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ABSTRACT It is well-known that the high-performance polymeric dielectric films used for high-voltage DC
capacitors should have outstanding capabilities in terms of electrical and mechanical properties in order to
face harsh operating conditions.Many factors limit the ability of these thin films to face different and growing
stresses according tomodern electrical requirements.Microstructure properties, additives, impurities, defects
formed during manufacturing as well as applied stress types significantly affect the performance of dielectric
films and their operational lifetime. This paper presents a comprehensive review of the factors which affect
the ageing, degradation and breakdown of metallised polypropylene (PP) capacitors films. The effects of
microstructure, surface morphological properties, mechanical properties and defects on the reliability of
biaxially oriented polypropylene films (BOPP) are studied. In addition, the phenomena affecting dielectric
performance and ageing mechanisms which are induced by electrical, thermal and electrothermal stresses
are discussed.

INDEX TERMS Ageing, breakdown, crystallinity, deformation, electrical conductivity, microstructure,
polypropylene, yield stress, reliability.

I. INTRODUCTION
The increasing penetration of renewable energy systems and
the urgent need for their reliable integration with power trans-
mission systems that operate under diverse conditions have
become major challenges. The functionalities of power qual-
ity can be improved by power electronics based-technologies,
such as high voltage direct current (HVDC) converters,
that apply capacitors as basic structural components. There-
fore, the techniques and materials technology used to man-
ufacture metallised polypropylene (MPP) capacitors have
received considerable attention from researchers and man-
ufacturers. MPP capacitors have been adopted given their
numerous advantages, such as high voltages rates and low
losses, self-healing and low cost, over foil-electrode capac-
itors [1]–[3]. HVDC capacitors are subject to various elec-
trical and thermal stresses that affect their performance
by different degrees in accordance with dielectric material
quality and capacitor structure. The molecular structures,

The associate editor coordinating the review of this manuscript and

approving it for publication was Cheng Qian .

conformations and orientations of polymers are important
parameters that exert major effects on the macroscopic
properties of the dielectric film used in capacitor applica-
tions [4], [5]. The adoption of biaxially oriented polypropy-
lene (BOPP) films as state-of-art dielectric materials is one of
themost important factors that distinguish the performance of
MPP capacitors. Although BOPP films are linear dielectrics
with excellent electrical properties, including low dissipa-
tion factor (tanδ ∼10−4), high breakdown strength of up to
700 V/µm, low absorption and wide temperature range of up
to 100◦C, their energy density is low due to low permittivity
(2.22–2.25) [6], [7]. Despite their ability to self-heal and their
classification as a highly reliable component, MPP capacitors
are subject to high stresses that lead to their failure [8].
Repetitive self-healing promotes metal evaporation, which
consequently increases the internal pressure of the casing
and enhances the rate of degradation [9]. Furthermore, partial
discharge (PD) intensification results in electrical stresses
that predispose adjacent regions to further electric break-
down because of the accumulation of vaporizsed metals and
the increment in density its density to become conductive.
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FIGURE 1. Typical capacitance decay of MPPC during degradation over
time down to catastrophic failure (replotted from [10]).

These phenomena turn breakdown areas into conductive areas
that induce flashover and catastrophic failure or burn the
capacitor [9]–[11]. The long-term interaction of the electric
field and heat under high voltages or harmonic current is
the main reason for dielectric and electrode ageing [12]. The
reduction in capacitance caused by self-healing (or clear-
ing) is termed ‘soft failure’, wherein the capacitance value
varies in accordance with manufacturers [13]. The capaci-
tance degradation exhibited by MPPC over time is illustrated
in Fig.1. Where A is the soft failure whose value is deter-
mined by the manufacturers and according to the application,
1C = 2% in this case and B is the gradual increase in the
degradation rate after soft failure until conductive vapor accu-
mulated inside the capacitor leads to catastrophic failure atC .
It worth mentioning that the degradation rate B depends on
many factors like the presence of microvoids and /or defects
in the dielectric, chemistry of polymer, somewhat less on
molecular weight, thermal conductivity, and value of applied
electric stress. The catastrophic failureC is represented as the
breached or burning of the capacitor packaging and it may be
caused by a build-up of pressure or flashover which leads to
internal heating of the capacitor [10].

Unfavorable operating conditions, such as high voltage,
current, frequency and temperatures and geometry effects,
have remarkable effects on the deterioration, ageing and fail-
ures of capacitors [8], [14], [15]. Thus, the precise definitions
of ageing, deterioration, breakdown and their interrelations
are essential when considering the long-term reliability of a
dielectric polymer. The processes that occur in the polymeric
material over a specified period usually result in changes
in the physical and chemical structure and the values of
the characteristics of the used material. These changes are
known as ageing. Degradation is a chemical change in the
polymeric material that leads to undesirable changes in its
characteristic values. Breakdown strength decreases as degra-
dation progresses. Consequently, breakdown is defined by the
abrupt and local loss of dielectric properties [16]–[18]. The
ageing levels of capacitors can be classified in terms of elec-
trical, thermal, electrothermal, chemical and physical ageing,
as well as ageing arising from the specific geometry of the
capacitor [10]. The final reliability of a capacitor is dependent

on the reliability, quality, suitability and safety of each of
its components [14]. Understanding the causes, mechanisms
and factors that accelerate the degradation, ageing and failure
of capacitor components is necessary to enhance capacitor
reliability.

This paper reviews the microstructure, morphology,
mechanical and electric properties of dielectric films and the
influence of defects, ageing types and other factors affecting
its lifetime based on previous studies and related results.

The paper is organised as follows: Section II provides
an explanation of the microstructure, morphological and
mechanical properties and chemical defects of films.
Section III discusses the thermal and electrical impacts on
dielectric films. Section IV presents a survey of the behaviour
of space charge and PD under different types of voltages
and their relationship with the performance of dielectric
films. The breakdown mechanisms of PP film are provided
in Section V. Whilst Section VI presents the conclusion.

II. FILM MICROSTRUCTURE AND MECHANICAL
PROPERTIES
A. STRUCTURE AND MORPHOLOGY
The excellent properties of BOPP films are attributed to
molecular chains without polar groups that are oriented
under the influence of the electric field [19]. Hence, their
dielectric loss is essentially extremely low, and any potential
increase in their dielectric loss is mainly due to the effect
of residual catalysts, impurities and antioxidants. The linear
increase in electrical conductivity and hopping conduction
under the effect of strong electric fields and high temperatures
are likely controlled by impurities. Thus, the crystallinity
of BOPP films plays an important role in mitigating these
phenomena [20]. The structural and morphological develop-
ment of films during manufacturing can be considered as the
main determinant of the final properties of the films [21].
In particularly, a high-quality film includes the high isotactic
(97 to 99%), 30 ppm (or less in ash content) with an optimum
molecular weight distribution, minimum thermal shrinkage
(or high thermal stability), homogenous thickness, controlled
surface roughness, tensile strength and tearing resistance
and smallest amount of residual catalyst content in the raw
material [20], [22].

The factors that affect the dielectric breakdown strength
of the film can be classified into essential factors related
to compositional and morphological features (material) and
procedural factors (nonmaterial) related to the active mea-
surement area, electrodes, shape and voltage type, roughness
and surrounding conditions [20], [23].

The structure and morphology of the film can be described
on a hierarchical basis starting from the molecular chain,
to the crystal structure, to the lamellar morphology, to the
spherulitic morphology and finally to the microstructure [24].
Biaxially oriented isotactic polypropylene (BO-iPP) film
can crystallise on the crystal structure level in three differ-
ent forms (i.e. monoclinic α, hexagonal β and orthorhom-
bic γ ) depending on temperature, mechanical strain and
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FIGURE 2. Semicrystalline structure showing the lamellar size 1,
interplanar d-spacing and Rigid Amorphous Phase (RAP) [21].

pressure [21], [25]. The α-form can be the dominant structure
in the material, the β-form includes crystals that form under
shear and the γ -form involves crystals that form under high
pressure only [21], [26]. The BO-iPP film includes a crys-
talline phase that is characterised by high stresses, a mobile
amorphous phase with a high free volume and low stresses
and a hard amorphous phase that guarantees a chaotic transi-
tion between a highly ordered crystalline phase and a mobile
amorphous phase [27].

The size of the crystalline and amorphous areas in these
types of polymers is 10 nm, whereas that of the interfa-
cial zone is 1 nm and has an important contribution to
macroscopic characteristics.

The results of the Wide Angle X-ray Diffraction (WAXD)
of three films with thicknesses 3.8, 7.8, and 11.8µm revealed
that the 11.8 µm film has the lamellar size 1 (17.1, 15.2,
15.6, 14 and 24.2 nm) with reflection peaks (110), (301),
(040), (130), and (400), respectively. While the orientation
peaks of (400) and (130) for the 7.8 and 3.8 µm films were
absent. Calculations of diffraction peak (040) confirmed that
the increase in the lamellae size 1; 11.9, 12.9, and 15.2nm
corresponded with the increase in film thicknesses 3.8, 7.8,
and 11.8 µm, respectively.It should be noted that the crys-
tallinity ratio and the lamellas size increase with the film
thickness, consequently, the rigid amorphous phase increases
as compared to the mobile amorphous phase associated with
α-relaxation [21].
The semicrystalline structure and three phases of BO-iPP

film is shown in Fig.2
Micropore formation during the biaxial stretching of β-iPP

films with thicknesses of 0.5 mm participates in the rota-
tion and separation of β-lamellae and create cavitation in
the amorphous phase between β-lamellae, whereas small
lamellae are sheared. The bundle-like β-lamella, which is an
incompletely developed spherulite, is an asymmetrical 3D
structure with different tensile axis angles that cause vari-
ous types of deformation during stretching [28]. Additional
stretching beyond the yield point induces the development
of the initial cavities into large pores, the transformation of
the β phase to the α crystal phase and the stress-induced
break-up of lamellae [29]. iPP films with mixed α/β-phases
may also suffer from the same mechanisms that underlie void
and porosity formation on the surface [20].

FIGURE 3. WAXRD profile of BOPP films (replotted from [20]).

The effect of the crystalline and polymorphic structures of
BOPP films with varying thicknesses and subjected to differ-
ent treatment methods have been tested. Cast film samples
and biaxially stretched films were coded as PP1 homopoly-
mers and PP2 high isotacticity grade. A, B and C have
indicated the extrusion types and 500, 400, 200, 15 and
20 determine the cast film thicknesses, while 5.6 and 3.5 were
represented the stretch ratio.

It should be noted that the types of extruder used were as
follows: extruder A is a small-scale mono screw extrusion
machine consists of flat mold, melt pump and a screen pack
with three-layer filters set, it operates at a high screw com-
pression ratio (4:1) with extrusion pressure 80 bar for 500µm
cast film. Extruder B is a large-scale mono screw extrusion
machine formed of a screen pack with a filter. Operating at
the screw compression ratio (1.5:1), it adopted to produce the
400 µm cast film. While extruder C is a small-scale mono
screw extrusion machine consists of dense filters. Operating
with a low screw compression rate (1.5:1), it was used to
produce both thick (200 and 400µm) and thin (15 and 20µm)
cast films.

As illustrated in Fig.3, the Wide-angle X-ray Diffrac-
tion (WAXRD) crystalline structure test revealed that
β-form crystallinity is almost completely absent because of
extensive strain-induced crystal transformation (from β to
α-form) [20]. β to α transformation starts during the pre-
heating phase at 125 -140◦C from the desired heating period
that precedes the axial expansion of the film [30]. The film
subjected to biaxial stretching is naturally weak in the (110)
plane orientation.

The stretching of the residual β-phase throughout the first
stage of orientation is responsible for cavitation on the film
surface [20]. The diffraction intensity peaks indicate that the
crystallinity increases with the thickness and ratio of biaxial
stretching.

The smaller crystal size usually leads to higher break-
down strength of films with intermediate forms between
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FIGURE 4. Large-area DC multi-breakdown distributions of, (a) PP1- and
(b) PP2 of BOPP films and thin cast films (replotted from [20]).

nonoriented spherulitic–lamellar and highly oriented fibrillar
morphologies, such as C-200-3.5 film. Although iPP grades
determines the breakdown strength because the content of the
β-phase is inversely proportional to film breakdown perfor-
mance, the biaxial stretch ratio also plays a significant role.
The non-oriented cast films exhibited comparable breakdown
characteristics with the biaxially stretched films at initial
breakdown fields in the range of ∼360–400 V/µm (Fig.4).

The PP1-C-200-3.5 film indicated deflection and numer-
ous breakdown mechanisms. While the cast films C-15 and
C-20 not shown a significant dependence on thickness in
the breakdown mechanism. A somewhat higher trend of
β-crystal content for the cast film is reflected in the break-
down properties of the biaxially stretched PP2-A-500-5.6 and
B-400-5.6 films. The increase in biaxial stretch ratio that
reduces the sizes of crystallites perpendicular to the stretching
plane accounts for the differences by the breakdown strength
between C-200-3.5 and C-400-5.6. The differences between
iPP grades reduce in accordancewith the decrement in the rel-
ative β-phase content of the initial cast film (C-400-5.6) and

FIGURE 5. Cross-section SEM images of cast and BOPP film samples
(replotted from [20]).

result in excellent dielectric strengths of ∼750 V/µm [20].
The degree of BOPPfilm crystallinity slightly increases as the
equibiaxial stretch ratio increases [31], and the electrothermal
breakdown strength of the field-dependent electrical con-
ductivity decreases [32]; as such, the amount of trapped
charges at the boundaries of the amorphous crystalline struc-
tures increases [33]. The change in molecular structure to
a crystal-like structure may enhance thermal conductivity
by reducing phonon scattering [34]. The crosslinking of
the polypropylene (PP) film increases mechanical strength
and thermal stability and consequently increases dielectric
strength; thus, network stability remarkably decreases the
chain mobility that is required to form a free volume or
defects under strong electric fields [35].

Film roughness is another factor that affects breakdown
strength. Surface roughness at the interface of electrode-
dielectric may strengthen the local electric field near surface
and thus intensifies charge carrier injection and space charge
accumulation in the material [36]. These unfavourable effects
affect breakdown behaviour [37]. In the context of film mor-
phology as well, it was found that the melting-peak shifts
to a somewhat higher temperature with an increase in the
stretching ratio and drawing temperature, while the width
of peak slightly narrows. The slight decrease in peak width
refers to the structural transformation from lamellar to ori-
ented structure, i.e. transfer from the weakest (thermal stable)
lamellae to the strongest one. On the other hand, thermal
stability in the oriented structures can be attributed to the
healing of defects that occur during stretching, which would
improve the breakdown strength of BOPP films [38]. Any-
way, the transformation of spherulitic cast film morphology
to extremely oriented fibrillar morphology during a biaxial
stretching of the film is key factors leading to a superior of
BOPP breakdown strength [6].

The cross-sectional optical microscopy (OM) images of
cast films revealed a spherulitic morphology of skin-core type
what confirms the presence of α/β spherulites mixture and a
transit crystalline evolution (Fig.5, a and b) [20].

The cast film image (PP2-C-20) revealed a granular sur-
face structure for both chill roll (CR) and the opposite
side of the chill roll (OCR). The increase in the mean sur-
face roughness was proportional to film thickness. The cast
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FIGURE 6. Craze-crack and craze propagation (replotted from [136]).

film’s initial spherulitic morphology properties are deformed
through biaxial stretching process, to the highly-oriented
fibrillar structure. On the other hand, the OM images of
the BOPP films showed big variations in film transparency,
depending on cast film initial β-crystallinity.
Besides, existence of various amounts of porosity and

voids parallel to film surface was observed [39], [40]; which
were mainly correlated with β-form crystal index (kβ ) of the
cast film (Fig. 5, c and d).

B. MECHANICAL PROPERTIES
Polymer films exhibit elastic properties that vary widely in
accordance with their microstructure and processing condi-
tions [41]. Thus, understanding the quantitative relationship
between crystalline structure and elasticmodulus is important
to determine the mechanical properties of films required for
specific applications [42]. Shear yielding and crazing are
two important polymer deformation micromechanisms that
represent the main source of material energy absorption. The
difference between these mechanisms is that shear yield-
ing occurs when the volume is constant, whereas crazing
occurs as volume increases; hence, crazing is a cavitation
process [43].

Crazes form when the external tensile stress causes
microvoids to nucleate at points of high-stress concen-
trations generated by surface scratches, defects, cracks,
dust microparticles and heterogeneity in the polymer [44].
Microvoids are formed at the gaps between broken particles
on the shear bands. Microvoid formation on the external
surface is considered as cracking initiation [45]. Microvoids
propagate on a plane perpendicular to the highest maximum
stress and stabilise temporarily within fibrils that span the
craze. Thus, the crazed crack transition is the beginning of
the actual failure mechanism [43], [46].

A schematic of the craze stress mechanism is provided
in Fig.6.

Shearing is more effective as a plastic deformation mech-
anism than crazing in terms of energy dissipation because
the whole volume of plastic-deformed material is shared
in energy dissipation. Crazing is linked to brittle failure,
whereas shearing is linked to ductile failure; hence, these
transitions are referred to as brittle (B)/ductile (D) transitions.

FIGURE 7. Strain rate Davidenkov plot for DB and BD transitions at low
and high strain rates (replotted from [137]).

FIGURE 8. Polymer mechanical properties as a function of molecular
weight (replotted from [48]).

A highly deformed fracture area represents a ductile fracture
mechanism, whilst the least locally distorted area indicates a
brittle fracture [47].

Semicrystalline polymers experience two BD and DB tran-
sitions (TBD and TDB) and a shear plateau between these
transitions. Fig. shows the ductile plateau as a function of
strain rate.

The mechanical properties of linear polymers, such
as PP, depend on molecular weight. Linear polymers exhibit
favourable strength at a critical molecular weight. Poly-
mer mechanical properties increase beyond a critical molec-
ular weight to a second critical molecular weight. The
dependence of mechanical properties on average molecular
weights decreases or disappears at this second critical value,
as illustrated in Fig.8.

Nonpolar polymers are characterised by an appropri-
ate range of molecular weights between critical values,
whereas polar polymers and polymers containing hydro-
gen exhibit optimal mechanical properties at low molecular
weights [48], [49]. The dielectric films used in capacitors,
however, must have sufficient tensile strength to withstand
the pressure applied on the film layer when they are rolled
tightly to prevent air gap formation. The tensile strength of
most films is between 160–200 MPa and depends on film
microstructure [50].

The simulation results for the crystalline structure effect
test of isotactic PP films on elastic modulus indicate that
enhancing chain regularity increases modulus by increasing
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FIGURE 9. Prediction of modulus values based on, (a) fixed lamella
thickness and (b) fixed crystallinity values (replotted from [42]).

crystallinity and lamellar thickness. Lamellar thickness has
a weak effect on stiffness, and a thick lamella increases
modulus at the same crystallinity level, as shown in Fig.9a;
the improvement in crystallinity is illustrated in Fig.9b [42].

Thus, microstructure and orientation degree have a remark-
able effect on electrical and mechanical properties and the
general behaviour of dielectric films subjected to electrother-
mal activation and temperature, strain rate, stress state and
shape and size defects. Thermal ageing stimulates chemi-
cal reactions in polymers that lead to chain scission and
reduce molecular length and weight [51]. Consequently, the
reduction in molecular weight as a result of chain scission
reduces mechanical strength and leads to the low ductility
of the material [52]–[54]. The presence and propagation of
microvoids in dielectric films under the influences of stress
initiates PD ageing and breakdown mechanisms.

C. CHEMICAL DEFECTS
Potential chemical defects in a polymer structure are one
of the important causes of film function degradation dur-
ing application. Functional density calculations indicate that

impurities in the band-gap result from chemical impurities
in PP [55], [56] and lead to electron density interference
between polymer backbones. As such, charge carriers hop
between valence and conduction bands, the conductivity of
the material is increased and thermal breakdown is facili-
tated [57]. Although PP has an impressive band-gap of 7eV,
the effect of its defects and impurities that contained cannot
be ignored. The electronic band-gap value is a good index
of polymeric dielectric qualit and is highly correlated with
breakdown strength [58].

There are six possible chemical defects in the electronic
structure of the polymer chain. When a single hydrogen
atom is removed from each of two adjacent carbon atoms,
the double bond defect forms (—CH2CH2—). The defect of
hydroxyl (OH) is formed when a hydrogen atom is replaced
in a C–H bond by –OH group.Whereas, the carbonyl (C = O)
and vinyl defects are formed when the two C–H bonds of a
carbon atom are replaced by an oxygen atom and a = CH2
group, respectively. On the other hand, the conjugated double
bonds (—CH2 = CH-CH = CH2—) are created when one
C—Cbond occurs between two double bond defects. Accord-
ingly, dienone (—CH=CH—CH=O—) is the combination
of a double bond and a carbonyl defect.

Distinct occupied and unoccupied levels in the band-gap
exist in the case of C = O, vinyl, conjugated double bond
and dienone defects while are separated by a 5 - 6 eV. These
defects are partly responsible for the reduction of breakdown
strength by decreasing the band-gap of a dielectric [59].

III. THERMAL AND ELECTRICAL IMPACTS ON
DIELECTRIC FILMS
A. THERMAL IMPACT ON FILM
The charging/discharging cycles generated from electrodes
and dielectric materials cause thermal ageing by increasing
the internal heat and energy losses of the capacitor [10], [60].
The numerous factors that cause thermal ageing are discussed
in this paper. Thermal ageing is one of the most important
factors that results in the serious degradation of dielectric
material properties and the failure of capacitors.

A perfectly pure polymer film (where all of the films are
contaminated by ambient air or grease stains or are con-
taminated deliberately or during manufacturing) does not
exist [61]. No polymer film has a fully crystalline grade, that
is, polymer films exhibit varying degrees of crystallisation;
for example, BOPP films include crystalline and amorphous
zones [62], [63]. The dielectric loss of the BOPP film is
0.0002 at temperatures up to 85◦C and considerably increases
because of electronic conductivity as temperatures exceed
85◦C [64], [65]. Excessive heat morphologically changes
dielectricmaterials [62]. High film purity, antioxidant amount
and impurities are critical factors that affect film performance
at high temperatures and under strong electric fields. The
PP polymer is susceptible to free radical-mediated chain
degradation because each of its monomer units has a tertiary
proton [66]–[68]. Antioxidants represent a catalytic mech-
anism that rapidly degrades polymer chains by removing
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the labile tertiary hydrogen (H∗). Thus, the resulting spon-
taneous oxygen oxidation of the polymeric carbon radical
is followed by hydroperoxide group formation. After the
hydroperoxide group is decomposed, two potential degrada-
tion mechanisms of the polymer chain create two pairs of PP
chains with reduced molecular weight. Two new polymeric
carbon radicals are created simultaneously with constitute PP
polymers along with a terminal aldehyde or an unsaturated
group [69], [70].

Thermal ageing rearranges part of the crystallinity phase
via molecular packing and enhances the crystalline phase
and the recrystallisation of the thermally unstable crystalline
zone [4], [71]. The crystalline and amorphous regions in
polymeric materials have a direct effect on the final physical
properties and ageing of capacitors during application [71].

Thermal ageing results in the conversion of part of the
amorphous phase of the film to the crystalline phase and an
increase in the amounts of highmolecular-weight materials in
the surface layer, where impurities and low-molecular-weight
materials have been rejected from the bulk materials in the
aged film. Consequently, the amount of impurities and low
molecular-weight materials on the surface layer of the film
increases as the crystalline phase increases [4], [62], [72].
The amorphous region is affected by high temperatures given
its low melting point. The high-temperature region causes
ion hopping and activates the current conduction mecha-
nism in the amorphous phase [4], [64]. Regardless of the
remarkable crystallisation that occurs in aged films, the con-
duction current dramatically increases after thermal ageing.
The conduction current mechanism is attributed to the relax-
ation of the oriented amorphous phase and/or an increase
in ionic concentration [73]. Increments in temperature result
in a chemical change in the polymer film and act as the
thermal activator of chemical reactions that are inert at low
temperatures [4], [62]. The thermal activation energy of the
BOPP film is 0.76eV [64]. Supplying excess energy to the
macromolecule chains may cause polymer degradation and
eventual breakdown due to that energy concentrated on chem-
ical bonds significantly elevate energy levels beyond acti-
vation energy [15]. These chemical reactions are followed
by the free-radical formation, wherein the presence of a
free radical or a single electron increases molecular insta-
bility [74]. This condition ensures that additional chemical
reactions with the surrounding compounds are initiated, oxy-
gen is absorbed (oxidation), moisture is generated (hydrol-
ysis), compounds are depolymerised (i.e. reactions between
different polymer chains) or the backbone chain is divided
or crosslinked. Fig.10 shows the polymer network that is
induced by stress at temperatures above the glass transition
temperature [15], [75].

The results of the thermogravimetric analysis (TG) have
revealed that the more aged sampled are rapidly degrades.
The temperatures of the aged samples under the natural
solar environment decreased for 60 and 80days from 443 to
439 ◦C, respectively compared to the reference sample 452◦C
(Fig.11).

FIGURE 10. Polymer networks stress-induced at temperatures above Tg
(replotted from [138]).

FIGURE 11. TG curves of the PP samples. (replotted from [76]).

For the same temperature, the percentage of the corre-
sponding mass loss increased as a function of the ageing
period [76]. Segments of the degraded polymer by thermal
ageing leads to displaced the initial temperature of the sample
to lower value. The higher difference in temperatures between
aged and reference samples may be attributed to the chain
scission effect [77].

Conduction is another source of loss in capacitor films and
is coupled with the hopping mechanism when the charged
carriers (electrons) hop between traps. The hot electron jump
distance was approximately 1.4nm at 308K for a BOPP film
with 7 µm thickness [64], [78]. Carrier mobility is activated
thermally under a weak electrical field (<10 MV/m) when
the energy gained between traps is lower than thermal energy
and conductivity is Ohmic. The energy gained from a strong
electric field (≥100 MV/m) when a carrier moves between
traps becomes comparable with thermal energy; this effect
initiates detrapping that leads to an exponential increase
in conductivity under an electric field [64]. The transition
from Ohmic to nonlinear conduction for BOPP films occurs
at 100MV/m. Thus, under sufficient electric field strength,
the energy gained between traps approaches the depth of
the trap to activate trapped carriers; however, ageing rapidly
evolves and the dielectric polymer enters the prebreakdown
stage [64], [79].

The effect of temperature on the DC conductivity behav-
ior of BOPP films with Ni/Au electrodes at different
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FIGURE 12. Conductivity of 10 µm BOPP versus time with the gradual
increment in DC voltage and different temperatures (replotted from [80]).

temperatures (30, 70, and 100◦C) under 30–250 V/µm elec-
trical fields has been reported. Conductivity remarkably
increases as the temperature is increased from 30 to 100◦C
but also gradually decreases and becomes slowly saturated
over time; however, a clear dependence on the size of the
electric field over the range of 30–250 V/µm is absent [80],
as in Fig. 12.

The measured properties cannot be directly linked to
BOPP only because evaporation may alter the physical,
chemical and electrical properties of the metal BOPP inter-
face [81], and gradual morphological changes have potential
effects during measurement (e.g. secondary crystallisation
at increasing temperatures). The electrical conductivity of
BOPP depends on the hopping mechanism. The hopping
distance (λ) ranged from 1.4nm to 3.2nm when temperature
increased from 308K and 373K, respectively, with activation
energy approximately 0.75eV independent of the electric
field [64]. The density of conduction current as a function
of the electrical field at different temperatures is illustrated in
Fig.13.

FIGURE 13. Conduction current density of the 7 µm BOPP film as a
function of electric field strength at different temperatures (replotted
from [64]).

Nonetheless, the distance value of hopping ranged depend
on the dielectric film crystallization’s degree [6], [64]. While
high temperature activates additional carriers to contribute in
conduction at a very low electric field [82].

The conductance losses of the dielectric polymer increase
as its conductivity increases under a strong electric field and
at high temperature; thus, thermal ageing is a major impedi-
ment to the reliability of dielectric polymers [64], [83].

B. ELECTRICAL EFFECTS ON FILM
Polymer materials contain varying proportions of impuri-
ties, micropores, amorphous regions, straight chains, string
folding, fibre tufts, chain ends, dislocated regions, residual
catalysts and additives (polar groups) used by manufactur-
ers [84]–[86]. These exotic materials and physical defects
cannot maintain neutrality under the influence of a certain
electric field strength but contribute to the formation of
space charge traps [87]. The first stage most likely initiates
the deterioration of the polymer film under the influence
of electric field intensity during macromolecule ionisation
due to electron tunnel transfer [88]. Direct degradation of
dielectric film can be classified into two levels in accor-
dance with electric stresses: the breakdown of low-density
regions (PDs), which have an extremely aggressive interplay
with the polymer surface, and the direct effect of electrons
on the polymer layers near the electrode/dielectric interface
(space charge) [89], [90].

The application of an electric field with a strength exceed-
ing the threshold of the dielectric material results in polar-
isation that stems from trapped of the space charge, which
consequently enhances the local electrical field and distorts
the applied field distribution and leads to electrical age-
ing [91]–[93]. On the other hand, another study revealed that
the origin of ageing is mainly by mechanical stress (shear,
compression, and torsion) and that space charge is a result
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FIGURE 14. FTIR–ATR results for PP films (replotted from [92]).

of mechanical ageing. The accumulation of space charge in
a degraded film by ageing strengthens the local field and
leads to breakdown. Whereas initial degradation has already
occurred due to electromechanical deformation in the molec-
ular chains of polymer [63].

Electrostatic energy plays an important role in the config-
uration of a particular set of charges within the dielectric and
thus increases with the electric field and ultimately becomes
equal to polymer cohesion energy. Van der Waals attraction
bonds are inevitably broken under an equal or higher value
than that of the critical field. Given that the energy of PP
cohesion is usually low (∼ 0.1eV) the energy barrier is dis-
torted by the energy of cohesion and results in irreversible
ageing [63], [91]. The melting point of PP film is 160◦C
during accelerated ageing at a set temperature of 110◦C.
A previous study carried out to the PP films were aged

under different voltage stresses. DC%determined as a ratio of
the variable DC-voltage to the combined (AC and DC) volt-
age which was represented as the maximum voltage (Vmax),
(DC% = (Vdc/Vmax) × 100%. The Vmax was set as a fixed
voltage at 5kV with 1kHz.

Identified values of (DC%) were 37.5%, 43.75%, 50%,
56.25% and 62.5%. The FTIR-ATR spectra and the combined
voltage waveform are shown in Fig. 14.

The new peaks that emerged in the FTIR–ATR spectra
of aged samples represent O–H and C = O groups. The
intensities of these groups are higher than those of groups in
virgin samples. Consequently, the growing number of new
molecules enhances oxidation and increases the breaks in
the long polymer chains; these effects promote film degrada-
tion [92]. PD is enhanced and chains are in scission when the
AC voltage increases (or D% decreases). Thus, long chains
are broken into small chains.

The occurrence of oxidation and the formation of polar
molecules, such as –OH and C = O, intensifies orientation
polarisation and increases the dielectric constant, as shown
in Fig. 15 [92], [93]. Only DC stress may induce crosslinking

FIGURE 15. Permittivity of aged PP films (replotted from [92]).

by producing –OH groups and carbonyl groups; by con-
trast, AC stress may induce polymer degradation by produc-
ing numerous –OH and carbonyl groups via the frequency
effect [93], [94].

IV. SPACE CHARGE AND SELF-HEALING UNDER
VARIOUS VOLTGAE WAVEFORMS
A. SPACE CHARGE
Most polymer dielectric films utilised in capacitors are sub-
jected to strong electrical fields, whether AC, DC or superim-
posed, that lead to space charge injection and accumulation
in varying proportions in accordance with the applied field
type [95]. Given that defects exist in polymer films, positive
and negative charges be in an unequal state due to asymmetric
atomic distribution in the defects, carriers will be attracted
thus form charge traps [87], [89]. The space charge accu-
mulation can lead to distortion of the local electric field in
the dielectric [96]. This process generates electromechanical
stresses that lead to the deformation of the molecular chains
of the material, thus initially resulting in property deterio-
ration and accelerating dielectric material ageing [63], [97].
The traps are classified as shallow and deep on the basis of
activation energy [98]. Deep traps are formed in BOPP films
when activation energy exceeds 1eV, whereas shallow traps
are formedwhen activation energy is less than 1eV [89]. Polar
groups, impurities, and catalysts are polarised under a low
DC electric field to form a homocharge (symmetric polarity
with the field) inside the dielectric. While the heterocharge
(asymmetric polarity with the field) forms inside the film as a
result of injecting the charge under a higher electric field. The
formation of heterocharge would strengthen the electric field
near the electrode and reduces it in the middle of dielectric,
which may reduce the breakdown voltage, unlike the effect
of homocharge [89], [99].

However, measurements of the space charge can pro-
vide useful information on charge density, investigate charge
injection and transport mechanisms and behavior of the elec-
tric field in the dielectric, and thus in the ageing process [100].
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The formation of space charges within the dielectric depends
on the crystalline morphology of the semicrystalline poly-
mers, film thickness, and physical defects such as micropores
and cavities. These physical defects are formed by the local
arrangement of molecular chains to act as carrier traps for
the space charge. The behavior of space charges is totally
different depending on the crystallinity degree of polymer
films because the density and level of charge traps are related
to the film microstructure [101], [102]. Therefore, higher
crystallinity films showedmore accumulation of homocharge
and lower mobility as well as more deep traps [103].

A Coulomb force caused by effect of the external elec-
tric field acts on the molecular chain when charge carriers
are captured by the molecular chain with deep traps. Hence
the molecules with negative carriers will move toward the
anode while the positive carriers move toward the cathode.
Trap energy increases with a longer charge retention time
as charge stays longer in deep traps than in shallow traps.
The effect of Coulomb’s force on the molecular chains con-
taining deep traps is increased. Consequently, the accumu-
lation of space charges and distortion of the electric field
being more intense within a thick film than in a thin film.
In this regard, the molecular weight of polymers plays an
important role in determining the film thickness and there-
fore the amount of space charge accumulation [103], [104].
Anyway, with the growing demand to utilize thin films,
the non-destructive space charge measurement methods have
evolved over the past years to satisfy the requirements of
accuracy and reliability.

The main measurement methods of solid dielectrics have
been classified into methods based on mechanical, electrical
and thermal disturbance pulses.

The working principle of these methods depends on the
displacement of space charge within dielectric by distur-
bance to generate a displacement current measured by an
external circuit [105]. The spatial resolution of conventional
mechanical or electrical pulse disturbance-based methods
is around several micrometers which causes them unsuited
for the space charge measuring of thin films of capacitor-
grade. The pulsed electro-acoustic (PEA)method and thermal
methods are common methods that have a satisfactory spatial
resolution value that can be improved by enhancing measure-
ment accuracy over the surface and internal temperature of
the sample.

The PEA method has applied to measure HVDC mate-
rials as well as to characterize insulators for DC and AC
applications in general and also for the ageing cases [101].
The thermal method has three main types, thermal pulse
method (TPM), thermal step method (TSM), and laser
intensity modulation method (LIMM). The thermal gradient
applied to the sample determines the difference between
these types. Anyway, the TP method adopted the time
domain to collected available data, it’s much faster than
the LIMM method which scans the signal in the frequency
domain [106], [107].

FIGURE 16. Space charge distribution characteristics of the BOPP film at
25◦C(replotted from [105]).

The polarisation results for a 9.8 µm BOPP film with
different DC voltage 0.5, 1, and 1.5 kV, at 25 and 70◦C
revealed the increasing role of negative charge in injecting
of homocharge.

It should be mentioned that the examination of space
charge injection and migration within the film was per-
formed under an electric field depending on the improved
TP method [108]. At 25◦C and under the applied voltage
50 V/µm, almost no space charge has been detected because
this field was less than the threshold field for space charge
injection. Upon polarization under the electric fields of 100
and 150 V/µm, the negative charges were gradually intensi-
fied in a region near the cathode surface. The positive charge
was formed near to the anode meanwhile, the density of
negative charge near the cathode was enhanced under the
electrical field of 150 V/µm (Fig. 16).

The negative charge creates in the deeper bulk of film due
to the migration of space charge injected under the effect
of high voltage [105]. Where the density and level of the
charge trap partially determine the speed of space charge
migration within the film. In high electric fields, the trap level
changes to be shallow and it becomes easy for the charge
to jump from trap to trap, depending on the effect of Poole-
Frenkel. It is useful here to point out that the Poole-Frenkel
effect has indicated two important factors that can enhance
charge injection are the applied field level and temperature.
The polarisation under high fields causes the inclination of
the energy band-gap because the hole injection needs to get
over a higher potential barrier which leads to the injection
of asymmetric bipolar space charge [109]. Thus, only the
negative charge can be observed in the low electric field,
while the injection of positive charge observes at a higher
field which leads to more accumulation of asymmetric homo
space charges.
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FIGURE 17. Space charge distribution characteristics of the BOPP film at
70◦C(replotted from [105]).

Under these conditions, the density of negative charge near
the anode was much higher than that near the cathode. The
effect of the thermal-aided emission is clearly demonstrated
through increasing the test temperature, where the negative
charge accumulates more and more near the cathode at 70◦C,
while the polarity of the accumulated charge near the anode
oscillates from positive to negative (Fig. 17).

This phenomenon occurs due to dominance of injection
of the asymmetric negative charge and the mutual migration
of injected charges. However, the high temperature acts to
increase the difference in the rate of asymmetric charging
injection. Initially, the amount of injected negative space
charge was higher than the positive charge. With the increase
of the applied voltage influence, the majority of positive
charges are overlapped or re-combined with the negative
charge during the mutual migration of the injected charge.
Ultimately, the high-density heterocharge accumulated adja-
cent to the anode due to the continuous migrations of numer-
ous negative charges injected [105]. The behavior and effect
of the space charge vary in accordance with the type of
voltage applied to the dielectric film, as explained by the
following.

1) UNDER DC FIELD
Space charge injection with fixed polarity by the electrode
weakens the field at the interface and suppresses more
space charge injection. At the same time, the field within
the material is under the influence of space charges with
the same polarity for both sides. Therefore, the breakdown
under the influence of DC voltage resulting from space
charge accumulation begins damages the material from the
inside [37], [110]. The maximum level of the applied DC
electrical field distortion on BOPP film due to charge accu-
mulation is 80%. Thus, the accumulated space charge would
enhance the ability of PD to cause energy losses and electrical
ageing accumulation; as such, the capacitor dielectric lifetime

is shortened [89], [105], [111]. The life of the capacitor
dielectric decreases by 2% with each 8◦C increment over the
temperature range of 40 to 65◦C [112].

2) DC WITH AC VOLTAGE
The space charge is injected in the dielectric material at
every half cycle, wherein only a small net residual charge
accumulates over time. The space charge is highly depen-
dent on frequency: The charge moves deep into the bulk
of the sample at a low frequency, whereas the amount of
trapped charges increases as frequency decreases [113]. Thus,
the amount of the space charge injected under AC voltage is
considerably smaller than that stored in the same dielectric
under DC voltage with the same root mean square value as
the AC voltage [89], [105]. The breakdown under DC stress
begins near the bulk of the dielectric, whereas that under AC
stress begins near the sample–electrode interface. The electric
breakdown strength of the dielectric is low under AC stress
and decreases further as the applied frequency is increased in
contrast to that under DC breakdown [37].

The amount and behavior of space charges accumulation
are related to the frequency of the applied voltage under
complex electric fields. The accumulation of space charge
decreases and the time required to reach steady-states of
charge amount increases with frequency increasing, due to
increasing frequent polarity reversals with frequency [113].
The influence of temperature, DC voltage, DC combination
voltage and pulse voltage on the surface charge and trapping
properties of the PP film has been reported. Detrapping of sur-
face charges from the deep traps can be remarkably enhanced
by increasing the temperature [114] thus, the decay of the
surface charge is accelerated. Surface charge accumulation
is unrelated to temperature under DC voltage, whereas the
decay dominates over electric field and temperature. Tem-
perature affects surface charge accumulation by affecting
the coupling of surface charges. Coupling complicates sur-
face charge decay under the combination of DC and pulse
voltages. Consequently, the electrical field, trap level, and
density are asymmetrical with decay under different temper-
atures [115]. The space charges are resulted by ageing of
dielectric materials only, i.e. physical defects (nanocavities)
that are formed by field-induced strain are contributing to
charges injection [63]. Nanocavities are considerably smaller
thanmicrocavities, which are local expansions of the polymer
matrix and form in low-density spots in blank places that fill
the free volume within molecular chains. Nanocavities are
produced under an average field and not under a strong local
electric field associated with the accumulation of localised
charges; therefore, charge transport and electrical breakdown
depend on nanocavity density and size [63], [116], [117].
Polymer ageing is the result of electromechanical stress,
and space charge accumulation increases local field and
degrades materials via ageing, whilst electrostatic energy
increases with field strength to break van der Waals attraction
bonds [63], [116], [118].
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FIGURE 18. Self-healing phenomenon in MPPC (replotted from [15]).

B. PD AND SELF-HEALIN
Metallised capacitors have the unique feature of self-healing
or clearing, which is the ability to self-repair at the expense
of capacitor parameter degradation (graceful failure). Self-
healing is a joint process its success depends on metallised
layer resistivity and polymer chemical composition. The for-
mation of conductive paths by free carbon in the cleared
metallization region at the approximate breakdown site
results in poor self-healing and capacitor failure [10], [119].
Defects, impurities or voids in the structure of the crystallised
film cause local breakdown under the influence of voltage
stress [118], [120]. Thus, PD is attributed to local breakdowns
that do not damage the dielectric structure when the local
electric field strength exceeds the breakdown resistance of
the material (low-density breakdown regions). This process
results in the gradual localisation of high temperatures and
increases pressure [14], [118]. The dielectric film is punc-
tured during severe discharge, the thin electrode layer at the
defect site is rapidly vaporised and driven wards and the
site become electrically isolated [15]. Fig.18 illustrates local
breakdown or self-healing (clearing).

The basic degradation mechanism of the thin dielectric
films caused by PD is illustrated in Fig 19.

The intensity and behavior of the PD vary in accordance
with the type of the applied voltage.

1) UNDER DC VOLTAGE
Two principal mechanisms affect repetitive PD under the
influence of DC voltage. The first is the recharge of dielectric
voids via current applied to the dielectric, and the second is
the redistribution of charges resulting from discharge [121].
Both processes generate current across voids in the dielectric.
The specific changes in DC voltage polarity also affect charge
redistribution and PD repetition [121], [122]. The defect
related to PD under DC voltage is described by using pulse
magnitude and event time [123]. Themagnitude of PD greatly
depends on the electric field in the cavity at the moment the
initiatory electron appears and the discharge process starts.
In transient voltage conditions, the voltage across the cavity
increases as a result of the high overvoltage which leads to a
significant increase in the PD magnitude. Generally, DC dis-
charges have negligible repetition (number of discharges),

FIGURE 19. Polymer dielectric film degradation due to PD.

small in magnitude and low effective, so the applied voltage
is considerably high [124].

2) UNDER AC VOLTAGE
Applied AC fields increase the probability of PD accidents
with each frequency cycle by redistributing space charge or
residual surface charge at a discharge site after each discharge
event [125]. As a result, the repetition of PD under AC
fields depends on the frequency of applied voltage [126].
High-order harmonics increases the likelihood of PD by
increasing voltage at a certain value to block space charge
movement and by redistributing the net electric field in defect
locations [64]. PD pulses under the influence of AC and DC
voltages are clarified in Fig.20 [127], [128].

Comparing the effects of AC and DC voltage on discharge
events shows that the amount of discharge under DC voltage
is considerably less than that under the AC voltage on the
assumption that the dielectric films have the same properties
and are subject to the samemeasurement conditions [49]. The
PD events under both AC and DC voltages heavily depend
on the film thickness where a void size inside dielectric
relates to the random nature of the polymers. Therefore,
the biggest void in which an ionization product can reach
a sufficient amount of kinetic energy is most likely occurs
in the thick film [129]. Anyway, the dielectric films are
subjected to high stress under the influence of the super-
imposed voltage via exposure to voltage ripples and abrupt
wave changes that increase the repetition rates of PD with
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FIGURE 20. Pulse repetition characterisation of PD: (a) under AC and
(b) under DC electric fields (replotted from [123]).

FIGURE 21. Overview of polymer dielectric breakdown correlated on
temperature with three main breakdown events (replotted from [146]).

increments in ripple frequency; self-healing is consequently
enhanced [130], [131]. The increment in self-healing rep-
etition with the continuous weakening of the metal layer
results in electrode deterioration via electrochemical corro-
sion, and the amount of leakage current within the dielec-
tric is increased [123], [130]. Electrochemical corrosion is
defined as the gradual change of Al to Al2O3 due to the
migration of oxygen and/or moisture from a polymer to
the metallisation interface; hence, this phenomenon depends
on the permeability of the polymer to oxygen and mois-
ture and an electrode interface where the air bubbles are
located [10], [130], [132]. Thus, corrosion with ripple current
causes the dielectric strength to deteriorate and represents a
potential failure mechanism [132], [133].

V. BREAKDOWN MECHANISMS
The breakdown of polymer films is a compounded pro-
cess that is influenced by many factors; often be tempera-
tures, humidity, applied mechanical pressure, film dimension
(thickness and area), crystallinity and orientation degrees
and electrode quality, and applied voltage type (AC, DC or
DC superimposed) [118], [120]. The breakdown occurs as
an abrupt phenomenon of the dielectrics leads to lost their
functions thus represents lifetime endpoint [16]. This last
mechanism which leads to a catastrophic breakdown of a
film actually a variety of various complex and conflicting or
accumulating processes and their actual source is difficult to
be clearly and accurately determined [123], [134]. The exter-
nal electric field causes a charge of space charge which may
lead to negative differential conductivity. Three basic theories
to dielectric breakdown: electrical, thermal and mechanical
breakdown (Fig. 21).

FIGURE 22. Characteristics of BOPP breakdown at various temperatures
(replotted from [147]).

High temperatures are classified as another factor
that affects film breakdown. Breakdown behavior of the
capacitor-grade BOPP film with 6 µm at different temper-
atures (RT to 100 ◦C) was observed using the large-area
multi-breakdown method. Test results (Fig. 22) with the
partially expanded details of temperatures ranging from
20 - 100◦C with percentiles corresponding to breakdown
probabilities 5 %, 30 %, and 63.2 % revealed that the Weibull
scale parameter tends to decline caused by ageing. The
breakdown strength was systematically decreased at 63.2 %
from (684 to 602 V/µm) for RT to 100◦C, respectively. The
possibility of multi-breakdown mechanisms depends largely
on changes in temperature and dielectric quality. It should be
noted that measuring the breakdown of large-area is critical
to obtain a realistic perception of dielectric performance. This
method allows for the possibility of breakdown measurement
regardless of sample weak points, where the defects in the
film volume have a significant impact on the formation of the
Weibull distribution with increasing area [129].

Film crystallinity also plays a key role factor in the
domain of electrical breakdown behavior. The accelerated
electro-thermal ageing (65◦C under DC field 19.2 V/µm)
at 626 hours was performed on the impregnated BOPP
films have various crystalline degrees (S1 higher crystalline
than S2) with 6.5 µm thickness. Measurements of DC volt-
age breakdown have been performed at ambient tempera-
ture 23 ◦C and at 25–30% humidity. The intersection point
of the data with the fitted line of 63.2% unreliability line
describes the distribution characteristic of the breakdown
voltage (1.1kV for S1 film and up to 0.78kV for S2) (Fig 23).
Consequently, it can be concluded that the optimum crys-
tallinity of dielectric enhances breakdown strength and con-
tributes to extend film lifetime.

The breakdown usually occurs in most cases as a sudden
increase in conduction current followed by the final phase
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FIGURE 23. Weibull distributions of DC breakdown voltage of BOPP films with different
crystallisation, (a) S1 and (b) S2 (replotted from [145]).

of electric failure, which is always associated with a thermal
tincture [57].

The breakdown mechanism under AC electric field
depends on PD behavior, which is determined on the basis of
frequency of applied voltage to the film in addition to factors
related to film microstructure. Heat accumulation resulting
from accelerated PDs activity contributes to the increase of
dielectric losses and eventually diminish breakdown strength.
Whereas films under DC electric field effect exposed more
complex electrical stress; harmonic voltage, transient and
over-voltage superposition. Moreover, in cases of parallel
DC-capacitors, transient overvoltage occurs at very short time
and often with high amplitude, making the dielectric more
likely to breakdown [135].

VI. CONCLUSION
The performance of dielectric films can be efficiently
improved by enhancing their ability to withstand DC high
voltage levels, temperatures, pulse, and superimposed volt-
ages and harsh working conditions. A comprehensive study
and in-depth understanding of the causes and mechanisms of
the ageing of capacitor-grade films and methods for develop-
ing such dielectrics are needed to meet these requirements.
The key points that affect the performance, ageing and devel-
opment films of MPP capacitors and that require emphasis
are summarised as follows:

1. The crystallinity and defects of the BOPP film play a
substantial role in determining the electric field thresh-
old, space charge formation, leakage current, and PD
events, which are the main factors during the ageing of
BOPP films. The crystallinity and defects are related
to the microstructure and electrical/mechanical prop-
erties of the films during manufacturing and treatment
processes and additive ratios.

2. Films defects include on the microcavities, chain bend-
ing, dislocating, crystalline and amorphous regions
interaction, residual catalyst amount, and antioxidant,
besides not completely arranging the molecules regular
during the biaxial orientated stretching. In this detail,
the effect of nanocavities differs from microcavities,
as they are a local extension of the polymer matrix that
leads to points of lower density and void spaces fill-
ing the free volume between molecular chains. These
defects have extremely aggressive interplay with the
film surface and they are led to polarisation stem
from the space charge, which enhances the electrostatic
energy more than coherence energy of BOPP films and
makes it at an irreversibly ageing.

3. The electrons hopping distance is highly dependent on
the crystallization degree of BOPP film, while temper-
ature increasing stimulates the additional charge carrier
mobility to contribute in conduction increases even
of the low electric fields. Therefore, the conductance
losses increase as a preliminary indicator of thermal
ageing.

4. Critical molecular weight limits greatly affect the
mechanical properties of BOPP films. These properties
are directly responsible for microvoids formation that
perform under the influence of increasing stresses to
the film chain scission and initiation the PD, ageing and
mechanisms of breakdown.

5. The trap levels, migration speed and easily jumping of
space charge between traps depend primarily on the
high fields applied and /or local fields. High electric
field decreasing the energy band of BOPP film, which
may lead to more asymmetric injection of bi-polar
charge and promote degradation and ageing.

6. Combined thermal, electrical and electro-thermal
stresses have devastating effects on the film’s reliability
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of capacitors. Separating these stresses when inves-
tigating ageing, deterioration and breakdown hin-
ders the development of high-voltage DC capacitor
films. Hence, research on these mechanisms requires
the extensive integration of theoretical and practical
aspects.

Although advancements in industrial capacitor industry
techniques, a further in-depth research is still required to
innovate new methods for the film’s production used for
high-voltage DC capacitors with excellent ageing resistance,
losses, temperature, and energy density.
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