few hundred MHz to a few GHz 
and can be easily used to realize digital isolators from 150 to 600 Mbps. With high-
quality factor well over 10 for these transformers, the power consumption for these 
digital isolators is orders of magnitude lower than those of opto-couplers.

Opto-couplers as shown in Figure 1 rely on a few mm thick molding compound 
between the LED die and photodiode die to achieve isolation. For transformer-
based digital isolators as shown in Figure 2, isolation performance is mainly limited 
by 20 to 40 μm thick polyimide layers sandwiched between the top and bottom 
coils of the chip-scale micro-transformers. In this chapter, we will review detailed 
construction of these isolators, the deposition methods for these polyimide films, 
characterization of the polyimide films, the high voltage performance, and the 
aging behavior for the digital isolators.

Polyimide was chosen as the insulating material for many reasons, includ-
ing excellent breakdown strength, thermal and mechanical stability, chemical 
resistance, ESD performance, and relatively low permittivity. Besides good high 
voltage performance, polyimide has an excellent ESD performance and is capable 
of handling EOS and ESD events exceeding 15 kV [3]. During energy-limited ESD 
events, the polyimide polymer absorbs some of the charges to form stable radicals 
that interrupt the avalanche process and bleeds away some of the charge. Other 
dielectric materials such as oxides typically do not have this ESD tolerant character-
istic and may go into avalanche once the ESD level exceeds the dielectric strength, 
even if the ESD energy is low. The polyimide also has high thermal stability, with 
a weight loss temperature over 500°C and a glass transition temperature above 
260°C. The polyimide also has high mechanical stability with a tensile strength over 
120 MPa and a high elastic elongation over 30%. In spite of its high elongation, 
polyimide does not deform easily, because the Young’s Modulus is about 3.3 Gpa.

The polyimide has excellent chemical resistance, which is one reason it has been 
widely used for insulation coatings for high voltage cables. High chemical resistance 
also helps to facilitate IC processing on top of polyimide layers, such as the Au plat-
ing used to create iCoupler transformer coils. Lastly, the thick polyimide layers, with 
a dielectric constant of 3.3, work well with the small diameter Au transformer coils 
to minimize capacitance across the isolation barrier. Most Coupler products exhibit 

Figure 1. 
(a) Opto-coupler schematic. (b) Opto-coupler package cross section.
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less than 2.5 pF capacitance between the input and output. Because of these charac-
teristics, polyimide is increasingly used in microelectronics applications, and it is an 
excellent choice as insulating material for the iCoupler high voltage digital isolators.

2. Digital isolator construction and fabrication

There are three major components for a digital isolator, isolation barrier 
coupling element, insulation material, and signaling schemes through the isola-
tion barrier. Insulation material is used for the isolation barrier to achieve certain 
isolation rating, and the isolation rating mainly depends on the dielectric strength 
and its thickness. There are two main types of dielectric materials, organic such 
as polyimide and inorganic such as silicon dioxide or silicon nitride. Oxide or 
nitride has an excellent dielectric strength of 700–1000 V/μm; however, it has 
an inherent high stress to prevent film thicker than 15–20 μm to be formed reli-
ably on a large-scale modern IC wafer. The other limitation to organic films is 
that they are susceptible to ESD, and a tiny energy of voltage overstress will lead 
to catastrophic avalanche breakdown. Organic films such as polyimides consist 
of long C-H chains, and a small ESD event with limited energy may break some 
local C-H links without compromising material structural integrity, and they tend 
to be much more ESD tolerant. Polyimide does not compare favorably to oxide 
or nitride in terms of dielectric strength, around 400–700 V/μm; however, with 
inherent low film stress, much thicker polyimide layers as much as 40–60 μm can 
be formed economically. Thus, 30 μm polyimide films provide withstand voltages 
of 12–21 kV, comparable to 20 μm oxide with withstand voltages of 14–20 kV. For 
applications with robust ESD performance and high voltage withstand capability 
against impulse voltages, such as those present during lightning strikes, polyimide-
based isolators provide the most robust choice.

Commercial polyimide films are available in photoresist forms that are deposited 
on wafers with well-controlled thicknesses and then easily patterned with standard 
photolithography processes. Here is the process flow as shown in Figure 3 for the 
isolation transformers used for the digital isolators. A CMOS wafer with its top 
metal layer forming the bottom coil is spin-coated with the first photosensitive 
polyimide, and the polyimide layer is patterned through photolithography. The 
polyimide is then thermally cured to achieve high structural quality. Top coil layer 
is plated after which a second polyimide layer is coated, patterned, and cured to 
form the encapsulation for the top coil. Because deposited polyimide films are free 
of voids as shown in Figure 4 and do not suffer from corona discharge, the trans-
former devices also exhibit good aging behavior and work well under continuous 
AC voltages and DC voltages.

Figure 2. 
(a) Digital isolator in a plastic package. (b) Transformer cross section.
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3. High voltage performances

Isolation rating is defined by the maximum withstand voltage with 1 min 
duration per UL1577. For production test, the digital isolators were tested for 1 s 
at 120% of rated voltage. For example, for 2.5 kVrms, 1 min-rated digital isolators, 
the production test is 3 kVrms for 1 s. For practical applications, there are two 
important high voltage performance parameters; one is the maximum working 
voltage where the insulation needs to be intact over the lifetime of continuous 
operation, AC or DC. For example, per VDE0884-11, the lifetime for isolators with 
reinforced isolation at 120% of the rated voltage needs to be greater than 37.5 years 
at 1 ppm failure rate. As an example, if the rated working voltage for a reinforced 
digital isolator is 1 kVrms, its lifetime at 1.2 kVrms needs to be greater than 37.5 years 
at 1 ppm failure rate. Similarly, the lifetime for isolators with basic insulation at 
120% of the rated voltage needs to be better than 26 years with 1000 ppm failure. 
The other important application specification is the maximum transient isolation 
voltage where the part needs to survive. Transient test waveforms may vary, and an 
example waveform per EN 60747-5-5 or IEC 61010-1 is shown in Figure 5. It rise 
time from 10–90% is about 1.2 μS, while the falling time from peak to 50% is 50 
μS. This intends to simulate the lightening condition, so it is important for isola-
tors to have robust surge performance to be robust in the field. ESD tolerance is an 
important attribute for semiconductor devices, and high surge performance also 
implies excellent ESD performance.

Figure 3. 
Isolation transformer process flow. (a) CMOS substrate with top metal, (b) polyimide layer spin coated, 
(c) polyimide layer patterned & cured, (d) top coil plated, (e) 2nd polyimide layer spin coated and (f) 2nd 
polyimide layer patterned & cured.

Figure 4. 
Cross section for the fabricated isolation transformer.
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4. Polyimide films’ characterization

Figure 6 shows the main intrinsic electrical properties of spin-coated polyimide 
films measured at wafer level. On the one hand, the DC bulk conductivity of poly-
imide shows very low values around 10−16 S/m over an applied electric field range up 
to 40 V/μm (i.e., ohmic range), but remaining quite low at least up to 150 V/μm. On 

Figure 5. 
IEC61010-1 Surge test waveform.

Figure 6. 
Main intrinsic electrical properties of spin-coated polyimide films measured at wafer level: (a) DC 
conductivity versus electric field and (b) AC breakdown field distribution.

Figure 7. 
Surge performance for isolators with polyimide films 30 μm thick.
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the other hand, the AC breakdown field of the polyimide films exhibits a minimum 
value of 450 Vrms/μm at 60 Hz. All these make spin-coated polyimide films very 
good insulating materials for reliable digital isolator application.

Figure 7 shows the surge performance for isolators with 30-μm thick polyimide 
films. As it can be seen, these isolators will pass surge tests up to 18 kV, and the first 
failure voltage is 19 kV for negative pulse and the first failure voltage is 20 kV for 
positive pulse.

5. Polyimide aging

Polyimide lifetime is studied through high voltage endurance test. Any insulator, 
given sufficient time and voltage, will break down. An example setup is shown in 
Figure 8. Multiple parts are connected electrically in parallel, and multiple groups 
of parts are stressed in different high voltages from high voltage power supplies, and 
a switch/measurement unit such as Agilent 34,980 together with a PC can be used 
to monitor the time the number of units have broken down. This can be a time-
consuming process where it can take days to months for the units to break down.

The distributions for the time to failure can be analyzed through Weibull plots as 
shown in Figure 9. Groups of 16 parts were stressed at six different voltages, where 
each group forms a fairly decent Weibull distribution. Through Weibull plots, mean 
time to failure (MTTF) or time to failure at certain failure rates such as 1 ppm can 
be estimated. Obviously, time to failure at high voltages takes much less time com-
pared to that at low voltages. Per VDE0884-11, the smallest to the largest MTTFs 
need to span at least two orders of magnitude and at the lowest test voltage, the 63% 
time to failure needs to be longer than 107 s or about 116 days. As it can be seen from 
Figure 9, the data sets generated at these six voltages meet these requirements.

To extrapolate working voltage, time to failure is plotted against stress voltages. 
For basic insulation, working voltage is determined from the voltage with 20% 
derating where time to failure or lifetime at 1000 ppm is greater than 24 years. 
Similarly for reinforced insulation, working voltage is determined from the voltage 
with 20% derating where lifetime at 1 ppm is greater than 30 years.

The dominant breakdown mechanism is through charge injections as a result 
of the direct electron impact from the electrodes to the polyimide surface regions. 
The breakdown process begins as charges are injected into polyimide surface under 

Figure 8. 
Experimental setup for high voltage endurance test.
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HVac conditions. The charges can become trapped in some local trapping sites at 
the surface. Once trapped, energy will be released, which will cause local mechani-
cal tension because of stored electrostatic energy. Through quantum activation 
process, this tension will eventually cause local free volumes, voids or micro-cracks, 
which act as more local trapping sites. If the HVac remains long enough, this pro-
cess will lead to the continued degradation of insulation and eventually electrical 
punch-through.

Through thermodynamic analysis, the lifetime, L [4], can be expressed as Eq. (1),

 
( )

( )

− −

−
~

n
tE E

m
t

eL
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 (1)

where Et is the threshold field where no charge injection will happen, and m, n 
are scaling constants.

The HVac endurance data of iCoupler devices were analyzed according to the proce-
dure specified by ANSI/IEEE Std 930-1987, the “IEEE Guide for the Statistical Analysis 
of Electrical Insulation Voltage Endurance Data,” and they are observed to follow:

 
−

~
nVL e  (2)

This phenomenological fit as shown in Eq. (2) was used to get worst-case 
lifetime because it assumes no threshold field as specified by the thermodynamic 
model. The duration of the HV test becomes prohibitively long if we try to measure 
the threshold field. Eq. (2) was used to model the time to failure for Figure 10. As 
you can see, the model fits the data rather well.

We also observed that the lifetime of iCoupler devices under DC or unipolar 
AC is much longer compared to that under bipolar AC; it is at least two orders of 
magnitude higher. For unipolar waveforms, the trapped charges tend to form an 

Figure 9. 
Weibull distribution for isolators with 20-μm thick polyimide.
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Figure 11. 
Field barrier region with zero net e-field formed by the trapped charges.

internal field barrier region (i.e., homocharge) around the electrodes that prevents 
further injection of charge into the polyimide as shown in Figure 11. With a bipolar 
AC waveform, the reverse of field will prevent formation of this steady field barrier, 
and the trapped regions will keep progressing into the polyimide and eventually 
lead to the electrical breakdown. SiO2, on the other hand, tends to give worse 
lifetime for DC or unipolar AC, especially for thick films [5].

The lifetime as shown in Figure 10 is based on worst-case bipolar AC waveforms. 
HV lifetime is even greater for unipolar AC or DC waveforms. It should be noted 
that the models described in this chapter relate to polyimide insulation and have 
no bearing on isolators that use SiO2 insulators as the primary means for isolation. 
Likewise, models that predict the HV lifetime of SiO2-based digital isolators have no 
bearing on polyimide-based isolation systems.

Figure 12 shows how lifetime for unipolar is compared to that of bipolar for 
polyimide films. As it can be seen, the peak stress voltage for unipolar is about twice 
that of the peak stress voltage for AC bipolar for the same time to failure. In essence, 
the lifetime is dependent on peak to peak rather than the peak stress voltage for the 
polyimide films.

Figure 10. 
Time-to-failure plot for isolators with 20-μm thick polyimide.
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6. Polyimide structural improvements

To improve high voltage endurance for the polyimide, a charge injection barrier 
can be used as shown in Figure 13 [6, 7]. The charge injection barrier is preferred to 
be oxide or nitride with a large bandgap and high dielectric constant. High dielectric 
constant will help to reduce the electric field close to the electrode, while the large 
bandgap raises the energy barrier for charge injection.

Figure 12. 
Time-to-failure comparisons for AC bipolar versus unipolar.

Figure 13. 
Isolation transformer without (a) and with SiN charge injection barrier (b).

Figure 14. 
Band diagram for charge injection.
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Figure 15. 
Charging currents comparison for polyimide and polyimide with SiN injection barrier under 1 kV.

Figure 16. 
Time-to-failure comparison for polyimide isolators with and without SiN charge injection barrier.

To analyze the charge injection for a given isolation system, a band diagram can 
be drawn as shown in Figure 14. Four key materials in the isolation system shown 
in Figure 12 are Au, the top coil material; polyimide, the isolation material between 
the top coil and bottom coil; oxide, the charge injection barrier; and TiW, the seed 
layer under the Au. Charge injection from Au or TiW into polyimide or oxide for 
electrons or holes can be calculated from the band diagram.

Figure 15 presents the charging currents over time for polyimide and polyimide 
with SiN injection barriers measured under 1000 V. The steady-state current when the 
SiN barrier is introduced is reduced by more than five times compared to that of poly-
imide only. This highlights a significant reduction of the charge injection processes 
that are well known to be responsible of the electrical aging at high electric field.

Figure 16 presents the time-to-failure (HVE tests) versus AC applied voltage 
from 1 kVrms up to 3.5 kVrms at 60 Hz for isolators with polyimide and polyimide/SiN 
barriers single die configurations. The lifetime at 50% and the extrapolation at 1 ppm 
of the data set are presented. Moreover, for both cases, the extrapolated working 
voltages at 30-year lifetime are reported. Digital isolator devices with polyimide 
insulation exhibit a 400 Vrms working voltage, while the improved design involving 
SiN injection barriers shows >900 Vrms working volatge at 1 ppm (750 Vrms after 
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20% voltage derating). Based on wafer-level analysis comparison, it is reasonable to 
attribute the lifetime and working voltage improvements to the SiN injection barriers 
between polyimide and metallic coils. These SiN thin layers, by mitigating bipolar 
charge injection at the onset of space charge formation, reduce the electrical current, 
the related thermal effects, and, very likely, extend the lifetime for a given voltage.

7. Conclusion

Polyimide films have excellent high voltage performance from surge voltage 
to its high voltage endurance. These films have been characterized, and the aging 
behavior can be further enhanced through a charge injection barrier with large 
dielectric constant and large bandgap. These polyimide materials are excellent 
candidates as isolation barriers for digital isolators.
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Behavior of Space Charge in
Polyimide and the Influence on
Power Semiconductor Device
Reliability
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Abstract

Polyimide is widely used in film form as a passivation material for power
semiconductor devices such as Si, SiC, and GaN. The magnitude of the electric field
at the edge termination area of these semiconductor devices is becoming higher due
to the increase of operational voltage and/or demand for shrinking the edge termi-
nation area to increase device active area. Hence, it is concerned that the accumu-
lation of space charge in the encapsulation and passivation material may affect the
insulation performance of these devices, for example, the degradation of withstand
voltage due to distortion of the internal electric field caused by space charge accu-
mulation. To design space charge resistance of semiconductor devices, it is impor-
tant to understand the space charge behavior in polyimide films with a thickness of
several to several tens of micrometers. This chapter addresses practical implemen-
tation, specifications, and issues on space charge in polyimide insulation on power
semiconductor devices focusing on the space charge measurements in thin
polyimide films using the latest developed LIMM method and DC conductivity
measurements.

Keywords: power electronics and devices, power modules, power semiconductor
device, passivation material, space charge, LIMM, DC conductivity

1. Introduction

In recent years, high voltage electronics and power electronics applications have
emerged needing the use of power semiconductor devices with widely used Si and
wide bandgap materials such as SiC and GaN. In these devices, thin polymer mate-
rial has been widely used as passivation coating to protect device surfaces. Particu-
larly, polyimide (PI) is of great interest due to its excellent thermal and electrical
properties and its easy processing. Some of the most important applications of these
material films are as inter-level dielectric insulators and as electronic device surface
passivation [1]. The typical image of PI layer at the edge surface of semiconductor
chip is shown in Figure 1.
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Space charge is generally reported as a triggering mechanism for the degradation
of insulators [2] and considered as a cause of the decrease of electrical breakdown
voltage of those polymer films. Furthermore, the space charge could degrade
semiconductor leakage current characteristics by strengthening the electric field in
semiconductor substrate region. The influence of space charge transportation and
accumulation on surface of semiconductor chip has been discussed in [3–6] using
TCAD simulation. Reliability tests of IGBT devices under accelerated conditions
were reported in [7, 8], showing that the degradation (increase) of leakage current of
the device is caused possibly by the formation of space charge on the surface at
semiconductor edge termination area. The decrease of withstand voltage of HV IGBT
due to accumulated space charge (Qss) on the surface of device edge termination area
has been demonstrated by TCAD simulation as shown in Figure 2. Attempts have
also been made to evaluate the space charge resistance of a real chip by evaluating
the withstand voltage of a semiconductor chip using a guard probe electrode to
simulate an external electric field due to space charge as shown in Figure 3 [9].

To evaluate the actual influence by the space charge accumulation, it is neces-
sary to clarify the space charge distribution around the edge termination area of

Figure 1.
Power module and edge termination structure of semiconductor chip. (a) HV IGBT power module. (b) Edge
termination structure of semiconductor chip

Figure 2.
Avalanche voltage simulation results of HVIGBT chip for different Qss.
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semiconductor chip. Many trials have been performed to measure the space charge
characteristics in polyimide and encapsulation material such as silicone gel as
described below.

Earlier reports featuring space charge in PI [10–12] reported the processes indi-
rectly, for example, through charging current measurements or directly as with
pulsed electroacoustic (PEA) method with relatively thick films (125 μm) [10]. In
[10], the effect of humidity in air and the difference due to electrode material (Al
and Au) on space charge formation with time evolution are discussed. Recently, the
Laser Intensity Modulation Method (LIMM) [13] has been performed to investigate
space charge characteristics in thin PI films with few micrometers in thickness
under the DC field up to 125 kV/mm, close to breakdown voltage [14–17]. In [17],
the space charge characteristics were reported under DC voltage of from low field
of 2.5 to 125 kV/mm with the correlation with DC conductivity trends. Considering
the encapsulation material, some studies have been performed through charge
accumulation measurement in silicone gel by using PEA [18, 19] and LIPP (Laser-
Induced Pressure Pulse) [20] methods, and space charge characteristics of only
surface information and total amount of charge have been measured in [18–20],
respectively.

As described, many attempts have been made to evaluate the influence of space
charge, and quantitative evaluation has been under development, especially in thin
PI. However, the space charge distribution in the PI film, which is important for
providing space charge tolerance of semiconductor chip, is gradually becoming
apparent along with the influence of the operating environment. In this chapter, the
latest developments with space charge measurements in thin polyimide films using
the LIMM method, with the focus on local field strengthening and correlation with
conductivity measurements, are discussed.

2. Space charge evaluation methods

2.1 PEA method

Since the 1980s, the PEA method has been used to measure the space charge of
sheet or film samples in order to investigate space charge phenomena and evaluate
the aging of dielectrics. A space charge distribution by converting a pressure wave
generated by applying a pulse electric field to a sample under high voltage application
and converting the pressure wave into an electric signal using a piezoelectric element.
The thickness of the sample that can be evaluated by PEA is more than 100 μm, and
its spatial resolution is about several tens of micrometers.

Figure 3.
(a) Schematic view of guard probe (GP) method and (b) Leakage current dependent on the guard prove
voltage.
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2.2 (F)LIMM method

The (Focused) Laser Intensity Modulation Method or (F)LIMM is a thermal
wave method dedicated to the space charge analysis of thin dielectric films (with a
thickness from 5 to 50 μm) [21, 22]. This method is originally proposed by Lang [23]
in the 1980s, and the characterization of space charge distribution had been
performed under volt-off after external DC voltage application. Recent develop-
ment has been reported that LIMM measurement is carried out under volt-on [24].
The LIMM is much suitable to clarify the space charge characteristics in a polymer
film with only several micrometer thickness, which is a typical thickness of passiv-
ation layer on a semiconductor chip. Figure 4 shows the schematic diagram of
online LIMM. A DC potential (Vht) is applied to the top electrode of the measuring
cell through a low-pass filter. (F)LIMM currents are recorded after pre-
amplification and extracted from noise by a lock-in amplifier. To protect a damage
from an eventual breakdown of the sample, an electrical protection device was
introduced at the output of the measuring cell.

The thermal gradient created by the laser beam induces periodical and local
expansions that lead to relative charge displacement regarding to the electrodes
within the irradiated volume. Varying the laser beam modulation frequency, one
can control the depth of thermal diffusion and then calculate its effect on the total
current signal. Finally, a mathematical treatment allows charge density profile
reconstruction in the direction of the sample thickness. A modulated laser beam of a
frequency f heating a surface S of a top electrode sputtered on a dielectric nonpolar
sample of thickness L, to which an additional DC voltage Vht is applied, the funda-
mental (F)LIMM equation for the complex current I(f) can be expressed by [24]:

I fð Þ ¼ �j
2πf
L

αz � αεð ÞεS
ðL

0

Ei zð ÞT z, fð Þdzþ Vht

L

ðL

0

T z, fð Þdz
2
4

3
5 (1)

where z is the direction normal to the sample, αz is the coefficient of thermal
expansion (K�1), αε is the coefficient of thermal dependence of the dielectric
permittivity (K�1), ε is the permittivity, Ei(z) is the internal electric field along z-
axis (V.m�1), and T(z,f) is the simulated spatial variation of the temperature versus
frequency.

Figure 4.
Schematic diagram of (F)LIMM [24].
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3. Space charge behavior in polyimide film

3.1 Space charge distribution in polyimide film

In this subsection, the LIMM measurement results of PI film in a typical case
using cumulative DC voltage application. Figure 5 shows the sample structure and
the example of LIMMmeasurement protocol. The thickness of PI film is 20 μm. The
polarization steps consist in applying a DC electric field from 25 to 125 kV/mm with
positive or negative polarity. The corresponding positive or negative DC voltages
are applied on the top electrode of the sample in air at room temperature, whereas
the Si substrate is grounded. After each polarization step, a depolarization process is
performed by short-circuiting the sample. A cumulative protocol is applied for
successive voltage steps on the sample as shown in the right side of Figure 5.
Volt-on and volt-off steps of each 60 min are applied on the sample from 25 to
125 kV/mm, with the steps of 25 kV/mm. LIMM measurements are performed
throughout the whole protocol, with every 10 min scanning of 63 frequency points
from 10 Hz to 10 kHz.

Figure 6 shows LIMM current waveform under the field of 25, 50, 75, 100, and
125 kV/mm, positive polarity. The space charge and internal electric field

Figure 5.
Typical sample structure and LIMM measurement protocol (cumulative voltage application of 25–125 kV/
mm, positive polarity).

Figure 6.
Example of LIMM current waveform (25–125 kV/mm, positive polarity).
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distributions are deduced from Eq. (1) as shown in Figure 7(a) and (b), respec-
tively. In this case, positive and negative space charges are confirmed close to and at
the depth of from 4 to 10 μm from top Au electrode, respectively, which causes the
enhancement of positive field strengthening at 2–6 μm depth. The maximum values
of these are confirmed to increase along with the applied DC field. Time evolution
of maximum peaks of enhanced electric field in both polarities is shown in Figure 8.
As mentioned so far in this subsection, the space charge and enhanced electric field
characteristics in polyimide under external DC voltage on and off can be evaluated
by using LIMM method including both depth-profile and time evolution.

Figure 7.
Example of the depth profiles of (a) space charge and (b) internal electric field (25–125 kV/mm, positive
polarity).
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Figure 8.
Magnitude of positive peaks of internal electric field.

Figure 9.
Maximum negative space charge density.

Figure 10.
Maximum positive internal electric field.
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3.2 DC conductivity

To clarify the influence of space charge accumulation to the conductivity
behavior, space charge density and internal electric field are compared with DC
conductivity. Figures 9–11 show the maximum space charge density of negative
charge, maximum positive internal electric field, and DC conductivity, respectively,
under the applied field from 25 to 125 kV/mm for both polarities. To compare these
figures, no remarkable influence on the conductivity by space charge accumulation
inside polyimide at this level works. To establish a direct link between space charge
dynamics and conduction phenomena, further evaluations are still necessary.

4. Effect of space charge on semiconductor devices

As described in Section 1, the degradation (increase) of leakage current of the
device is caused possibly by the formation of space charge on the surface at

Figure 11.
DC conductivity.

Figure 12.
Peak value of internal electric field linked to field strengthening (filled circle) and enhancement ratio of those
peaks (open square) versus applied electric field.
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semiconductor edge termination area. Figure 12 shows that the electric field
enhancement ratio defined in Eq. (2) confirmed in the LIMM measurement
depending on the applied DC field of from �25 to 25 kV/mm. It is confirmed that
the enhancement ratio in PI film is negligibly small (less than 1.1) for applied fields
less than 10 kV/mm. However, it can reach much higher like 1.4 at higher applied
field like 25 kV/mm.

Enhancement ratio ¼ Applied electric fieldþMeasured electric field
Applied electric field

(2)

This result implies that electric field at edge termination area should be carefully
designed under such an operational electric field as is the case of SiC devices to
prevent the influence of space charge accumulation. It should be noted that not only
inside polyimide, but also space charge accumulations in encapsulation material and
the interface between polyimide and encapsulation as its structure shown in
Figure 1 are also needed to be clarified. Moreover, the influence of environmental
conditions such as temperature and humidity on the space charge behavior should
be taken into account.

5. Conclusion

It has been presented that the space charge distribution can be clarified in thin
polyimide film using LIMM method from relatively low field of 2.5 kV/mm up to
125 kV/mm, which is close to breakdown field. The electric field enhancement due
to space charge accumulation is shown to be 1.4 times at 25 kV/mm under room
temperature condition. To design much reliable structure against space charge
accumulation in polyimide and encapsulation material, its distributions are needed
to be clarified by the further study.
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Chapter 8

Polyimides as High Temperature 
Capacitor Dielectrics
Janet Ho and Marshall Schroeder

Abstract

Nearly five decades of effort has focused on identifying and developing new 
polymer capacitor films for higher-than-ambient temperature applications, but 
simultaneous demands of processability, dielectric permittivity, thermal conductiv-
ity, dielectric breakdown strength, and self-clearing capability limit the number of 
available materials. Demands on these criteria are even more stringent in growing 
numbers of applications demanding high power performance. Aromatic poly-
imides, though not a panacea, are a class of heat-resistant polymers of great interest 
to researchers as capacitor dielectrics because of good thermal and mechanical 
stability. In this chapter, the key aspects and advantages of metallized polymer 
film capacitors are compared to analogous alternative technologies (polymer-
film-metal-foil, ceramic, and electrolytic capacitors), followed by a comprehen-
sive review of commercial resin development leading up to recent research on 
polyimides targeted for operating temperature above 150°C. Finally, this chapter 
provides a brief discussion on the recent effort on combining computation and 
synthesis to design polymers with desirable dielectric properties.

Keywords: Kapton, Ultem, polyimides, high temperature, capacitor dielectrics, 
thermal conductivity, self-clearing, metallized film capacitors, power electronics,  
DC link capacitors

1. Introduction

Capacitors are one of the primary components in power electronic devices, 
some of which are required to operate in hostile environments across a variety 
of consumer, industrial, and military sectors. For example, the sensors in “down 
hole” electronics for characterizing oil, gas, and geothermal wells can experience 
temperatures exceeding 200°C depending on the well depth. In the aircraft indus-
try, new engine control systems require placement of sensor/actuator and signal 
conditioning electronics in or near aircraft engines where temperature can be in 
range of 200–300°C. Similar demands exist in the automobile industry, with power 
electronics located in the engine compartment and near the wheels of hybrid and 
electric vehicles where temperatures can reach 150°C [1–5].

For high voltage (>500 V [6]) applications, metallized polymer film capacitors 
are generally selected over polymer-film-metal-foil, ceramic, or electrolytic capaci-
tors because of the enhanced volumetric efficiency and improved safety. Failure of 
a charged high energy capacitor (>10 kJ) is equivalent to a bomb, which requires 
design engineering with an appropriate failsafe mechanism such that energy is 
released gradually as the capacitor fails. Presently, the only compatible technology 
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is based on polymer film capacitors with thin metallization as electrodes, for which 
a thin layer of vacuum-deposited metallization (usually 20–100 nm of aluminum, 
zinc, or alloy [7]) functions as a fuse. When a localized breakdown of the film 
occurs during operation, (i) the current flowing through the breakdown site is lim-
ited by the metallization resistivity and (ii) the energy dissipated in the breakdown 
is sufficient to vaporize/oxidize the metallization near the breakdown, isolating 
the breakdown site. This results in a small decrease in capacitance but continued 
operation of the capacitor at the rated voltage. This “graceful” recovery mechanism 
is known as “self-clearing” and a photograph of a breakdown (“clearing”) site in a 
metallized polymer film is shown in Figure 1. In contrast, polymer film capacitors 
with metal-foil electrodes (5–10 μm thick [9]) and ceramic capacitors, for which the 
electrode is a thick metal coating, often fail catastrophically if shorted [10, 11].

With power system designers striving for miniaturization and reliability at high 
temperatures and operating voltages, they must turn to specialized components. 

Figure 1. 
Photograph of a breakdown site in a metallized polymer film. Figure reproduced from Figure 3 of [8] with 
permission from IEEE.



139

Polyimides as High Temperature Capacitor Dielectrics
DOI: http://dx.doi.org/10.5772/intechopen.92643

These applications are enabled, in part, by wide bandgap semiconductors (e.g., 
silicon carbide), which support operation at temperatures well above 150°C [3, 12]. 
However, these types of environments are too aggressive for conventional polymer 
capacitor dielectrics unless the voltage is derated, or an active cooling mechanism 
is implemented, introducing additional cost and complexity while reducing energy 
efficiency. High temperature polymer film capacitors offer a promising solution 
for these issues due to reduced thermal management requirements and elimina-
tion of the voltage derating due to improved stability of the breakdown strength at 
high temperatures. Aromatic polyimides are one specific class of high temperature 
polymers which have been commercially available since the early 1960s [13], but 
the form in which these materials are manufactured generally does not meet the 
specifications required for capacitor films. One of the main requirements is the 
processability of the polymer into a continuous thin film (<12 μm thickness), since 
the capacitance scales inversely with film thickness [14]. This limitation precludes 
the use of Kapton® polyimide as a capacitor dielectric [15], even though it has been 
used extensively as wire and cable insulation for aircraft with a continuous operat-
ing temperature of 300–350°C since the early 1980s [16–18].

One major impediment to the development and integration of new capaci-
tor dielectrics is that specialty film chemistries optimized specifically for high 
performance polymer capacitors represent relatively small markets (i.e. military, 
aerospace, and down hole exploration [3, 12]) compared to those necessary for 
profitable commercial production of a polymer resin. Other than biaxially ori-
ented polypropylene (BOPP) and polyethylene terephthalate (BOPET), which are 
commodity films in a variety of commercial applications such as packaging [19, 
20], nearly all commercial polymer capacitor films are specialty polymers syn-
thesized for other applications. For example, poly (phenylene sulfide) (PPS) and 
poly(ethylene 2,6-naphthalate) (PEN) are available as premium capacitor dielec-
trics, but the majority of their use is in automotive, household, and food packaging 
applications [21–24].

This chapter discusses the important criteria for high temperature polymer 
capacitor dielectrics and presents a comprehensive review on commercial resin 
development up to recent research progress on polyimide (PI) targeted for operat-
ing temperature above 150°C. While many review articles on various aspects of 
polymeric capacitor dielectrics are available [25–32], this chapter has a specific 
focus on polyimides for high temperature applications.

2. Relevant polymer properties for capacitors dielectrics

The deliverable energy density of a capacitor scales linearly with the dielectric 
constant and quadratically with breakdown strength. As such, engineers and scien-
tists often focus on these two properties while neglecting other relevant character-
istics, such as thermal conductivity and the implications of chemical composition 
of a polymer on self-clearing capability. These properties will be discussed in the 
following subsections.

2.1 Thermal conductivity

For reliable operation at elevated temperatures, efficient heat removal from 
the interior of capacitors is essential but often challenging, especially in metal-
lized polymer film designs due to the low thermal conductivity of both the poly-
mer dielectric and the thin metallization [33]. As electrical insulators, polymer 
dielectrics are poor thermal conductors with thermal conductivities ranging from 
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0.1 W/(m·K) for amorphous polymers [34] to about 0.6 W/(m·K) for the present 
state-of-the-art BOPP capacitor films [35]. As for the electrodes, while the thermal 
conductivity of metals are typically three orders of magnitude higher than those 
of polymers, the metallization is also ~1000 times thinner than the dielectric and 
may not have the thermal conductivity of the bulk metal from which it is deposited. 
One approach to increase thermal conductivity of the polymer is by blending in 
ceramic nano-fillers. Researchers have shown that mixing 10 vol% boron-nitride 
nano-sheets (BNNS) with an amorphous polymer resulted in a six-fold increase 
in thermal conductivity from 0.3 to 1.8 W/(K·m) [36]. The resulting BNNS/poly-
mer nanocomposite also exhibited an increase in dielectric constant, breakdown 
strength, and charge-discharge efficiency, the latter of which was attributed to 
reduction of the conduction current. A similar trend has also been observed in other 
polymer systems including polyimides [37, 38].

2.2 Self-clearing capability: implications of chemical composition

For a self-clearing event to occur successfully, the metallization needs to be thin 
enough to be vaporized/oxidized by the energy dissipated during the dielectric 
breakdown. In addition, the polymer also needs to be oxidized completely, leaving 
no conductive paths from free carbon in the region of cleared metallization around 
the breakdown site, as shown in Figure 1 [8]. Based on an in-depth study of the 
physics and chemistry of clearing phenomena, polymers with low ratios of carbon 
to (hydrogen + oxygen) in the repeating units, such as cellulose, often exhibit 
excellent self-clearing. Conversely, polymers with high carbon to (hydrogen + 
oxygen) ratios, like polystyrene, tend to form greater amounts of free carbon for 
a given clearing energy and clear poorly [7]. This trend is illustrated in Table 1, 

aAdapted from [5].
bData taken from [7].
cObservation taken from [5, 7].

Table 1. 
Chemical composition of various polymer dielectrics including ratios of (carbon + nitrogen + sulfur) to 
(hydrogen + oxygen), amount of residual carbon, and the observation of self-clearing behavior.
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in which the chemical composition of various polymer dielectrics is correlated 
with the amount of carbon residue, both measured and calculated, based on 
comparison between amount of carbon in the gaseous by-products and composition 
of the dielectrics [5, 7]. Kapton® polyimide, also shown in Table 1, has a high 
degree of aromaticity in the structure and has a tendency toward carbonization 
(arc-tracking), as observed in wire insulation in commercial aircraft before 
fluoropolymers were applied as thin coatings to resist arc-tracking [39, 40]. Poor 
self-clearing can be mitigated to some degree by applying a thin coating of acrylate 
over the dielectric to increase the oxygen content. The clearing energy can also 
be reduced by increasing the metallization resistance in order to avoid damaging 
adjacent layers of dielectric during clearing (Figure 2), given that a metallized 
film capacitor is typically wound from two layers of single-side-metallized 
dielectric film as illustrated in Figure 3 [8]. However, the trade-offs for increasing 
metallization resistance include higher equivalent series resistance (ESR), lower 
thermal conductivity, and lower ripple current handling capability. Thus, achieving 
an optimum balance between capacitor ESR and clearing energy depends on the 
application requirements.

2.3 Tensile strength

In order to withstand the tension applied by winding machines during capacitor 
manufacturing, a polymer dielectric must have sufficient tensile strength. A typical 
value of tension used by capacitor manufacturers is about 10 MPa while the typical 
tensile strength for various commercially available capacitor films is in the range 
of 160–200 MPa [41]. In comparison, Kapton® polyimide has a tensile strength 
of 72 MPa and poly(ether imide) 97 MPa [31]. Based on these values, the tensile 
strengths of the polymers discussed herein are sufficient for capacitor winding.

2.4  Temperature dependence of dielectric constant, dissipation factor,  
and breakdown strength

Polar polymers often exhibit a substantial increase in dielectric constant 
when the temperature passes through the glass transition temperature (Tg) of 

Figure 2. 
Photograph of an unwound metallized film capacitor having poor self-clearing behavior with damage involving 
adjacent layers.
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the polymer; however, non-polar polymers, which have only electronic polariza-
tion, are less temperature-dependent (Figure 4). The temperature dependence 
of dielectric constant for polar polymers is the result of increased polymer chain 
mobility as temperature increases through the Tg. This leads to greater free-
dom in accessible molecular dipole orientations at frequencies below 1012 Hz, 
while the electronic and atomic contributions tend to occur at around 1012 Hz 
and above [44]. Furthermore, polymers tend to have a broad distribution of 
response times as a result of interconnectivity and steric-hindrance imposed 
by neighboring molecules [45]. Substantial increases in dielectric constant 
near Tg limit capacitor operation for polar dielectrics to somewhat below Tg for 
many applications requiring a stable capacitance, including power condition-
ing/conversion in electronic circuitry, where the operating frequency ranges 
from tens of kHz for silicon-based switches to a few GHz for gallium nitride 
transistors [46].

Dissipation factor (DF) of a dielectric is a measure of electrical energy 
dissipated, usually in the form of heat, when an oscillating electric field is applied. 

Figure 3. 
Schematic of the construction of a metallized polymer film capacitor winding without the end connections.

Figure 4. 
Typical change in capacitance and dissipation factor (DF) of various polymer film capacitors as a function 
of temperature at 1 kHz. PET: poly(ethylene terephthalate), PEN: poly(ethylene 2,6-naphthalate), PPS: 
poly(phenylene sulfide), PC: poly(carbonate), PP: poly(propylene). Data adapted from [42, 43].
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Similar to the dielectric constant, the DF is temperature and frequency-dependent 
and is more pronounced for polar polymers (Figure 4). In a capacitor, the total 
DF is a combination of contributions from the electrode and the polymer. For the 
electrode, metallization has a characteristic DF of ~0.1%, while the DF of metal foils 
is negligible. For polymers, DF can range from 0.01% for nonpolar polymers like PP, 
to as high as 1% for polar polymers such as PET, as shown in Figure 4. Depending 
on the capacitor applications, such as in a snubber or DC link, the requirement for 
dissipation factor ranges from ~0.01% for the former, to 0.1% for the latter [47–50]. 
Thus, for a snubber to meet the low DF requirement, metal foil electrodes with a 
BOPP polymer film is a common capacitor configuration.

The breakdown strength of a dielectric is defined as the maximum electric 
field that a dielectric can sustain for a given electrode configuration, test area, 
[51, 52] and voltage waveform (e.g. linear voltage ramp rate for DC breakdown 
[53]). The breakdown field is a statistical parameter, typically characterized 
by a Weibull distribution, although sometimes the log-Normal distribution 
provides a better fit [54]. It is usually determined by extrinsic factors such as 
weak points or defects such as embedded foreign particles in the dielectric [55]. 
Therefore, when reporting the breakdown field at the film level (as opposed to a 
wound capacitor), measurement conditions such as the electrode configuration 
(ball-plane or parallel plates) and test area should be included. For comparison 
purposes, all breakdown field data contained in this chapter included a 
description of the measurement conditions or control measurements with other 
capacitor-grade polymer films. Presently, BOPP capacitor films have the highest 
breakdown field of ~700 MV/m (at the 63% Weibull cumulative probability for 
a test area of ~2 cm2 and 300 V/s linear ramp voltage) among all commercial 
polymer capacitor films [56]. The breakdown field of polymers decreases as 
temperature approaches Tg of amorphous (e.g. poly-ether-imide or PEI) or Tm 
of semi-crystalline polymers, [such as BOPP and BO poly-phenylene-sulfide 

Figure 5. 
Weibull characteristic breakdown field as a function of temperature for various polymers. Electrode area: 
~2 cm2. BOPP: biaxially oriented poly(propylene), PPS: poly(phenylene sulfide), PEI: poly(ether imide). 
Figure taken from [57].
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(PPS)], as shown in Figure 5 [57]. Hence, the operating voltage of a capacitor is 
usually derated at elevated temperatures to protect against failure and prolong 
operational lifetime (Figure 6). Although many breakdown mechanisms have 
been proposed [58–61], extrinsic breakdown in solids is generally driven by 
power dissipation and eventually “thermal runaway”, which leads to breakdown 
[62, 63].

3. Commercial polyimides evaluated for capacitor applications

In the early 1990s, the lack of suitable high temperature polymer film capaci-
tors prompted a concerted effort funded by NASA and the U.S. Air Force to 
develop new capacitor dielectrics based on commercially available heat-resistant 
polymers with operating temperatures above 200°C. While Kapton® polyimide 
has been used extensively since the early 1980s as wire and cable insulation for 
aircraft (continuous operating temperature of 300–350°C [16–18]), it has never 
been used as a capacitor dielectric due in part to its previous inability to be manu-
factured in thin films. Nevertheless, it is a common benchmark for development 
of new dielectrics. One study reported that the dissipation factor of Kapton® 
at the film level increased from 0.1% at 25°C and 1 kHz to 6% at 300°C, while 
that the dielectric constant decreased from 3.1 at 25°C and 1 kHz to 2.8 at 300°C 
[64, 65]. At 10 kHz, Kapton® showed a similar decreasing trend with increasing 
temperature for the dielectric constant while the dissipation factor remained 
constant at 0.1% at temperature up to 300°C, as shown in Figure 7 [36]. Another 
recent study showed that Kapton® at 1 kHz in a film-foil capacitor configuration 
exhibited a gradual decrease in capacitance from 25 up to 225°C, followed by an 
abrupt increase at higher temperature, as illustrated in Figure 8. In this configu-
ration, the dissipation factor of Kapton® remained constant at 0.1% up to 200°C 
and then increased sharply as temperature was further increased [66].

Another aromatic polyimide is SIXEF-44™ (Figure 9), which is manufactured 
by Hoechst Celanese based on 2,2-bis(3,4dicarboxyphenyl) hexafluoropropane 
dianhydride (6FDA) and 2,2-bis(4-aminophenyl) hexafluoropropane diamine 
(4,4′-6F diamine). This fluorinated polyimide has a glass-transition temperature 
(Tg) of 323°C [67] and a dielectric constant of 2.8 at 1 kHz with <10% change 
across temperature range from −55 to 300°C. The dissipation factor is around 0.1% 
over the temperature range of 25–250°C from 100 Hz to 10 kHz, as illustrated in 

Figure 6. 
Typical derating of operating voltage for various polymer film capacitors as a function of temperature. 
PET: poly(ethylene terephthalate), PEN: poly(ethylene 2,6-naphthalate), PPS: poly(phenylene sulfide), PC: 
poly(carbonate), PP: poly(propylene). Data adapted from [42, 43].
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Figure 10 [68]. The reduced dielectric constant in SIXEF-44™ relative to nonfluo-
rinated counterparts was attributed to the symmetry of the fluorine atoms on the 
polymer backbone [67, 69, 70].

Figure 7. 
Dielectric constant and dissipation factor at 10 kHz for Kapton® film as a function of temperature. Data 
adapted from [36].

Figure 8. 
Normalized capacitance and dissipation factor at 1 kHz as a function of temperature for an 8-μm Kapton® 
HN-30 film capacitor wound with 12-μm copper foil. Data adapted from [66].

Figure 9. 
Chemical structure of SIXEF-44™.
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Other aromatic polyimides investigated include perfluoropolyimide (PFPI) 
(Figure 11) and Upilex-S® (Figure 12). PFPI was developed by TRW, Inc., and 
is a perfluoroisopropylidene diamine of 2,2-bis(4,4-aminophenoxy)-phenyl-
hexafluoropropane (4-BDAF) and pyromellitic dianhydride (PMDA) [71]. 
Upilex-S® was originally synthesized by ICI Americas, Inc. from monomers of 
3,3′,4,4′-biphenyl tetracarboxylic dianhydride (BPDA) and p-phenylene diamine 
(p-PDA). The Tg for PFPI is above 390°C [72] while that of Upilex-S® is 355°C 
[73]. The dielectric constant of PFPI is 3.1 at 25°C but decreases to 2.9 at 300°C 
[64, 65], while that of Upilex-S® is 3.3 for 1 kHz and temperatures from 25 to 
300°C. The dissipation factor for both PFPI and Upilex-S® at 1 kHz is about 0.1% 
at both 25 and 300°C.

Figure 11. 
Chemical structure of PFPI.

Figure 12. 
Chemical structure of Upilex-S®.

Figure 10. 
Dissipation factor of SIXEF-44™ as a function of temperature at various frequencies. Data adapted from [68].
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Most aromatic polyimides suffer from the same processing issues as a result 
of the high degree of aromaticity, which led researchers to develop modified 
systems with flexible moieties such as ether linkages and alkyl groups in the 
polymer backbone. One example is Ultem™, which is poly(ether imide) (PEI) 
(Figure 13) that is synthesized from the disodium salt of bisphenol A and 
1,3-bis(4-nitrophthalimido)benzene [74]. Subsequent development efforts 
focused on melt-extrusion and stretching of PEI films have enabled film thick-
nesses as thin as 5 μm [31]. The Tg of PEI is ~215°C, which is considerably lower 
than many of the wholly aromatic polyimides due to the increase in flexibility 
imparted by the ether linkages and alkyl groups [17]. The dielectric constant and 
dissipation factor of PEI are about 3.1 and 0.2%, respectively, at frequencies from 
100 Hz to 10 kHz and temperatures from 25 to 200°C; however, they increase 
sharply as temperature approaches the Tg, as shown in Figure 14 [36, 57]. Such 
temperature dependence for the dielectric constant and dissipation factor is a 
characteristic for polymers with molecular dipoles as discussed in Section 2.4.

4. Recently developed polyimides

Over the past 10 years, research efforts have continued to develop new 
polyimides for capacitor dielectrics. The thermal stability of these new polymers 
is primarily derived from a high degree of aromaticity and fused-ring heterocyclic 
rigid structures. As energy density of a capacitor scales with the dielectric constant, 
some researchers have specifically focused on designing new aromatic polyimides 

Figure 13. 
Chemical structure of PEI.

Figure 14. 
Dielectric constant and dissipation factor at 10 kHz for PEI film as a function of temperature. Data adapted 
from [36, 57].
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(PIs) that have a higher dielectric constant than the typical value of 3 while 
preserving the essential thermal/mechanical properties.

One common approach to increasing the dielectric constant is by incorporating 
polar moieties into the backbone of a polymer chain to enhance the dipole moment. 
The nitrile group (▬CN) is one of the polar moieties that was explored by Wang 
et al. [75, 76] and Treufeld et al. [77], in which the number of ▬CN dipoles on 
the diamine was varied between 0, 1, and 3. The nitrile-containing diamines 
synthesized in the study were aminophenoxy-benzonitrile (APBN)-based with the 
two amino groups varying between three isomeric positions (m,m, m,p, and p,p) 
(Figure 15) to explore the effect of isomeric position on the 6FDA-based PIs. A 
nitrile-free analog, LaRC-CP2™ [78, 79], was used as a control.

Among the 6FDA-based PIs, the addition of one nitrile group in the diamine 
increased the room temperature dielectric constant from 2.9 (independent of 
frequency between 0.1 Hz and 1 MHz for the nitrile-free PI) to between 3.1 and 
3.5 depending on the frequency and isomeric positions of the diamine linkage. 
In general, the m,m- and m,p-positions exhibited higher values (3.25–3.5) as 
compared to the p,p-position (Figure 16). Further increasing the nitrile content 
to three nitrile groups per diamine monomer resulted in an additional increase 
of the room temperature dielectric constant to between 3.5 and 3.7 (frequency 
dependent) for the 6FDA-based PIs with p,p-linkage. Interestingly, substitution 
of the other two isomeric positions had no significant effect (Figure 17). The 
investigators explained that the greater flexibility of the three ▬CN dipoles in the 
p,p-linkage as compared to the m,m- or m,p-linkage in the diamine resulted in 
greater dipolar polarization. An increase in dielectric constant was also observed 
in the OPDA-based PIs with m,m diamine linkage with increasing content of 
▬CN dipoles.

Figure 15. 
Reaction schemes of various polyimides: (a) LaRC-CP2 from 2,2-bis(phthalic anhydride)-1,1,1,3,3,3-
hexafluoroisopropane (6FDA) and the 1,3-bis(3-aminophenoxy) benzene (APB) diamine, (b) with one 
benzonitrile (BN) group, (c) with three benzonitrile groups. Reaction schemes adapted from [75, 76].
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The key drawback of the addition of nitrile groups was the increase in tempera-
ture dependence in both the dielectric constant and dissipation factor, as illustrated 
in Figure 17. For example, the dielectric constant of the nitrile-free 6FDA-based 
PI at 10 kHz increased by only 1.4% over a temperature range of −150 to 190°C, 
whereas that of the three nitrile-containing analogs with the m,m-, p,p-, and m,p-
linkages rose 6.3, 8.3, and 15%, respectively. With respect to the dissipation factor, 
the nitrile-free PI remained below 0.5% over the tested temperature/frequency 

Figure 16. 
Dielectric constant and dielectric loss as a function of frequency at ambient conditions for 6FDA-APB nitrile 
free PI and the three analogs containing one ▬CN dipole per diamine at different isomeric positions. Data 
adapted from [75].

Figure 17. 
Dielectric constant and dissipation factor as a function of temperature at various frequencies for the  
6FDA-based PIs containing three nitrile groups in different isomeric positions (a–c) and the nitrile-free  
analog, LaRC-CP2 (d). Data taken from [77].
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range, while the same nitrile-containing PIs increased from below 0.1% at −150°C 
to above 1% at 190°C between 10 Hz and 100 kHz. The temperature scan was lim-
ited to 190°C to avoid deforming the sample significantly. The investigators attrib-
uted the increase in dielectric constant with temperature at high frequencies to 
increased short-range segmental motion as the Tg was approached, which resulted 
in stronger dipolar polarization. However, since the ▬CN dipoles were attached to 
the polymer backbone in a 90° configuration, the segmental motion was hindered, 
causing friction with the neighboring chains and leading to high dissipation factor 
at high temperatures and frequencies. At low frequencies (<10 Hz), the increase 
in dielectric constant and dissipation factor with temperature was attributed to 
ions present from residual solvent and unreacted poly(amic acid) precursors in the 
35–50 μm thick samples.

The investigators also compared the structural effect of four dianhydrides on the 
dielectric properties of PIs with three ▬CN dipoles in the diamine unit. The four 
dianhydride monomers under study were 2,2-bis(phthalic anhydride)-1,1,1,3,3,3-
hexafluoroisopropane (6FDA), 4,4′-oxydiphthalic dianhydride (OPDA), 4,4′-ben-
zophenonetetracarboxylic dianhydride (BTDA), and pyromellitic dianhydride 
(PMDA). The chemical structures of these dianhydrides are shown in Figure 15. A 
comparison of the increase in dielectric constant (Δε) from −150 to +190°C shows 
that for the p,p-linkage, PMDA exhibited the largest increase (e.g. ~25% at 10 kHz 
from ~3.4 at −150°C), followed by OPDA (23% from ~3.3), 6FDA (16% from ~3.4), 
and finally BTDA with the lowest increase (10% from ~3.6 at 10 kHz at −150°C) 
(Figure 18a, c, and e). The values of Δε decreased with increasing frequency for 
all four PIs and followed a decreasing order PMDA > OPDA > 6FDA > BTDA, 
which agreed with the trends observed in the polarization from dipole orientation 
determined experimentally and predicted based on a freely rotating single-dipole 
model. This model assumes an anti-parallel configuration for the dianhydride and 
diamine dipoles, such that the net dipole moment of a repeat unit is the difference 
between the dianhydride and diamine dipole moments without an external electric 
field. PMDA, being a symmetrical dianhydride, has no net dipole moment, whereas 
BTDA has the largest dipole moment (2.96 Debye) as a result of the benzophenone 
functional group. The 1.14 D dipole moment of OPDA results from the diphenyl 
ether, and the 2.0 D dipole moment of 6FDA from the 1,1,1,3,3,3-hexafluoropro-
pane. The diamine portion has a dipole moment of 17.1 D which is the sum of three 
benzonitrile groups (4.18 D) and four diphenyl ethers (1.14 D). The largest Δε value 
for PMDA-based PI was accompanied by the highest dissipation factor relative to 
the other three PIs, but all four PIs had dissipation factor in the range of 3–8% at 
190°C between 1 and 100 kHz (Figure 18b, d, and f). The results suggest that the 
PMDA-based PI with p,p diamine linkage had greater chain flexibility, which led to 
larger dipole motion at 190°C. In comparison to the p,p-linkage, the m,m-linkage 
resulted in a smaller increase in dielectric constant and slightly lower dissipation 
factor at 190°C, although the trends with respect to the dianhydrides and frequency 
dependence were similar. In addition, the 6FDA-based PI with m,m-linkage shows 
a dielectric constant of 3.1, which is noticeably lower than the p,p-linkage (ε = 3.4) 
and other PIs (ε ~ 3.3 to 3.6) at −150°C.

In terms of discharge energy density and efficiency, as characterized by 
measuring electric displacement as a function of electric field, the nitrile-
containing PIs delivered 25–40% greater discharge energy density than the nitrile-
free analog at an applied electric field of 100 MV/m at 190°C and frequencies of 
10 Hz and 1 kHz (Figure 19a). For comparison, the investigators also evaluated 
Kapton® PI and Ultem® PEI, both of which gave similar discharge energy density 
to the nitrile-free PI. While the nitrile-containing PIs delivered more energy than 
the nitrile-free counterparts, their discharge efficiency was generally lower, as 
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Figure 18. 
(a, c, and e) increase in dielectric constant (Δε) from −150 to +190°C and (b, d, and f) dissipation factor 
at 190°C at various frequencies for PIs containing three nitrile groups per diamine with various dianhydride 
(labeled as 3–6) and different isomeric diamine linkage (denoted as a: p,p; b: m,m; c: m,p). 3–6 represent 
PMDA-based, OPDA-based, 6FDA-based, and BTDA-based, respectively. Data adapted from [77].

Figure 19. 
(a) Discharge energy density and (b) percent energy loss of various polyimides (PIs) at 100 MV/m at 
various temperatures and frequencies. PI-1 is nitrile-free 6FDA/m,m-APB (LaRC-CP2). Group 2 represents 
one nitrile group with OPDA. Groups 3–6 contain three nitrile groups with various dianhydrides labeled 
3 as PMDA, 4 OPDA, 5 6FDA, and 6 BTDA. Labels a–c denote p,p-, m,p-, and m,m diamine linkage, 
respectively, while K and U represent Kapton® PI and Ultem® PEI, respectively. Electrode area: 0.05 cm2. 
Data adapted from [77].
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shown in Figure 19b. The discharge energy losses for the nitrile-containing PIs 
were 15–40% compared to ~5% for the nitrile-free counterpart at 190°C at 10 Hz. 
Kapton® PI and Ultem® PEI exhibited 15–20% loss at that temperature and 
frequency.

With respect to the thermal properties, based on the limited glass transition 
temperature (Tg) data provided by the investigators, the addition of nitrile groups 
in the polymer backbone appears to increase Tg, but the enhancement decreased 
with increasing nitrile content, as indicated by the comparison of Tg for the seven 
6FDA-based PIs (Figure 20). The structure of the dianhydride also affects the Tg. 
The four PMDA-based nitrile-containing PIs appear to have the highest Tg values 
(300–350°C with high crystallinity), whereas the other three dianhydride families 
of 6FDA, BTDA, and OPDA were mostly amorphous with Tg values ranging from 
220 to 300°C. By comparison, these values were at least 20°C above that of the 
nitrile-free LaRC-CP2 (Tg = 200°C). Additionally, the PIs with m,m diamine linkage 
appeared to have lower Tg than those with a p,p linkage. This effect was attributed 
to the greater free volume created between polymer chains by the two bent amino 
groups in the m,m-linkage.

An ether (▬O▬) linkage is another polar moiety explored for the potential 
enhancement in dielectric constant of PIs [80, 81]. Jeffamines® EDR-104, D230 
and HK511 (Figure 21), which are commercial polyether aliphatic diamines, were 
used to introduce ether linkages into PIs. The rationale behind the use of linear 
alkyl diamines was to impart close-packing for reducing the overall free volume 
while maintaining a high density of the imide functional groups in the polymer 
backbone. For comparison, 1,3-diaminopropane (1,3-DAP) and 1,6-diaminohexane 
(1,6-DAH), were synthesized as ether-free PIs with commercial linear alkyl 
diamines. The dianhydrides used in the study were PDMA, BTDA, OPDA, and 
6FDA. Depending on the dianhydride, the PIs with diamine D230 exhibited 
dielectric constants of 2.5 for 6FDA and ~4.5 for the other three dianhyrides at 
room temperature and 1 kHz, while those containing diamine HK511, because of 
the greater ether content, produced higher dielectric constants (~5.3 for PMDA and 
6FDA, 6.2 for OPDA, and 7.8 for BTDA) (Figure 22a). Hence, the general trend 
for dielectric constant of the ether-containing PIs with respect to the dianhydrides 
followed the order BTDA ≥ OPDA > PMDA > 6FDA. The lowest dielectric constant 
of 2.5 observed in the PI with 6FDA/D230, was attributed to the weak electronic 
interaction between chains caused by the bulky CF3 groups, which disrupted close 

Figure 20. 
Glass transition temperatures of PIs prepared from various dianhydrides: PMDA, 6FDA, BTDA, OPDA, and 
APB diamine isomers containing 0, 1 or 3 benzonitrile (BN) groups. Data adapted from [75–77].
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packing. In comparison, the ether-free PIs, namely PMDA/1,3-DAP, BTDA/1,3-
DAP, and BTDA/1,6-DAH exhibited dielectric constants of 5.6, 4, and 3.6, 
respectively. While the dielectric constants at room temperature were frequency 
independent in the range from 0.1 Hz to 10 kHz; the dissipation factor of the ether-
containing PIs showed a strong frequency dependence with dielectric relaxation 
peaks of 1–2% occurring at 1 kHz and above, except for BTDA/D230 and OPDA/
D230, which remained below 1% at 10 kHz (Figure 22b). In terms of temperature 
dependence, the ether-containing PIs showed almost an order of magnitude 
increase in dissipation factor up to 1% at frequencies of 1 kHz and 10 kHz as the 
temperature approached their corresponding Tg (50–100°C) (Figure 23). The 
low Tg was attributed to free volume created by the methyl side groups in the two 
diamines, D230 and HK511. In comparison, the two ether-free PIs, BTDA/1,3-DAP 
and BTDA/1,6-DAH, which were prepared from linear alkyl diamines, showed Tg of 
175°C and 150°C, with crystal melting temperature of 271 and 234°C, respectively.

Another group of researchers utilized bipyridines and bipyrimidines, which 
are electron-rich diamines, to enhance the dielectric constant of PIs [82, 83]. 
The compounds of interest included 5,5′-bis(4-aminophenoxy)-2,2′-bipyridine 
(BPBPA) and 5,5′-bis(4-aminophenoxy)-2,2′-bipyrimidine (BAPBP) (Figure 24). 
The dianhydrides used in the study were BTDA, OPDA, PMDA, and BPDA 

Figure 21. 
Chemical structures of polyether aliphatic diamines: Jeffamines EDR-104, D230, and HK511, and linear alkyl 
diamines of 1,3-DAP and 1,6-DAH.

Figure 22. 
(a) Dielectric constant and (b) dissipation factor at room temperature as a function of frequency for various 
ether-containing PIs with A–D represent PMDA, BTDA, OPDA, and 6FDA, respectively, while 3 denotes D230 
polyether diamine and 4 is HK511. Figure reproduced from Figure 2 of [80] with permission from American 
Chemical Society.
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(3,3′,4,4′-biphenyltetracarboxylic dianhydride). The resulting PIs with BPBPA 
diamine possessed relatively high Tg, which differed depending on the dianhy-
dride unit, giving a decreasing order PMDA (320°C) > BTDA (296°C) > BPDA 
(285°C) > OPDA (275°C). Analogously, the PI containing BAPBP diamine and BPDA 
dianhydride showed a Tg of 291°C. The dielectric constants for the BPBPA-based PIs 
ranged from ~5.5 for the PMDA-based PI to ~6.9 for the BTDA-based at room tempera-
ture and frequencies from 1 to 100 kHz, following a decreasing order of BTDA > BPDA 
> OPDA > PMDA (Figure 25). At 220°C, the dielectric constants decreased about 
4% with the same decreasing trend with respect to the dianhydrides over the same 
frequency range. The dissipation factor for all the BPBPA-based PIs was below 4% at 
both room temperature and 220°C from 100 Hz to 100 kHz. For the BAPBP/BPDA PI, 
the dielectric response at room temperature was similar to that of the BPBPA analog.

The demand for even higher operating temperatures (~350°C) for avionics 
prompted researchers to develop new polymers with increased degrees of aromatic-
ity and heterocyclic rings in the polymer backbone. In the work by Venkat et al. 
[84], one of the polymers synthesized was a fluorinated polyimide based on 6FDA 
and a diamine of 2,2-bis(4-aminophenyl) hexafluoropropane grafted with ada-
mantane (ADE) ester pendant groups (Figure 26). The Tg of the PI-ADE is 305°C 
with a dielectric constant of 2.85–2.91 for the temperature range of 25–250°C at 
10 kHz while the dissipation factor increased from 0.6% at 25°C to 0.8% at 250°C 
(Figure 27).

Figure 23. 
Dissipation factor at (a) 1 kHz and (b) 10 kHz as a function of temperature for various ether-containing PIs 
(solid symbols) and an ether-free analog (inverted green triangle). Data adapted from [80, 81].

Figure 24. 
Chemical structures of (a) 5,5′-bis(4-aminophenoxy)-2,2′-bipyridine (BPBPA) and (b) 5,5′-bis 
(4-aminophenoxy)-2,2′-bipyrimidine (BAPBP), and (c) various dianhydrides.
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5. Outlook

Researchers have achieved some progress in developing polyimides for capacitor 
dielectrics targeted for operating temperature above 150°C, but there is still major 
room for improvement. There is a promising new strategy of combining polymer 
synthesis and computational techniques (e.g., computational quantum mechanics 
and molecular dynamics) to synergistically search the material space for polymers 

Figure 25. 
Dielectric constant and dissipation factor as a function of frequency for the BPBPA-based PIs with various 
dianhydrides at (a) room temperature and (b) 220°C. data adapted from [82] and supporting information.

Figure 26. 
Chemical structure of PI-ADE. Structures adapted from [84].

Figure 27. 
Capacitance (a) and dissipation factor (b) of PI-ADE as a function of temperature at 10 kHz. Data adapted 
from [84].
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with desirable material properties (dielectric constant, glass transition temperature, 
etc.) for capacitor applications. The ultimate goal is to develop synthesis 
pathways for polymers that are as close as possible to those “discovered” through 
computational methods [85–89]. The synergy comes in (i) directing the focus of 
synthesis and (ii) providing data which simplifies characterization of synthesized 
polymers through computation of likely crystalline structures (with relative energy 
differences), IR spectra, and NMR spectra. Work in this area is still relatively 
limited in that some critical properties cannot be estimated through computational 
methods, including thermal conductivity, dielectric breakdown field (other than 
intrinsic), and dielectric loss at frequencies of practical interest (in the kHz region). 
These deficiencies in the present state of the art result in the approach being 
somewhat “hit or miss,” but with greater guidance than conventional trial and error 
approaches. For example, a computational approach uncovered a new chemistry 
based on organotin esters that was subsequently synthesized and shown to provide 
greater dielectric constant than is normally available from organic polymers 
while maintaining a reasonable band gap [90]. This interplay between predictive 
modeling and synthetic chemistry will become increasingly productive with 
integration of additional material properties into the explored materials space, and 
polyimides will certainly be one material class of continued interest to researchers.

6. Concluding remarks

The use of power electronics in a growing list of high temperature and high 
voltage (>500 V) applications currently requires voltage derating and/or active 
cooling of capacitors with state of the art polymer dielectrics (such as BOPP). High 
temperature polymers such as polyimides offer promising advantages over the 
status quo by eliminating this need for voltage derating, easing thermal manage-
ment requirements, and providing a failsafe for HV applications. However, the lack 
of commercial interest in processing some polyimides or other specialty polymers 
as thin films for these comparatively niche polymer applications currently limits 
implementation of high temperature polymers.
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Abstract

The availability of high-temperature dielectrics is key to develop advanced elec-
tronics and power systems that operate under extreme environmental conditions. In
the past few years, many improvements have been made and many exciting devel-
opments have taken place. However, currently available candidate materials and
methods still do not meet the applicable standards. Polyimide (PI) was found to be
the preferred choice for high-temperature dielectric films development due to its
thermal stability, dielectric properties, and flexibility. However, it has disadvan-
tages such as a relatively low dielectric permittivity. This chapter presents an over-
view of recent progress on PI dielectric materials for high-temperature capacitive
energy storage applications. In this way, a new molecular design of the skeleton
structure of PI should be performed to balance size and thermal stability and to
optimize energy storage property for high-temperature application. The improved
performance can be generated via incorporation of inorganic units into polymers to
form organic-inorganic hybrid and composite structures.

Keywords: polyimide, thermal property, dielectric property, energy storage,
nanocomposites

1. Introduction

With the rapid development of the global economy and a rising population, the
search for efficient and clean energy and energy storage technologies has become a
priority worldwide. Because of its exceptionally fast energy conversion rate, long
life, and environmental friendliness, dielectric energy storage technology has been
used in applications for the electronics and power industries such as wearable
electronic devices, hybrid vehicles, and weapon systems [1]. As the trend toward
high-performance miniaturized electronic devices continues, the demand for
dielectric materials with high energy storage density (Ue) is increasing. Ue is an
important parameter to measure the energy storage performance of dielectric
materials:

Ue ¼ 1=2εrεoEb
2 (1)
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where εr is the permittivity of material and εo is the permittivity of free space
(8.85 � 10�12 F m�1) [2]. This requires that the dielectric material has a high εr
while having a low dielectric loss and a high breakdown strength.

Commonly known high-energy storage dielectric materials are mainly biaxially
oriented polypropylene (BOPP), polyester, polycarbonate (PC), polyphenylene
disulfide, polyurea, polyurethane, and polyvinylidene fluoride [3]. Among many
polymers, polyimide (PI) is a type of polymer containing an imide ring on the main
chain [4]. PI is widely used in packaging materials, insulation layers, circuit boards,
and interlayer dielectrics due to its high tensile strength, excellent mechanical
properties, high glass transition temperature (Tg), and good solvent resistance and
thermal stability [5]. However, the εr of polyimide is not sufficiently high (usually
less than 10) to meet the requirements of the applications of high-energy density
film capacitors.

The chemical groups of a dielectric medium contribute to its molar polarization;
as the molar polarization increases, the εr increases. The dielectric properties
(including εr and dielectric loss) of polymers are mainly related to molecular polar-
ization, which includes electron polarization, vibration polarization (or atomic
polarization), orientation polarization (or dipole polarization), ion polarization, and
interfacial polarization. However, low-quality/purity polar molecules can reduce
the dielectric properties of PI materials [6].

Ma et al. [7] used high-throughput density functional theory (DFT) to rationally
design high εr and band gaps and linked experimental and theoretical results to
changes in PI to demonstrate the relationship between chemical functionality and
dielectric properties. Currently, researchers usually use two methods to prepare
polyimide film capacitors with high εr, low dielectric loss, and high breakdown
strength. One method is directly based on the molecular design of polyimide: Polar
groups, conjugated components, or electron-rich groups are introduced into the
main polymer chain to increase molecular polarizability, thereby increasing the εr
[8]. The other method, which is currently the most studied, prepares a composite
material by introducing high-εr ferroelectric materials such as TiO2, BaTiO3 (BT),
Pb (Zr, Ti)O3, etc. into the polymer matrix to significantly improve the dielectric
properties [5].

2. Commercial PI

Kapton PI is an aromatic PI film that has been commercially available since the
mid-1960s. Due to its continuous operating temperature of 300–350°C, it is widely
used as a high-temperature wire and cable insulation material. At 25°C and 1 kHz,
Kapton’s εr is 3.1, but it drops to 2.8 at 300°C. Despite its good thermal stability,
Kapton PI cannot be applied to capacitor films because it is difficult to manufacture
films with a thickness of <12 μm, and problems of carbonization during break-
down. Consequently, research is required to find other PIs with superior dielectric
properties. SIXEF-44 is a fluorinated PI (from Hoechst Celanese) prepared from
2,2-bis(3,4-dicarboxyphenyl)-1,1,1,3,3,3-hexafluoropropane dianhydride (6FDA)
and 2,2-bis(4-aminophenyl)hexafluoropropane (4,40-6F diamine). This fluorinated
PI has a εr of 2.8 at 1 kHz,Tg of 323°C, and a change in εr of less than 10% over a
temperature range of �55 to 300°C. Other aromatic PIs include: perfluoropolyimide
(PFPI; developed by TRW), prepared from the perfluoroisopropylidene diamine
of 2,2-bis[4-(4-aminophenoxy)phenyl]hexafluoropropane (4-BDAF) and
pyromellitic dianhydride (PMDA); and Upilex-S (from ICI), prepared from
3,30,4,40-biphenyltetracarboxylic dianhydride (BPDA) and p-phenylenediamine
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(p-PDA). The Tg of PFPI is>300°C, the εr is 3.1 at 25°C, and decreases to 2.9 at 300°C;
Upilex-S has a Tg of 355°C, εr of 3.3 at 25°C and 1 kHz, and remains stable at 300°C.
Most of these aromatic PIs affect practical applications due to processing difficulties.
A polyetherimide (PEI) called Ultem is modified by the addition of flexible moieties
such as ether bonds and alkyl groups in the polymer backbone; it is synthesized from
the disodium salt of bisphenol A and 1,3-bis(4-nitrophthalimido)benzene. After
development, the PEI film can attain a thickness of 5 μm by melt extrusion and
stretching. In order to give PEI flexibility, ether bonds and alkyl groups are added,
which results in the following changes (compared to PI): the Tg reduces to circa 215°C;
the εr increases to 25 at 200°C, and the εr over 100 Hz–10 kHz is 3.1 [9]. Some of the
heat-resistant PI polymers used as capacitor dielectrics are shown in Figure 1.

3. Structure modification of PI

The relationship between the dielectric properties of PI and molecular structure
can be studied by changing the structure of the aromatic tetracarboxylic
dianhydride and diamine monomers used to prepare PI. However, the preparation
of the aromatic tetracarboxylic dianhydride is often complex and the yield is low
while the synthetic method for phenyl-substituted aromatic diamine is relatively
simple, diverse, and high yield. Consequently, modifying the structure of the aro-
matic diamine monomers has become the primary choice to improve the properties
of PIs [10].

3.1 Introduction of bispyridine groups in PI chains

Peng et al. [3] used 5,50-bis[(4-amino)phenoxy]-2,20-bipyridine (BPBPA)
diamine monomer (as shown in Figure 2) and different dianhydrides [BPDA,
PMDA, 3,30,4,40-Benzophenonetetracarboxylic dianhydride (BTDA), 4,40-
Oxydiphthalic anhydride (OPDA)] to give a series of bispyridyl-containing PIs
using a two-step synthesis. The bipyridyl unit enhanced the electronic polarization
and coupling: The polarized PI had a εr of ≤7.2, the dielectric loss was ≥0.04, and
the energy density was ≤2.77 J cm�3. At the same time, it demonstrated good
thermal and mechanical properties.

Figure 1.
Heat-resistant PI polymers used as capacitor dielectrics [9].
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3.2 Introduction of sulfonyl group in PI backbone

Tong et al. [4] studied the relationship between molecular structure and prop-
erties using a range of modified PIs. In this study, the εr was increased by intro-
ducing sulfonyl groups, the loss factor was reduced by introducing flexible bonds,
and the Tg was increased by retaining the aromatic structure. The resulting
sulfonyl-containing PI with different flexible connections gave high εr (4.50–5.98),
low loss coefficients (0.00298–0.00426), high breakdown strength (mostly at
500 MV m�1 or more) and high heat resistance (Tg: 244–304°C) (Figure 3).

For the anhydride 3,30,4,40-diphenylsulfonetetracarboxylic dianhydride
(DSDA-mDS, each repeat unit contains two -SO2-, which has the highest dipole
density), the εr was not as high as expected but it can be seen that the two -SO2-
units improved the stiffness of the overall chain, hindering the rotation of the
dipole. Therefore, in addition to the dipole moment and dipole density, the “effec-
tive” dipole is another important factor affecting the value of the εr. Compared to
ortho-symmetric OPDA-mDS, para-symmetric PI (OPDA-pDS) was more effective
for PI with sulfonyl group (OPDA-pDS) in the diamine moiety (para-para bond).
The symmetric structure and low free rotation energy barrier facilitate the align-
ment of the excimer: The εr increased to 5.98; the dielectric properties were stable at
150°C; the discharge energy density and charge and discharge efficiency increased
to 7.04 J cm�3 and 91.3% at 500 MV m�1 respectively [4].

Figure 2.
Dipyridyl-containing diamine monomer [3].

Figure 3.
Synthesis of sulfo-containing PI [4].
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3.3 Introducing nitrile groups in the PI backbone

Due to the high polarity of nitrile groups, special classes of PIs containing nitrile
units for piezoelectric and other dielectric applications have previously been studied
[11]. Kakimoto et al. [12] reported that attaching a polar -CN side group to a PI
could increase its εr. Treufeld et al. [11] found that adding a CN dipole to the PI
main chain had two main effects: Firstly, because the -CN group is directly
connected to the main chain in a 90° configuration, the motion is hindered and
generates significant friction with randomly stacked adjacent chains, so dipole
motion (such as wobble) is introduced into the PI sample; secondly, by adding the -
CN group, the PI becomes more polar, easily contaminated by impurity ions,
thereby improving ion mobility. Furthermore, it has been shown that the presence
of three nitrile groups on the diamine unit is more effective in improving the εr than
one nitrile group. Wang et al. [13] studied and synthesized a series of PIs from a
diamine synthesized with three nitrile groups (as shown in Figure 4) and four
commercial dianhydride starting materials. All PIs showed a high Tg, thermal sta-
bility and excellent mechanical properties; the PI had a εr of 4.7 resulting from the
introduction of three highly polar nitrile groups.

3.4 PI grafted with phthalocyanine oligomer at amino terminal

Unlike ordinary composite materials, graft polymers, with good properties, were
synthesized by Chen et al. [7]. The copper phthalocyanine oligomer (o-CuPc,

Figure 4.
Diamine monomer containing three nitrile groups [13].

Figure 5.
Synthetic copper phthalocyanine oligomer [7].

169

High-Temperature Polyimide Dielectric Materials for Energy Storage
DOI: http://dx.doi.org/10.5772/intechopen.92260



shown in Figure 5) is a semiconductor material with unique electrical properties
(εr > 103) and good thermal stability, used widely in organic optoelectronics, the
dye industry, catalysis, electrochromism, and electroluminescence display and
other fields. The design and synthesis resulted in a high-εr all-organic polymer
material, that is, a CuPc-PI homogeneous block copolymer was prepared (see
Figure 6). The CuPc-PI also showed low dielectric loss, high breakdown strength,
high Ue, high thermal stability, and good mechanical properties; its overall perfor-
mance was higher than the direct use of o-CuPc/PI composites obtained using CuPc
as the conductive filler [7].

4. Polyimide-based composite dielectric materials

4.1 Simple compound

Modification of the molecular structure of the polymer can improve its dielectric
properties although the effect can be small. Using a simple compounding method
with a high εr filler (e.g., ceramic filler, conductive filler), a polymer with a high
breakdown field strength can be obtained. This procedure has gained acceptance
due to its simple preparation method.

The conductive filler polymer-based composite material can attain a high εr for
relatively small additions of filler, and the large increase in εr can be explained by
the percolation theory. Adding filler at the percolation threshold will greatly
increase the electrical conductivity and εr of the composite material, thereby
improving the transition layer between the filler and the matrix. Carbon materials
such as carbon nanofibers (CNFs), carbon black, carbon nanotubes (CNTs),
graphene, and graphite flakes are most commonly used in recent research. Among
these conductive fillers, CNTs are a good choice due to their high electrical and
thermal conductivity and high aspect ratios. Wu et al. [14] functionalized multi-
walled carbon nanotubes (MWCNTs) with carboxyl groups prior to dispersing into
PI nanofibers using electrospinning technology. Hot pressing was then performed
to produce high-performance PI/MWCNT composites with a high εr, good
mechanical flexibility, and excellent thermal stability. When the concentration of
MWCNT was close to the percolation threshold of 12–14 vol%, the material showed
a high εr, low breakdown strength, and maximum Ue. When the MWCNT content
was 12 vol%, the maximum Ue was 1.957 J cm�3, which was 4.8 times that of pure PI
(0.404 J cm�3), and the dielectric loss was less than 0.1. As a two-dimensional
nanomaterial, graphene has great potential in the future because it can improve the
mechanical, thermal, and electrical properties of polymers. Among these materials,
graphene oxide (GO) has also been reported in some articles to improve the
mechanical properties and thermal stability of polymer-based composites. Chen
et al. [15] prepared pure PI, PI/GO, and PI/reduced GO (rGO) films by in situ

Figure 6.
Schematic diagram of graft reaction [7].
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polymerization, as shown in Figure 7. Among them, PI/GO and PI/rGO films both
demonstrated improved thermal stability compared to pure PI films. Furthermore,
at 100 Hz, when the mass fractions of GO and rGO were 2 wt%, εr were also
improved (4.9 and 5.8, respectively).

Adding conductive particles as a filler to the polymer matrix can improve the εr of
the polymer composite. When the added amount is close to the percolation threshold,
the εr can be significantly increased. However, as the amount of addition increases, a
conductive network is formed, and their dielectric loss will increase sharply. In
general, nanostructured BT fillers and BT-based nanocrystals are the more promising
materials due to their excellent dielectric and ferroelectric properties [16].

Fan et al. [17] studied the relationship between the εr and the temperature for
thermosetting PI matrix nanocomposite films containing BT nanoparticles at 103 Hz.
Two temperature changes were reported, namely heating from 50 to 150°C and
cooling from 150 to 50°C to investigate the effects of the transition of the BT crystal
phase and the free volume change in PI on the εr for BT/PI nanocomposite mem-
branes. Theoretical models were also used to predict the εr of composite materials to
study the role of the diameter and shape of the nanoparticles. Rajib et al. [18]
prepared BT/PI nanocomposites and increased their energy density at high tempera-
tures using different volume fractions to analyze their effect on the dielectric prop-
erties. All samples were tested at high temperatures to evaluate their energy storage
capacity. The highest Ue was found when the volume fraction of BT was 20%
reaching 9.63 J cm�3 at 20°C and 6.79 J cm�3 at 120°C. As a dielectric material, it is
expected to maintain a high energy density value at a temperature of 120°C. A pure PI
film prepared by Sun et al. [19] showed high breakdown strength (451 kVmm�1) and
high energy density (5.2 J cm�3). The introduction of BT nanoparticles increased the
εr of the nanocomposite to 6.8, while the dielectric loss was still relatively low (0.012
at 104 Hz). However, a small amount of (3 vol%) BT nanoparticles also caused a
significant decrease in the breakdown field strength (275 kV mm�1), which greatly
reduced the energy density (1.7 J cm�3) of the BT/PI nanocomposite.

Figure 7.
Schematic illustration of the film preparation procedure for GO and PI/GO composites [15].
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Therefore, for BT/PI nanocomposites, future research may concern improve-
ments in the thermal conductivity of nanocomposites and the formation of
interpenetrating networks throughout the polymer matrix. Improvements in this
area will make nanocomposites less susceptible to breakdown [19]. Wang et al. [20]
successfully prepared BT nanowire/PI (BT-NW/PI) and BT nanoparticle/PI (BT-
NP/PI) composites with low volume fractions. Due to strong interfacial polariza-
tion, the εr of BT-NW filled composites was greater than that of BT-NP/PI. The εr of
the composite containing 5 vol% BT-NW was 6.6 at 100 Hz, which was 94% higher
than pure PI (εr = 3.4 at 100 Hz) and 22% higher than that of composite containing
10 vol% BT-NP (εr = 5.4 at 100 Hz). In addition, BT-NW also significantly
improved the Ue of the composite. When the content of BT-NW was 2 vol%, the Ue

obtained at 2200 kV cm�1 was 1.06 J cm�3, which was 37% greater than pure PI.
Therefore, it could be shown that the introduced linear ceramic filler had a positive
effect on the dielectric properties and Ue of the composite material [20]. Hu et al.
[1] prepared and studied the dielectric properties of a BT nanofiber/PI (BT-NF/PI)
composite membrane over the temperature range 20–200°C. The introduction of
BT-NF at 9 vol% increased the εr for BT-NF/PI to 8.3 while the dielectric loss
increased only slightly; these effects could be attributed to dipolar polarization and
interfacial displacement of the nanocomposites. The breakdown strength of BT/PI
composites containing 1 vol% BT-NF reached 550 kV mm�1, and the discharge
energy density reached 5.82 J cm�3. Additionally, the introduction of BT-NF
reduced the leakage current and improved the heat conduction. At 1 vol% BT-NF,
the PI nanocomposites also exhibited high energy utilization efficiency and good
thermal stability. At 150 and 100°C, when the efficiency was greater than 90%, the
discharge energy density values were >2.1 J cm�3 and ≈4 J cm�3, respectively [1].
The authors used electrospinning to prepare BT-NF while the PI composite mem-
branes were prepared by in situ dispersion polymerization. The dielectric properties
of BT-NF/PI composite films in the frequency range of 102–106 Hz at a temperature
of 20–150°C were studied. The results showed that the εr of the PI nanocomposite
film with 30 vol% BT-NF at 100 Hz increased to ≈27 while the dielectric loss was
only 0.015.

Furthermore, the calcination temperature of BT has a significant influence on
the εr of the PI/BT-nanocomposite film as shown in Figure 8. The εr of the PI
composite film calcined at 1000°C was higher than the PI composite films calcined
at 600 and 800°C; when the BT-NF content was 30 vol%, the εr of the BT-NF/PI
composite film increased to 26.6 [16]. Beier et al. [21] added Ba0.7Sr0.3TiO3 (BST)

Figure 8.
Frequency dependence of dielectric property of 30 vol% BT nanoparticles (a) dielectric permittivity and (b)
dielectric loss measured at room temperature [16].
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nanocrystals to the PMDA-1,3-bis(4-aminophenoxy)benzene (BAPB) PI system to
generate nanocomposites. Compared with the εr (2.8) of pure PMDA-BAPB PI, the
εr of composites containing 18 vol% BST increased to 6.2; below 1 MHz, the dielec-
tric loss of composite materials with different contents of BST was less than 0.04. At
an addition level of 10 vol% BST, the breakdown strength of PMDA-BAPB/BST
nanocomposites increased, to reach a maximum value 296 V μm�1, while the energy
density of the composite was twice that of pure PMDA-BAPB PI. The observed
relative increases in εr and breakdown strength together with the reduction in
dielectric loss for the nanocomposite with 10 vol% BST are desirable characteristics
for practical applications [21]. Wang et al. [22] prepared PI-based composites with
good dielectric properties using CaCu3Ti4O12 (CCTO) and Zr-modified
CaCu3Ti3.95Zr0.05O12 (CCTZO) particles as fillers. The results showed that at a
filling content of 40 vol%, the εr of the CCTZO/PI composite film could reach a
value of 70 at 10 Hz, and this was higher than that of the CCTO/PI composite film
under the same conditions; at 150°C, the εr of the CCTZO/PI composite material
reached ≈260 [22].

By changing the design of the inorganic filler, interface problems between the
filler and the polymer can be improved, such as poor flake/fiber morphology. The
nanosheets can increase the breakdown strength of composites because they pro-
vide a uniform insulating center and a curved path for the electrons. Boron nitride
nanosheets (BNNSs) have a layered structure like graphene and are wide band gap
(6 eV) insulators. Unlike traditional dielectric materials (high-εr ceramics and con-
ductive fillers), polymer/BNNS nanocomposites may provide higher breakdown
field strengths. Wan et al. [23] prepared three-phase composites of BNN, BT-fibers,
and PI (BNNS@BT-fiber/PI) using in situ polymerization. The combination of
BNNS and BT fibers can facilitate the dispersion of BNNS nanosheets in BT fibers,
thereby improving energy storage performance. When the content of BNNS@BT-
fiber was 20% by weight, the εr of the composite material was 47.57 at room
temperature and 43.03 at 200°C at 100 kHz, demonstrating a reasonable thermal
stability. At a BNNS@BT-fiber content of 1 wt%, the maximum Ue of the composite
at 3438 kV cm�1 was 7.1 J cm�3, that is, about three times that of pure PI [23].

In order to achieve better dispersion and alignment of the filler in the PI matrix,
Gu et al. [24] prepared micron boron nitride (mBN)/PI composites by in situ
polymerization and electrostatic spinning technology. At 30 wt%mBN, the mBN/PI
composite material exhibited a high εr (3.77) and low dielectric loss (0.007); the
material also showed good thermal stability (λ = 0.696 W m�1 K�1), a high temper-
ature index (279°C), and Tg was 240°C [24]. Cheng et al. [25] considered that
molybdenum disulfide (MoS2) had an appreciable band gap and excellent heat
resistance, and prepared MoS2/PI nanocomposite films. Compared with the pure PI
film, the εr of the composite film was significantly increased, while the dielectric
loss remained relatively low. At a filler content of 1 vol%, the breakdown field
strength reached 395 MV m�1, while Ue increased to ≈3.35 J cm�3. Furthermore, at
395 MV m�1, the charge and discharge efficiency could still be maintained above
80% [25]. Alumina (Al2O3) filler has good insulation performance, high thermal
conductivity, and is relatively inexpensive. Therefore, it can be added to the poly-
mer matrix as a filler to improve thermal performance. Choi et al. [26] used 6FDA,
4,40-methylenedianiline, and bis(3-aminopropyl)-terminated polydimethylsiloxane
to prepare PI films with different siloxane content. Since PI-3, PI-4 and PI-5 films
were independent and flexible, PI/Al2O3 composite films were prepared at different
concentrations of Al2O3 using these three PIs. The results showed that the thermal
conductivity of the composite film increased with increasing Al2O3 content. The
composite film containing 75% by weight of Al2O3 was flexible. The composite film
containing 80 wt% Al2O3 showed improved thermal conductivity (>1.3 Wm�1 K�1).
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Compared with traditional polysiloxane/Al2O3 composite materials, PI/Al2O3

composite films demonstrated improved thermal properties [26].

4.2 Surface modification

Because of its simple method, the compounding of fillers and polymers to pro-
duce composite materials has become accepted. However, preparation methods,
external conditions, and other complications can give rise to many structural
defects and electric field concentrations between the two phases of the filler and the
polymer matrix. Therefore, surface treatment of the filler using a coupling agent, or
decorative insulating, or conductive particles has become a key area of research
[27, 28].

Halloysite (Al2Si2O5(OH)4�2H2O) is an aluminosilicate clay, which has a unique
tubular structure. It has a high εr (6–8), but extremely low dielectric loss (10�3).
Because there are moderate hydroxyl groups on the surface that can be chemically
modified, and suitable surface modification can be performed, halloysite nanotubes
(HNTs) may be an ideal filler for the preparation of dielectric polymer-based
composites with high εr and low dielectric loss characteristics. Zhu et al. [29] used
KH550 (3-aminopropyltriethoxysilane) and polyaniline (PANI) to modify the sur-
face of HNT, and prepared HNT/PI, KH550 modified HNT/PI and PANI-HNT/PI
nanocomposite membranes. Among these, at 100 Hz, the PANI-HNT/PI films
attained a maximum εr of 17.3, while the dielectric loss was only 0.2. Notably, the
prepared composite has high breakdown strength (>110.4 kV mm�1), and a maxi-
mum discharge energy density of 0.93 J cm�3; these properties could still be
maintained at temperatures ≤300°C [29]. Wang et al. [30] prepared a
nanocomposite with high thermal conductivity by introducing amide-
functionalized MWCNT [MWCNT@p-phenylenediamine (PPD)] into a PEI
matrix, as shown in Figure 9. Compared with unmodified MWCNT,
MWCNT@PPD could participate in the in situ polymerization of PEI to form
covalent bonds in the matrix, thereby improving the dispersibility of the filler. This
method solved the disadvantages of the traditional CNT acid treatment that can
destroy their conjugate structure and greatly affect the aspect ratio. The results
showed that the thermal conductivity of nanocomposites containing 4.0 wt%
MWCNT@ PPD ≤0.43 W m�1 K�1 [30].

Figure 9.
Schematic for the preparation of multi-walled carbon nanotubes@azide polyacrylic acid
(MWCNT@PPD) [30].
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Yang et al. [27] investigated the dielectric properties of PI incorporating CCTO/
Ag nanoparticles (CCTO@Ag). The use of Ag coating to modify the surface of
CCTO nanoparticles increased the conductivity of the intermediate layer, thereby
enhancing the space charge polarization and Maxwell-Wagner-Sillars effect,
improving the electric field distortion. The results showed that when the content of
CCTO@Ag was 3 vol%, the εr of PI/CCTO@Ag composites was significantly
increased to 103, which was about 30 times the εr of pure PI. At the same time, the
dielectric loss was very low at 0.018 [27]. Wang et al. [31] used 2-phosphonobutane-
1,2,4-tricarboxylic acid (PBTCA) and TH-615 acrylic-acrylate-amide copolymers to
modify BT nanoparticles, and then prepared a BT/PI composite film by in situ
polymerization. The results showed that this surface modification method could
improve the dispersion uniformity of filler particles in the matrix and improve the
interfacial compatibility between the two phases. At 103 Hz, a BT/PI film modified
with 8% PBTCA had a εr of 23.5, a dielectric loss of 0.00942, a breakdown strength
of 80 MV m�1, and a Ue of 0.67 J cm

�3. At the same frequency, the composite
modified with 6% TH-615 had a εr of 20.3, a dielectric loss of 0.00571, a breakdown
strength of 73 MV m�1, and a Ue of 0.68 J cm�3 [31]. Due to its unique chemical
structure, GO shows great potential in the field of capacitors. The graphene oxide
sheet has many hydroxyl groups and epoxy groups on the surface while carboxyl
groups are mainly located on the edges. However, most studies involving graphene-
based composites have used only marginal carboxyl groups, so the polymer chains
were attached to the edges only. Fang et al. [32] made full use of oxygen functional
groups to prepare PPD-carboxyl-functionalized graphene oxide (CFGO)/PI com-
posites. The polymer chain was fixed on the base surface, and the graphene oxide
sheet was effectively separated. Thermogravimetric analysis (TGA) tests showed
that PPD-CFGO/PI composites had good thermal stability below 500°C. When the
content of PPD-CFGO was 4 wt%, the εr increased to 36.9, which was 12.5 times
higher than that of pure PI polymer (≈3.0), the dielectric loss was only 0.0075, and
the breakdown strength remained at a high level [32].

However, the covalent functionalization method adopted by Fang et al. [32]
reduced the conductivity of graphene by destroying the π-π conjugate structure of
graphene. In order to overcome this shortcoming, Feng et al. decorated the surface
of rGO with a solid π-π stack by insulating reduced polyaniline (R-PANI) to intro-
duce a space effect and effectively prevent the irreversible agglomeration of rGO.
At 1 kHz, the highest εr (25.84) was observed in nanocomposite films containing 20
wt% rGO@R-PANI, and the dielectric loss was 0.11. The εr and dielectric loss of
rGO/PI nanocomposite films were 8.23 and 56.4, respectively. Furthermore, the 5
wt% weight loss temperature for 20 wt% rGO@ R-PANI/PI nanocomposite film
was 480°C, indicating that the nanocomposite film has great potential in the field of
high-temperature dielectric materials [5]. Yue et al. [5] introduced reduced barium
titanate (rBT), sintered in a reducing atmosphere (95N2/5H2), to PI without using
any modifier or surfactant ingredients in the matrix. Surface defects of rBT and
interface interactions between two phases caused by the reducing atmosphere lead
to an increase in εr and Ue. Compared with pure PI, the rBT/PI composite with 30
wt% rBT exhibited the following characteristics: The εr at 1000 kHz was ≤31.6
(pure PI = 4.1), the material maintained a low dielectric loss (0.031), the Ue of
9.7 J cm�3 at 2628 kV cm�1 represented an increase of >400% (for pure PI
Ue = 1.9 J cm�3 at 3251 kV cm�1) [5].

4.3 Core-shell structure

Recently, much work has focused on introducing an intermediate layer or an
insulating shell on the surface of the filler to prevent them from directly connecting
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to each other. Fillers in composite materials can increase electrical conductivity and
cause excessive polarization interfaces. Researchers are also attempting to introduce
intermediate layers or oxide shells between fillers to reduce dielectric loss. Studies
have also shown that the core-shell structure can achieve a high εr, low dielectric
loss, and high energy density [28, 33].

Liu et al. [34] synthesized a sandwich-shaped core-shell SiO2@GO hybrid to
prepare a novel SiO2@GO/PI flexible composite film using in situ polymerization.
The dense SiO2 layer grafted onto the GO surface can effectively suppress leakage
current. The results showed that at 40 Hz, the εr of the composite material
containing 20 wt% SiO2@GO was as high as 73, which was 21 times that of pure PI
(3.0), and the dielectric loss was only 0.39. In order to improve interfacial compat-
ibility, two coupling agents, 3-aminopropyl triethoxysilane and 3-glycidoxypropyl-
trimethoxysilane (GPTS), were used to modify the surface of SiO2@GO: At 40 Hz,
the εr of the GPTS-SiO2@GO/PI composite increased to 79 and the loss decreased to
0.25. This significant improvement in the dielectric properties was due to the
improved dispersibility of the filler following GPTS modification. Wang et al. [28]
prepared a core-shell structure of BT@SiO2 nanofibers by electrospinning, and
successfully prepared a nanocomposite membrane composed of core-shell BT@SiO2

nanofibers and PI. Because SiO2 has very low dielectric loss (0.00002) and moder-
ate εr, using a thin layer of SiO2 to isolate PI from BT nanofibers can alleviate the
local field concentration. The latter is caused by the large difference in εr between
the concentrations of the two phases, thereby enhancing the breakdown strength of
the PI nanocomposite film. Compared with pure PI, the composite film filled with 3
vol% BT@SiO2 nanofibers had a maximum Ue of 2.31 J cm

�3 at 346 kV mm�1 (pure
PI Ue = 1.42 J cm�3 at 308 kV mm�1). TGA also showed that below 500°C,
BT@SiO2/PI nanocomposite films had good thermal stability [28]. Wang et al. [35]
prepared a core-shell AgNW/PI composite film with high εr and low loss (see
Figure 10). The insulating shell could protect the silver cores from being directly
connected to each other, so that when the εr of the composite film reached its
maximum value (126), the dielectric loss remained at a low level [35].

Weng et al. [33] synthesized a novel core-shell of Ag@Al2O3 nanoparticles as
conductive fillers and doped them into PI to prepare Ag@Al2O3/PI composite films.
The composite film containing 10% by weight of Ag@Al2O3 had a εr of 21, which
was seven times higher than that of pure PI (3.1). This increase in εr may be due to
the high electrical conductivity of the Ag@Al2O3 filler, which caused interfacial
polarization inside the composite in the applied electric field. Hence, when the mass
fraction of Ag@Al2O3 was increased to 30%, the maximum value of εr was 124 [33].

4.4 Multilayer structure

Most polymer nanocomposites are expected to achieve high energy density by
combining the high breakdown strength of the polymer matrix with the high εr of
the filler. In fact, when the filler is introduced into the polymer matrix, the break-
down strength often decreases, especially when the volume fraction of the compos-
ite filler is high, which does not improve the energy density of the nanocomposite.
Therefore, there is a need to expand nanocomposites into multilayer structures to
compensate for the reduced breakdown strength [36].

Chen et al. [36] designed a three-layer PI composite membrane by combining
KTa0.5Nb0.5O3 (KTN) nanoparticles with PI. Pure PI (with high breakdown field
strength) was used as the middle layer with KTN/PI nanocomposite as the two outer
layers to improve the energy storage performance of the entire composite film. The
results showed that the maximum discharge energy density of the triple-layer
composite film (t-KPI) was 3.0 J cm�3 at 300 kV mm�1, which was much larger
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than the maximum discharge energy density of the equivalent single-layer compos-
ite film (1.5 J cm�3, at 210 kV mm�1); at a high electric field of 300 kV mm�1, the t-
KPI composite film could still maintain 88% charge and discharge efficiency [36].
Amin Azizi et al. [37] prepared large-scale high-quality hexagonal boron nitride (h-
BN) films using vapor deposition technology (CVD) and transferred them to PEI
films to synthesize h-BN/PEI/h-BN composite film. As shown in Figure 11, this
composite film exhibits excellent charge-discharge efficiency and dielectric stability
at high temperatures. At 100°C, the discharge energy density of h-BN-coated PEI
reached 2.93 J cm�3, and its charge-discharge efficiency was >90%. As the operat-
ing temperature increased, its advantages become more obvious. At 200°C, the
energy density of h-BN-coated PEI film was 1.19 J cm�3. Rapid cyclic discharge
experiments were performed at 150°C and 200 MV m�1 to test the stability of h-
BN/PEI/h-BN composite films under electric fields and high temperature. The
results demonstrated that the h-BN/PEI/h-BN film coated with 19 layers of h-BN
did not show any reduction in discharge energy density and charge-discharge effi-
ciency over 55,000 charge-discharge cycles [37].

Chen et al. [38] prepared an amino-modified CNT/PI (NH2-MWCNT/PI) flexi-
ble composite film with a three-layer structure in which a high-dielectric NH2-
MWCNT was inserted between pure PI layers (serving as the bottom and top
layers) of the complex. Since the conductive paths of the insulating layer could be
effectively isolated, the three-layer composite film showed high εr and low dielec-
tric loss. It is worth noting that at 1 kHz, when the NH2-MWCNT content of the
intermediate layer was 10 wt%, the multilayer composite film (P-10-P) gave the
highest εr of 31.3, while the dielectric loss was 0.0016. In addition, the maximum
energy density of the composite membrane containing 5 wt% NH2-MWCNT in the
intermediate layer (P-5-P) was as high as 1.95 J cm�3, which is more than 50%
higher than that of pure PI (1.41 J cm�3). The maximum energy density of the
composite film P-10-P also remained at 1.31 J cm�3 [38]. Among the various films,

Figure 10.
(a) TEM image of core-shell structured AgNW. (b) TEM image of an individual AgNW. (c) SEM image of
core-shell structured AgNW. (d) SEM image of AgNW/PI hybrid film [35].
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h-BN/PI composite film filled with 5 vol% h-BN as the outer layer could improve
the heat dissipation ability of the three-layer composite material, thereby
maintaining the dielectric strength and suppressing leakage current at high tem-
peratures. Hence, this sandwich structure composite material had excellent energy
storage properties and high temperature stability. At 25 and 150°C, the maximum
field strengths of the composite film with a Zr and Ca modified BT (BZT-BCT)
content of 1 vol% in the intermediate layer were 360 and 350 kV mm�1 respec-
tively, while the storage densities were 2.3 and 1.83 J cm�3, respectively [39]. Zhou
et al. [40] proposed a method for preparing high-performance polymer dielectrics
at high temperatures (designed roll-to-roll plasma enhanced CVD), which was
easily adapted to large-scale production of various surface-functionalized polymer
films. In this experiment, they uniformly deposited wide-band gap SiO2 on the
dielectric polymer film at ambient temperature and atmospheric pressure, and their
productivity was comparable to that of melt extrusion. The results showed that the
introduced SiO2 layer increased the potential barrier at the electrode/dielectric
interface, resulting in a significant decrease in conductivity. Therefore, compared
with the pure polymer (see Figure 12), the SiO2-coated film exhibited good high-
temperature capacitance performance and had a higher energy storage efficiency
(η) value. For example, at 150°C, when η > 90%, the maximum Ue values of PEI-
SiO2, PEN-SiO2, PI-SiO2, PC-SiO2, and FPE-SiO2 composite films were 2.12, 1.75,
1.24, 1.79, and 2.06 J cm�3, which were respectively 236, 672, 510, 1279, and 644%
greater than the corresponding pure films. At 100°C, when η > 90%, Ue for
PEI-SiO2 was 3.0 J cm�3 [40].

Figure 11.
Charge-discharge efficiency of the dielectrics as a function of temperatures measured at an applied field of (a)
200, (b) 300, and (c) 400 MVm�1. (d) Discharged energy density achieved at above 90% charge-discharge
efficiency at varied temperatures [37].
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5. Conclusion

In conclusion, the high-temperature polyimide dielectric materials used in
energy storage application have been summarized, including pure PI, structure
modification of PI, PI-based nanocomposites, etc. Many methods for micro mole-
cule dimension and macrostructure design have been analyzed. The reviewed
research studies encompassed commercial products progress, material design, and
specification, the fundamental theory such as dielectric properties, energy density,
and thermal properties. However, the current research for available high-
temperature dielectric materials still falls short of industrial application, especially
operating under extreme environment conditions, due to the relatively low dielec-
tric permittivity and higher dielectric loss, which severely limit the energy storage
density. Moreover, the thermal conductivity is also a limiting factor for high-
temperature polymer dielectric materials. Therefore, more fundamental research on
developing high-performance intrinsic polymer and high-temperature dielectric
phenomena should be focused for future application.
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Chapter 10

Space Charge Accumulation 
Phenomena in PI under Various 
Practicable Environment
Hiroaki Miyake and Yasuhiro Tanaka

Abstract

Polyimide is widely used insulation materials, such as power equipment, motor 
windings, multi layer insulated, and so on. As the operation environment is high 
temperature, high humidity, radiation, the dielectric insulation characteristic is 
decreased compared with pristine one. Especially, the space charge characteristics are 
obtained big different. Furthermore, the breakdown phenomenon is frequently pro-
duced. In this chapter, we discuss the dielectric phenomena through the viewpoints 
of charge accumulation under the following environment. High temperature, High 
humidity, DC application, PWM application, Radio-active rays (electron, proton).

Keywords: space charge accumulation, high temperature, high humidity,  
DC and PWM application, radiation environment

1. Introduction

Normally, you already know the polyimide (PI) and the super engineering 
plastics derivative from PI are one of best high resistive dielectric materials for 
any application, for example print board, motor windings, surface materials of 
spacecraft, and so on. However, sometimes, the PI have breakdown phenomena 
under high voltage application with high temperature and humidity condition. It 
is considered that the origin of breakdown is the electric filed enhancement in the 
bulk or high growth of conduction current during the bulk by the homo charges 
injection form the electrode, or the hetero charges accumulation due to hydrolysis 
by surround high humidity environment. Furthermore, concerning the radioac-
tive rays irradiated PI, the huge space charge polarization is produced. And then, 
sometimes, PI has a breakdown phenomenon due to irradiation.

To understand the dielectric characteristic for the serve condition, it is impor-
tant that the space charge accumulation phenomena are observed. Therefore, in this 
chapter, we introduce the space charge accumulation in the bulks under the high 
electric filed, high temperature, high humidity and radiation environment.

2. Principle of the pulsed electroacoustic (PEA) method

The PEA method is one of the widely used techniques for measuring the charge 
distribution in dielectrics. The principle of the PEA method is explained at the 
followings [1].
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Figure 1 shows the schematic diagram of the PEA method. A charged sample with 
thickness a is used, and its both sides are sandwiched by electrodes. The pulse volt-
age generator is connected to both electrodes. When the pulse electric field ep (t) is 
applied with the electrode induced charges σ (0) and σ (a) accumulated on both elec-
trode surfaces due to the accumulated charge ρ in the sample, a pulsed pressure wave 
p(t) is generated from σ(0), σ(a) and ρ(z) in the sample. Those pulsed pressure wave 
p(t) is shown by the convolution equation between each accumulated charges (σ(0), σ 
(a), ρ(d)) and ep(t). The convolution equation is shown in the following formula.

 

( ) ( ) ( ) ( )

( ) ( ) ( ) ( )

( )

1 2 3

2 10
2

2

Al Al
p sa p

sa Al sa Al

Al sa
p

sa Al sa BS sa

p t p t p t p t
Z Ze t u e t d

Z Z Z Z
Z Z aa e t

Z Z Z Z v

+∞

−∞

= + +

= ⋅ ⋅ + ⋅ ⋅ ⋅ ⋅ − +
+ +

 
⋅ ⋅ ⋅ − + +  

∫σ ρ τ τ τ

σ

 

(1)

where, ZAl, Zsa, ZBS is the acoustic impedance of Al, sample and backing material, 
respectively. usa is the sound velocity of sample.

Figure 1. 
The schematic diagram of the principle of PEA method.
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Those pulsed pressure p(t), described the above on the Eq. (1), the intensity of the 
pressure wave is proportional to the accumulated charges in the sample. The propaga-
tion delay of the pressure wave is related to each charge accumulated position.

A piezoelectric transducer is used to detect the pressure wave by transforming 
into an electric charge signal. The electric charge signal q(t) on the piezo electric 
device is expressed by the convolution model between pressure wave function p(τ) 
and piezoelectric device function h(τ) as shown in formula (2)

 ( ) ( ) ( )pvq t h p t d
b

∞

−∞

= −∫ τ τ τ  (2)

where, vp and b is sound velocity and thickness of piezoelectric device, respec-
tively. The convolution model is also shown in Figure 2. Normally, we observed 
charge distribution signals obtained by the above convolution model. However, 
as the real measurement system has a system function, which is the low pass filter 
between the amplification circuit and and the capacitance of the piezoelectric 
device, the observed wave form signal is distorted like as the differentiated wave-
form by the system function.

The details of the principle of PEA are described elsewhere [1].

3. Space charge measurement system

Using the pulsed electroacoustic (PEA) method which is described above, 
we developed several space charge measurement systems for high temperature. 
Figures 3 and 4 shows the developed system [2, 3]. On the Figure 3, it is the 
developed PEA system for high temperature (up to 80 °C). This system is enabled to 
measure the space charge accumulation in dielectric materials. In this system, tem-
perature (30–80 °C) of silicone oil is control using a band heater and a controller.

Furthermore, as the IGBT using SiC is operated over 150 °C, the space charge 
measurements under more high temperature are also required. Therefore, we 
developed newly PEA system for high temperature (up to 150 °C), which is shown 
in Figure 4. From the figure, to measure the space charge distribution at high 

Figure 2. 
The schematic diagram of convolution model on the time function between the pulsed pressure wave and the 
piezoelectric device.
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Figure 3. 
Schematic diagram of the space charge measurement system for high temperature up to 80 °C.

Figure 4. 
Schematic diagram of the space charge measurement system for high temperature up to 150 °C.
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temperature, the P(VDF/TrFE) is used as the piezo-electric sensor. By combining 
the sensor and a water-cooling system, the space charge measurement at maximum 
150 °C becomes possible. A band heater is fitted to the high voltage electrode unit 
to increase temperature of the sample. In ordinary PEA measurement, to improve 
an acoustic impedance matching between the sample and the metallic electrode, 
a semiconductive (SC) layer, which is used for power transmission cable, is used 
for a high voltage electrode. However, the base material of this SC layer is usually 
polyethylene, and it is not available at high temperature. Therefore, in such high 
temperature measurement, we used a SC layer made of PEEK. In all measurements, 
the positive voltage was applied to the sample through the upper SC electrode.

4. Heated and humidified sample charge accumulation behavior

In this chapter, we discuss the relationship between space charge distribution 
and breakdown phenomena of polyimide under heating and humidified condition.

Recently, various and many electronic devices have been used the flexible 
Print-Circuit Board (PCB) to reduce the size of them. At the moment, polyimide 
film is usually used for PCB [4]. Polyimide film has an appropriate flexibility and 
it shows a good insulating performance even at high temperature. On another 
front, since the devices are improved for downsizing and lightweight every year, it 
is necessary to reduce the thickness of PCB. When the thickness of PCB becomes 
thinner, the applied electric field becomes higher. It means that the possibility 
of electrical breakdown in PCB becomes higher. It is necessary that inverter can 
control at high frequency and drive at high voltage for high efficiency of inverter 
control. But inverter serge becomes high voltage in these conditions. The partial 
discharge happens and insulating covering material becomes depleted. And these 
insulating materials using electric devices need to become high insulating capacity 
at high temperature and high humidity. Therefore, it is necessary to understand 
the mechanism of breakdown in polyimide film to prevent the breakdown. Thus, 
we tried to measure the space charge distribution in polyimide under heating and 
humidified condition for understanding the phenomena.

4.1 Samples and measurement procedure

In this chapter, a commercially available polyimide film, Kapton® 500H 
(nominal thickness 125 μm) supplied from Dupont-Toray Co.Ltd. is used.

For simulating the real usage condition, Heat with humidifying treatment and 
heat treatment are applied before measuring space charge as pre heat and humidify-
ing treatment. The samples are set in a thermostatic chamber IH 400 manufactured 
by Yamato Scientific Co., Ltd., (80 °C and 80 or 60%) for one hour.

Furthermore, we prepared the heated sample whose were set in silicone oil 
boiled at 100 °C in beaker to dry off moisture of sample.

4.2 Results and discussion

Figure 5 shows space charge [2] behaviors in non-treated (1) and heated and 
humidified (2) sample under DC stress of 60(a), 100(b), 120(c) kV/mm at 80 °C. 
Measurement interval is 5 s. Amount of accumulated space charges are displayed 
using color chart. As shown in Figure 5(a), positive and negative homo charges are 
observed near anode and cathode from the start of measurement in non treated 
sample. The amounts of homo charges are increasing until about 10 mins later, 
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Figure 5. 
Space charge behaviors in non treated (1) and heated with humidified (2) sample under DC stress of (a)60, 
(b)100, (c)120 kV/mm at 80 oC.
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but notable changes are not observed after 10 mins. On the other hand, positive 
and negative homo charges are observed near anode and cathode from the start of 
measurement in heated and humidified sample. But the amounts of homo charges 
are increasing until about 5 mins later. In 60 kV/mm, there is no difference point 
except time to increasing of homo charge and space charge behavior of end of 
measurement is similar to each other. The time to saturating space charge accumula-
tion in heated and humidified sample is shorter than one in non treated sample. It is 
appeared that moisture of heated and humidified sample is larger than one of non 
treated sample. So, moisture of sample is large, it is easily occurs to ingress space 
charge and migration speed of space charge is more fast.

As shown in Figure 5(b), positive and negative homo charges are observed near 
anode and cathode from the start of measurement in non treated sample along 
with space charge behavior of 60 kV/mm(a). But migration speed of space charge 
is faster and migration position of space charge is larger than one of 60 kV/mm 
in non treated sample. On the other hands, positive and negative homo charges 
are observed near anode and cathode from the start of measurement in heated 
and humidified sample. And positive hetero charge becomes to be observed near 
cathode. The amount of positive hetero charge is increasing until breakdown at 
43 mins later. In our previous research(1), it is observed that positive and negative 
homo charges are observed near anode and cathode and positive hetero charge 
becomes to be observed near cathode and breakdown occurs. It is similar process of 
space charge behavior to heated and humidified sample. And moisture of sample is 
large, it is easily occurs ingress of space charge and migration speed of space charge 
is more fast. So, in heated and humidified sample, space charge behavior process 
until breakdown occurs faster than non treated sample.

As shown in Figure 5(c), homo charges are observed near anode and cathode 
and positive hetero charge becomes to be observed near cathode and breakdown 
occurs at 25 mins later in non treated sample. On the other hands, breakdown in 
heated and humidified sample occurs at 5 mins in same space charge behavior 
process at non treated sample. However, negative hetero charges are observed near 
anode from the start of measurement.

In these results, space charge behavior process of non treated sample and heated 
and humidified sample until breakdown is same. It is said that the breakdown pro-
cess is promoted by increasing moisture of sample and rising applied electric field. 
Therefore time to breakdown is shorter than ingress of space charges and migration 
speed of space charges are faster.

From the above results, we describe process of chare accumulation behavior to 
breakdown under DC stress. Figure 6 shows typical process of space charge accu-
mulation behavior in Kapton® under high DC stress (130 kV/mm).

As shown in the figure, a few positive and negative hetero charges are observed 
near anode and cathode from the start of measurement (charge behavior annota-
tion number 1 in the figure). These hetero charges are same hetero charge in 
heated sample. Therefore, these space charge accumulations are looked when 
moisture of sample is low and sample is applied at high electric field. After hetero 
charges are observed, positive and negative homo charges are observed near anode 
and cathode and hetero charges decrease (charge behavior annotation number 
2 in figure). These homo charges are injected from anode and cathode. When 
moisture of sample increase, amount of accumulation of homo charges is large. In 
fact, injection of charge easily happens from electrodes when moisture of sample 
is large. And charges can easily move in the bulk. And positive and negative hetero 
charges may disappear by accumulating homo charges. These homo charges 
decrease and large positive hetero charge accumulated at next period (charge 
behavior annotation number 3 in figure). And accumulation of positive hetero 
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charge is larger than that of negative hetero charge. However large hetero charge 
is observed in Figure 6, a few hetero charges can be observed at some sample. 
Amount of hetero charge is influence at amount of homo charges mentioned at the 
charge behavior annotation number 2 in figure. Because hetero charge is observed 
before breakdown happens, this hetero charge promote breakdown. But accentua-
tion of electric field by accumulating these space charges is a little. And so, it is 
not say that accumulation of space charge is cause which breakdown happens by. 
But this phenomenon is distinct pre-breakdown phenomenon. After this hetero 
charge was observed, positive hetero charge decreases a little in this measure-
ment result (charge behavior annotation number 4 in figure). This behavior is not 
always observed in all samples. In fact, breakdown occurs when accumulation of 
space charge was saturated or decreased. Therefore, the processes of accumulat-
ing of the hetero charge and decreasing ones are equilibrium condition. And 
electric field around electrode is large by accumulating hetero charge. And given 
the accumulation of homo charge before hetero charge is observed, homo charge 
injected from electrode and hetero charge generated from bulk is saturated. In 
this research, source of hetero charge is not clear up. It is considered that hetero 
charge is generated by ion breaking the molecular chain or ionization of impure 
substance of the sample.

5.  Charge accumulation behavior in the PI (polyimide) bulk under high 
temperature (100–150 °C)

Currently, polyimide is demanded for using an insulating material for power 
electric devices using SiC(silicon carbide) is required [2]. As it is developed enough 
to be used at high temperature under high electric stress, the insulating materials 
supporting the device must also exhibit extremely excellent insulation properties at 
high temperatures under high electric stresses.

In recent years, evaluation methods using storage characteristics of space charge 
has been as an effective technique to evaluate the character is tics under high electric 
stress. Under the stress, the current-electric field characteristic often deviates from 
the Ohm’s law and the reason of it is considered that the space charge accumulates 
in the material [1, 3, 5]. Therefore, if the space charge accumulation state becomes 
clear, the insulation performance of the material under a high electric field can be 
evaluated.

Figure 6. 
Typical process of space charge accumulation behavior in Kapton® under high DC stress (130 kV/mm).
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Recently our laboratory, has P(VDF/TrFE) (vinylidene fluoride/ ethylene tri-
fluoride copolymer), has been used as a piezoelectric sensor that can be measured 
even under high temperature, and we can obtaine the space charge distribution in 
the insulating materials even at relatively high temperatures of up to 150 °C using 
the developed apparatus. In this report, we introduce some typical measurement 
results of the space charge accumulation behaviors in the polyimide (PI) obtained 
using the developed system.

5.1 Samples and measurement procedure

The Kapton®500H (Dupont-Toray Co.Ltd., nominal thickness is 125 μm) was 
used as measurement sample. Further, heating and humidifying treatment was 
previously applied to some samples. In this treatment, the sample were kept in a 
thermostatic chamber IH 400 set at 80 °C with humid of 80% for 1 hour.

Time dependence of the space charge distribution in the sample was mea-
sured using the apparatus (up to 150 °C), which is described at the chapter 3, for 
100–150 °C. In the measurement, at fast, a dc voltage corresponding to 25 kV/
mm was applied to the sample for 30 min at the designated temperature, and the 
distribution was measured with interval of 5 s by applying a pulse voltage of 200 V 
with a pulse width of 5 ns. The repetition frequency of the pulse voltage applica-
tion was 400 Hz and the averaged signal was obtained from 700 signals. Then, the 
circuit was shorted for 5 min, and the measurement was also carried out using above 
procedure. After the measurement, next measurement was started under elevated 
electric stress. The increment of the voltage was corresponding to 25 kV/mm, then 
the applied stresses were 25, 50, 75, 100, 125, and 150 kV/mm.

5.2 Space charge distribution at 100°C

Figures 7(A) and (B) show the measurement results of space charge distribu-
tions at 100 °C in non-treated and treated PI films respectively. In these figures, 
(a), (b) and (c) show a time dependence of space charge distribution, a charge 
density distribution and an electric field distribution profiles, respectively. In 
figure (a), the charge density is described using a color scale put above each result. 
In figures(b) and (c) show the profiles at 30 min under each applied electric stress.

From the results of PI shown in Figure 7(A-a), accumulation of positive and 
negative homo charges was observed in the vicinity of both anode and cathode elec-
trodes, respectively, under the applied stress of 100 kV/mm or less in the untreated 
PI sample. When the stress became 125 kV/mm or more, accumulation of positive 
hetero charge was observed on the cathode side. Finally, a dielectric breakdown 
was observed at about 10 min later after 150 kV/mm was applied to this sample. In 
PI sample, the breakdown occurred after such positive hetero charge accumula-
tion was also observed in other reports [1, 3]. It can be considered that the positive 
hetero charge accumulation may be a kind of “sign” for the breakdown in PI sample 
under dc high stress. On the other hand, in treated PI, as shown in Figure 7(B-a), 
an accumulation of positive homo charge was observed on the anode side from 
under 25 kV/mm, and it spread towards the cathode side with increase of the 
applied stress. Then, finally in this sample, a breakdown was observed at about a 
few minutes later after stress of 125 kV/mm was applied. Judging from the electric 
field distribution in non-treated PI shown in Figure 7(A-c), while the electric field 
near electrode seem to be enhanced slightly by the hetero charge accumulation, it 
can hardly expect to be a main reason for the breakdown. On the other hand, as 
shown in Figure 7(B-c), a relatively large electric field enhancement was observed 
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in the treated PI near the cathode. Therefore, the enhancement might affect the 
breakdown under lower applied stress in the treated PI than that observed in the 
non-treated PI.

Figure 7. 
Space charge distribution in PI at 100 °C.
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5.3 Space charge distribution at 150 °C

Figures 8 shows the measurement results of space charge distribution at 150 °C 
in PI. From the measurement results of PI in Figure 8(A-a), accumulation was not 
observed under the stress of 75 kV/mm or less. While the positive homo charge was 

Figure 8. 
Space charge distribution in PI at 150 °C.
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observed under the stress of 100 kV/mm or more, the amount of it was not so large 
and breakdown was not observed by the end of measurement. In this case, the electric 
field was not distorted by the accumulation of charge as shown in Figure 8(A-c). On 
the other hand, in the measurement results of the treated PI sample, positive charge 
accumulation near the anode was observed under 50 kV/mm or more as shown in 
Figure 8(B-a). When the applied stress increased, the positive charge distribution 
spread towards the cathode, then the negative homo charge accumulation was also 
observed near the cathode under 100 and 125 kV/mm. Furthermore, in this condition, 
a negative charge accumulation was also observed near the anode. Finally, the negative 
and the positive charges were located near the cathode and the anode, respectively, 
at the end of the measurement. The electric field distribution in this sample was, of 
course, distorted by the accumulated charges, and the electric field near the cathode 
and the anode were enhanced to 150 kV/mm as shown in Figure 8(B-c), but the 
increments of them are not so large.

This process observed in the treated PI at 150 °C is similar to that in non-treated 
PI at 100 °C, except for the breakdown. The space charge accumulation seems to be 
affected by the moisture content in the sample, as mentioned above. Therefore, the 
measurement at 150 °C was also affected by it. In other words, the moisture in both 
of the non-treated and treated PI sample might be vaporized by the heating. Similar 
results were obtained in annealed PI sample in silicone oil [1].

6.  Charge accumulation behavior in the PAI bulk under simulated high 
voltage PWM application and high temperature (80 °C)

Recently, the needs of fast measurement are demanded, day by day [5–7]. It 
is because that many high-speed voltage applications are widely used all over the 
world. The motor system is one of the examples. The PWM signal is driven by over 
several tens of kHz. Therefore, under the above situation, the space charge mea-
surement is also required under such high frequency rectangular voltage. Therefore, 
we can solve such requirement by cooperatively controlling the pulse voltage and 
the application high voltage.

In this chapter, measurement results in PAI using cooperative operation system 
between the pulse voltage and the application voltage are introduced.

6.1  Samples, PWM voltage application and space charge measurement timing 
during PWM application

All measurements were carried out at 80 °C using the high temperature PEA 
system which is already described in Figure 3 at chapter 3. In this section, we used 
commercially available polyamide-imide (PAI) films as measurement samples, 
which are actually used as the covering insulating materials for the general motor 
windings. Since the PAI are usually distributed in varnish form, we made a film 
shape sample from the varnish. The thicknesses of the films were about 100 μm.

Figure 9 (a), (b) and (c) show a schematic model of the applied half-wave of AC, 
unipolar square rectified wave and unipolar square rectified wave with surge shape 
voltages to the samples, respectively. In this figure, the timings of the application of 
pulse voltage, which is applied to the sample to obtain the measurement signal, are 
also described using green lines. The peak voltage of it was corresponding to the aver-
age electric field of 50 kV/mm in each measurement. Also, the peak surge voltage of it 
was corresponding to the electric field of 60 kV/mm in each measurement. Frequency 
of the half-wave of AC, unipolar square rectified wave, unipolar surge square wave 
rectified wave voltage was 50 Hz. Duty ratio of the square wave voltage was basically 
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50%. To generate waveforms mentioned above, low voltage waveforms are creates 
digitally using a computer at first, then the waves are amplified using a high voltage 
amplifier. Therefore, the timing of the pulse voltage application is also controlled 
using the computer. The pulse voltage to observe the space charge distribution was 
applied to the sample under the voltage application (“volt-on” duration) and the short 
circuit (“volt-off” duration) conditions alternatively. To obtain a clear space charge 
distribution, it is usually used an averaging technique to reduce noise. In this measure-
ment, we tried to create one space charge distribution under voltage application by 
averaging the sequential 200 signals obtained at “volt-on” durations. In the case to 
obtain one space charge distribution under short circuit condition, 200 sequential 
“volt-off” signals were also averaged. Since the frequency of the square wave voltage 
was 50 Hz, one averaged signal was composed of 200 signals during 4 s. It means that 
the observation interval of the space charge distribution was 4 s under “volt-on” and 
“volt-off” conditions, alternatively. To simulate a practical test condition, some mea-
surements were also using carried out samples, which were kept at a high temperature 
(80 °C) with a high humidity (80%) condition for 60 min before the measurement.

6.2 Space charge accumulation results under various voltage wave form

Figure 10 (A), (B), (C) and (D) show the measurement results of time depen-
dent space charge distributions in PAI by applying DC, half-wave of AC, unipolar 
square rectified wave and square rectified wave with surge shape voltages, respec-
tively. In this figure, (a), (b), (c), (d) and (e) show a time dependent charge density 
distribution using a color chart at “volt-on”, a time dependent charge density distri-
bution using a color chart at “volt-off”, profiles of a charge density distribution at 
“volt-on”, a charge density distribution at “volt-off”, and electric field distribution at 
“volt-on”, respectively. In these figures, red, black and blue lines ware obtained at just 
after (4 s), 2 min and 5 min later after the beginning of the voltage application.

Figure 9. 
Time sequence of various wave voltages and pulse voltage applications for PEA measurement. ((a) Half-wave 
of AC, (b) square wave and (c) square wave with surge shape).
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As shown in Figure 10(A-d), (C-d) and (D-d), in the cases by applying the 
DC, the square wave and surge voltages, it is found that homogeneous negative 
charge accumulations across the bulk of the sample were observed from 2 min 
later after the voltage applications, and it was obviously recognized from the 
result shown in Figures 10(A-a), (C-a) and (D-a). As shown in Figure 10(A-a), 
the accumulation of the negative charge seemed to be stable after 5 min later. By 
the negative charge accumulation, the electric field was distorted near the anode 
as shown in Figure 10(A-e). On the other hand, in the case of result obtained by 
applying the half-wave of AC voltage, while a negative charge accumulation near 
the cathode was observed as shown in Figure 10(B-b, d), the amount of it was 
small and it was only located near the cathode. By the negative charge accumula-
tion, the electric field was distorted near the anode as shown in Figure 10 (B-e), 
but it was very tiny.

Figure 11 (a) and (b) show the maximum electric field and amount of 
charge in the sample calculated from the distributions obtained by applying DC, 

Figure 10. 
Space charge distributions in PAI films under various voltage application (50 kV/mm).
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half-wave of AC, square wave, square wave with surge shape voltages. As shown in 
Figure 11 (a), it was found that the maximum electric field value is larger in the 
order of DC, square wave with surge shape, square wave and half-wave of AC volt-
ages. Furthermore, it was found that the charge accumulation amounts were large 
in the order of square wave with surge shape, DC, square wave and half-wave of 
AC. However, there was almost no difference among them expect for that obtained 
by applying half-wave of AC. From the above, it is clear that the space charge is 
not accumulated, nor consequently the electric field is not distorted by applying 
the half-wave of AC to the sample.

7. Polyimide for space application

Polyimide (PI) is also used for the materials of multilayer insulators (MLIs) of 
spacecraft. Many researchers studied space charge characteristics in PI irradiated by 
electron [8, 9]. And recently, the space charge behavior in PI irradiated by proton is 
also focused. It is because that many satellite had operation anomaly due to charging 
by radiation and discharging [10]. In this chapter, few examples of charge accumu-
lation behavior in PI irradiated by radio-active rays are explained.

7.1 Negative charge accumulation in PI irradiated by an electron

The space charge [8] distributions in Kapton®500H (Dupont-Toray Co.Ltd., 
nominal thickness is 125 μm, a surface with Al evaluation layer) are irradiated 
by an electron are discussed. The electron beam irradiation condition is 40 and 
60 keV, with 40 nA/cm2 current density in 10−5 Pa order vacuum chamber. The in-
site space charge measurements were carried out using PIPWP method [1, 8, 11].  
Charge distributions and integrated charge amount in the bulk are shown in 
Figures 12 and 13, respectively. The measurement interval is 30 s.

In the Figure 12, the charge profile waveform is the data of maximum negative 
charge accumulation in the bulk during 20 min irradiation. From the figure, we can 
see the negative charge accumulation in the bulk. Such negative charges distributed 
from the irradiation surface to depth of 34, 60 μm (with the broken perpendicular 
line). Those accumulated positions have a good correlation with the calculated 
penetration depth using Karz and Penfold’s experimental equation.

Figure 11. 
Maximum electric field and amount of accumulated charge.
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Form Figure 13, those negative charges were saturated during the irradiation 
time progress. And in the case of 60 keV irradiation, those negative charges were 
decreased in spite of irradiation progressing. The total accumulated charge amount 

Figure 12. 
Negative charge accumulation in PI under electron irradiation.

Figure 13. 
Total negative charge amount in the bulk of PI under And after electron irradiation.
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in the bulk is decided due to the balance between the amount of charges supplied 
by the irradiation and the amount of charges released due to change of the bulk con-
ductivity. Therefore, in this case, it is considered that the amount of accumulated 
charges was reduced because the amount of change in conductivity inside the bulk 
became largely dominant.

7.2 Positive charge accumulation in PI irradiated by a proton

In this section, the space charge distribution in PI irradiated by a proton is 
explained [12]. Figure 14 shows space charge distribution in PI irradiated by a 
proton with several irradiation energy. PA and PB shows the polyimide materials, 
and the differential between PA and PB is the fabrication company. The irradiation 
condition is 1.0–2.0 MeV for energy with 0.3–30 nA/cm2 under 1 × 10−5 Pa, and 
those irradiation times is 30 min. The space charge measurement was carried out 
with each 30 s for the irradiation and 10 min relaxation following from the above 
irradiation. The irradiation was carried out using 3 MeV tandem type ion accelera-
tor facility of Takasaki Advanced Radiation Research Institute of National Institutes 
for Quantum and Radiological Science and Technology (QST), 3.75 MV Van de 
Graff of High Fluence Irradiation Facility at the University of Tokyo and the space 
environment examination facility at Japan Aerospace Exploration Agency (JAXA).

From Figure 14, those space chare distributions show the only maximum charge 
accumulation during irradiation with the 30 nA/cm2 current density. In the figure, 
the irradiation direction is described on the right side of the figure. From the figure, 
it is found that positive charges are accumulated in the bulks under all irradiation 
condition. The charge accumulated position is moved become from the bulk near 
the irradiation side to middle of the bulk with irradiation energy progress. The 

Figure 14. 
Positive charge accumulation in PI under proton irradiation.
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ideal penetration depths calculated by the SRIM code are shown with broken line 
in the bulk on the figure. From these results, we found that the calculated penetra-
tion depth has a good correlation with charge accumulated position. Therefore, it 
is considered that the irradiated proton is the origin of those positive accumulated 
charges in the bulk.

Figure 15 shows the time dependence of the amount of accumulated positive 
charges in those bulks irradiated by 2.0 MeV proton. Those are obtained by integra-
tion calculation of the charge distributions shown in Figure 14. From the figure, 
concerning accumulation behavior, the increases of the amounts of charges saturate 
within 3 minutes from the start of irradiation. The accumulated positive charges 
saturated for a brief time with the current density increasing. After the saturations, 
the amounts of charges decreased with irradiation time progress.

Furthermore, while we also observed that those accumulated positive charges 
remained after irradiation with low current density 0.3 nA/cm2, no charge was 
observed immediate after irradiation with high current density irradiation.

From the above charge accumulation penonena, we considered that the origin 
of those phenomena was produced due to the generation of radiation induced 
conductivity (RIC). Form the previous research, we could find that conducitibity κ 
of the PI irradiated a proton with an energy of 2 and 1.5 MeV is 103 and 102 higher 
than non-treated sample, respectively. It is though that the strength of activation 
is depended on the irradiation energy. Furthermore, the charge accumulation 
phenomena may be strongly affected by proton dose. The origin of the RIC is 
considered activation of material, sission of molecular chain, ionization, and 
vacancy [13]. Furthemore, after the irraidaion, we could confirm the condirctivity 
was 104 times larger than prisitn sample’s. It is one of evidence about molecule chain 
modification such as mentioned above.

8. Conclusions

It this chapter, we introduced the dielectric phenomena of PI and PAI materials 
using space charge measurement results using the PEA method. And you could 
understand the PEA method is very useful for understanding the charge accumula-
tion phenomena. However, the PI is applied for various condition, it is necessary 
that the measurement system should be modified for the condition and environment 

Figure 15. 
Total positive charge amount in the bulk of PI under And after proton irradiation.



205

Space Charge Accumulation Phenomena in PI under Various Practicable Environment
DOI: http://dx.doi.org/10.5772/intechopen.96786

Author details

Hiroaki Miyake* and Yasuhiro Tanaka
Tokyo City University, Japan

*Address all correspondence to: hmiyake@tcu.ac.jp

applicable. And then, we could discuss the dielectric phenomena. From the 
described above, although we could understand the PI has a good insulation perfor-
mance, since the characteristics may deteriorate depending on the environment, an 
analysis simulating the usage environment is required.
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Chapter 11

Lifetime of Polyimide under 
Repetitive Impulse Voltages
Yan Yang and Guangning Wu

Abstract

Polyimide (PI) is a commonly used insulating material to resist surface dis-
charge, for instance, as turn-to-turn insulating material in inverter-fed motors 
driven by pulse width modulation (PWM) converters. Under the effect of repetitive 
impulse voltages, PI is expected to withstand surface partial discharge (PD) during 
service. However, lifetime under repetitive impulse voltages is much shorter than 
that under AC voltages due to storage effect of charges. Many approaches have 
been proposed to improve lifetime of polyimide under repetitive impulse voltages, 
such as using nanocomposites, surface modification, and structure design. In this 
chapter, we will discuss the lifetime of polyimide under repetitive impulse voltages 
and corresponding theoretical mechanism, together with modification approaches 
and their effects on lifetime improvement.

Keywords: lifetime, repetitive impulse voltages, surface discharge, nanocomposites, 
surface modification

1. Introduction

Polyimide (PI) is used as insulating material for resist surface discharge because 
of its excellent electrical, thermal, and mechanical characteristics [1, 2]. PI films are 
usually expected to withstand surface discharge caused by repetitive impulse volt-
ages. For example, surface partial discharge occurs during lifetime of turn-to-turn 
insulation of inverter-fed traction motors due to the driven pulse width modulation 
(PWM) converters, which has become one of the most important factors for surface 
degradation and final premature failures of the insulation of inverter-fed traction 
motors. Therefore, the PD-dependent lifetime of PI films under repetitive impulse 
voltages needs to be improved to meet the requirement for rapid development of 
industry applications [3, 4].

To provide a comprehensive understanding to lifetime of PI under repeti-
tive impulse voltages and to clarify the emerging problems, we review the 
recent progress in partial discharge characteristics, degradation, and charge 
storage effect under repetitive impulse voltages. Particular attention is paid on 
lifetime improvement approaches, such as using nanocomposites and surface 
modification.
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2. Lifetime of polyimide under repetitive impulse voltages

2.1  Lifetime and partial discharge characteristics of polyimide under  
repetitive impulse voltages

Figure 1 shows the system for testing lifetime and partial discharge character-
istics of polyimide under repetitive impulse voltages. Bipolar continuous square 
impulse voltage was conducted. The amplitude, risetime, duty cycle, and frequency 
of applied voltage were 1 kV, 40 ns, 50%, and 10 kHz, respectively. The electrodes 
used in the test were designed according to the standard of ASTM 2275 01, including 
a rod electrode, a plate electrode, and an insulating board [5]. By this configuration, 
we can obtain the voltage endurance of solid electrical insulating materials subjected 
to surface partial discharges. The PD signal was measured by an UHF antenna.

Figure 2 shows the lifetime of PI under repetitive impulse voltages, which 
decreases sharply with increasing temperature. The lifetime values are much shorter 
than that under AC voltages [6].

Figure 1. 
Schematic diagram of the PD aging test system.

Figure 2. 
Lifetime of PI under repetitive impulse voltages [6].
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Figure 3. 
PD characteristics of PI films with increasing temperature. (a) PDIV, (b) PD amplitude, (c) PD number.



Polyimide for Electronic and Electrical Engineering Applications

212

Figure 3 shows the PD characteristics, including the PDIV, PD amplitude, and 
PD number, of PI films under repetitive impulse voltages as a function of tempera-
ture. PDIV decreases with increasing temperature; on the contrary, PD amplitude 
and PD number increase with increasing temperature. All these parameters are 
higher than that under AC voltages [6].

Figure 4. 
Sample discharge area and eroded area of sample [6].

Figure 5. 
Microtopography of PI films after 3-h aging and breakdown. (a) 3-h aging and (b) breakdown.
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2.2 Partial discharge-induced degradation under repetitive impulse voltages

Due to the electrode structure as shown in Figure 2, surface discharge would 
occur in the air gap between the sample and the upper rod electrode during lifetime 
testing. Certain region on the film surface, as shown in Figure 4, would be corroded 
by surface discharge generating high-energy electrons, ultraviolet rays, and high-
activity chemical groups [7, 8]. The microtopography of PI films after 3-h aging and 
breakdown (lifetime: 6 h and 10 min) under repetitive impulse voltages is shown 
in Figure 5. An obvious circle can be seen on the surface of aged PI film, which 
is eroded as the consequence of surface discharge, resulting in surface roughness 
and morphology changing. From the microscopic view of the breakdown point as 
shown in Figure 5(b), the mesh structure and voids can be observed on the surface 
microtopography around the breakdown point obviously, indicating degradation of 
PI occurred during discharge.

2.3 Storage effect of charges under repetitive impulse voltages

Under repetitive impulse voltages, partial discharge-induced degradation 
would be intensified because of charge storage effect. We discuss the electrical 
field distribution on discharge region of the sample surface, as shown in Figure 6, 
where Ei is the electric field in the air gap between the sample and the edge of the 
upper electrode. When external electric field reverses, accumulated charges on the  
film surface will enhance the electric field in the air gap between the rod and  
the sample, as shown in Figure 6. Assuming the external electric field is negative, 
the charge-induced electric field in the air gap Eq is proportional to the difference 
between the charges on the rod electrode Qup and that on the film surface Qdown, 
namely, Eq (Qup − Qdown). Thus, the effective electric field in the air gap can be 
obtained, Ei = Et + Eq, where Et is the external electric field. Since the charges on 
the film surface are unable to dissipate in such short rising time, the Qdown can be 
considered as a constant. When the external electric field reverses and becomes 

Figure 6. 
The electric field change in air gap when external electric field inverses from negative to positive side [9].
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positive, the Eq is proportional to the sum of the charges on the rod electrode Qup 
and that on the film surface Qdown, namely, Eq (Qup + Qdown). As the charge con-
tinues accumulating, the value of Ei can increase to a critical value, and then PD 
would take place.

3. Approaches for lifetime improvement

3.1 Polyimide nanocomposites

PD characteristics and lifetime repetitive impulse voltages would be improved 
by using polyimide nanocomposites. Figure 7(a) shows the PDIV of PI and PI/
Al2O3 nanocomposites. PDIV increases with increasing nano-alumina content. The 
PDIV of PI/Al2O3 (8 wt.%) increases from 693 to 782 V (12.8% increase) compared 
with that of PI. This means the discharge threshold is much higher for PI/Al2O3 
nanocomposites. Figure 7(b) gives the PD amplitude and number recorded in 
1 min, which both decrease with increasing nano-alumina content, revealing that 
the decrease in PD intensity is attributed to the effect of nano-alumina.

As shown in Figure 8, the PD resistance is enhanced significantly as the content 
of nano-alumina increases. The lifetime values of PI/Al2O3 with nano-alumina 
content of 0, 2, 5, and 8 wt.% are 37.8, 52.1, and 61.9 min, increasing by 92.8, 165.8, 
and 215.8% respectively, compared with that of PI. This demonstrates that the 
nano-alumina helps to prolong the lifetime of PI.

In polyimide nanocomposites, the melting point of nano-alumina particles is 
higher than that of polyimide. Under the effect of surface discharge, nanoparticles 
float on the film surface, forming a protective layer to prevent the polyimide matrix 
from further erosion. This layer, therefore, is able to mitigate the PD effects on films 
and block the erosion path, which can help avoid the same local point being eroded 
continuously. In contrast, without nanoparticles, the erosion will follow a specific 
path and lead to breakdown much faster. This is why there are a number of micro-
cavity groups in PI/Al2O3 nanocomposites but only a few big cavities in the PI films, 
as shown in Figure 6 c and d. Thus, the incorporation of nanoparticles improves the 
physical characteristics of PI/Al2O3 nanocomposites, because nanoparticles can act as 
obstacles in the erosion path, and then the degradation of polymer can be reduced, 
and prolonged lifetime of PI/Al2O3 nanocomposites can be obtained subsequently.

In addition, some acid compounds (e.g., the amic acid and the nitric acid) are 
generated during PD aging. Meanwhile, new bonds in PI/Al2O3 nanocomposites 
are the weakest, subsequently the ether linkage, imide ring, and then aromatic 
ring. Those weakest bonds in interfacial regions would be destroyed at the first 
stage of aging, so the dissociations of polyimide molecules would be reduced. 
Because of the chemical bonding between nanoparticles and PI molecules, the 
degradation of polymer can be reduced, and prolonged lifetime of PI/Al2O3 nano-
composites can be obtained consequently.

Moreover, higher surface conductivity facilitates surface charge dissipation and 
leads to low PD intensity. Lower trap density is responsible for the low possibility 
of charge recombination and the corresponding released energy. All these factors 
improve the electrical characteristics of PI/Al2O3 nanocomposites resulting in 
reduced degradation of polymer and longer lifetime.

3.2 Surface modification

Lifetime of PI under repetitive impulse voltages would be further improved 
by surface modification. Figure 9 shows the lifetime of PI and PI/Al2O3 
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nanocomposites under repetitive impulse voltages, after being treated by nonther-
mal plasma in atmospheric air with different treating times. For both PI and PI/
Al2O3 nanocomposites, lifetime can be prolonged by plasma treatment. Apparent 
improvement of lifetime can be seen in the first 20 s of treating time. However, the 
lifetime decreases with increasing treating time, when the treating time is longer 
than 20 s. When the treating time exceeds 30 s, the lifetime decreases sharply, by 
reaching the values even shorter than that of the untreated samples. For plasma-
treated samples, with shallower trap energy level, less charge accumulation facili-
tates charge dissipation and local electric field mitigation, leading to suppressed 
PD intensity and longer lifetime. Active groups containing oxygen and nitrogen, 
which are introduced during plasma treatment, are responsible for trap energy 

Figure 7. 
PD characteristics of PI and PI/Al2O3 nanocomposites. (a) PDIV and (b) PD amplitude [9].
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distribution modification of PI films. An appropriate treating time is the key factor 
to introduce reactive groups on film surface and prolong the lifetime.

3.3 Structure design

Structure design is another effective approach to improve lifetime of PI 
under repetitive impulse voltages. Figure 10 shows the lifetime of PI, PI/Al2O3 

Figure 8. 
Lifetime of PI and PI/Al2O3 nanocomposites under PD aging [9].

Figure 9. 
Lifetime of PI and PI/Al2O3 nanocomposites with different plasma treating times under repetitive impulse voltage.
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nanocomposites, and PI/Al2O3-PI-PI/Al2O3 films under repetitive impulse voltages 
as a function of applied voltage. For all samples, lifetime decreases with increasing 
applied voltage. As the thickness of these three types of samples is all 60 mm, the 
lifetime of PI/Al2O3 nanocomposites are the longest. However, the results shown in 
Figure 10 were tested at room temperature. Considering the effect of temperature, 
lifetime of PI/Al2O3-PI-PI/Al2O3 films is longest when the temperature is higher 
than 90°C, as shown in Figure 11. For applications such as inverter-fed motors, the 

Figure 10. 
Lifetime of PI, PI/Al2O3 nanocomposites, and PI/Al2O3-PI-PI/Al2O3 films under repetitive impulse voltages as a 
function of applied voltage (room temperature) [10].

Figure 11. 
Lifetime of PI, PI/Al2O3 nanocomposites, and PI/Al2O3-PI-PI/Al2O3 films under repetitive impulse voltages as a 
function of temperature (1 kV) [10].
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operating temperature of PI is usually higher than 90°C; thus layered structure is an 
important approach to improve lifetime for industry applications.

4. Conclusion

PD-dependent lifetime of PI under repetitive impulse voltages is a key parameter 
for its industry applications. Due to charge storage effect under repetitive impulse 
voltages, partial discharge-induced degradation would be intensified, resulting in 
a shorter lifetime. By using nanocomposites, surface modification, and structure 
design, the lifetime would be prolonged.
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Chapter 12

Electrical Endurance of  
Corona-Resistant Polyimide for 
Electrical Traction
Tao Han and Andrea Cavallini

Abstract

This paper shows the behavior of several dielectric properties of corona- 
resistant polyimide tapes as a function of thermal (high temperatures) and  
ambient stress (high humidity coupled with high temperature). The main goal 
of the investigation is to understand and explain the evolution of the partial 
discharge endurance of the tapes as a function of nonelectrical aging. The 
results indicate that polyimide tapes are very stable up to temperatures of 320°C. 
However, the most elevated temperatures reduce the partial discharge endurance 
to 50% of the original value. This is probably due to morphological changes in the 
(outer) nanostructured layers of the tapes.

Keywords: electrical drives, insulation reliability, partial discharges, corona-resistant 
insulation, thermal aging

1. Introduction

Polyimide tapes are used to manufacture rotating machines. Due to their 
relatively large cost, these tapes are mostly in special machines exposed to high 
temperatures [1, 2]. As an example, machines used for drilling oil wells are insu-
lated using PI enamels or tapes.

The situation is changing, however. Transport electrification is demanding 
more compact machines, characterized by higher power densities. This implies that 
electrical machines will be designed having higher frequencies, temperatures, and 
voltages compared with the current standards. This evolution places PI insulation 
in the forelight. As a matter of fact, aircraft turbine-mounted generators and train 
machines are already experiencing high temperatures, and many manufacturers 
already used PI-based commercial products (e.g., Kapton). Indeed, the use of PI 
wires has been challenged for aircraft wiring due to its sensitivity to hydrolysis, wet 
and dry arcing (it is speculated that PI exposed to arcing is prone to catch fire prior 
than reaching a failure [3, 4]).

PI tapes can be used as slot liners (generally in form of laminates as NKN), phase 
separators, as well us around conductors to realize the phase-to-ground, phase-
to-phase, and turn-to-turn insulation. In the last case, adhesive tapes are usually 
wrapped around the conductor. Complete adhesion is achieved by microwave heating 
of the conductor first and then infrared heating of the outer part. Eventually, the 
conductor is cooled down rapidly by immersion.
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To date, most electrical machines are inserted in power electronic drives and are 
fed by a power electronic converter (inverter). The waveform provided by inverters 
is not the standard sinusoidal waveform, but a train of voltage impulses whose 
fundamental frequency is equal to the frequency of the reference sinusoidal voltage 
waveform. This type of voltage is sketched in Figure 1.

The advantages of PWM inverters are so many that nowadays only very few 
motors are still connected to the AC grid directly. As an example, the frequency of 
the drive is regulated in a straightforward way by changing the frequency of the 
reference voltage waveform. Furthermore, the maximum frequency of the drive can 
be much higher than that of the power grid, being the latter selected based on the 
limits of large rotating machines and with transmission losses and limits as a target. 
Going to higher frequencies ensures the possibility of shrinking the magnetic circuit 
of the motor, reducing the weight and the volume of the machine. Both advantages 
(controllability, high power densities) are vital for transport electrification to 
ensure that the drive works smoothly using a light actuator.

The “dark side” of PWM waveforms, however, is the electrical stress they impose 
on the insulation [5–8]. The voltage at the motor terminals can increase due to wave 
reflections when the voltage impulses reach the machine. This is because the con-
necting cables have a characteristic impedance of 20–30 Ω, whereas the machine 
characteristic impedance can be up to 400 Ω. Furthermore, a phenomenon known 
as “double pulse,” which happens when two phases commutate simultaneously, can 
further raise the applied voltage. The theoretical limits of these phenomena are  
(a) the voltage can be doubled when only reflections occur and (b) the voltage can 
be four times larger if both reflection and double pulse occur (Figure 2).

Furthermore, the impulses must propagate within the winding of the machine, 
which are complex inductive capacitive networks. Without going into details, it is 
important to understand that, during the rising and falling flanks of the voltage 
impulses, the first coil of the machine will withstand most of the inverter voltage, 
whereas if Nc is the number of coils in the machine, all coils will be subjected to the 
same voltage V/Nc when subjected to AC voltage waveforms.

This change in the electrical stress levels brought about a radical change in the 
failure mode of low-voltage rotating machines. Prior to the advent of power elec-
tronics, insulation mostly failed due to thermal aging. The eventual failure mode 
was the opening of crack where a large leakage current, able to melt the dielectric, 

Figure 1. 
PWM voltage waveform.
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could flow. Under power electronics, if the electrical stress exceeds a critical 
threshold, partial discharges are incepted inside the winding. These discharges 
can occur with a very large repetition frequency, comparable with the switching 
frequency of the power converter.

The insulation that is most vulnerable to partial discharges is the turn insulation 
[9, 10], as often enamels or tapes having limited thickness are used (thus, it is easier 
to puncture the insulation, and, moreover, the electric fields are the highest in the 
machine when inverters are used). Dielectrics made of purely organic polymers 
degrade quickly under PD bombardment as the C▬C and C▬H bond energies are 
3–4 eV, and a large percentage of electrons in the discharge have sufficient energy 
to cause dissociative electron attachment (DEA) leading to bond breaking and free 
radical formation [11, 12]. After long enough, this process leads to the puncture of 
the insulation.

Due to these considerations, dielectrics used for the turn insulation of rotating 
machines have been nanostructured, meaning that inorganic particles of nano-
metric size were added to the base polymer [13, 14]. Nanostructured insulation for 
rotating machines is often indicated as corona-resistant insulation (e.g., CR wires, 
CR tapes, CR laminates, etc.).These particles tend to form a barrier to the progres-
sive degradation induced by partial discharge activity (as an example, the forma-
tion of ceramic-like layers has been observed on the outer surface of CR winding 
wires). CR PI tapes have been proposed as a solution to improve the reliability of 
inverter-fed machines [15, 16]. Besides these tapes can be of use also in medium-
voltage machines, where the large fields in the phase-to-ground insulation can lead 
to partial discharges in proximity of the conductors if the insulation detaches from 
the conductor due to the combined effect of high temperatures and thermal cycling 
(in that case, an air pocket can form in proximity of the conductor, leading to the 
inception of partial discharges that, in the long term, can cause a failure of the turn 
insulation).

The superior performance of CR insulation compared to standard insulation has 
been proven in literature [13, 16]. However, all the tests were conducted on pristine 
CR insulation. As this book is being written, activities are under way to test CR 
winding wires using repetitive voltage impulses and temperatures of 155°C. The 
limit of this approach is that CR insulation systems are compared in the absence 
of thermal aging. As a matter of fact, the partial discharge endurance tests are 

Figure 2. 
Potential at a five-coil low-voltage motor terminal (U) and at the interconnection between adjacent coils 
(Ua, Ub, Uc, Ud). In gray, the voltage drops across the first coil.
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relatively short, and the oven temperature is well below the class temperature (that 
can be 180°C, 200°C, 220°C, or 240°C). This implies that the dielectric will not 
undergo a significant amount of oxidation or other forms of chemical degradation. 
Besides, the impact of hydrolysis will not be accounted for. As a result, it will not be 
easy to extrapolate the results to practical applications, as the combined electrical-
thermal-ambient stress will differ substantially from the tests experienced during 
the tests.

In order to show how these stresses can alter the endurance of PI insulation to 
PD activity, we shall discuss in the forthcoming sections experiments carried out on 
CR Kapton films subjected to thermal and ambient stress and tested at regular times 
for PD endurance. The results will highlight the most likely phenomenon leading to 
a significant reduction of the endurance properties.

2. Test structure

2.1 Test sequence

The tests were programmed in sequences, to show the progressive deterioration 
(if any) of the PI properties. The test logic is shown in Figure 3 and follows the 
ideas reported in [17]. Aging is subdivided in aging sub-cycles followed by diag-
nostic sub-cycles. During the diagnostic sub-cycles, measurements apt to infer the 
degradation of the PI films as electrical insulators are carried out. The samples that 
during the tests are modified by the test itself are discarded, and aging continues 
with the remaining samples. Therefore, PI films were prepared in large numbers 
to ensure that aging tests could be performed on different samples to highlight the 
degradation of PI dielectric properties (and not the effect of previous tests).

2.2 Measurements

The tests were performed on corona-resistant PI tapes (Dupont Kapton 200 
CR), having nominal thickness of 50 μm. During the diagnostic sub-cycles, the 
following quantities were measured/reported (Figure 4):

1. Visual appearance of the sample.

2. Thickness evaluated by means of a micrometric screw.

3. Dielectric spectroscopy in the range of 0.1–3 MHz. The specimens were 
extracted from the aging cell and covered with silver paint. Since elevated tem-
peratures could affect the silver paint, samples were discarded after testing.

4. Bulk DC conductivity using a three-electrode system. The electric field was 
15 kV/mm.

5. PDIV measurements were carried out using a 50 Hz sinusoidal supply voltage. 
A rod/plane electrode configuration was designed and manufactured follow-
ing [18]. The PD sensor was a high-frequency current transformer (HFCT). A 
Techimp PDBase II detector (bandwidth 50 MHz, sampling rate 200 MSa/s, 
and vertical resolution 12 bit) was employed to detect PD. The sensitivity was 
better than 5 pC. During the PDIV tests, the samples were held in a climatic 
chamber at 20°C, 25% relative humidity. The voltage was increased in steps of 
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50 V each lasting 30 s. PDIV measurements were repeated eight times, each 
time changing the position of the rod electrode. The PDIV measurement setup 
is outlined in Figure 1. Samples were discarded after testing.

6. Partial discharge endurance tests were carried out on all the samples. The supply 
voltage was a 1 kHz unipolar square wave. The peak-to-peak voltage was 7 kV. The 
rod/plane electrode configuration is the same used in the PDIV tests. Samples 
were discarded after the tests [18].

2.3 Aging stresses, levels, and timings

A first round of tests was performed placing the sample in the oven at a tem-
perature of 270°C for 864 h. Indeed, as it will be exposed in the next section, 270°C 
is too a low temperature to produce a remarkable aging in PI samples (Table 1). 
Therefore, a second aging cycle lasting 294 h was performed. Knowing the potential 
negative impact of hydrolysis on PI films, this cycle was carried out placing the 
samples in a climatic chamber at 80°C with a relative humidity of 80%. Eventually, 
a last cycle lasting 432 h was carried out placing the samples in the oven at 320°C.

Figure 4. 
Test cell for PDIV tests.

Figure 3. 
Test plan for thermal aging at 270°C.
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3. Results

3.1 Dielectric spectroscopy

To check the dielectric characteristics during each aging stage, the dielectric 
spectroscopy test was employed. Figures 5 and 6 show the real and imaginary parts 
of the permittivity (ε’ and ε”). It can be found that both ε’ and ε” change to some 
extent in stage 1. More notable increases can be found in aging stage 2, particularly 
for frequencies below 100 Hz. ε’ reaches a value of ~7.0 at low frequency. During 
aging stage 2, the outer layer (nanocomposites) was exposed in high temperature 
and humidity, where hydrolysis and water absorption will occur as a result [19, 20]. 
The polar production after hydrolysis and absorbed water (with ε’ of ~80) con-
tributes to the increased ε’ and ε”. After, in stage 3, the sample was kept in oven at 
320°C. The acid and amine groups formed by hydrolysis can be recombined, and 
the absorbed water will be removed in a short time [21]. As a result, the dielectric 
response was reverted to be near to that of PI without aging.

To get more details of the changing dielectric properties, ε’ and ε” of some 
selected frequencies are shown in Figures 7 and 8. As shown in Figure 7, the 
increasing ε’ can be found in the first 576 h in stage 1, while it decreases till the 
end of this stage. A peak value of ε’ at each frequency can be confirmed in stage 2, 
which indicates that the aging parameters of stage 2 affect the dielectric properties 

Figure 5. 
Real permittivity at the end of each aging stage.

Aging stage Time (h) Condition

1 864 270°C

2 294 80°C and 80% RH

3 432 320°C

Table 1. 
Thermal aging processes.
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obviously. In contrast, ε’ at each stage is stable in the whole stage 3. As shown in 
Figure 8, a similar tendency can be found in ε”.

3.2 Bulk conductivity

Bulk conductivity of PI in the three aging stages is reported in Figure 9. 
Before aging, PI samples have a conductivity below 10−15 S/m. During stage 1 

Figure 7. 
Trend of ε’ at different frequencies and different aging stages.

Figure 6. 
Imaginary permittivity at the end of each aging stage.
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(thermal aging at 270°C) there might be a decrease of conductivity (~25%). 
After hydrolysis and moisture absorption (stage 2, T = 80°C, RH = 80%), the 
conductivity increases by an order of magnitude. In stage 3 (thermal aging at 
320°C), the moisture is removed, and the chemical structure is restored [21]. The 
conductivity returns to the initial value, a finding in agreement with the results 
reported in [19].

Figure 9. 
Change of bulk conductivity with aging stage.

Figure 8. 
Trend of ε” at different frequencies and different aging stages.
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In summary, the conductivity of PI is stable with thermal aging up to 320°C. 
However, high humidity levels in the operating environment might cause an 
increase of conductivity, particularly if the machine has not been used for 
some time.

Figure 10. 
Weibull plots of PDIV results in all aging stages.
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3.3 PDIV results

PDIV tests were carried out with AC of 50 Hz. Eight specimens were tested at 
each aging time. The peak-to-peak value of applied voltage is recorded for the PDIV. 
All the data of each aging time are Weibull plotted and shown in Figure 10. The B10 
parameter is employed here, which means the 10% probability of PD occurrence. 
Besides, the Weibull scale parameter (α) and shape parameter (β) are also employed 
and shown in Table 2.

From the estimation of Weibull plot, B10 and α can be calculated at each aging 
time. In stage 1 shown in Figure 10(a), B10 changes from 1590 (at 0 h) to 1715 V 
(at 192 h), while α varies from 1750 to 1810 V. It indicates that B10 is more scattered 
after the thermal aging at 270°C. In stage 2 shown in Figure 10(b), both B10 and α 
show similar behavior, while in stage 3 (Figure 10(c)), both B10 and α are scattered, 
compared with the other two stages.

B10 can be employed to show the reliability of PI in severe working conditions. 
As shown in Figure 11, this “reliability” can be divided into three stages cor-
responding to the three aging stages. B10 increases sharply in the first 200 h, and 
then it becomes stable till the end of stage 1. With the beginning of stage 2, the high 
humidity makes B10 drop linearly with aging time, which indicates the risk of PI 
application in wet environment. As mentioned above, the high temperature in stage 
3 will recombine the PI chains and remove the moisture in the bulk, resulting in the 
recovery of B10. However, a decrease of B10 occurs after its recovery, from 1680 
to 1640 V.

Aging stage Time under stress (h) B10 (Vpp) α (Vpp) β

(I) T = 270°C 0 1590 1780 19.9

96 1646 1786 27.6

192 1715 1770 70.8

288 1663 1754 42.4

384 1710 1756 83.6

480 1664 1764 38.8

576 1692 1755 61.5

672 1689 1797 36.3

768 1615 1790 21.9

864 1702 1808 37.5

(II) T = 80°C, RH = 80% 96 1583 1696 32.5

192 1551 1725 21.2

294 1514 1682 21.3

(III) T = 320°C 96 1684 1794 35.6

168 1660 1803 27.2

264 1652 1817 23.6

336 1642 1737 39.8

432 1641 1766 30.7

Table 2. 
PDIV statistics during aging (n = 8).
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By checking Figures 5, 7 and 11, one can find that B10 is closely related to the 
change of ε’. A capacitor model can be used here to explain this relation. In this 
model, the air gap between rod electrode and sample surface is equivalent to a 
capacitor, the PI tape to another one. With the increasing ε’ of PI, the electric field 
in air gap will increase simultaneously. For instance, the ε’ at 50 Hz increases 8% 
(from ~3.8 to ~4.0) in stage 2; B10 in Figure 11 decreases from 1660 to 1520 V 
(~9%) correspondingly.

Figure 11. 
Trend of PDIV B10 of at 50 Hz during aging.

Figure 12. 
B10 of PD endurance in all the stages.
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3.4 PD endurance under impulse voltages

PD endurance time tests were carried out under a square wave with a peak- 
to-peak voltage of 7 kV. After the application of this voltage, a corona will be found 
around the rod electrode, destroying the PI tape and leading to breakdown. This 
voltage parameter was selected for the purpose of achieving breakdown within less 
than 2 h.

Eight samples were tested at each aging time. The Weibull plots were employed, and 
B10 of endurance time was calculated. B10 of all the stages are shown in Figure 12. B10 
in stage 1 varies from 70 to 95 min; this fluctuation is maybe caused by the limitation 
of sample quantity. In stage 2, the trend is obvious. B10 decreases from 83 to 68 min. 
While in stage 3, B10 declines linearly with aging time, from 68 to 40 min. It can be 
found that thermal aging in stage 1 will not change the endurance of PI. The reason 
of decreasing endurance in stage 2 is assumed to be the reduction of PDIV. However, 
endurance in stage 3 also decreases, while the PDIV is recovered to the initial level. 
This change is more likely related to the material changes inside the sample caused by 
thermal aging, which will be discussed in the next section.

4. Discussion

The excellent results achieved by Kapton 200 CR exposed to high temperature 
could have been, somehow, predicted by a thermogravimetric analysis (TGA). 
The weight loss of Kapton tapes is negligible below 500°C, as shown in Figure 13, 
confirming the high thermal stability of the tapes.

The Fourier transform infrared (FTIR) spectroscopy of pristine and aged 
samples is reported in Figure 14. Without knowing exactly the chemical structure 
of the tapes, it is difficult to trace back the FTIR peaks to the corresponding chemi-
cal species. Yet, the peak sequence does not appear to be modified in an appreciable 
way through the series of aging cycles, suggesting that the chemical structure is 
stable. This is another confirmation that the Kapton 200 CR tapes did not change in 
a remarkable way their structure during the aging.

Figure 13. 
TGA test of PI samples.
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Both TGA and FTIR suggest that little changed in the PI tapes during changes. 
Yet, partial discharge endurance halved, with a sharp reduction in stage 3 (300°C). 
As the chemistry of the material seems to play a marginal role in this phenomenon, 
it was decided to inspect the morphology of the samples. In a nanostructured 
dielectric, inorganic nanoparticles are bonded to the polymeric matrix through a 
coupling agent able to confer a good stability to the resulting structure. Above a 
critical temperature, the bonds between the host matrix and the nanoparticles can 
break, enabling the nanoparticles to rearrange. The scanning electron microscope 
(SEM) imaging was thus used to investigate whether this kind of phenomena was 
taking place in the sample tapes. To do that, SEM pictures of the surface and of the 
cross section of both pristine and aged tapes were taken. The pictures of the cross 
section were obtained by immersing the tapes in liquid nitrogen and then crack-
ing them.

The SEM pictures of pristine and aged sample surfaces at two magnification 
levels (5000× and 50,000×) are shown in Figure 15. The 5000× image does not 
reveal any specific sign of aging. The 50,000× picture highlights the presence of 
nanoparticles (white spots) in contrast with the host matrix. No appreciable sign of 
deterioration can be observed.

Figure 16 shows the cross section of the samples. At the lowest magnification 
level (5000×), it can be appreciated that the tapes are probably a three-layer 
structure. It can be guessed that the central layer is pure PI, conferring elasticity 
to the tapes (in general, nanostructured materials tend to be less elastic than the 
host matrix). The outer layer consists of nanostructured PI, to ensure electrical 
endurance.

At the lowest magnification level (50,000×), signs of reorganization of the 
nanostructured layers can be observed. Apparently, the nanoparticles appear more 

Figure 14. 
FTIR spectroscopy of pristine and aged Kapton samples.



Polyimide for Electronic and Electrical Engineering Applications

234

randomly oriented and with the tendency to form agglomerations. Therefore, 
regions where the host matrix becomes predominant are created. In these regions, 
partial discharge erosion can take place more easily leading to a reduction of the 
partial discharge endurance of the tapes.

These morphological changes could be addressed to the temperatures above 
300°C which might have caused the stripping of the nanoparticle/host matrix 
bonding agent. Besides, the outer layer might have a differential thermal expansion 
coefficient compared with the central layer. At a microscopical level, the different 
expansions of the layers might have helped the distortion of the structure (the 
orientation of the clusters in the picture at 5000× seems to change from horizontal 
to skewed after aging).

Figure 16. 
SEM images of the crack surface of samples virgin and at the end of aging stage 3. (a) and (b) are pictures 
obtained with magnification of 5000× and 50,000×, respectively.

Figure 15. 
SEM images of the surface of samples virgin and at the end of aging stage 3. (a) and (b) are pictures obtained 
with magnification of 5000× and 50,000×, respectively.
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5. Conclusions

Polyimide tapes have excellent properties that make them ideal choice to manu-
facture the turn insulation of form wound machines (both low-voltage hairpin 
machines used, e.g., in traction electrification and medium-voltage machines). 
Indeed, the final insulation class of the insulation system could be lower than that 
of the polyimide tapes, as it will be difficult (or extremely costly) to find a whole 
set of materials (enamels, slot liners, phase separators, wedges, sleeving, varnish or 
resin, conductive armor tape, stress control tapes) able to achieve the same thermal 
performance of the turn insulating. The results reported here confirm the capability 
of PI tapes to withstand extreme temperatures for long times. Exposing PI to tem-
peratures above 300°C, moreover, has a positive effect as the acid and amine groups 
formed by hydrolysis reconnect, restoring the polymeric chains. Indeed, hydrolyzed 
PI displays a higher relative permittivity than the pristine tapes (4 versus 3.5 at 
50 Hz), leading to a reduction of the partial discharge inception voltage (90%). A 
possible negative effect observed after thermal aging at 270°C is a general increase 
of the relative permittivity that would also lead to a reduction of PDIV, although 
more moderate than that induced by hydrolysis.

The electrical endurance tests highlight the excellent capability of PI corona-
resistant (CR) materials to withstand partial discharge bombardment. The apparent 
short times (from 80 min at the beginning of the test to 40 min after the three 
stages of aging) should be weighed against the large electrical stress used for the 
tests (7 kV/100 μm = 140 kV/mm within the PI), a stress level hardly experienced in 
electrical machinery. Thermal aging seems to have a limited impact on the electrical 
endurance unless the PI is exposed to temperatures above 300°C for long times. 
By inspecting pristine and aged tapes using the scanning electron microscope, the 
electrical endurance of the CR PI tapes was explained by a three-layer structure 
of the tapes: a central layer of PI serves the purpose of conferring flexibility to the 
tapes, and two nanostructured outer layers ensure resistance to partial discharge 
bombardment. Aging at 300°C seems to have an impact on the morphology of the 
nanostructured layers, leading to a substantial (50%) reduction of the electrical 
endurance of the tapes.

© 2020 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms 
of the Creative Commons Attribution License (http://creativecommons.org/licenses/
by/3.0), which permits unrestricted use, distribution, and reproduction in any medium, 
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Abstract

Polymer nanocomposite-based dielectric materials are playing a vital role in the 
area of electrical insulation research and developments. The nanoparticle disper-
sion and interface region are the crucial parts of these developments. This chapter 
begins with the description of physical properties and their derived nanoparticles 
of polyimide (PI) films. Then, the detailed synthesis process of PI/nanocomposite 
multilayer film and its optimization is discussed in this chapter. Several factors in 
the synthesis process, which can influence the quality of the film, are discussed. 
After synthesis, the dielectric properties such as space charge were measured, 
and the results are compared with single and multilayer PI/nanocomposite films. 
Simulations and modeling help to shed light on the experimental results and 
create an understanding of polymer nanocomposite properties. Therefore, the PI/
nanocomposite multilayer 3D model based on boundary conditions obtained from 
SEM/TEM images of synthesized samples was also constructed and simulated in 
COMSOL multiphysics software. The nanoparticle agglomeration and the impact 
of nanoparticle dispersion on the electrical properties of the material are described 
in detail in this model. The results demonstrate that the nanoparticle dispersion is 
improved by using a thin layer of PI/nanocomposite on PI film. As a result, fewer 
space charges and low electric fields are observed in multilayer films.

Keywords: polyimide nanocomposite, multilayer insulation, synthesis optimization, 
dielectric properties, polyimide nanocomposite modeling

1. Introduction

Electrical insulations are the key components for electric motors, which are used 
in space crafts and electric trains. Polyimide (PI) films as an insulating material are 
used in such motors, which are commercially available in single- and multicoated 
forms. Over the past few years, global market has shown a great interest in the 
application of nanodielectrics, especially in the field of electrical insulating materi-
als. Various research results have claimed that polymer nanocomposite materials 
can improve dielectric properties for electrical insulation applications [1–4]. The 
key role played by the nanoparticle dispersion and interface region are essential 
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parts of these improvements. Further conditions to advances are the size and type 
of nanoparticles properly chosen and distributed into the polymer matrix. Initially, 
it seemed like magic that everything is possible by using nanodielectrics, which 
later proved wrong after understanding the exact working principles of polymer-
based nanocomposites, though several questions still need to be solved [5]. This has 
motivated the author to explore in this field further and find those principles by 
using experimental and simulation work on improving the dielectric properties of 
polyimide-based nanocomposite.

This chapter begins with a description of the physical properties of polyimide 
and its derived nanoparticles. Afterward, a detailed synthesis process of polyimide 
nanocomposite single and multilayer films is outlined leading to the synthesis 
process optimization. Polyimide nanocomposites are the leading component in 
the advancement of electric motors and generator’s insulating materials. However, 
nanoparticle dispersion is the primary concern to improve polymer nanocomposite 
dielectric properties. In this work, polyimide-based nanocomposite single- and mul-
tilayer films are synthesized and characterized in detail. The preparation of poly-
imide nanocomposite is a complex process with many variables involved. Therefore, 
it is vital to know the right chemistry when dealing with it. Several methods were 
probed before an optimal synthesis process was found. A detailed synthesis process 
optimization is described at the end of this chapter to understand all variables that 
can alter the dielectric properties of the polyimide nanocomposite films.

1.1 Polyimide insulation films and their physical properties

Thermo-oxidative polyimide films by DuPont are in the market since the 1960s. 
These low dielectric constant thin films are highly corona resistive, are thermally 
stable, and have higher breakdown strength electrically and mechanically [6]. Such 
unique characteristics have made polyimide films to use in large industrial applications 
such as aerospace, automotive, and microelectronic devices. The fire resistance prop-
erty of PI and low dielectric constant has made it possible to isolate metal lines and 
reduce electromagnetic interference effect in electronics and signal processing devices 
[6]. Polyimide is also used in electric motor insulation for high-speed trains. Polyimide 
is a high-temperature organic class of polymer that is mechanically robust and 
thermally stable based on stiff aromatic backbones [6]. The main functional groups 
in polyimide structure are aromatic ring, amide, and ether groups. There are several 
monomers and methods available to synthesize the polyimide. Therefore, a slight 
change in the monomer’s structure and synthesis process can alter the physical proper-
ties of PI films significantly. Polyimides are chemically closed structure polymers that 
are nonreactive to many chemicals such as solvents and oils. Polyimides are intrinsi-
cally resistive to heat and flame retardants. PI is also resistive to acids but avoids to use 
in alkalis and inorganic acid environment. The remarkable radiation resistant property 
of PI has made it an ideal material to use in outer space radiation environment and in 
nuclear reactors, where PI is used alone as well as in composite forms. The changes 
in the dimension of material per 1°C rise in temperature are called the coefficient of 
thermal expansion. PI exhibits higher values of thermal expansion coefficient than 
other polymers. PI undergoes numerous phase changes to 400°C during the imidiza-
tion process from polyamic acid solution to thin solid films. PI is a thermally stable 
polymer that has a very high value of Tg and only 5% weight loss above 400°C [6]. 
Therefore, it is a very suitable material for packaging applications. PI films have higher 
mechanical strengths. The stress-strain results have sown that the flawless PI films 
have mechanical strength in between 100 and 200 MPa and the elongation at break 
in between 10 and 25% [6]. The mechanical vibrations in electric motors and metal 
conductor’s contact in electronic packaging applications can cause severe damage to 
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the mechanical strength of PI films. If the films are brittle and the applied force due to 
mechanical vibrations crosses the fracture limit, then the internal cracks or defects can 
break the insulation. The brittleness of PI films can be controlled during the synthesis 
process by using different monomers and imidization temperature and time [6]. The 
physical properties of polyimide films at room temperature are shown in Table 1.

1.2 Properties of polyimide in electrical engineering

1.2.1 Dielectric constant and dielectric loss

When the dielectric material is subjected to an electric field, it becomes polar-
ized due to the movement of induced and permanent electric dipoles [7]. For 
ideal insulation, the movement of dipoles should be zero or very low to block the 
conduction current. The value of dielectric constant (ε′) defines the polarization 
ability of dielectric material. The movement of dipoles in an alternating electric 
field causes the loss of energy known as a dielectric loss (ε″). The conduction loss 
and dielectric loss are two significant losses that are responsible for energy loss in 
a dielectric material. The movement of charges determines the conduction loss, 
while the movement of dipoles determines the dielectric loss, the movement of 
dipoles causes the energy dissipation as the polarization switches its direction in an 
alternating electric field. The polarization lags the alternate electric field to produce 
heat, and dielectric loss increases at the relaxation frequencies. Therefore, the 
value of dielectric constant reduces quickly at relaxation frequencies because the 
polarization is not able to keep pace with the alternating electric field, as illustrated 
in Figure 1. An efficient insulating dielectric material blocks the conduction with 
a minimum dissipation of energy. The materials with a higher value of dielectric 
constant usually have a higher dielectric loss. The energy loss in dielectrics can be 
used to heat the food in a microwave oven. The orientational polarization in water 
frequency is utilized for this process, which is close to the relaxation or resonance 
frequency. It means water molecules absorb a lot of energy, which later dissipated 
to heat the food. The dielectric constant of polyimide films varies from 3.0 to 3.8 
according to the structure and composite fillers added into it [7].

The relative permittivity is composed of two parts: the real part denoted as ε′ 
and the imaginary part indicated as ε″. The ratio of these two values is defined as 
the dissipation factor and given as follows:

  tan δ =   ε'' _ 
ε'    (1)

Properties Typical value at 25°C Test methods

Tensile strength, MPa 231 ASTM D-882-91

Density, g/cc or g/mL 1.42 ASTM D-1505

Glass transition temperature (Tg), °C 360–410 Differential calorimetry

Thermal conductivity, W/m.K 0.12 ASTM F-433

Electrical breakdown strength, kV/mm 280 ASTM D-149

Dielectric constant at 1 kHz 3.4 ASTM D-150

Dissipation factor at 1 kHz 0.0020 ASTM D-150

Volume resistivity, Ω.cm 1.5E17 ASTM D-257

Table 1. 
Properties of polyimide.
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Typically, PI films have dissipation loss in between 0.001 and 0.02 [8]. The low 
tan δ value indicates that PI loses less electrical energy. The low dielectric constant 
and low dielectric loss make PI films suitable to use in electrical signal packaging 
applications to avoid signal interference.

1.2.2 Conduction current

Conduction current attributes to different polarization and depolarization 
processes happening inside the material. The complete polarization process can be 
presented as Eq. (2) [9].

   i  p   =  i  i   +  i  a   +  i  c    (2)

where ii is the instantaneous current due to the displacement polarization, ia rep-
resents the relaxation polarization current, and ic presents the conduction current 
due to the conductivity of the specimen. The Simons and Tam theory represents 
that the depolarization current is a superposition of different relaxation processes 
depending on the trap levels [9]. There are several polarizations due to dipole 
relaxation process that may take place in a dielectric material as follows:

1. Electronic polarization

2. Ionic polarization

3. Orientation polarization

4. Interfacial/space charge polarization

5. Hopping polarization

1.2.3 Dielectric breakdown strength

The breakdown strength is the ability of dielectric material to oppose elec-
tric field stresses without any insulation breakage or passing a certain amount 
of leakage current. The value of dielectric breakdown strength can be found as 

Figure 1. 
Dielectric loss vs. frequency.
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the applied voltage at which the electric breakdown occurred. The breakdown 
strength may vary by varying the temperature, moisture, and defects inside the 
material. The PI films that we synthesized have breakdown strength between 
150 and 260 kV/mm [8, 10]. Due to its high electrical breakdown strength and 
mechanically tough properties, PI as an insulation can be useful to utilize in a high 
voltage industry applications, where electrical instruments can produce strong 
electrical field and leakage current to damage the insulation. Dielectric strength 
can vary due to the following reasons:

1. Nonhomogenous nature of sample thickness

2. Decrease with an increase in temperature

3. Decrease with an increase in frequency

4. Decrease with an increase in humidity

1.2.4 Charge transport phenomena

The PI films can be amorphous or crystalline, depending on their synthesis chemis-
try. In these regions, the trap energy of electrons varies according to the band structure 
[11]. The high electric field stresses create more trap levels in the insulation, especially 
at the top and bottom surface of samples near to the electrodes. These trap levels reduce 
toward the interior regions. In Figure 2, a thin PI film is placed between two electrodes. 
The layer near to anode can act as hole transport layer, and the layer near to cathode 
can act as electron transport layer. The intersection region of these layers can provide 
enough space for the recombination of electrons and holes that are injected by electron 

Figure 2. 
PI film layer structure, hole injection layer (HIL), hole transport layer (HTL), electron transport layer (ETL), 
electron injection layer (EIL).
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injection layer (EIL) and hole injection layer (HIL), respectively. As illustrated in 
Figure 2, the injection of holes from HIL and the injection of electrons from EIL move 
toward hole transport layer (HTL) and electron transport layer (ETL), respectively.

The charges move from one electrode to the opposite polarity electrode; during 
the movement, some charges are trapped, some detrapped, and some recombined 
in the interfacial region due to charges already exist in these regions. The polarity of 
these interfacial regions depends on the electronic state of the adjacent electrode. 
In case of PI nanocomposite multilayer structure, the accumulation of charges can 
depend on the following [10]:

1. The mobility of electrons and holes

2. The distinctive charge barriers at the interface

3. The charge injection rate

4. The polarity of the existing charges at the interface

5. Permittivity and conductivity contrast at interface

Therefore, the discontinuity of electronic state distribution causes an additive 
trap at the interface for the transportation of charges.

1.2.5 Corona discharge resistance and material degradation

The ionization of air in the form of an electrical discharge is known as corona dis-
charge. This ionization occurs when the electric field crosses the threshold value of 
air breakdown. Partial or surface discharge is also a kind of corona discharge because 
it is half discharged to bridge between the electrodes [12]. Corona discharge appears 
in the form of a lightning color. In high voltage laboratory, corona discharge can 
be originated using a simple rod to plane electrodes with an air gap between them. 
Extensive research work has been studied on the appropriate electric field stress to 
set up corona discharge [12]. Corona discharge depends on the following parameters:

1. Air or gas ionization limit and free path for gas molecules

2. Electrode geometry and surface conditions

3. Distance between the electrodes

4. Insulation structure design flaws

Corona discharges can damage the insulation significantly. With the growing 
demand for high voltage power supplies, it is becoming common that the insulating 
materials face severe corona discharges. Corona discharge produces an eminently 
energized plasma of charged species and emits UV light. These plasma discharges 
emit charged particles on the surface of insulation and deteriorate the surface physi-
cally and chemically. The increase in temperature and humidity can accelerate the 
corona discharge intensity.

1.3 Physical properties of nanodielectric-based polyimide

For the last decade, the research has shown that when two materials in which one 
part is inorganic nanoparticles are combined to form a nanodielectric material, which 
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may have superior properties than single ones. The combined nanodielectric materials 
are known as polymer nanocomposites, when the base material is polymer matrix and 
the adding fillers are nanoparticles. Polymer nanocomposites have been used widely 
in academic research and industry [13]. The properties of nanocomposites change due 
to the large surface to volume ratio of the nanoparticles. The addition of nanoparticles 
into the base polymer matrix modifies the physical properties of composites. If the size 
of the nanoparticles is less than the critical length scale, then the physics of nanocom-
posite changes significantly. It has become one of the most reliable materials in electri-
cal engineering since the first time the term nanocomposite was introduced in 1984 and 
since then it has been warmly accepted by the scientific community [13]. “Nanometric 
dielectrics,” later named “Nanodielectrics” in 2004 by M.F. Frechette, is a nowadays 
popular term in the research community also known as nanocomposites made by the 
inclusion of nanometer size of nanoparticles in a polymeric matrix for dielectric appli-
cations [13]. In the beginning, the glass and ceramics were very common to use as solid 
dielectric materials. But, over time the power supplies demand increased abruptly, 
and these insulating materials were not enough to fulfill the demand. Therefore, new 
dielectric materials such as natural and synthetic polymers successfully overcome 
conventional dielectric materials. These new polymer-based dielectric materials have 
superior properties and lighter in weight to use in different applications.

1.3.1 Inorganic filling particles

Fillers are often fine-grained nanometer- or micrometer-sized particles and fibers, 
which can be made of organic or inorganic materials. Generally, such particles and 
fibers are named as conventional sized fillers according to their size range. Composites 
formed by using these fillers are labeled as conventional sized filled composites, for 
example, nanocomposites and microcomposites. Recently, filler materials have been 
used to improve electrical, mechanical strength, and thermal properties [5]. Polymers 
are chosen in electrical engineering according to the required application, and their 
properties can be modified by adding inorganic fillers in it. The quantity of fillers in 
the base polymer matrix is still under question from the literature that which amount 
by weight is most suitable to improve the desired properties. Therefore, we only use 
very low filler quantity of nanoparticles into the base polyimide. The common used 
organic polymers and their derived inorganic fillers are shown in Table 2 [6].

Chemical family Examples

Inorganics

Oxides Al2O3, SiO2, MgO, ZnO, TiO2, glass

Hydroxides Al(OH)3, Mg(OH)2

Silicates Talc, mica, nano clays, asbestos

Salts, compounds CaCO3, BaSO4, CaSO4, BaTiO3, SrTiO3

Metals Al, Ag, Sn, Au, Cu

Nitrides, carbides AIN, BN, Si3N4, SiC

Organics

Carbon Carbon fibers, carbon black, graphite fibers, carbon nanotubes

Natural polymers Cellulose fibers, wood flour, flax

Synthetic polymers Polyimide, polyester, polyethylene, polypropylene

Table 2. 
Organic and inorganic fillers and their chemical family.
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1.3.2 Particles’ size, shape, and types

Various results of electrical, mechanical, and thermal properties have announced 
that the polymeric nanocomposites can be invaluable when a small amount of nanosize 
particles is appropriately chosen and dispersed into the base polymer matrix [14]. 
Composite material properties change dramatically due to the size, shape, and type of 
nanoscale particles. These nanoparticles have individual mechanical, electrical, and 
thermal properties [11]. Based on the size and type of particles, nanomaterials proper-
ties are shown in Figure 3 and they are categorized as follows in Figure 4 [15, 16].

1. Zero-dimensional (0-D)

2. One-dimensional (1-D)

3. Two-dimensional (2-D)

4. Three-dimensional (3-D)

If the number of the dimensions that are in the nano range is considered, 
exfoliated clay will be regarded as 0-D nanoparticles, because the diameter of 
these particles are in nanometer range. In order to utilize the ceramic nanopar-
ticles in a better way with polymers, a potential studied has been done recently, 
especially in the field of the synthesis process and surface science. The most com-
mon studied ceramic nanoparticles are silica (silicon dioxide—SiO2), alumina 
(Al2O3), titania (TiO2), zirconia (ZnO), or silicon carbide (SiC).

1.3.3 Nanoparticle dispersion and distribution

The homogenous dispersion and distribution of nanoparticles are the major factor 
to improve nanocomposite dielectric material properties. A vital part of preparing 

Figure 3. 
Change in composite material properties with respect to particles’ size.
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nanocomposites is the nanoparticle dispersion; they have heterogeneous surfaces, 
which cause variability in contact with the polyimide matrices. For better dispersion, 
several methods have been used such as the orientation of nanoparticles by applying an 
electric field, chemical treatment by using coupling agents, and plasma treatment. All 
these methods are adopted to solve the problems of heterogeneous agglomeration and 
the compatibility between the polyimide matrix and the nanoparticles. The nanopar-
ticle mixing techniques such as mechanical milling, ultrasonication, high-speed stirrer, 
liquid dissolving, or heat melting can also affect the nanoparticle dispersion level. 
The size of particles and filler loading percentage can also influence the dispersion 
level [17]. Particles smaller than 80 nm tend to agglomerate and form more significant 
chunks of particles. The intermolecular forces keep nanoparticles together. The follow-
ing particle parameters can influence the overall properties of polymer composites.

1. The size and shape of particles

2. The degree of particle dispersion

3. The surface modification of the particles

4. The particle-matrix interaction

1.3.4 Nanoparticles surface treatment

The interlinking of the PI and the nanoparticles depends on the functional 
groups and the surface energy of PI and nanoparticles. Some hydroxyl (OH) 

Figure 4. 
Fillers’ types, sizes, and shapes.
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functional groups can be formed on nanoparticles after surface modification, 
which provide a better interface and tightly bound with the PI matrix. To modify 
nanoparticle surface, different methods have been presented in recent papers such 
as deposition reaction modification, chemical surface treatment modification, 
high energy such as plasma source modification, and intercalation modification 
[14]. Affinity and polarity compatibility can also be used to create materials with 
homogenous dispersion of nanoparticles. For better interlink between the silica 
nanoparticles and the polyimide matrix, the surface of polar silica nanoparticles is 
modified using the KH550 coupling agent. Silica nanoparticles are hydrophilic, and 
polyimide is nonpolar, which is not compatible with mixing; therefore, the surface 
of the silica is modified to make it hydrophobic with hydroxyl (OH) functional 
groups on its surface, which are easy to bond with aromatic polyimide functional 
groups [14]. This surface modification is adopted to ensure success in the applica-
tion. The interphase region around nanoparticles can be controlled using surface 
treatment [14].

1.3.5 Coupling agents

KH-550 silane coupling agent chemically known as 3-(2,3-epoxypropoxy) 
propyl trimethoxy silane is selected for silica nanoparticle surface modification.  
It contains an organic functional group, a linker, a silicon, and a hydroxyl 
group. The organic functional group can bond to the organic aromatic polyimide 
ring. The general chemical formula for the silane group and the hydrolyzable func-
tional group, typically alkoxy, amine, or chlorine, involved in the reaction with the 
inorganic silica substrate. The silanol groups of the nanosilica surface can react with 
the hydroxyl groups of the silane after hydroxylation through hydrogen bonding. 
The covalent bond improves interfacial adhesion between inorganic silica particles 
and organic monomer molecules.

1.3.6 Plasma treatment

Nonthermal plasma technique is also prevalent these days to modify the sur-
face of nanoparticles. This plasma technique enhances the compatibility between 
nanoparticles and polymer by modifying the interfacial area of nanoparticles. 
The plasma is produced by using a dielectric barrier discharge, which generates 
ions and reactive species high-energy electrons that interact with the surface 
of nanoparticles to modify their surface characteristics [14]. Therefore, higher 
surface reactivity and stronger interactions between the nanoparticles and the 
surrounding polymers can be acquired, comparing with traditional coupling 
agent modification.

2. Synthesis of polyimide

When one monomer reacts with other monomers, it forms a carbon chain of 
the polymer. In case of polyimide, the monomers such as diamine (ODA) react 
with another monomer such as dianhydride (PMDA) to form polyamic acid solu-
tion (PAA). In this reaction, an oxygen atom of diamine reacts with the hydrogen 
atom of dianhydride, and the hydrogen of dianhydride reacts with the carbon of 
diamine to give a repeated unit of polyamic acid. To obtain polyimide film, thermal 
heat is applied for several hours to evaporate DMAC solvent. The chemistry and 
the properties of polyimides can vary due to the availability of several monomers. 
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The ratio of monomers can affect the molecular weight of PAA and change the 
molar mass of the final PI film [6, 18] (Figure 5).

2.1 Preparation mechanism for polyamic acid (PAA)

The aromatic PI film can only be synthesized from the solvent route using a two-
step method. In the first step, PAA solution is synthesized using a reaction between 
dianhydride (pyromellitic dianhydride PMDA) and diamine (4,4’-oxydianiline 
ODA) at room temperature as shown in Figure 6. The dipolar aprotic solvents, such 
as N-methyl pyrrolidone (NMP) and N, N-dimethylacetamide (DMAc) are used 
to synthesize PAA solution. In the second step, PAA solution is converted into the 
final PI films after applying thermal imidization to evaporate solvent as explained 
in Figure 7. To make sure that PMDA did not absorb any moisture, it was heated 
for 2 h at 150°C. ODA was added into the beaker and mixed with DMAc for half an 
hour. Mechanical stirrer was used to stir the solution. PMDA was added into the 
solution in three parts, and the solution was further stirred for 24 h to get yellow 
color high molecular weight PAA solution as shown in Figure 6.

The reaction between the monomers to obtain viscous PAA solution is strongly 
dependent on the precise measurements. The following discussion will highlight 
important factors to select the monomers, solvents, and reaction conditions to get 
better results and avoid side reactions. The formation of the PAA solution may also 
involve some reversible reactions, which leads to the opening of the anhydride ring. 
Despite that, the forward rate of reaction is larger than the reverse rate depending 
on the purity of reagents. The molecular weight of the PAA product is also rely-
ing on the rate of difference between the forward and reverse reactions. Reverse 
reaction provokes when carboxyl group strikes to the adjacent polyacid group [6]. 
Some reagents can be used to stop the reverse reaction and provokes a forward 
reaction. The amino group basicity and PMDA electrophilicity in different solvents 
can change the equilibrium constant, and the reaction is exothermic; therefore, it 
should carry out at room temperature to minimize the equilibrium constant effect.

Figure 5. 
Generalized reaction mechanism of aromatic imide formation.

Figure 6. 
Synthesis process of PAA solution.
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2.2 Monomer reactivity conditions

As explained in the above section, the PAA solution is formed by nucleophilic 
substitution of carbon atom in carbonyl group of the dianhydride with a diamine. 
Therefore, electrophilicity of carbonyl group carbon atom and nucleophilicity of 
amino group nitrogen atom can be controlled using electron affinity measurement 
of both dianhydride and diamine. PMDA has the highest electron affinity and 
shows strong reactivity with diamines compared with other dianhydrides such as 
DSDA, BTDA, BPDA, and ODPA. The change in the structure of the diamines and 
dianhydride can affect the reaction significantly. These highest electron affinity 
dianhydrides can easily absorb moisture; therefore, they must keep moisture-free 
environment.

2.3 Factors involved in the molecular weight of PAA

The following factors are required to increase or decrease the molecular weight 
of PAA:

1. A slight increase in dianhydride quantity and the addition of solid dianhydride 
into the diamine solution can increase the molecular weight of PAA.

2. The order of the addition of the monomers, the solid mode of dianhydride 
addition into diamine solution, can avoid an immediate reaction and minimize 
the side reactions with water and impurities.

3. Minimize the side reactions to avoid dianhydride reaction with water and 
impurities.

4. Lesser quantity of solvent will help to reduce the impurities and water contents 
and increase the concentration of the monomer.

5. Storage of PAA solution for a long time can decrease the molecular weight. It 
can be due to the initiative of the hydrolysis process and chemical breakdown 
of a compound, and the other reason for this low viscosity can be the reverse 
reaction.

6. The solvents can also slightly affect molecular weight. The universal solvents 
are DMF, DMAC, and NMP, and the reaction is exothermic in which mono-
mers are basic aromatic amines and protic anhydrides, and the final product 
is an acid. Therefore, the strong rate of the reaction is expected for more basic 
and more polar solvents.

2.4 Synthesis of PAA/nanoparticle composite solution

The PAA/SiO2 nanocomposite solution was synthesized by applying the in-situ 
polymerization method, as elaborated in Figure 7. For the better link between PI and 
nanoparticles, SiO2 was treated with a KH-550 coupling agent to modify its surface. 
Altered surface SiO2 nanoparticles and dimethylacetamide (DMAC) were dispersed 
by applying ultrasonication and high-speed stirring, then oxy dianiline (ODA) 
was added into the solution and mixed for 1 h. After that pyromellitic dianhydride 
(PMDA) was added into two portions. For the first portion, almost 90% PMDA was 
added and mixed for 30 min, then the remaining 10% PMDA was added and mixed 
for 2–6 h until yellowish color high molecular weight PAA solution was obtained.
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2.5 PI film casting using glass and brass substrate

Higher molecular weight polyamic acid solution dissolved in dimethylacetamide-
based solvents is suitable for PI film casting using a variety of substrates, for example, 
teflon, alumina, glass, silicon wafers, brass, and copper. After coating the polyamic 
solution on the substrate, the precursor is thermally cured into an aromatic polyimide 
film. Both static and dynamic casting techniques can be used depending on the final 
product size and available tooling. In static casting, glass was used as a substrate to 
cast the PAA solution on it using a glass rod. Typically, this technique is easy, but it 
requires more material per substrate and difficult to control the thickness of PI films.

2.6 Casting PI films using a spin coating technique

Spin coating is the most prevalent technique to deposit PAA solution onto sub-
strates such as silicon wafers and brass. The dynamic deposition technique uses less 
material, but it requires precision to control the operation. While depositing, it is 
important to pour PAA solution in the center of the wafer. Generally, we can achieve 
the maximum speed up to 6000 rpm, if the vacuum chunk has enough suction to 
hold the substrate while depositing PAA solution onto the surface of substrates. 
The PAA solution was homogenously distributed over the silicon wafer substrates 
during spinning. The acceleration of speed was programmed to start with low 
speed, slowly rise to maximum speed, and finally decrease the speed slowly to allow 
the coating flow across the substrate edges homogenously. Several spin speed steps 
can be used to control the flow of solution to cover more than 80% of the substrate 
before achieving the final speed.

2.7 Casting PI and nanocomposite/PI multilayer films

PI is obtained using the curing method in which a solvent is evaporated with 
the increase of temperature. During the PI film curing process from the polyamic 
acid (PAA) solution, there is a strong tendency of nanoparticles to get agglomer-
ated. They may float on the surface or decant. Both effects can increase the chances 

Figure 7. 
Polyimide film synthesis process.
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of agglomeration and may influence the interface thickness and permittivity of 
samples and result in lower dielectric properties of PI films. Keeping this in mind, 
we prepared a multilayer (two and three layers) structure in which the top layer con-
sists of a very thin PI/SiO2 nanocomposite (NPI) layer, and the bottom is composed 
of pure PI layer [4]. By doing this, we are giving less space for nanoparticles to get 
agglomerated. In order to cast the PI/nanocomposite multilayer films, two different 
spin speeds were used for a two-layer structure. After calibrating the right speed to 
get right thickness, we select 20 s at speed of 500 rpm to get around 60 μm thick first 
base layer of PI film and soft bake for 30 min at 60 and 100°C temperature, then we 
use 30 s of 1000 rpm to get second nanocomposite/PI 20 μm thick layer.

2.8 Controlling the thickness

The thickness of the casted PI film depends on several factors such as the 
viscosity, molecular weight of the PAA solution, and the spin speed of spin coater. 
Varying PI film thickness in the range of 10–150 μm can be achieved by using a 
spin coating method. Two different viscosity solutions of PAA are used to obtain PI 
films as shown in Figure 8. The film thickness decreases with increasing spin rate. 
To avoid the bubbles and the accumulation of excessive blocks of PAA solution, 
spin cycle time should increase because prolonger spin times improve film coating 
uniformity, but at the same time, it can reduce the film thickness.

2.9 Thermal imidization of a polyamic acid (PAA)

The PI films can be cured of the PAA solution after applying thermal imidi-
zation. After casting the PAA solution onto the substrate, thermal steps with 
temperature from 100 to 350°C were used to evaporate the solvents. According to 
the literature, various thermal steps and different temperature ranges have been 
utilized to achieve 100% imidization from PAA to PI. Two main thermal imidiza-
tion ways are as follows:

1. Baking films with slowly increasing in temperature up to 350°C according to 
the flexibility and Tg of the PI film.

Figure 8. 
Film thickness variation at different spin coater speeds (a) PAA solution high molecular weight and (b) PAA 
solution slight less molecular weight.
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2. Start baking PAA with the temperature 100°C for 1 h, then baking at 200°C for 
1 hour, then baking at 300°C and keeping for 1 h and slowly cool down to room 
temperature.

Several arduous factors are involved in the above simple-looking thermal 
imidization process to predispose the degree of imidization of PI films. During 
imidization, the remaining solvent at the later stages determines the stability of PI 
films. In early stages, the imidization process is faster, and several dynamic chang-
ing in physical properties happen due to the basicity of the amide solvent to accept 
protons and the amicable conformation of the amic acid to increase the mobility 
of the reacting functional groups [6]. At later stages, the rate of imidization slows 
down due to the decyclohydration of the open amic acid group into the closed 
imide ring, which decreases the chain mobility, and the Tg approaches the reaction 
temperature [6].

2.10 Determination of the degree of imidization using FTIR

When one monomer reacts with other monomer, it forms a carbon chain 
of the polymer. In our case, a single unit of two monomers such as diamine 
(ODA) and dianhydride (PMDA) reacts with each other to form a single unit 
of polyamic acid (PAA) solution. In this reaction, an oxygen atom of diamine 
reacts with the hydrogen atom of dianhydride, and the hydrogen atom of dian-
hydride reacts with the carbon atom of diamine to give us a repeated unit of 
PAA. After obtaining PAA, thermal imidization was applied to cure PI and PI/
SiO2 films.

Fourier transform infrared spectroscopy (FTIR) is a promising tool to deter-
mine the degree of imidization despite a minor error in measurement due to its 
sensitivity to chemical change. The bond composition of PI atomic structure was 
studied by FTIR spectroscopy to analyze the chemical bonds present in PI. The 
bands most frequently utilized are imide absorption bands near 1780 cm−1 (C═O 
asymmetrical stretching), 1380 cm−1 (C▬N stretching), and 725 cm−1 (C═O 
bending). This study describes the chemical characterization of half cured and 
fully cured PI and PI/SiO2 films. The range of wavelength used was from 650 to 
4000 cm−1. The PI subatomic structure is composed of a molecular chain contain-
ing the functional groups such as aromatic rings, amide rings, and some noncyclic 
ether rings. These functional groups have discrete chemical bonds such as C▬N▬C, 
C═O, benzene (C6Hn), ether link (C▬O▬C), and ▬OCH2▬CH2 deformation. The 
functional groups of PI polymer chains provide the level of linkage with subatoms 
as well as the linkage with silicon oxide nanoparticles. Imide group contains imide 
carbonyl in-phase and out-of-phase stretching, the C▬N▬C axial, transverse, 
and out-of-phase stretching. The absorbance peaks at 1371, 1112, and 721 cm−1 
indicate the transverse and axial stretching of C▬N▬C bond, and the reasons 
of 1781 and 1720 cm−1 peaks are in-phase and out-of-phase stretching of C═O 
in imide ring. Aromatic ring is divided into tangential, radial skeletal, and out-
of-plane vibrations. The peak at 1590 cm−1 relates to tangential C▬C vibrations. 
The peak at 1280 cm−1 is tangential phenyl ring vibrations. The other 1480, 1168, 
1087, 1011, 843, and 788 cm−1 peaks describe about the tangential, radial skeletal, 
and out-of-plane bending vibrations of C6Hn in aromatic ring. The peaks at 1234 
and 1454 cm−1 relate to the bond of ether link (C▬O▬C), and 1416 cm−1 peak 
corresponds to ▬OCH2▬CH2 deformation. Figure 9(a) and (b) shows the FTIR 
spectra of changes in the bonds of half cured and fully cured PI films at different 
temperatures and time to determine the degree of imidization to obtain imide ring. 
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In fully cured PI films, as shown from Figure 9, the bonds are grouped into amide 
rings, aromatic rings, and noncyclical stretching based on atom vibrations [18]. 
The intensity of the absorption band at 3463 cm−1 corresponding to the stretch 
vibration of ▬OH bond.

3. Dielectric properties of PI/nanocomposites and their modeling

To simulate the electrical field distribution in PI/nanocomposites, COMSOL-
MATLAB Live link and image processing tools were used to build the PI/SIO2 
(NPI) 3D model. The boundary conditions and geometry of the model were 
obtained from TEM/SEM images of laboratory-produced samples, as shown in 

Figure 9. 
(a) Half cured PI film at different temperature and time and (b) zoom version of main function group peaks.
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Figure 10a, and its respectfully constructed model, as shown in Figure 10b. The 
positions of nanoparticle coordinates (x, y) in the model were taken from TEM/
SEM images after converting the image into binary. For z-axis information, there 
are two possible ways to estimate the z-axis parameter. Either we can assume 
color intensity level from SEM/TEM images of Figure 10a as the depth (z-axis) 
of nanoparticles to construct 3D model or we can use SEM cross-sectional view 
information (if particle size is viewable from SEM/TEM) to find the depth of 
nanoparticles inside the bulk of samples to build model. For our samples, we have 
used the color intensity technique to obtain the z-axis parameter and create a 3D 
model. To construct the model, we picked a clear TEM/SEM image, applied an 
image processing to remove background noise, and finally converted it into the 
binary. To select the required data from the binary image, we adjusted the image 
to binary conversion threshold, nanoparticles size, and circularity level. The data 
contained different information about the particle size and shape (x, y) coordi-
nates. The z-axis related to the depth of each particle is obtained using a small code 
in MATLAB according to the intensity level of each particle. In this simulation 
model, the dielectric permittivity of the PI matrix is taken to be ε1 = 3.4, and that of 
the silica nanoparticles is ε2 = 3.6. The nanoparticles were assumed to have a spheri-
cal shape of 10 nm radiuses calculated after image processing. The top surface of 
the 3D model was applied by the constant electric potential of (V = 10 V), and 
the bottom surface was grounded to 0 V. The volume fraction of nanoparticles is 
constant and set at 1% for single and multilayer insulation structures. The details to 
construct the model are presented in Figure 11.

After constructing the continuum model in COMSOL, the finite element 
method (FEM) was utilized to observe the nonlinear electric field distribution, as 
shown in Figure 12. The nanodielectric modeling with FEM can be used to predict 
its dielectric strength based on electric field distribution. FEM was used to calculate 
the electric field enhancement factor and polarization charge density, as shown in 
Figure 13a and b, respectively. Single and multilayers of PI/silica nanocomposite 
models were simulated with altered nanoparticle permittivity and position. The 
analysis is focused on calculating the peak electric field enhancement factor (peak 
EFEF) in the sample from Eq. (3).

  Peak EFEF =   maximum electricfield  (kV / mm)    __________________________   
applied electric field  (kV / mm) 

    (3)

Figure 10. 
(a) TEM image of PI/SiO2 and (b) model in COMSOL using MATLAB Live Link.
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The simulation results from Figure 13 show that the electric field enhancement 
factor (EFEF) and polarization charge density vary with the increase in nanoparticle 
permittivity, and lesser EFEF is observed in three-layer PI films compared with 
single-layer models such as top agglomeration and bottom agglomeration. As shown 
in the simulation solution of Figure 12, the maximum electric field exists at the sur-
face between the nanoparticles and the PI matrix in the direction of the z-axis, while 
the linear electric field is observed in the remaining area of PI/nanocomposite model.

The uniform dispersion of nanoparticle models improved the electric field 
distribution and reduced the electric field localization as happened in single-layer 
agglomerated models. The highest electric field and polarization density were 
obtained in a single-layer top agglomeration model. One of the main reasons for this 
enhancement can be the change in equivalence capacitance of the sample due to the 
agglomeration of the nanoparticles, which influence the effective permittivity of 
the overall sample. The electric field is also influenced due to the shape of the outer 
surface of nanoparticles because if agglomeration happens, there is a chance that the 

Figure 11. 
Model building algorithm.
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Figure 12. 
(a) Top agglomeration, (b) bottom agglomeration, (c) three-layer homogenous dispersion, and (d) three-layer 
original homogenous distribution.

Figure 13. 
Calculation of (a) electric field enhancement factor and (b) polarization charge density.
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combined particles may change the circularity level and transform the shape into 
the sharp edges, which increase the local electric field around those edges. Another 
reason for higher EFEF in agglomeration models can be due to a decrease in the 
interparticle distance.

To verify the simulation results, electrical characterizations such as the space 
charge are also determined through the experimental results for single and 

Figure 14. 
TS current after applying different temperatures and electric fields: (a) single-layer NPI samples and  
(b) two-layer PI-NPI samples.
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multilayer PI nanocomposite films [19]. For space charge measurements, the 
experiments are conducted using the thermal step method (TSM) to detect the 
capacity of these new insulating materials to accumulate/release space charges after 
thermoelectric poling, close to the practical applications. An electric field between 
5 and 40 kV/mm is applied at 50, 100, and 150°C for 1 h [19]. The results presented 
in Figure 14(a) for single-layer NPI films and Figure 14(b) for double-layer PI-NPI 
films illustrate that the amplitude of the TSM current acquired for double-layer 
PI-NPI films is lesser than the single-layer NPI films at all electric fields and tem-
perature conditions. The lower amplitude of TSM current is due to a lower level of 
space charge accumulation. Moreover, two opposite TSM current signs correspond 
to different dominant charges. The current sign changes from positive to negative 
from low temperature 50°C to higher temperature 150°C, especially for single-layer 
NPI samples. The sign of current corresponds to the same dominant charge injected 
from the electrode and shows an increase in accumulated space charge when the 
poling applied field increases. A thin layer of NPI on PI samples highlights lower 
TSM currents, and this behavior is more visible at higher electric fields because the 
signal-to-noise ratio is improved at the higher electric field. Thus, the coating of 
thin NPI on PI acts as a barrier and reduces the charge injection from electrodes. 
These coated layers are discharged resistive and increase the charge dissipation 
rate to reduce the space charge accumulation. Adding nanoparticles in the form of 
multistructure improves its dispersion by reducing the layer thickness and therefore 
leads to better dielectric properties, as presented in results.

4. Conclusions

A brief introduction of the physical properties of PI films and their derived 
nanoparticles was described in this chapter. The preparation of PI nanocomposite 
is a complex process with many variables involved. Several methods were probed 
before an optimal synthesis process was found. A detailed synthesis process 
optimization of multilayer PI nanocomposite films is described in this chapter to 
understand all variables, which can influence the dielectric properties of the final 
product. The polyimide/nanocomposite multilayer 3D model based on actual 
boundary conditions from SEM images of synthesized samples is also constructed 
and simulated in COMSOL multiphysics software. Effect of nanoparticle agglom-
eration in microstructures, with the impact of nanoparticle dispersion on the 
electric field enhancement, is explicitly described in this model. The dielectric 
properties such as space charge using thermal step method (TSM) technique were 
also measured to compare simulation results. Our results demonstrate that the 
chances of nanoparticle agglomeration are reduced by using a thin layer of PI/nano-
composite on PI film instead of using one single layer of PI/nanocomposite film. In 
consequence, less space charge and low electrical fields are observed in multilayer 
films. Our methods will help to reliably predict the dielectric strength of polymer/
nanocomposite insulating materials. Additionally, the new synthesized multilayer 
PI/nanocomposite insulating material will ensure reliable operation for electric 
motors and increase its lifespan.
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Chapter 14

Effect of Molecular Structure
Modification and Nano-Doping on
Charge Transportation of
Polyimide Films for Winding
Insulation
Boxue Du, Ranran Xu, Jiwen Xing and Jin Li

Abstract

Polyimide (PI) is widely employed as winding insulation in high voltage devices,
such as extra-high voltage electric reactor and inverter-fed motor. The injection and
accumulation of charges on the surface of PI films will lead to electrical field
distortion and reduced lifespan of winding insulation, especially for the operation
environment of high temperature and high voltage. This chapter focuses on effects
of surface molecular modification and nanoparticles on dynamic characteristics of
surface charge and space charge of pure PI films, including three sections. The
effect of molecular structure on the surface charge dynamics of PI films was studied
firstly. The chapter investigated that how molecular structure affects surface charge
of polyimide nanocomposite films. Furthermore, the effect of surface molecular
modification on space charge characteristics of multilayer PI films was researched.
The results illustrate that surface molecular modification and nanoparticles can
comprehensively suppress space charge accumulation and improve dielectric
property.

Keywords: polyimide, surface molecular modification, nanoparticles,
surface charge, space charge

1. Introduction

Polyimide film (PI) is widely applied in reactor extra-high voltage (EHV) wind-
ing insulation, wind turbine winding, and variable frequency motor winding insu-
lation due to its excellent physical, chemical, and heat resistance properties, with
the wide range of applications in electronics and aerospace. During the operation of
electrical equipment, the corona and partial discharge will inevitably happen and be
accompanied by temperature rise [1], making insulation materials of EHV equip-
ment in a complex environment where high temperature, high voltage, corona, and
partial discharge exist together for a long time. A large amount of surface and space
charge will inject into insulation materials, leading to the accumulation of local
charges in the insulation and electrical field distortion, which will reduce the life of
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equipment. Therefore, it is vital to study the surface charge and space charge
transport mechanism of polyimide to improve the electrical properties of the film.

Nanocomposite dielectrics have shown excellent insulation performance due to
the special size effect of nanoparticles, especially in corona resistance. Plenty of
researchers have added inorganic nanoparticles to the polymer matrix to prepare
nanocomposite dielectrics and achieved some results in practical applications [2–8].
Zhong added the silane coupling agent when preparing the SiO2/PI composite films,
the results showed that the coupling agent improved the dispersion of the
nanoparticles and the interface morphology [9]. Zha Junwei et al. prepared PI/ZnO
composite films via in-situ polymerization, with studying the material’s electrical
resistance, volume resistivity, dielectric constant, and dielectric loss, the better
corona resistance of the composite films is acquired. However, both the dielectric
loss and the dielectric constant increase with the growth of the ZnO content [10].
The Al2O3/PI composite films were prepared using in-situ polymerization. The
corona resistance testing results showed that the corona resistance improved when
the mass fraction of nano-Al2O3 increased, and the corona resistance reaches the
peak when in 20 wt%. Nevertheless, the agglomeration phenomenon becomes more
and more obvious with the mass fraction gradually starts from 5 wt%, observed by
the electron microscope [11]. Based on the above studies, it can be found that some
achievements have been obtained in the nano-doped polyimide films, but its elec-
trical resistance is not ideal. The research status of nano-composite polyimide films
is still lingering in pursuing higher content of inorganic nanoparticles, better com-
patibility, and the better physical and chemical structure of nanocomposites. The
surface and space charges have not been studied.

On the other hand, the electrical properties of fluoropolymers have not attracted
the attention of researchers. In fact, the molecular structure modification (fluori-
nation), as a kind of polymer surface chemical structure that changes the chemical
composition of the polymer surface layer, has mature applications in the chemical
industry [12, 13]. A Zhenlian found that the fluorocarbon layer is formed on the
surface of polyethylene by fluorination, and the space charge characteristics have
been studied [14]. It was found that the fluorinated layer can suppress the space
charge injection. However, the current research has not carried out on the dynamic
characteristics of surface and space charge accumulation as well as dissipation and
on the effect of the introduction of fluorine on the depth of dielectric traps. So far,
the application of surface fluorination is mainly used to improve the adhesion
properties, barrier properties, and anti-permeability properties of polymers. There
are few reports on its application in electrical insulation [15]. In the chapter, the
molecular structure modification is used to control the surface structure of
polyimide film and nano-composite polyimide film, and the surface and space
charge dynamic characteristics of the film are studied to develop new polymer
dielectrics, which is important in the field of engineering dielectric.

2. Experiments

2.1 The sample preparation

The chapter uses the two-step method to prepare the polyimide films.
Pyromellitic dianhydride (PMDA) and 4,40-diaminodiphenyl ether (ODA) are
added into dimethylacetamide (DMAc). The polyamic acid (PAA) was prepared by
polymerization reaction in the process. The PAA was coated on the glass plate,
placed in a vacuum environment to remove air inside PAA, which was placed in the
environment where the temperature was 60°C (1 h), 120°C (2 h), 150°C (1 h),
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200°C (1 h), 250°C (1 h) and 300°C (1 h). After the heating was stopped, waited for
6 hours, and the PI film with a certain thickness was prepared.

In addition, the nano-composite polyimide film was prepared by in-situ poly-
merization. Firstly, the nano-particles Al2O3 (particle size is less than 20 nm) and
surface modifier KH550 were placed in an organic solvent DMAc for ultrasonic
process for 1 hour to ensure that the nanoparticles are uniformly dispersed in the
organic solvent. Then the appropriate amount of ODA was added into solution and
stir for 1 hour. The PMDA was added to the suspension in batches under the water
bath environment at a constant temperature of 40°C, and mechanical stirring was
continued until the viscosity of the entire reaction solution suddenly increased.
After degassing and imidization, PI films doping with different contents of Al2O3

(0, 1, 3, 5, 7 wt%) with a certain thickness were obtained. The scanning electron
microscope (SEM) was used to observe the presence of nanoparticles in distribution
in the PI matrix.

The surface molecular modification is achieved in terms of surface fluorination.
The PI sample is placed in a closed reactor, the air inside the reactor is purged, and
the reactor is filled with a certain proportion of fluorine gas and nitrogen gas
mixture (12.5 and 20%). The internal reaction temperature was adjusted by the
temperature control device (reaction temperature is room temperature and 55°C,
respectively), the air pressure was 500 mbar, and the reaction time was 15, 30, 45,
and 60 min. The sample after surface molecular modification was used to study the
effect of different reaction time on the surface and space charge of the PI sample.
The SEM and infrared spectrum analysis tester were used to verify the effect of
fluorination.

The multilayer PI sample is a composite of pure single-layer PI film with the
same fluorination time.

2.2 Testing method

2.2.1 Surface charge dynamic characteristics experiment

The surface charge measurement system is shown in Figure 1(a). The entire
corona measuring device is in a closed transparent container to ensure the same
temperature and humidity. The needle plate electrode was used, the plate electrode
is below the needle electrode, the distance between the needle tip and the plate
electrode is 5 mm, and the distance between the plate and the surface of sample is

Figure 1.
(a) Surface charge measurement system and (b) space charge measurement system.
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also 5 mm. The sample is placed on the ground electrode. Turn on the voltage power
supply, and the corona time is 10, 20, and 30 min. When the corona time is reached,
turn off the high voltage power supply, quickly transfer the sample to the electro-
static potentiometer and record its surface potential for 4 hours.

According to the measured results, the surface charge density can be calculated,
and the calculation formula is

ð1Þ

Among them, σ is the required surface charge density, d is the thickness of the
sample, V is the sample surface potential, ε0 and εr are the vacuum dielectric
constant and the relative dielectric constant [16].

2.2.2 Space charge dynamic characteristics experiment

This chapter uses the pulsed electro-acoustic (PEA) method to test and study
the space charge dynamic distribution in the PI sample. The measurement device
is shown in Figure 1(b), which mainly is made up of high voltage DC power
supply, pulse generator, electrode system, preamplifier, computer, and oscillo-
scope. The measuring principle is that a pulse voltage is applied across the
sample, and this pulse will generate an electric field inside the sample, causing
space charge vibration in the sample. This vibration is propagated outward by
means of sound waves. The amplitude of sound waves stands for the amount of
charge, and the time when the acoustic wave reaches the piezoelectric sensor
reflects the position of the space charge in the sample. During the test, the
applied DC voltage was 5000 V, the measuring time was 3600 s, and data were
recorded per 600 s. In addition, the ambient temperature was 25°C, and the
relative humidity was �40%.

3. Results and discussion

3.1 The effect of molecular structure on the surface charge dynamics of PI films

The ATR-FTIR spectrum of the PI films before and after fluorination is shown in
Figure 2. In Figure 2(a), the infrared spectrum of the original polyimide film was
described. From the graph, we can find the typical characteristics of PI films, with
the absorption peaks at 1780 and 1720 cm�1. Furthermore, the absorption peaks of
the C]C double bond of the benzene ring are at 1500 and 1100 cm�1, the vibra-
tional absorption peaks of the CdN bond are at 1373 cm�1, and the absorption
peaks at 810 cm�1 are the vibration of benzene-H bond. The absorption peak at 1237
and 3200 cm�1 indicates that a small amount of ODA remained during the molecu-
lar polymerization reaction. The infrared spectrum of the sample after fluorination
is shown in Figure 2(b). As can be seen that the PI film after the surface molecular
structure has the obvious CdF, CdF2 and CdF3 absorption peak is in the range of
950–1340 cm�1. Figure 2 shows that the CdF bond is the strongest bond in the
polymer, higher a great than the CdH bond. So, the surface fluorination will make
the fluorine element replace the hydrogen element on the PI films surface, which
results in the reduction and even disappearance of CdH bonds in the molecular
structure of the surface layer and accompanied by the formation of CdF, CdF2,
and CdF3. There is a dense CdF layer on the PI film surface layer.
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Figure 3 describes the microstructure of original PI film without fluorination
and the fluorination film for 60 min by the SEM, respectively. As can be seen from
the figure, a dense fluorinated layer is formed on the surface of the sample. The
thickness of the sample is about 2.6 μm when the reaction time is 60 min. It is
obvious that the surface molecular modification can change the chemical structure
of the surface of the sample and form a C-F layer on the surface when combining
infrared spectral analysis with the SEM results comprehensively.

The surface charge density of the PI sample was measured using the test system
of Figure 1(a). Figure 4 shows the change of the surface charge density of the
original sample and the sample fluorinated for 45 min under different corona times.
It is noticeable that the surface charge density dissipates rapidly at the beginning,
and then the dissipation speed gradually slows down and remains a steady trend.
The positive and negative charges have similar trends. There are three main ways
for surface charges to dissipate: (1) migrating to the ground electrode on the back,
(2) migrating along the surface by the tangential electric field and entering the earth

Figure 2.
The infrared spectrum of (a) original film and (b) fluorinated film.

Figure 3.
The SEM of (a) original film and (b) fluorinated film of PI.
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through the ground electrode, and (3) neutralizing with heterogeneous charges in
the air. Which dissipating path dominates depends on various factors such as the
surface characteristics of the solid medium, the gas atmosphere, and the electrode
structure [17, 18]. Since the normal electric field on the film surface is much larger
than the tangential electric field in this experiment. The most possible way for the
surface charge to dissipate is to migrate to the ground electrode on the back and
neutralize with heterogeneous charges in the air.

Figure 4(a) and (b) is the surface charge density of the sample without surface
molecular modification. It is clear that the surface charge density gradually
increases from 2900 to 3200 pC/mm2 with the corona time rising from 10 to
30 min. During the dissipation process, the surface charge density tends to stabilize
as the corona time increases, which is due to the energy required to restrain the
injected charge increases with the corona time growing. The electric field formed by
the charge which has been injected suppresses the large amount of the original
charge transfer, alleviating the charge dissipation process [19].

According to the graph, the initial surface charge density increases with the
increase of the corona time, but the dynamic of the charge is different from the
dynamic of the original sample. The surface charge density of the sample under the
voltage for 20 min is larger than those for 10 min and the attenuation curve is
flatter, while the surface charge density of the sample under voltage for 30 min
decays faster than the previous two samples. Referring to Figure 4(c) and (d), the
surface charges of the samples have the similar trend after 8 min for the samples
that are under voltage for 30 and 20 min. The reason may be that the surface layer
after fluorination has the fluorinated layer on the surface of the sample, which can
effectively suppress the injection of charge. As the corona time increases, a large
amount of charge accumulates in the fluorinated layer on the surface. When the
power is turned off, the charge neutralizes and dissipates into the sample body and

Figure 4.
The surface charge density of sample without fluorination under the (a) positive voltage, (b) negative voltage
and the surface charge density of sample with fluorination under the (c) positive voltage, (d) negative voltage.
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the air, and most of change accumulated on the surface charge neutralizes with
opposite charge in the air. Therefore, although the initial surface charge density
increases when the voltage time is 30 min, most of change accumulates on the
surface fluorinated layer and does not enter the deep traps inside sample, which
lead to the similar trend after 8 min.

The influence of different fluorination times on the surface charge dissipation of
the sample was evaluated by the dissipation time. The dissipation time is regarded
as the time from the charge starting dissipates to the remaining 10% of the premier
surface charge. The longer time stands for the more slowly charge dissipation.
Figure 5 shows the surface charge dissipation time under different conditions.
Figure 5(a) is the dissipation time of the sample fluorinated 30 min under different
corona times, and Figure 5(b) is the dissipation time of sample with fluorination
time when the corona time is 10 min.

From Figure 5(a), the dissipation time gradually increases as the corona time
increases, and the dissipation time of the negative charge is shorter than that of the
positive charge.

According to Figure 5(b), the positive charge dissipation time of original sample
is 80 min, whereas the negative charge is 100 min, both which are more than 1 h.
After fluorination, the total dissipation time is less than 18 min, and the charge
dissipation time of the sample fluorinated for 45 min is the shortest. For the original
sample, the dissipation time of the negative charge is longer than the positive
charge. However, the dissipation time of the negative charge of the sample after
fluorination is lower than the positive charge, due to the strong electronegativity of
fluorine element which can absorb electrons to form a shielding layer on the surface
layer under the negative corona, thereby improving the dissipating speed.

This section uses polymer trap theory to further study the surface charge transport
mechanism of polyimide materials. According to the trap theory, the trap energy level
and density in the polymer can be calculated by the following formula (2) and (3).

ΔE ¼ kT ln νtð Þ (2)

N Eð Þ ¼ 4ε0εr
qLkTL

tdV
dt

(3)

ΔE is the trap energy level,T is the absolute temperature, k is the Boltzmann
constant, t is the time, N (E) is the trap density, L is the sample thickness, ν is the
escape frequency, q is the basic charge, and V is the surface potential.

Figure 5.
The surface charge density of sample without fluorination under the (a) positive voltage and (b) negative
voltage.
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The trap parameters of the polyimide film under different fluorination times are
calculated. As shown in Figure 6, the energy level represents the depth of the trap.
For the sample without fluorination, the trap level is most distributed at 0.84 eV,
while the samples fluorinated for 45 and 60 min are most distributed at 0.76 and
0.79 eV. The results indicate that the trap level of sample with fluorination was
shallower than original sample. The polyimide after fluorination makes up for some
defects on the surface of the sample, thereby reducing the trap depth of the sample
and causing surface charge difficult to accumulate, and dissipates faster, which is in
line with the former conclusion.

3.2 The effect of molecular structure on surface charge dynamics of PI
nanocomposites

Figure 7 is the SEM of the PI nanocomposite film doping with 3 and 5 wt% of
Al2O3. The nanoparticles are dispersed in the PI matrix uniform when the mass
fraction is 3 wt%, but large-size agglomerates appear with a particle size above

Figure 6.
The trap distributions of sample under various fluorination times.

Figure 7.
The SEM images of PI films doping with (a) 3 wt% and (b) 5 wt% of Al2O3.
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500 nm when the mass fraction is 5 wt%. Nano-composite PI films with different
mass amounts are divided into two groups, one of which is subjected to fluorinate
for 30 min and the other is original films.

The experiment used the surface charge dynamic measurement system to study
surface charge dynamics. The conditions were to maintain relative humidity at
�40%, room temperature, grid voltages to �3 kV, and corona times to 5, 10, and
15 min. The result is shown in Figure 8.

According to Figure 8(a), the surface charge density gradually increases as the
corona time increases, and the initial surface charge density of the negative charge
is higher than the positive charge. Comparing Figure 8(a) and (c), it is found that
the surface charge density of the sample after fluorination decreased more and
dissipate faster. Referring to Figure 8, it can be found that the fluorination has
stronger effect on the PI film than the nanocomposite PI film. Comparing Figure 8
(c) and (d)with Figure 4(c) and (d), the surface charge density of the sample with
nanoparticles is higher than sample without nanoparticles and the charge dissipa-
tion is slower. The surface charge density of fluorinated PI film with Al2O3 decays
below �200 pC/mm2 in a short time. But after the Al2O3 are added, the sample
charge density is 300 pC/mm2 after 35 min, which indicates that the sample with
nanoparticles has a stronger ability to capture surface charges. These studies show
that nanoparticles and surface molecular modification have opposite effect on the
surface charge dynamics of polyimide films. The latter can make sample traps
shallower and the former makes the surface charge agglomerate and dissipate
slowly.

Figure 9 describes the surface charge dissipation of the nano-composite PI film.
It is clear that the surface charge dissipating time of the fluorinated sample is

Figure 8.
The surface charge density of original sample doping with 3 wt% Al2O3 under the (a) positive voltage,
(b) negative voltage and the surface charge density of fluorination sample doping with 3 wt% Al2O3 under the
(c) positive voltage, (d) negative voltage.
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shorter than the sample without fluorination, indicating that fluorination improves
the surface charge dissipation. The dissipation time increases firstly and then
decreases with the increase of the Al2O3 content for all samples. The surface charge
dissipates slowly when Al2O3 content is 3 wt%.

In order to further study the effect of nanoparticles on the transport mechanism
of the surface charge of the PI film, the trap properties are analyzed. It can be seen
from Figure 10(a) that the nano-composite film with 3 wt% Al2O3 has the highest
trap energy level and the most trap density, the trap energy level of the film without
nanoparticles is the lowest. The trap energy level is lower when the Al2O3 content is
7 wt% than 3 wt%. This indicates that the interface which formed between the
nanoparticles and matrix makes the trap level of nanocomposite PI deeper, and the
deep trap inhibits the injection of the charge. As the content of Al2O3 changes, the
distribution and quantity of the interface will change. When the content is high, the
agglomeration will occur and affect trap depth of the sample and the accumulation
as well as dissipation characteristics. This is also the reason why the dissipation time
is longest when the content is 3 wt%. This chapter finds that the nanoparticles will
deepen the traps of the polyimide film, increase the ability of surface charges to
accumulate on the surface, and suppress the dissipation.

Figure 9.
The surface charge dissipation time of the nano-composite PI film (a) with fluorination (wt%) and (b) without
fluorination (wt%).

Figure 10.
The trap distributions of sample doping with various mass contents of Al2O3 (a) without fluorination, (b) with
fluorination.

274

Polyimide for Electronic and Electrical Engineering Applications



Combining the conclusion of fluorination with nanocomposites, it is clear that
comprehensive application of surface molecular structure modification and
nanoparticles can improve the electrical resistance while improving its surface
charge dissipation, optimizing the trap distribution of the sample, and reducing the
surface energy.

3.3 The effect of surface molecular modification on space charge
characteristics of multilayer PI films

The samples used in the section are multilayer PI films without nanoparticles
and fluorinated for 15, 30, 45, and 60 min, respectively, which are named as PI15,
PI30, PI45, and PI60. In addition, the samples without fluorination named PI10 are

Figure 11.
The space charge distribution of multilayered PI films by stacking (a) five samples without fluorination,
(b) five samples fluorinated for 30 min, (c) five samples fluorinated for 60 min.
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used as the contrast group. The testing system is the PEA method in Figure 1(b).
During the measurement, five samples with the same fluorination time were
stacked into single multilayer film, and the silicone oil was applied between the
interfaces to remove air. The applied voltage time was 3600 s, and the amplitude
was 5 kV.

The space charge distribution of multilayered PI films is shown in Figure 11. In
the figure, the thickness of each layer is 25 μm. Each layer of the sample is marked
with PI0, PI30, and PI60. It can be seen from Figure 11(a) that when the voltage
time is 10 s, a certain number of homosexual charges appear near the anode and
cathode. As the voltage time increases, the space charge distribution changes. When
the voltage time is 1800 and 3600 s, a lot of positive charge occur near cathode,
followed by the negative charge accumulating near the next interface, and then the

Figure 12.
The electrical distribution of multilayered PI films by stacking (a) five sample without fluorination, (b) five
sample with fluorinated for 30 min, and (c) five sample with fluorinated for 60 min.
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positive and negative charges alternately appear, until the small amount of positive
charge exists near the anode. The largest space charge density amplitude near the
cathode is 0.3 C/m3.

According to Figure 11(b), the charge distribution is very different from the
space charge distribution of the untreated samples. The space charge distribution
of the five layers of PI30 has the same trend from 10 to 3600 s. A certain amount
of positive charge accumulates near the anode, and a large amount of negative
charge accumulates at 210–220 μm near the interface near the anode. The maxi-
mum space charge density amplitude is 0.21 C/m3. In Figure 11(c), the space
charge distribution trend of the five-layer PI60 sample is similar with the five-
layer PI30 film. In addition, the space charge distribution of the five-layer PI15
and PI45 samples has the similar trend with five-layer PI30 and PI60 samples. To
avoid repetition, the space charge distribution of the two is not given in this
chapter.

Figure 12 shows the distribution of the electric field of the sample after
different fluorination times. In Figure 12(a), the sample accumulates a large
number of homosexual charges near the cathode and anode during the initial
stage of applying voltage, resulting in the high electric field strength with
7.0 � 107 V/m. As the voltage time increases, the charge is transferred and
accumulated inside the sample, leading to the change of electrical distribution.
Figure 11(b) and (c) shows the internal electric field strength of the five-layer
PI30 and PI60 samples. It can be found that the electric field strength of PI30 is
much lower than PI10, which means surface molecular modification can optimize
the electric field. The highest internal electric field strength of PI30 is
1.6 � 107 V/m, and PI60 is 1.8 � 107 V/m.

The studies in Figures 11 and 12 show that the surface structure and internal
trap energy level of the sample after surface molecular modification is adjusted can
make the sample effectively inhibit the injection of charge into the sample, thereby
suppressing the space charge accumulation in the sample.

In order to analyze the amount of space charge injected into the internal of
sample, the total amount is calculated according to formula (4):

Figure 13.
Relationship between the charge of multilayer samples and the fluorination time.
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ð4Þ

In the formula, S is the effective area, and d1 and d2 are the thickness start and
end positions of the sample. ρ(x) is the charge density at x.

The charge amount of the sample with different fluorination times is shown in
Figure 13. It can be seen that the sample without fluorination has a charge of 135
nC, and the amount of space charge of all sample with fluorination is below 80 nC.
With the increase of the fluorination time, the amount of charge decreases slightly
and then increases again. The charge amount of sample fluorinated for 45 min is the
lowest (75 nC) among all the fluorinated samples.

4. Conclusions

In this chapter, nano-composite polyimide films with different amounts of Al2O3

are prepared by in-situ polymerization. PI films with and without surface molecular
modification are prepared. Based on the DC corona method and PEA method, the
surface charge and space charge dynamic of the sample were analyzed. The main
research results obtained are as follows:

1.The infrared spectroscopy and SEM images show that surface molecular
modification can effectively change the chemical structure of the sample
surface and form a dense CF layer on the surface. The surface charge test
shows that the number of shallow traps on the surface of the PI film after
surface molecular modification increases, making it difficult to accumulate
charges on the surface and improving charge dissipation, which can effectively
solve the problem of surface charge accumulation for polymer. And in this
chapter, the PI films fluorinated for 45 min has the lowest trap energy level
and the lest charge accumulation.

2.For nano-composite PI film, the nanoparticles increase the surface trap level
and density of the PI film, generating charge accumulation and block the
charge dissipation. The dissipation time of films increases first and then
decreases with Al2O3 content increases. The PI film doping with 3 wt% Al2O3

has the highest trap energy level and the largest trap density, which brings the
most serious charge accumulation and the longest dissipation time.

3.The amount of space charge of the multilayer PI film decreased from 135 75 nC
with the time of surface molecular modification rising from 0 to 45 min, but
the amount of charge decreases slightly when the time increases from 45 to
60 min.

4.This chapter finds that the comprehensive application of the surface molecular
modification and nanoparticles can effectively improve the polyimide’s
electrical properties, regulating its surface charge distribution and the trap
level of the sample.
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Chapter 15

New High-Performance Materials:
Bio-Based, Eco-Friendly
Polyimides
Radu Dan Rusu and Marc J.M. Abadie

Abstract

The development of high-performance bio-based polyimides (PIs) seems a
difficult task due to the incompatibility between petrochemical-derived, aromatic
monomers and renewable, natural resources. Moreover, their production usually
implies less eco-friendly experimental conditions, especially in terms of solvents
and thermal conditions. In this chapter, we touch some of the most significant
research endeavors that were devoted in the last decade to engineering naturally
derived PI building blocks based on nontoxic, bio-renewable feedstocks. In most
cases, the structural motifs of natural products are modified toward amine func-
tionalities that are then used in classical or nonconventional methods for PI synthe-
sis. We follow their evolution as viable alternatives to traditional starting
compounds and prove they are able to generate eco-friendly PI materials that retain
a combination of high-performance characteristics, or even bring some novel,
enhanced features to the field. At the same time, serious progress has been made in
the field of nonconventional synthetic and processing options for the development
of PI-based materials. Greener experimental conditions such as ionic liquids, super-
critical fluids, microwaves, and geothermal techniques represent feasible routes and
reduce the negative environmental footprint of PIs’ development. We also approach
some insights regarding the sustainability, degradation, and recycling of PI-based
materials.

Keywords: bio-based polyimides, renewable monomers, polyimide recycling,
ionic liquids, supercritical fluids, microwave synthesis, geothermal synthesis

1. Introduction

Long-established, commercial or innovative, tailor-made, functional polyimides
(PIs) represent a benchmark for high-performance polymers and demonstrate
many advantages, which include excellent thermo-oxidative stability, chemical
inertness, high mechanical resistance, high dielectric strength, as well as a remark-
able combination of thermal, mechanical, and electrical insulating properties [1–4].
Therefore, these heterocyclic polymers have found applications in many advanced
technology industries, such as aviation, spaceflight, microelectronics (printed and
integrated circuit board, flexible chip carriers) [5], composite materials [6], auto-
motive, packaging industries, or separation membranes [7]. Moreover, PIs’ bio-
compatibility was heavily explored in the last two decades and polyimide-based
materials entered the high-demanding area of biomedical applications, such as cell
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substrates, retina stimulation implants, cortical recordings, neural stimulation
devices, and others [8].

This outstanding collection of traits mainly comes from their highly symmetrical
backbones, extreme structural rigidity, and intra- and inter-chain hydrogen bond-
ing. However, these features also imply some intrinsic weaknesses such as poor
solubility in organic media, low thermal coefficient, poor corona resistance, rela-
tively high thermal expansivity and, very important from the industrial point of
view, difficult and expensive processability, which therefore restrict some of their
potential applications [9–11].

PIs usually consist of linear, planar, (fully or partially) aromatic architectures
that contain several flexible (bulky or pendant), heteroaliphatic structural elements
which can provide additional features [12–14]. Completely aliphatic and cross-
linked versions are also available.

Traditionally, linear PIs are prepared by a classical, two-step polycondensation
method via a soluble poly(amic acid) (PAA) intermediate [15, 16].

The overall process displays a stepwise mechanism (a polyaddition alternative is
also scarcely used in some labs) and runs at a rate dictated by the reactivity of the
starting compounds. The formation of the PAA precursor is usually performed in
common dipolar amidic solvents such as DMF (N, N-dimethylformamide), DMAc
(N, N-dimethylacetamide), NMP (N-methyl-2-pyrrolidinone), TMU (1,1,3,3-
tetramethylurea) which act as Lewis “bases,” or in other nonamidic solvents such as
DMSO (dimethyl sulfoxide) and m-cresol at low temperatures (from room temper-
ature up to 80–100°C, depending on the basicity of the aromatic amines).

The cyclodehydration is conducted either by thermal or chemical imidization,
both pathways being effective for either soluble or insoluble PIs. The former implies
the stepwise heating of PAAs at various temperatures (usually from 100°C up to
250°C, depending on the polyimide’s structure and the solvent used during synthe-
sis) for various periods (mainly 1 h at each temperature). The latter involves the use
of a chemical dehydrating agent of acidic (acetic anhydride, trifluoroacetic anhy-
dride, and formic acid) or aminic (pyridine and trialkyl amines) nature to promote
ring closure at temperatures between 20 and 80°C [17].

A one-step synthetic pathway is also used for the small-scale, in-house prepara-
tion of soluble polyimidic materials. This is based on the polycondensation of the
monomers at high temperatures without the isolation of the PAA precursor [18].

Besides the widely employed reaction of (at least) a dianhydride with (at least) a
diamine, an alternative that uses a dianhydride and diisocyanate is also known
[19–21].

In the case of cross-linked PIs, the synthesis follows the same routes as above,
with the usual additional presence of a diamine or triamine as a cross-linker in the
PAA preparation stage [22].

Other functions may be also used in the development of cross-linked PIs, such as
a diphenylethynylene structure along the main chain [23], or the use of a
benzoxazine-containing monomer [24]. However, it must be noted that the three-
dimensional, cross-linked structures cannot be recycled.

Given the experimental conditions employed in the synthesis of heterocyclic
polymers in general, PIs included, it is difficult to envisage synthetic pathways or
experimental conditions obeying the strict criteria of green chemistry, ecological
synthesis, or eco-friendly polymers.

However, due to their specific macromolecular architectures, linearity, and rigid
arrangement, PIs can be already considered as long-life, and therefore sustainable
materials, that are however not produced by eco-friendly methods, especially in
terms of solvents (some of them are not so green) and thermal conditions (which
imply a high energy intake).
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At this point, a special comment must be inscribed to the starting building
blocks. The majority of dianhydride- and diamine-type monomers used in the
synthesis of PIs are produced using petroleum-based chemicals as the raw materials.
Furthermore, some of these monomers (especially some diamines like methylene
dianiline, or the less used isocyanates) and their intermediates are highly toxic,
carcinogenic, or endocrine-disrupting [25]. Therefore, considerable research
endeavors have been devoted to achieving benign polyimide building blocks based
on nontoxic, bio-renewable feedstocks. At the same time, long-term efforts were
(and still are, as it will be detailed later on) dedicated to finding less toxic
experimental conditions and synthetic pathways.

Considering all of the above, it seems difficult at first to come close to the
Holy Grail of bio-based and/or green polyimide chemistry. However, in this chap-
ter, we seek to demonstrate that there are some viable, strong alternatives to the
traditional polyimide building blocks or classical experimental conditions. More-
over, these can unlock more eco-friendly, bio-based PI materials (even by using
green chemistry routes) which maintain the same combination of high-
performance characteristics and even bring some new or enhanced features to the
field. We will mainly focus on bio-based polyimides developed in the last 10 years
from natural, renewable resources and will also touch the basics of some less
harmful synthetic platforms like synthesis in ionic liquids, supercritical fluids,
microwave conditions, and other nonconventional methods. Some interesting
insights regarding the sustainability, degradation, and recycling of PI-based mate-
rials are also provided.

2. Bio-based polyimides

A plethora of reliable studies and publications on bio-based, green polymers
have been extensively produced in the last 10 years, some of the most solid reviews
on the topic being cited herein [26–28].

Various natural, eco-friendly chemical structures have been produced and
used after several modifications of their chemical function to access sustainable
and eco-friendly polymers. These include vanillin [29] or bio-succinic acid [30]
for semi-aromatic polyesters, lignins for phenolic oligomers [31], epoxidized
castor oils for thermosetting architectures [32], catechol-based moieties for
highly adhesive polymers [33], biodegradable copolymers from SO2, renewable
eugenol for biodegradable materials [34] or cashew nut shell liquid for various
systems [35].

The development of high-performance bio-based polymers such as PIs is cur-
rently indispensable to establish the sustainable and green objective of the research
society. However, its accomplishment proves a difficult task due to the incompati-
bility of their aromatic monomers with renewable, natural resources. PIs were built
for a long time from petrochemical-derived monomers, but some recent attempts to
synthesize them from bio-based monomers are chancing this trend. Among eco-
polymers, PIs’ synthesis starting from natural and renewable resources is not to be
outdone. As in the case of already well-developed eco-friendly polymers, the
chemical functions present in natural products have been modified to obtain, in the
majority of cases, amine functions. Several attempts have been made to prepare
partially or completely biopolyimides using bio-based aromatic diamines and
various dianhydrides.

After thoroughly sweeping the available studies, we were able to find a handful
of biopolyimide systems (bioPIs) based on different green or eco-friendly diamines.
Some of the most important ones are described below.
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2.1 PIs derived from natural phenols and polyols

2.1.1 PIs derived from cardanol

Cardanol is a phenolic lipid obtained from an anacardic acid, the main compo-
nent of cashew nutshell liquid, and the starting point in the development of many
interesting organic building blocks [36].

A partially bio-based aromatic diamine, namely 1,1-bis(4-aminophenyl)-3-
pentadecylcyclohexane, was synthesized starting from cardanol via a 3-pentadecyl-
cyclohexanone intermediate in the presence of aniline and aniline hydrochloride
under reflux conditions.

This bulky, unsymmetrical diamine was used in the development of processable
PIs with reasonably high molar masses in the range of 15–32 kDa [36].

The obtained polyimides and copolyimides were soluble in common organic
solvents and maintained high thermal stability, with a glass transition temperature
(Tg) in the 160–250°C framework (depending on the dianhydride partner) and a
10% mass loss temperature (Td10) recorded above 500°C.

2.1.2 PIs derived from isomannide

• Another approach used biomass isomannide to develop both bio-based diamine
and dianhydride monomers and optically transparent bioPIs therefrom [37].
The two hydroxylic groups of isomannide were used as the starting points of
various chemical transformations to obtain one cycloaliphatic and two semi-
aromatic diamines, together with a flexible dianhydride.

The diamines were used in combination with the bio-based isomannide anhy-
dride or with the commercial 4,4-oxydiphthalic anhydride (ODPA) to produce
completely or partially bio-based PIs through the classic two-step method. The
ordered arrangement of the isomannide heterocycle conveyed a certain degree of
crystallization in the PI framework and afforded materials only soluble in common,
high boiling point solvents.

The relatively rigid alicyclic isomannide imparted good optical transparency
(transmittances above 80% at 450 nm), reasonably high thermal resistance (Tg
between 227 and 264°C, Td10 greater than 430°C in nitrogen) and outstanding
mechanical features (tensile strength above 90 MPa, elongation at break over 6%).
Surprisingly, the use of the fully alicyclic monomer generated PIs of superior thermal
stability when compared to the ones containing the semi-aromatic bio-based diamines.

Two of the isomannide-based diamines were further used in both their isomeric
forms in combination with other six commercial dianhydrides. As expected, similar
results were obtained: soluble, processable bioPIs with thermo-mechanical stability
comparable with those of analogous petroleum-based PIs. They also provide the
additional features of optical transparency and optical activity which qualify them
for applications like liquid crystal alignment and solar cells [38, 39].

2.1.3 PIs derived from myo-inositol (MI)

Myo-inositol or cyclohexanehexol is a naturally occurring cyclohexane deco-
rated with six hydroxylic groups that is widely encountered in animals and plants.
One of the many stereoisomers of inositol, it is the most commonly used biologically
active isomer [40].

Until now, a large number of bioactive molecules bearing inositol-derived com-
ponents were used as building blocks in developing macromolecular backbones
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containing diols, like polyurethanes [41] or polyamides [42]. It was a matter of time
until it would have been used to prepare polyimidic architectures through its incor-
poration in diamines [15, 16, 28, 40].

For example, myo-inositol was treated with 1,1-dimethoxycyclohexane to yield a
heterocyclic compound with three alicyclic units, the central one bearing two free
hydroxyl groups [42]. These hydroxyl moieties are further used to introduce two
aromatic amine functions through substitution and subsequent reduction
reactions [40].

The target diamine readily underwent polycondensation with widely used,
commercial dianhydrides in microwave conditions [40].

The resulting bioPIs, whose main chains inherited the bulky 6-5-6-5-6 polyalicyclic
system from the diamine monomers, are soluble in common organic solvents at room
temperature, even in chloroform, dichloromethane, and acetone. They displayed quite
respectable molar masses, between 40 and 99 kDa, and relatively narrow polydisper-
sities, with PDI values below 1.6. All bioPI films displayed characteristic thermal
stability and outstanding mechanical features (tensile modulus above 3.5 GPa), even
higher than those of most petroleum-based PIs. Their most important traits are the
optical ones (light coloration and high transmittance values [for a PI], above 82%) and
are also derived from the voluminous cycloaliphatic segment and its ability to hamper
the charge-transfer complex usually found in PI materials.

2.2 PIs derived from anethole

Anethole is a natural styrene analog that is widely found in various in essential
oils from plants and can be used in a peculiar preparation protocol (polymerization
of Wagner-Jauregg type monomers containing preformed imide rings) of bio-based
PIs [43].

Starting from this phenylpropene derivative, a new multicyclic monomer
containing Wagner-Jauregg type imide motifs was synthesized via cascade, double
Diels-Alder reaction. The polycondensation reaction of this diphenol-type mono-
mer between and decafluorobiphenyl yielded a colorless and transparent (86%
transmittance at 450 nm) poly(ether imide) film.

The partial bioPI showed reasonably high molar mass (72 kDa, 1.6 dispersity),
sound thermal stability (5% weight loss [Td5] starting above 410°C, Tg higher than
360°C) and above reasonable mechanical characteristics (1.90 GPa tensile strength,
53.3 MPa elastic modulus, 5.4% elongation). These traits make them eligible for
various optoelectronic applications in harsh conditions.

2.3 PIs derived from vanillin and its derivatives

Vanillin is one of the few commercially available, bio-based, aromatic com-
pounds, and therefore, it is widely used in the polymer community dealing with
bio-based macromolecular materials, PIs included [44, 45].

Vanillin was used as the starting point in the preparation of two dimers further
used in two synthetic pathways for the development of bio-based aromatic
diamines.

The first one involves three steps: phenol alkylation, oxidation of divanillin’s
aldehyde moieties, and subsequent reduction of the obtained oxime toward a
methylated divanillylamine [46].

The second route uses the Curtius rearrangement and employs the synthesis of
an acyl azide intermediate from divanillic acid, its transformation into a
diisocyanate, and further hydrolysis toward another divanillin derivative decorated
with two amino groups.
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Another sequential synthetic scheme was used to prepare a diisocyanate starting
from vanillic acid and its methylated dimer.

Therefore, these accessible synthetic transformations afford the preparation of a
broad range of bio-based PI building blocks and corresponding polymers. One
particularity of these procedures is that they unlock bio-based isocyanates which
can be further used in combinations with dianhydrides to obtain bioPIs [45].

This series of partially bioPIs shows moderate molar masses (Mw from 49.5 to
75.8 kDa), characteristic polydispersity (2.0–2.5), acceptable solubility, and good
thermal stability (Tg between 260 and 330°C, Td10 around 460°C).

The ability of vanillic acid to act as a versatile building blockwas explored even
further together with another lignin-derivative, syringic acid, in the development of
diacylhydrazides. These were then used in a two-step polycondensation procedure with
aromatic anhydrides to generate partially bio-based poly(amide imide)s. The newmate-
rials provided transparent, flexible, and tough filmswith high thermal stability [47].

A simpler synthetic pathway can be also used to transform vanillin into an
asymmetric diamine.

The aminic building block was then used to build partially bio-based PIs with
four conventional, commercial dianhydrides and the results were compared with an
analogous series based on a symmetric aromatic amine.

As expected, the use of the asymmetric structural moiety hampers the formation
of charge-transfer complexes while vanillin’s aromatic structure maintains backbone
rigidity. This is translated into improved solubility, optical transparency, and hydro-
phobicity, without any negative impact upon thermal or mechanical stability [48].

The vanillin route was also pursued to develop a bio-based diamine containing
aromatic, pyridine, and aliphatic structural moieties. This was used in combination
with an alicyclic dianhydride, Epiclon, to obtain a semi-aromatic bioPI through the
two-stage route.

The resulting flexible PI backbone afforded easily processable films with
improved solubility and proper chemical and thermal stability (Td10 around 317°C).
The PAA precursor was also employed to prepare a series of Ag nanocomposites by
sonication. The casted films displayed a homogeneous dispersion of Ag nanoparticles
within the bioPI matrix due to the high compatibility of the composites’ elements.
This resulted in Ag-induced, partial crystallinity, improved thermal properties (Td10
from 317°C up to 357°C, depending on the Ag amount), and antibacterial activity
against E. coli [49].

2.4 PIs derived from camphor

Another bio-renewable, natural resource, camphor, a waxy, alicyclic forestry
product was used in its (D) form to produce two diamine building blocks via an
accessible synthetic route [50, 51]. The diamine was further condensed with two
aromatic dianhydrides to prepare semi-alicyclic PIs with high solubility and optical
transparency by the conventional two-step method.

The partially bio-based PIs were comparable to their fully aromatic counterparts
(based on the combination of the similar rigid diamines with the same dianhydrides) in
terms of solubility, optical features, thermal, andmechanical resilience. They provided
transmittance values between 75 and 81% at 500 nm, Td10 from 390 to 519°C, tensile
strength above 110MPa, and elastic modulus in the range 2.4–3.24 GPa.

2.5 PIs derived from Escherichia coli

Bio-available aromatic diamines were derived from genetically manipulated
Escherichia coli, through a photodimer of an aromatic amino acid, namely
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4-aminocinnamic acid. This was produced by the fermentation and
bioconversion of the genetically engineered microorganism from glucose via
4-aminophenylalanine [52].

The diamine displaying an alicyclic structure sandwiched between two aromatic
rings was synthesized via a 4,40-diamino-α-truxillic acid dihydrochloride, obtained
through a [2+2] photocycloaddition of the microorganism-derived monoamine’s
hydrochloride salt.

This new building block was polycondensed afterward with different common
dianhydrides following the two-stage procedure.

The bio-based PAAs displayed high molar masses, between 250 and 400 kDa,
while the inadequate solubility of the thermally cyclized PIs precluded molecular
mass determination. These bio-based PI films showed ultrahigh thermal resistance
with Td10 values over 425°C and no Tg values below 350°C, which are the highest
thermal features of all bio-based plastics reported thus far. They also showed high
tensile strength and Young’s moduli, excellent transparency, and high refractive
indices, and adequate cell compatibility [53].

The transparent bioPI based on 1,2,3,4-cyclobutanetetracarboxylic dianhydride
showed electrical insulative properties comparable to those of Kapton®, the most
used PI dielectric. As in the case of the commercial PI, the volume resistivity proved
to be directly connected to the annealing time and water uptake [54].

The precursor of this bioPI was used to prepare silica hybrids by sol-gel poly-
condensation with silicon alkoxide and in vacuo thermal annealing. The method
generated transparent, thermo-mechanically robust films with excellent electrical
stability [55].

The applicative potential of this bioPI was explored even further, by
developing bionanohybrids through the sputtering of ITO nanolayers on the
functionalized, reactive surface of a bioPI. The obtained materials displayed
thermal, mechanical, electrical, optical, and adhesions performances comparable
to or superior (especially in terms of optical transparency, ITO adherence, and
device resistivity) to the extensively employed Kapton® PI film. This allowed
the development of flexible, robust, and transparent electrodes for high tech
electronic devices [56].

Other cycloaliphatic dianhydrides were also polymerized with the bio-based
diamine coming from 4-aminocinnamic acid to draw a correlation between the PIs’
solubility and the structural motifs belonging to the dianhydride.

The study concluded that a lower cycloaliphatic ring strain determines PI
microstructures with improved flexibility and reduced Tg. All semi-aromatic bioPIs
maintained relatively high molar masses (50–80 kDa) and displayed improved
solubility and processability while preserving high thermal stability (Td10 temper-
atures above 375°C) [57, 58]. One of them was also used to develop highly trans-
parent, flexible TiO2 and ZrO2 hybrid films that display the basic features of
memory devices with tunable memory properties.

Ductile bioPI films were obtained from the same renewable semi-aromatic
diamine by copolymerization with different binary mixtures of the aforementioned
dianhydrides [59]. The copolymers displayed high-performance features compara-
ble to those of the Kapton® film. For example, they maintained a high thermal
resistance (Td10 values above 406°C and Tg over 208°C), improved tensile
strength and elongation at break, and a Young’s modulus around 4 GPa. Also, the
copolymers showed adhesion strength to the carbon plate in the range of 0.22–
4.47 MPa, which is similar to that of cyanoacrylate-based superglues [59].

The same bio-based, exotic building block, 4-aminocinnamic acid, was
employed to develop two other diamines, 4, 40-diaminostylbene and its
hydrogenated version, by using Grubb’s olefin metathesis as a key step.
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The two diamines were further polymerized via two-stage polycondensation
with the same dianhydrides as the photodimer ester coming from 4-aminocinnamic
acid. High molecular masses PAAs were obtained both as films and fibrils and their
thermal imidization afforded partially bio-based PIs with high thermal stability and
mechanical properties superior to Kapton® [60].

2.6 PIs derived from peptides and amino acids

A monoamine-substituted version of the above-mentioned, microorganism-
derived building tool was used to develop an aromatic amino acid, 4-amino-L-
phenylalanine. This was used as a core to build a cyclic dipeptide, 3,6-di(4-
aminophenylmethyl)-2,5-diketopiperazine through iterative protection/coupling/
deprotection protocols [61].

Several bioPIs incorporating the diketopiperazine heterocyclic structure in the
backbone were prepared by polycondensation of the peptide with commercially
available aromatic dianhydrides.

Through a judicious design, the cyclic dipeptide monomer contains a centro-
symmetric amide functionality in the diketopiperazine ring adjoined by two aro-
matic rings through a methylenic bridge. This type of architecture is able to induce
auto-aggregation of the corresponding polymer chains through hydrogen bonding
and π-π interactions. As a consequence, these bioPIs and their PAAs can self-
assemble into nanosized conglomerates of various shapes (spheres, spiky balls,
flakes, and rods), as observed by scanning electron microscopy (SEM) investiga-
tion. This particular feature (and its combination with the innate characteristics of
any PI) enables these PIs suitable for applications such as fillers, heat-resistant
superhydrophobic coatings, and ultralow-dielectric-constant films.

In addition, the peptide-based PIs display a high thermal resistance, particularly
the one derived from pyromellitic dianhydride (PMDA), which showed the highest
Td10 (around 432°C) and a Tg value above the decomposition temperature.

The literature provides few examples of other amino acids used as building
blocks for bioPIs. For instance, isoleucine, valine, methionine, and phenylalanine
were used together with benzimidazole pendant units to build four chiral diamines.

The diamines were polymerized with a particular dianhydride containing
a pendant trifluoromethyl segment to attain optically active, aromatic bioPIs.

This resulted in amorphous, versatile PIs with improved solubility and molar
masses above 124 kDa. The materials showed accessible Tg (142–165°C), suitable
mechanical resilience (97 MPa ultimate strength), and a rather lower thermal sta-
bility (Td10 around 255°C) as compared to the PIs presented herein. They were
further involved in sol-gel procedures to produce Ti bionanocomposites with
improved UV absorption and enhanced gas permeability [62].

2.7 PIs derived from bio-based adenine

Adenine, as an amine-substituted purine, is one of the four building blocks of
the DNA’s double helix supramolecular structure and therefore an important natu-
rally abundant structural framework for multiple hydrogen bonds [63].

An adenine-containing diamine was synthesized through the nucleophilic sub-
stitution of biomass adenine with 4-chloronitrobenzene and the subsequent reduc-
tion of the nitro groups. The adenine-containing diamine was then polycondensed
in a single-step reaction with the widely used 4,40-(hexafluoroisopropylidene)
diphthalic anhydride (6FDA) to obtain a new bioPI.
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The unique conjugated heterocyclic structure of adenine and its propensity
toward hydrogen-bonding interactions generated a bioPI with excellent solubility
and outstanding combined (thermal andmechanical) performance. The Tg value was
higher than 350°C and the Td10 over 500°C (both in nitrogen and air). The tensile
strength was up to 144 MPa, and the elastic modulus exceeded 4.1 GPa. A low
dielectric constant of 2.8 (measured at 10MHz) adds an important feature to this bio-
based high-performance material. Similar results were obtained when the diamine
was combined with another widely employed commercial dianhydride, ODPA [64].

The same adenine-based diamine was used together with PMDA to obtain a new
bioPI and study its thermal expansion conduct along the in-plane direction. The PI films
proved a rare in-plane thermal contraction featurewhichmaintained its negative nature
even above Tg. Infrared spectroscopy studies showed amutation of the adenine-
powered hydrogen bonding from a purine type to carbonyl-based interactions [65].

2.8 PIs derived from fatty diamines

Many of the PIs’ characteristics are an outcome of the hard blocks coming from
both the dianhydride and diamine segment. By replacing one of them with a softer
block of natural origin, bio-based PIs with interesting traits are obtained. For
example, a long, branched, cycloaliphatic, fatty diamine was employed as the soft
block together with several, flexible or rigid, hard aromatic dianhydrides in the
construction of some PIs, and the effect of the soft-hard combination was
investigated [66].

The integration of flexible (or bulky) hard segments containing various spacers
provided amorphous PIs, while the use of a highly rigid dianhydride segment
yielded a semicrystalline polymer with separated nanophases after annealing.

The soft-hard combination resulted in highly soluble, processable, thermoplastic
PIs of moderate molecular mass, with Tg values near room temperature, yet rela-
tively thermal stability. They display superior processability as compared to most
polyimides and are also available for recycling without significant changes in their
outstanding mechanical features.

The four materials displayed high elongations (especially the one containing the
highly rigid hard segment) and qualify as trustworthy candidates for applications
that require high damping characteristics in ambient conditions (shock absorbers,
noise, or vibration insulating materials, sealants).

Further studies revealed a self-healing capacity of these materials at room tem-
perature. Rheological and tensile investigations proved the two-step kinetics and
physical characteristic of the healing process and its dependency on the particular
relaxation behavior of the PIs during stepwise healing. Mechanical integrity is
maintained during healing due to the interplay of primary and secondary interac-
tions between the soft and hard structural motifs [67, 68].

Another fatty diamine, the commercial Priamine™ 1074 coming from vegetable
extracts (tall oil and soybean oil), was used as a starting material in the synthesis of
partially bio-based fluorinated PIs.

The dimer containing fully renewable C36 enabled the preparation of highly
soluble, thermally resistant PIs with a high content of biomass (up to 48.9%).
During the two-stage polycondensation process, additional building blocks were
used to ensure double-bond terminal groups which were further employed in the
preparation of UV-cross-linked coatings. The obtained materials can satisfy some
key requirements of microelectronics photoresists, like high optical transparency,
adequate thermal stability, low water absorption, and suitable adhesion [69].
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3. Green and nonconventional synthesis and processing of polyimides

As mentioned earlier, PIs are not usually produced by eco-friendly synthetic
methods, especially in terms of solvents and thermal conditions. As detailed in the
previous section, the production of some bioPIs starting from renewable building
blocks involves the use of heavy-duty, rather toxic solvents (cresols in particular),
with a negative environmental impact. This is a drawback which needs further
research dedicated to greener experimental conditions.

On the other side, a large number of research studies were dedicated in the last
two decades to the progress of nonconventional synthetic platforms or experimen-
tal conditions which can be used with some undeniable success in the development
of PI-based materials. These come quite close to the strict criteria of green or
sustainable chemistry based on ecological synthesis.

In this section, we will focus on some less harmful experimental conditions like
synthesis (and processing) in ionic liquids, supercritical fluids, microwave condi-
tions, and other nonconventional methods, as depicted by the scientific literature of
the last 10 years.

3.1 Synthesis and processing of PIs in supercritical fluids

A supercritical fluid can be largely defined as a substance whose temperature
and pressure are above its critical values. Above the critical temperature and pres-
sure, a substance has the density of a liquid and the rheological properties of a gas.
The characteristic density of a liquid allows the supercritical fluid to dissolve the
substances, while the flowing features of the gas offer the advantage of lower
reaction times [70].

This unique combination of physical traits offers several benefits in the use of
supercritical fluids, both in macromolecular chemistry and materials science, but
also in areas such as fine organic synthesis, catalysis, coordinative chemistry, and
biochemistry.

Supercritical fluids and especially carbon dioxide (scCO2) have been success-
fully used in the last decade as solvents, antisolvents, or plasticizers in the
synthesis and processing of PI-type materials. The synthetic procedure offers some
chemical, ecological and economic conveniences. scCO2 is inert, nontoxic, non-
flammable, relatively inexpensive, and, as an ambient gas, the solvent’s removal
after usage and depressurization is quite easy and hampers any ecological draw-
backs. In some cases, the improved quality of the obtained products is an important
factor in choosing supercritical liquids to the detriment of conventional organic
solvents [70–78].

On the other hand, the use of supercritical fluids requires relatively high pres-
sures and special equipment, and these considerations must be carefully balanced
with the perceived advantages for a particular application.

The behavior of PI systems in the presence of scCO2 strongly depends on
several parameters: the structural elements of the polymer, its physico-chemical
characteristics (Tg, degree of crystallinity, cross-linking), the properties of pure
scCO2 (molecular structure, critical points), the nature of the interactions between
scCO2 and the polymer, and, obviously, the external temperature and pressure
[72, 73].

Solubility is the crucial factor in the synthesis of polymers in scCO2. While
scCO2 is a good solvent for low molecular mass, polar and nonpolar molecules, it is
a very weak solvent for most high molecular mass polymers in mild conditions
(below 100°C and 1000 bar). In some cases, a mixture of scCO2 and a common
organic solvent provides satisfying results [74, 75].
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The majority of research dealing with the synthesis of PIs in scCO2 focuses on the
polycondensation of common, commercial monomers. 6FDA or similar fluorine-
containing monomers are the preferred building blocks in this regard because most
fluorinated polyimides seem to have a higher solubility in scCO2 [76–78].

Most studies report reactions with good yields and products with variable
inherent viscosities, depending on the monomers’structure and reaction conditions.
The molecular mass of the resulting PIs is influenced both by the concentration of
monomers, by the reaction time and temperature, and by the scCO2 pressure. Some
articles report a catalytic effect of scCO2, since the reaction rate increases in the
presence of traces of water. Subsequently, the small water amounts can lead to the
formation of cyclization products of lower molecular mass. At the same time, the
employment of scCO2 in the synthesis of polymers leads to a small decrease in the
Tg and dielectric constant values, due to a plasticizing effect. This can be an impor-
tant advantage when it comes to the processability possibilities of the final material
[79–82].

An increasing trend regarding the processing of polyimide materials using
scCO2 was also observed in the last decade. The scCO2 dissolved in a condensed
phase causes various changes in the microstructure of the polymer and a consider-
able reduction of its viscosity due to the increase in the free volume of the polymer
matrix. This leads to severe modifications in the transport properties of the poly-
mer, the permeability, and selectivity coefficients growing several times [83, 84].
As a consequence, scCO2 is largely used in the production of nanoparticles, foams,
aerogels, and membranes based on linear [85–87] or cross-linked [88–92] PIs. These
materials have interesting features (high porosity, tunable shrinkage, nano- and
micro-cavities, high surface area, ultralow dielectric constant, and mechanical
resilience) that open up new possibilities in the applicability of PI-based systems
such as catalytic systems, separation membranes, aviation, aerospace, construction,
and others [93–97].

For a rational design and optimization of these processes, it is essential to know
the solubility, diffusibility, density, and permeability of the imidic macromolecular
compound.

Nevertheless, despite the advantages and promising results attained so far,
supercritical fluid technology has little chance to replace conventional methods for
the time being. This is due to the limitations imposed by the solubility issue, the
viscosity and molecular mass of the reaction products, as well as by the special
equipment required by the supercritical conditions.

3.2 Synthesis and processing of PIs in ionic liquids

Ionic liquids had a cutting edge impact in the last two decades in polymer
chemistry and materials science. They are widely used in both academia and indus-
trial research and are considered a new class of ecologically compatible, green
solvents, which can reduce or even replace the often dangerous, polluting, classic
organic solvents.

The ionic liquids term generally implies different types of salts with a structure
similar to ordinary salts like NaCl. However, while common salts melt at high
temperatures, most ionic liquids remain liquid in a temperature range between
room temperature and 200°C. They are usually formed by highly polar combina-
tions of organic, voluminous, and asymmetric cations, decorated with aliphatic
residues, and inorganic anions of symmetrical, regular shape, this chemical compo-
sition resulting in a low melting point. Poor packaging and poor coordination of ions
in the structure of ionic liquids is the reason why they remain liquid at room
temperature [98–100].
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This peculiar structural composition unlocks a unique range of physicochemical
features that make them environmentally compatible and suitable for various
applications. They can dissolve different types of organic, inorganic, and organo-
metallic materials, and their solvent properties can be modified to satisfy a particu-
lar application, by varying the combinations of anions and cations. They have high
thermal conductivity, are liquid on a broad temperature range, and thermally stable
up to 300°C, which allows the kinetic control of a reaction within wide limits. In
addition, they possess extremely low vapor pressures (and hence do not evaporate)
and are immiscible with many organic solvents [98, 101].

The benefits of ionic liquids were widely applied at first in the synthesis of
classical PIs by the two-stage polycondensation reaction of common commercial
diamines and dianhydrides [102]. Nevertheless, the solubilizing capacity of ionic
liquids enables their usage in the polycondensation of more exotic building blocks
with special features [103–107]. The method usually results in satisfying yields,
without further addition of other catalysts. The obtained compounds show high
molecular masses and inherent viscosities, enhanced thermal stability, and proper
mechanical resistance.

Some studies also evidence an activating or catalytic effect of ionic liquids
that boost the monomers’ reactivity and unlock PIs with high molecular mass
[102, 108].

The polycondensation of said monomers is usually performed in hydrophobic
ionic liquids. Otherwise, the retained water will cause a decrease in the monomers’
reactivity and hamper the formation of cyclization products with high molecular
masses. The procedure generally involves easy work-up and solvent reusability and
provides the potential for further scale-up attempts.

The innate immiscibility of ionic liquids with organic solvents was also explored
in the green, interfacial polymerization of cross-linked PIs to obtain composite
osmotic membranes [109].

In the early stages of their usage, ionic liquids were criticized for “sticking” to
the PI material, even after various purification attempts. A small quantity of ionic
liquid within the microstructure of a PI film or membrane would interfere with its
thermo-mechanical features.

In the last decade, this issue was transformed into a benefit, through the advan-
tageous combination of the versatility of both PIs and ionic liquids. The synthesis of
these materials is usually performed by polycondensation of classical PI building
blocks with ionic monomers (especially diamines) or via commercial PI modifica-
tion. The resulting macromolecular species is called polyimidic ionenes or imidic
poly(ionic liquid)s. The strategy uses ionic liquids’ strong affinity to CO2 with the
high-performance characteristics of PIs for the development of new materials for
gas membrane separation [110–113].

3.3 Synthesis of PIs in microwave conditions

As it can be easily observed from the previous sections of this chapter, classical
heating remains the primary means of stimulating chemical reactions that are
difficult to carry out under ambient conditions, such as those used in PIs chemistry.
In recent years, this technique is strongly rivaled by several modern heating
techniques, the most important being microwave heating [114].

The main advantages of using microwaves in the synthesis of PIs are the rapid
completion of polycondensation, high purity of final products, uniform tempera-
ture rise, and overall greener energy balance. Some small drawbacks refer to the less
accessible upscale and the need to re-dissolve the final product to prepare PI films
or membranes [115, 116].
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The outstanding downsizing of reaction time is the strongest point of this
experimental technique. Microwave-assisted polycondensation reactions proceed
very rapidly, requiring only a few minutes of irradiation to obtain binary or ternary
soluble polyimides with more than acceptable inherent viscosity (up to 1.2 dL/g)
and molecular masses (up to 200 kDa) [117]. The irradiation time is a key parame-
ter that can easily turn from a benefit to a drawback. Too long irradiation times or
too high irradiation powers are many times translated into PIs of lower molecular
mass, due to the partial degradation of the polymer [118].

The polycondensation proceeds through a one-stage mechanism, the imidization
being performed employing microwave heating [119] or with the help of additional
chemical initiators [120]. At the same time, microwaves can be used only to
perform the cyclization of the PAA precursors obtained by conventional methods.
This procedure is able to generate PI films with improved mechanical features as
compared to their thermally cyclized counterparts [121].

The reaction can be easily extended to a wide range of building blocks (common
monomers’ salts included [122, 123]) and even to the direct production of various
composites [114, 116, 124]. The viscosity value of the final products usually depends
on the solubility of the final compound in the reaction medium. The initial amount
of solvent or overall monomer concentration thus plays an important role in the
characteristics of the final material.

The most used solvents in microwave-assisted PI synthesis are the polar ones,
with a high dielectric constant and high boiling point like NMP, DMF, and alike.
Under microwave irradiation, these solvents increase their temperature extremely
fast and reach the boiling point in a short time. Although nonpolar solvents do not
absorb microwaves, they can be still be used in combination with small amounts of
polar solvent or salts.

Some reactions are solvent-free and only require pertinent microwave-
absorbing monomers [125] or additives (CuO is an efficient example) [126]. The
latter are used to quickly raise the reaction temperature to the melting of (at least
one of) the monomers, thus empowering melt polycondensation. Such a strategy
eliminates the usual, tedious washing process and the use of any (potentially) toxic
organic reagents, further increasing the green character of the technique.

The one-stage polycondensation mechanism, combined with a small heating
time and reduced (if any) contact with solvent usually translates in higher optical
transparencies as compared to PI analogs obtained by the classical method [118].

Several studies compared the classical, thermal-, and microwave-assisted poly-
condensation procedures applied on the same common starting compounds in
terms of order degree within polymeric backbones, imidization level, thermal and
mechanical properties of resulting films. Microwaves assured a higher order level of
the final products and proved to be more efficient and, of course, faster in reaching
imidization [115, 122]. The imidization degree attained by microwaves was double
the size of the one obtained by common thermal cyclization at 200°C and was
almost complete at 250°C. Moreover, the PIs obtained by microwaves displayed
higher thermal stability and superior mechanical resilience (even up to 30% higher)
as compared to their thermally imidized counterparts [115, 117, 127].

Even if the method comes with some technological limitations regarding upscale
and industrial use, the results obtained so far are quite impressive and, together
with their obvious green character, require extensive research on the topic.

3.4 Other green and non-conventional synthetic procedures

A new, alternative method for PI synthesis appeared roughly 25 years ago, involv-
ing the use of the ultimate green solvent, water, in special temperature, and pressure
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conditions [128, 129]. The method is now generally known as hydrothermal poly-
merization (HTP) due to its resemblance to the geomimetic conditions of silicates’
forming by condensation in the hydrothermal veins of the Earth’s crust [129, 130].

HTP uses the same building blocks as the conventional PI synthesis: a
dianhydride (usually, the original, more stable, tetracarboxylic acid is employed
since the dianhydride will automatically hydrolyze in water) and a diamine. They
form a nylon-type AB monomer salt intermediate which is subjected to polycon-
densation in water, at elevated temperatures and pressures accessible through a
steel pressure vessel [131–133].

Since the monomer salt formation was undeniably proven by separate studies
[128, 131, 132], one version of the method begins with the separate synthesis and
purification (washing and filtration) of the monomer salt as the starting building
block. Although not mandatory, this will provide the (almost) perfect stoichiometry
required by any polycondensation reaction to ensure high yields.

Typical HTP experimental conditions for high monomer conversion are a 200°C
temperature, a 16.7 bar pressure, and a reaction time between 6 and 24 h. The
imidic product precipitates on cooling in aqueous residues of low toxicity. There are
small amounts of residual solvent and no volatile impurities trapped in the final
product.

At first glance, the reaction seems remarkable or even paradoxical, since it
appears to contradict Le Chatelier’s principle and the formation of PIs by polycon-
densation. A reversible reaction, with water as a side product, leading to products
that cannot be (classically) obtained systematically unless firm absence or removal
of water, feels inappropriate to be carried in water. Nevertheless, it works with
noteworthy results. First, the salt formation increases hydrolytic stability, prevents
the reverse reaction, and leads to increased imidization rates. Second, the afore-
mentioned principle is still followed, the (theoretically) reversible polycondensa-
tion reaction being generally driven by the innate insolubility of the synthesized
imide products.

The reaction follows a classical stepwise polymerization with a three-fold mech-
anism strongly depending on the temperature (TR) (reaction time and monomer
concentration must be also considered) [132]. In the sub-hydrothermal regime,
sHTP, the polymerization takes place in solution and leads to amorphous, short, low
oligomeric PIS of a zwitterionic nature that coexists with unreacted, less soluble
monomers. Between 100 and 130°C, longer macromolecular chains start to form in
an ordered fashion, leading to semicrystalline PIs. When the reaction temperature
comes to close to 200°C, the order degree and overall morphological homogeneity
rise considerably and crystalline imidic products are generated. Solid-state poly-
merization (SSP) takes place in the high-temperature regime and is correlated to the
polymerization temperature of any given monomer. If sHTP and SSP are mostly
suppressed by judicious selection of starting compounds and reaction parameters,
(almost) completely cyclized, highly crystalline PIs with particular morphological
features are accessible by this method.

The potential usage of the method was recently broadened by the successful PI
synthesis in various protic polar solvents (ethanol, isopropanol, and glycerin) or
several aqueous mixtures therefrom. This unlocks the employment of new
building blocks and fine tuning of reaction conditions toward desired PI
morphologies [134].

Most HTP reactions performed so far used various aromatic dianhydrides/
tetracarboxylic acids and commercial diamines and reproduced the structure of
common or commercially available polyimides. The obtained molecular masses
were in most cases significantly close to those of the PIs prepared by the classical
method. Other basic properties (aspect, optical transparency, thermal, and
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mechanical features) are strongly dependent on the starting monomers and
crystallinity degree of the polycondensation product.

Nevertheless, the method allows the synthesis of new PI structures [135] and
composites [136], which can also be assisted by microwaves [137] or extended
toward the production of PI fibers by green electrospinning or application-driven
materials [133, 138].

Although only in its infancy and not easily accessible due to the special reaction
setup, HTP delivers interesting results which require extension toward new build-
ing blocks and structures. Most importantly, the method is close to achieving all the
strict criteria imposed by an ideal green chemical industry: high efficiency, econ-
omy, low (if any) toxicity, and benign environmental impact.

4. Recycling of polyimides

Polymer recycling is (or should be) a vital criterion to be taken into account in
the life cycle of a product, especially when it comes to PIs. They represent key,
reliable, long-life materials for a wide range of high-tech applications, but their
recycling is a major challenge. Several technological and economic hurdles hamper
the progress in this field.

On one side, recycling should enable the reintegration of discarded PI materials
in the technological cycle or the production of new PI materials from recycled ones
(especially since PIs represent materials of high-end value). On the other, it implies
the quest for real sustainable solutions for the PI wastes issue, even if they represent
a very small percent of the total polymer volume in use/to be recycled. Last but not
least, it also means cutting down the dependence on oil-based raw materials, this
matter being (at least partially) treated in the previous sections.

As in the case of most materials, mechanical and chemical recycling and com-
bustion are the most common polymers’ recycling methods, PIs included.

When it comes to the recycling or reuse of PI-based materials, two options are
available, depending on whether you are dealing with a thermoplastic or thermoset.
Important constraints are met in both cases.

Only a low percent (between 5 and 8%) of thermoplastic PIs is prone to
recycling by reuse. There is no clear, general answer to the dilemma regarding the
faith of the more than 92% left.

In the case of PI thermosets, the problem is even more complex, since the three-
dimensional structure impedes easy changes in the physical state, especially to the
molten state. Cross-linked PIs cannot be melted, molded, or extruded and therefore
suffer from severe limitations in terms of recycling or require complicated or
energy-intensive recycling methods. One easy example would be their reuse as
additives in composites. If such, the problem of the matrix-reinforcement interface
will arise from the homogeneity of the composite.

4.1 Degradation of polyimides

At this point, a separate discussion must be dedicated to the degradation of PI
materials. Degradation (commonly known as aging) usually encompasses any
modification of the initial polymeric material’s features due to one or several exter-
nal factors like light, heat, or chemicals. This is a major concern when it comes to
the application of PI-based materials. Moreover, degradation is a key process when
it comes to the reuse or recycling of a PI-based product to meet green environmen-
tal criteria. Its importance is also crucial when considering the final disposal or
destruction/decomposition of the envisaged material and its environmental impact.
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Assisted degradation of polymeric materials is an intricate procedure due to
multifaceted mechanisms involving highly reactive macro- and micro-radicals and a
plethora of degradation and decomposition products. These mechanisms are
strongly dependent on the environment, more precisely on the presence or absence
of oxygen. In the particular case of the highly stable PIs, there are also strongly
time-dependent mechanisms [139–141].

The degradation of PI-based materials can be the subject of various pathways
that will be briefly approached below.

4.1.1 Thermal (oxidative) degradation

As repeatedly mentioned in this chapter, PIs and PI-based materials display
outstanding thermal stability, both in air or inert atmosphere. Degradation starts at
very high temperatures, usually above 350°C for aromatic PIs, depending on the
polymer’s structure. Naturally, decomposition follows at much higher temperature
regimes.

The thermal degradation of the widely used Kapton® film mainly generates CO2
from various sources (initial hydrolysis of the imidic units, followed by decarbox-
ylation of the resulting acidic group), CO, and other volatiles from further trans-
formations of imidic and aromatic moieties (a total of five degradation steps with
variable activation energies) [141–144].

Several studies investigated the exact origin and nature of the volatiles resulting
from the thermally induced degradation of common thermoplastic PIs: CO2, HCN,
NH3, N2, H2O, CH4, and HCs. The presence of F- or S-rich structural motifs
determines other, usually toxic volatiles. The decomposition process follows several
pathways: depolymerization, pyrolytic reformation, successive homolytic and
hydrolytic cleavages, hydrogen ablation, progressive molecular rearrangements,
and loss of organic functionality through radical scission [140, 145, 146]. In every
pathway, CO2 remains the main degradation product, while the nature of the other
volatiles is dictated by the chemical structure of the polymer.

The resulting carbon-rich materials display improved compatibility between the
organic (PI) and inorganic (carbon) parts which are mixed at the molecular level
and enable several features that can be tuned by thermal treatment. Such materials
can find various applications as fillers for gas purification membranes, dielectric
composite films, coatings for electronic devices, and others.

Naturally, the degradation of cross-linked PIs has a more puzzling nature due to
the three-dimensional architecture of the materials and requires different tempera-
ture and activation energy ranges [8]. Nevertheless, the pyrolysis of such thermo-
sets can be used to form new reticulated structures. For example, a PI bearing cross-
links of anhydride nature formed new reticulation points during thermal treatment
at 430°C, which finally resulted in microporous membranes with potential gas
transport properties [147].

In the presence of oxygen, the mechanisms of thermal polymer degradation
become even more complex due to the formation of highly reactive peroxide
macroradicals which enable a cascade of degradation reactions [148–150].

4.1.2 Hydrolytic degradation

Several experimental and computational studies were also dedicated to the
chemical (especially hydrolytic) degradation or aging of common or less conven-
tional PIs and model compounds [143, 151–153]. Two main mechanisms were
evidenced: hydrolytic degradation and water-induced plasticization, both of them
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being thermally activated and severely time-dependent (long exposure times
[month scale] are usually involved).

In its early stages, plasticization can be cautiously reversed with no significant
impact upon thermal or mechanical features. Further on, water induces irreversible
hydrothermal defects like blistering and/or delamination [153]. The process is
stronger when high temperatures or pressures are involved [152, 154].

The mechanism is usually based on the hydrolysis-activated chain scission of PI
macromolecules through the attack of water molecules on carbonyl groups or other
humidity labile structural motifs [155, 156].

4.1.3 Radiation degradation

Several studies on this issue were performed due to the employment of Kapton®

and other commercial PIs in aircraft and aerospace applications. Kapton® in partic-
ular is renowned for its outstanding resilience to ionizing irradiation, as compared
to other widely used PIs.

The photodegradation of PIs results in macro- and micro-cracks coming from
the scission of macromolecular backbones and low molecular mass volatiles such as
CO and CO2 (and CHF3 in the case of 6FDA-containing PIs). The resulting oligo-
meric or polymeric chains display phenol, amine, isocyanate, and carboxylic acid
terminal groups [157, 158]. Most UV irradiation experiments showed biexponential
degradation kinetics [159].

In the case of beam-induced degradation processes, CO and CO2 are the major
volatile fragments, with an additional significant contribution of short hydrocar-
bons like CxHy [160–162]. The degradation requires heavy energetic conditions and
can be inhibited by the addition of various fillers [157]. Additionally, the process is
accelerated by air exposure, which quickly determines a significant loss of radicals.

When the aging experiments mimicked low earth orbit, space-flight conditions
(temperatures between 10 and 300 K, ultra-high vacuum [10–11 Torr], and high
concentration of electronically excited atoms [108 atoms•cm�3 of atomic O]), the
degradation proceeded through chain scission and generated H2, CO, and CO2
[163, 164]. Similar experiments mimicking geostationary orbit conditions (involv-
ing high energy [90 keV] electrons) showed a board range of radiation-induced
damage (breakage of chemical bonds and formation of new ones) and a strong
effect on optical (lower transmittance) and charge transport (higher conductivity)
features [165].

Most ion- or radiation-induced degradation studies have been performed at
room temperature, and very little is known about degradation effects determined
by irradiation experiments performed at extreme (very low [cryogenic] or high)
temperatures [160].

4.1.4 Biodegradation

PIs are generally known to be biostable and bioinert, a very useful trait when it
comes to biomedical applications (implantable devices, especially) [8]. However,
the biodegradation of some PI-based materials would prove an advantageous fea-
ture in terms of recyclability and environmental impact. However, this requires
specially designed building blocks and very strict control of the overall synthetic
procedure.

One successful example in this regard is the two-stage synthesis of a biodegrad-
able PI starting from an aliphatic amine derived from poly(propylene fumarate)
and two commercial aromatic dianhydrides [166].
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Both the PAA precursor and the cyclized PI proved biodegradable in a buffer
solution, with a weight loss between 20 and 40% after 60 days of exposure,
depending on the amount of amine used.

This represents a good starting point for a new research topic in the field of
bioPIs. Similar studies are currently considering some of the partially or completely
bio-based PIs described in the second section of this chapter.

4.2 Recycling of polyimides

Generally, two recycling technologies apply to PI materials: chemical and
mechanical. The chemical recycling is a viable solution since it allows the maximum
output of the final products (starting monomers, partially imidized powders) with a
high degree of purity. Its main disadvantages are the long duration (multistage
process) and energetic intensity.

In recent years, mechano-chemistry (e.g., ball milling) has proved its advantages
over conventional chemical methods (fly ash modification, rubber, and plastic
recycling), which lead to its intensive application in polymer recycling, PIs
included. The process is simpler, economically favorable, and more eco-friendly (no
solvents or intermediate fusion are used). Moreover, it allows attaining final prod-
ucts in a metastable state, which is not easily accessible by other conventional
recycling methods.

Solid-state mecano-chemistry can be successfully applied in the recycling of PI
film wastes with the purpose to develop thermostable blends and multicomponent
tribocompositions. To gain applicative potential, these can be prepared in combi-
nation with other high-performance polymers, carbon black, diamond powder, and
Al-Cu-Fe crystals [167].

The recycling treatment method depends on the physical form of the PI waste.
PI-based powder compositions are obtained through low-energy planetary ball mill,
PI film wastes are treated by high-energy planetary ball mill, while bulk samples are
obtained by compression molding.

Multicomponent systems with a “multiscaled structure” based on PI waste and
fluorinated ethylene propylene were obtained by the above methods. The resulting
composites displayed an increased wear resistance and a smaller friction coefficient
as compared to the raw propylenic material.

As mentioned before, a disadvantage of recycled PI usage in the development of
composite materials is the lack of control of the interface and cohesion between
composite elements. This results in a composite with unsatisfying integrity and poor
mechanical features.

One solution to this issue is the use of polymer wastes of the same nature
and proper tuning of the milling process. For example, common PMDA-ODA
(pyromellitic dianhydride-4,40-oxydianiline) PI films were grinded to powders and
mixed with another commercial PI powder (BTDA [3,30,4,40-benzophenonetetra-
carboxylic dianhydride]-ODA) and a liquid, BTDA-based, commercial PI resin [168].

Several adjustments were performed to the high energy ball milling process,
especially in terms of duration. The milling time strongly influences the average size
and the particle-size distribution of the PI powder and the corresponding mechan-
ical features of the resulting PI composites. Finally, bulk samples were obtained by
compression molding at 400°C. The technique provided access to homogeneous
materials with a flexural strength of 87 MPa, deformation at failure around 4.2%,
and linear elastic modulus between 50and 350°C.

The milling duration also influences the chemical structure of the resulting
recycled PI and its cohesion with the other two components of the composite
material. Shorter milling times (45 min and 65 min) create larger particles that are
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strongly reinforced through links provided by the PI resin during compression
molding. On the other side, longer milling times (90 min and 180 min) provide
smaller particles that are more compatible with and reinforced by the other
powdered component (BTDA-ODA commercial PI).

Another mechanical recycling method is the application of uniaxial stretching on
PI films to control and reduce the coefficient of thermal expansion of the recycled
material [169]. The resulting PI material is stretchable at a certain operating tem-
perature regime and draw ratios. Increased stretching stress (performed in the
machine’s direction) leads to recycled films with higher birefringence and Young’s
modulus and lower thermal expansion, mostly independent of temperature.

A very useful recycling procedure was proposed for gelled PAAs, a common
issue for researchers dealing with PI synthesis. PAAs frequently form gels during
synthesis or storage due to various intermolecular and intramolecular interactions,
the entanglement of long, high mass chains, partial imidization, or even undesired
cross-linking. The formed PAA gels are usually discarded both in research and
industry, which translates into time and economic loss and, more importantly, to
negative environmental impact.

The recycling method was applied for a broad range of conventional PI building
blocks and is based on the conversion of PAA gels to homogeneous solutions by
using common microwave irradiation for a short time at room temperature. In some
random cases, similar results can be obtained by less green conditions: heating the
gelled PAA at 135°C for at least an hour [170].

The resulting PAA solutions can be successfully converted to the corresponding
PIs. The resulting materials maintain the original film-forming features and show
superior thermal (Tg values included), mechanical, and dielectric features as com-
pared to the original PIs (obtained from the ordinary, homogeneous PAA solutions).

Recyclability can be also attained by finding new applications for already
established, commercial PI materials, as to ensure a longer product lifetime. For
example, the Kapton PI film was used to build an efficient, active particulate matter
air filter which, very important, is also recyclable. Patterned through-holes were
developed by ion etching on the common film (15 μm hole diameter; 30 μm interhole
distance) [171]. These holes are combined with the strong electrostatic forces coming
from Kapton®’s high work function to capture particulate matter. The device was
tested under real working conditions and proved efficient in long-term filtration of
dust particles with dimensions ranging from 0.3 up to 10 μm.

Moreover, the highly flexible, thermally stable filter is easily recyclable and
reusable by simple washing (with tap water), which makes it suitable for various air
filter-based applications (air purifiers, air conditioners, humidifiers, and industrial
filtration systems).

4.3 Recyclable PIs by design

Another strategic approach in the field of recycling PI-based materials is to
ensure recyclability through judicious design, a tactic inspired by applications based
on cyclic operations.

One example in this direction is the development of highly hydrophilic, com-
posite recyclable PI adsorbents for wastewater treatment and removal of heavy
metal ions [172]. These can be easily attained by the common sol-gel process which
leads to hybrid PI/silica materials with Cu2+ adsorption yields comparable to those
of common activated carbon adsorbents. The innate resilience of PIs affords adsor-
bents with stable adsorption performance over 50 recycling processes.

A more complex concept for hybrid, recyclable PIs is the development of intri-
cate, green, poly(imide imine) thermosets that combine the mechanical resilience of
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rigid PIs with the on-demand degradation and recyclability of flexible polyimines
through dynamic covalent chemistry [173]. The greenness of the approach comes
from the ability of imine units to provide heat- or water-triggered reversibility in the
absence of expensive, environmentally unfriendly (transition metal) catalysts. The
hybrid architecture is based on various ratios of an aromatic bisimide developed from
widely used, commercial PI building blocks, a common aldehyde, and some aliphatic
triamines or tetraamines as cross-linkers. The strategy affords thermosets with ther-
mal and mechanical features comparable to common polyimides.

The key characteristic of these hybrid structures resides in the use of the primary
amine as a catalyst to generate interchain imine exchange reactions at the interface
of ruptured film strips. This feature leads to the conversation of mechanical prop-
erties and promotes a high healing output. The mechanical features of the (re)
healed material are comparable or slightly superior to the original material up to the
third generation.

The dynamic covalent chemistry concept unlocks novel pathways in the design
of smart, high-performance PI-based materials able to lay out rehealability, repair-
ability, and recyclability.

Another pathway to develop recyclable PIs is based on the introduction of
flexible spacer units within and pendant to the macromolecular backbone. For
example, the highly flexible 4,40-diamino-3,30-dimethyldiphenyl methane was
polycondensed with BTDA to generate recyclable, PI-based, nanofiltration mem-
branes. These are fabricated by phase inversion and retain a skinned asymmetric
architecture [174].

The optimized membranes are efficient in rejecting Rose Bengal, PEG 1000, and
typical salts with yields above 91%. They successfully corroborated their recyclabil-
ity and display stable, longtime performance.

5. Conclusion

The development of high-performance, PI-based materials by following the
rigid prerequisites of environmentally benign, green, or sustainable chemistry may
still seem an arduous or eccentric task to the research society, especially to the
industry-related part of it. The illusive incompatibility with the petrochemical-
derived starting compounds and the usually harsh experimental conditions involved
in their synthesis contribute to this stance. Nevertheless, judging by the firm
advances made in the field in the last decade, the concept of bio-based or green PIs
is not to be outdone.

Significant research endeavors have been devoted to engineer naturally derived
building blocks based on nontoxic, bio-renewable feedstocks. These have evolved as
viable and accessible alternatives to the traditional starting compounds and can be
subjected to the classical experimental conditions of PI synthesis or even to greener
ones. In most cases, the structural motifs of natural products are tailored to attain
amine functionalities, while bio-based dianhydrides are still in their infancy.

Moreover, these building blocks can unlock eco-friendly, bio-based PI materials
that maintain the same combination of high-performance characteristics and even
bring some new or enhanced features to the field. There is a handful of high molar
mass, soluble bioPIs with thermal stability, and mechanical features comparable
with (and in a couple of cases even higher than) those of analogous petroleum-
based PIs. They can be processed both as films and fibrils and provide industry-
appealing features such as high optical transparency, optical activity, stable dielec-
tric character, or tailorable hydrophilicity, without any negative impact upon ther-
mal or mechanical resilience. Therefore, green polyimide chemistry exceeds the
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fading trend aura and already has the solid starting points of a long-term strategy.
Based on the plethora of yet unexploited, renewable reagents available, the Holy
Grail of high-performance, fully bio-based PIs is not unreachable.

At the same time, serious progress has been made in the field of nonconventional
synthetic and processing platforms for the development of PI-based materials. Less
harmful experimental conditions such as ionic liquids, supercritical fluids, micro-
waves, and geothermal-inspired setups represent workable options and further
reduce the negative environmental footprint of PIs’ production. While still
undeveloped and with some technological limitations regarding upscale and indus-
trial use, these methods deliver sound results and provide access to novel, impres-
sive PI materials such as nanoparticles, foams, aerogels, and membranes.

Last, but not least, the status quo has slightly shifted from the constant investi-
gation of the outstanding stability of PIs to the evaluation of several recycling
strategies. The mechano-chemical pathway is the lead runner in the field, since it is
economically favorable, more eco-friendly, and paves the way for new, interesting
materials. Therefore, this represents the third valid point of departure for new
research topics in the field of high-performance, bio-based PIs.
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