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Abstract 
 
Crystal structure, morphology and crystallization kinetics of melt-crystallized polypropylene and 
poly(propylene-stat-ethylene) fractions with 2.7 to 11.0 mol% of ethylene were studied by differential 
scanning calorimeter, wide- and small-angle X-ray scattering, polarized light microscopy, 
transmission electron microscopy and infrared spectroscopy. With increasing ethylene content the 
poly(propylene-stat-ethylene) fractions showed unchanged crystallinity, increased unit cell volume 
and constant crystal thickness in combination with a shortened helix length. This indicated that a 
fraction of ethylene defects were incorporated into the crystal structure. During the isothermal 
crystallization both α- and γ-crystals could be formed. The γ-crystal fraction increased with 
increasing ethylene content and increasing crystallization temperature. For samples with α- and γ-
crystal contents, multimodal melting was observed and a noticeable γ- to α-crystal conversion was 
observed on slow heating. The spherulitic structure of the copolymers was coarser than that for the 
homopolymer. The crystalline lamellae in copolymers exhibited profound curvature in contrast to the 
straighter cross-hatched α-crystals typical to the homopolymer. 

Area dependence of electrical breakdown strength was studied for thin polypropylene homopolymer 
films. The measurements were performed with an automatic measurement system equipped with a 
scanning electrode arm. Five different electrodes having areas between 0.045 cm2 and 9.3 cm2 were 
used and typically 40-80 breakdowns per sample and electrode area were collected. All measurements 
were performed on dry samples in air at room temperature. The data was analyzed statistically and the 
Weibull function parameters α and β, the first one related to 63% probability for the sample to break 
down and the second one to the width of the distribution were fitted to the obtained data. Different 
features concerning the measurement system and conditions, e.g. criteria for the automatic detection 
of the breakdowns, effect of electrode edge design, partial discharges, DC ramp speed and humidity 
were critically analyzed. It was concluded that the obtained α-parameter values were stable and 
repeatable over several years of time. The β-parameter values, however, varied ± 10-30%, more for 
the large than the small electrodes, and were also sensitive to the changes both in the sample itself and 
in the measurement conditions. 

Breakdown strengths of over 50 capacitor grade polypropylene films were analyzed. The obtained α-
parameter values were between 450 and 850 V/µm, depending on the film grade and electrode area. 
In addition to the high breakdown strengths, reflected by the obtained α-values, another, sparse 
distribution consisting of low breakdown strengths was revealed when the amount of measurement 
points was high enough. This means that more than one Weibull distribution could be needed to 
describe the breakdown strength behavior of a polypropylene film. Breakdown values showed 
decreasing area dependence with decreasing electrode area. Breakdown strengths for larger sample 
areas were predicted from the small area data by area- and Weibull extrapolation. The area 
extrapolation led to predicted α-values 50% higher than measured at 4 m2 whereas the Weibull 
extrapolation showed an accuracy of ±15 % when predicted and measured values were compared.  

Breakdown strengths were also extrapolated for film areas similar to those in impregnated power 
capacitors. It turned out that the power capacitors, tested at the factory, performed much better than 
predicted by the extrapolation. However, a few weak spots with very low breakdown values were also 
found. For the poly(ethyelene terephtalate) dielectric, which is not swelled by the impregnation 
liquid, the large area breakdown strength was predictable. This indicates that for polypropylene film 
processing and impregnation led, in addition to the improved large area breakdown performance, also 
to sparse weak spots with low breakdown probabilities. Different Weibull distributions were 
responsible for the breakdown strengths for the processed and impregnated polypropylene than for the 
dry film samples. 

 
Keywords: polypropylene, poly(propylene-stat-ethylene), crystal structure, morphology, 
crystallinity, crystallization kinetics, lamellae, spherulite, defect, electrical breakdown, breakdown 
strength, measurement method, Weibull distribution, area dependence, extrapolation, capacitor, 
power capacitor. 
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1 Introduction 

1.1 

1.2 

 

 

Background and aim 
 

This thesis summarizes the polypropylene-related research work that has been 
performed during a period of ten years. The first years work concerned the crystal 
structure and morphology of polypropylene and its copolymer with ethylene. The 
aim was to investigate whether the ethylene-"defects" are included or excluded from 
the crystal structure. The question has a vast practical importance for the 
polypropylene producers since one of the reasons for introducing the copolymers 
into the polypropylene chain is to locally interrupt the crystal growth. The ultimate 
goal is to obtain new, modified polypropylene grades with well controlled crystal 
structure. This part of the work was performed at the Institute of Polymer 
Technology at the Royal Institute of Technology in Stockholm and resulted into a 
licentiate thesis 1995.  

Due to the author's employment at the ABB Corporate Research, the focus was 
moved to an application of the polypropylene: the capacitor dielectric. The aim of 
the work was to better understand the factors controlling the electrical breakdown 
behavior of the polypropylene dielectric. Various film grades from a number of 
different suppliers were studied by means of breakdown strength measurements. The 
area dependence of the breakdown strength was particularly investigated. One goal 
was to characterize the breakdown strength behavior of different capacitor grade 
polypropylene films, another to study how well the large area breakdown strength 
can be predicted from the small scale laboratory measurements. Breakdown strength 
behavior of some other films, e.g. poly(ethylene terephthalate), were also studied.  

An extensive amount of data concerning the breakdown strength of the 
polypropylene film has been collected during the research period. Unfortunately, 
only a part of it can be presented here. The selection criteria have been the aspects 
that could be of a more general interest in understanding the dielectric breakdown 
behavior of the polypropylene film. The other and very self-evident criteria have 
been that only those parts of the work, in which the author of the thesis has been the 
responsible person, are published in the framework of this thesis. 

 

Outline of the thesis 
 

The major part of the thesis is made up of the papers which have been or shall be 
published in the relevant scientific periodicals. These are enclosed at the end of the 
thesis and are referred to as Papers I-V. The thesis contains also a short summary of 
the papers and outlines the more general knowledge around the papers. This puts the 
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work into a wider context. Also suggestions for the further work are given. Chapters 
2-9 cover this part. 

In Paper I and II crystal structure, crystallization kinetics and morphology of the 
poly(propylene-stat-ethylene) fractions were studied. The goal of the fractionating 
and careful analysis of the samples was to be able to study the effect of ethylene 
addition only, and have samples with accurate ethylene content instead of having a 
distribution of chains containing different amounts of ethylene co-monomer.  

The main questions concerning crystal structure and morphology were: 

1 Are the ethylene defects included into the crystal structure? 

2 How does the ethylene addition affect the crystallization kinetic and melting 
behavior of the fractions, particularly with respect to crystal morphology? 

3 How does the lamellar and superstructural morphology of the copolymer 
fractions differ from that of the homopolymer?  

 

Chapter 2 describes the crystal structure and morphology of both homo- and 
copolymer polypropylenes. Polypropylene chain and its configuration and 
conformation are explained, as well as how the chain construction controls the 
crystallization behavior. How the polypropylene copolymer crystal structure differs 
from that of homopolymer is described. The state of art what comes to recent work 
performed by other groups, especially concerning the questions addressed in this 
work are presented. 

Papers III-V focused on the electrical breakdown in thin polymer films. In Paper III 
the results obtained with the automatic breakdown strength measurement system are 
critically analyzed. The measurement equipment is unique, and was relatively new 
when the analysis performed in this work started. It was necessary to ensure that the 
automatic functions performed properly and that reliable data was obtained.  

In Paper IV the breakdown strengths analyzed for poly(ethylene terephthalate) (PET) 
are presented. PET is as a material outside the main theme of the thesis, but the 
presented data is complementary and helps to understand the breakdown behavior of 
the polypropylene film.  

In paper V, the characteristic breakdown behavior of the analyzed polypropylene 
films is described. Based on the small area data, breakdown strength of larger areas 
are extrapolated and compared to the measured data. The validity of such an 
extrapolation is discussed for both dry and impregnated films. 

The main questions concerning the breakdown strength of the polypropylene film 
were: 

4 Is the data obtained with the automatic measurement system reliable? 

5 What is the characteristic breakdown behavior of the polypropylene films? 

6 Is it possible to extrapolate the breakdown strength for the large areas 
samples from the small area laboratory measurements? 
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Chapters 3-6 give the general background to the breakdown behavior of polymer 
films, especially polypropylene films. Chapter 3 presents the application of the 
polypropylene film as capacitor dielectric and what demands are set to the film. As it 
is impossible to talk about large number of breakdown strengths without being 
involved in its statistical features, another chapter, Chapter 4, is owned to the 
statistical characterization of the breakdown strength. Chapter 5 returns back to the 
polypropylene film and focuses now solely on its breakdown strength reported by 
other authors. Chapter 6 describes the experimental details including the description 
of the measurement methods.  

Chapter 7 goes through the major results, paper by paper. The aim of Chapter 7 is 
not to repeat what is said in the papers but to give an overview of the major results.  

Chapter 8 summarizes briefly the results and in Chapter 9 some suggestions for the 
further work are given. 

Finally, some editorial remarks: in numbering tables, figures and equations, first the 
chapter number and then the number of e.g. equation is given. For convenient 
reading, references are placed at the end of each chapter.  
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2 

2.1 

Polypropylene and its crystal structure and 
morphology  

 

 

oP lypropylene is one of the most common polymers in the world. It accounts for 
over one fifth of the world consumption of thermoplastics. The global market 
volume of polypropylene was in the year 2000 estimated to be 27 million tons1,2. 
The monomer, propene, is obtained by catalytic cracking of oil and subsequent 
destillation steps3. This combined with the effective large scale polymerization of 
propene, either alone or in the presence with minor amounts of other monomers, 
results to a low cost of the polymer. The relatively good mechanical properties 
(especially when reinforced) and thermal properties, good chemical resistance and 
excellent insulation characteristics combined with the versatility of the material 
makes polypropylene one the most interesting thermoplastics. The key behind the 
versatility is the stereospecific polymerization by which the tactical structure of 
polypropylene and polypropylene copolymers can be controlled4,5. Polypropylene is 
also compatible with numerous fillers and reinforcements and there are more than 
3000 different polypropylene grades available on the market1 . 

The present thesis covers two kinds of polypropylenes. In the first part of the work 
the crystal structure and morphology of the polypropylene homopolymer is 
compared to the polypropylene copolymers that contain 3-11 w/w% ethene. The 
second part of the thesis concerns an application of the polypropylene hompolymer, 
a dielectric film produced from it.  

This chapter covers the crystal structure and morphology of the polypropylene.  

 

Polypropylene configuration 
 

The polypropylene chain exhibits three different configurations, the regular isotactic 
and syndiotactic and the irregular atactic configurations, which are defined by the 
position of the methyl group in the relation to the polymer backbone. In the extended 
isotactic polypropylene chain all the methyl groups are on the same side of the plain 
formed by main chain carbons, while in the syndiotactic configuration every second 
methyl group is on the opposite side of the plane. In the atactic configuration the 
position of methyl group is random6.   

The stereospecific catalysts which make it possible to control the propene addition 
during polymerization were independently discovered by Ziegler and Natta in 
19554,5. The catalysts are based on transition metal-chloride and alkyl aluminium 
complexes, like TiCl4 + Al(Et3) or systems including a titanium compound catalyst, 
a co-catalysts and an active MgCl2-support (sc. third generation catalysts)4 . A 
simplified scheme for polymerization of propene is shown in Fig.  2-1. First an active 
centre is formed (a), then the propene molecule forms a complex with the transition 
metal and rapidly inserts to the titanium-alkyl bond (b). In the final stage, the 
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polymer chain is displaced from the active centre through a chain transfer with the 
co-catalyst (c) and a new monomer insertion can begin. The stereoregularity is 
achieved on the basis of spatial asymmetry (chirality) of the active transition metal 
centre . In polymerization the last inserted unit does not affect the stereoregularity. 
This is particularly important for the co-polymer polymerization4 . 

 

 

Fig.  2-1  A simplified scheme for polypropylene polymerization with Ziegler-Natta catalyst: (a) 
formation of an active centre, (b) insertion of propene molecule to Ti-alkyl-bond, (c) the chain 
transfer to co-catalyst. 

 

During recent years, a new type of catalysts based on metallocenes has been 
introduced. Metallocene catalysts are organometallic compounds consisting of a 
transition metal like iron or titanium in the centre between two cyclic organic 
compounds and a "bridge" molecule between these two1 . The stereospecificity 
during the polymerization can be very well controlled. With the metallocene 
catalysts, both the stereospecific structure of the homopolymer and the co-monomer 
addition can be more accurately controlled than with the Ziegler-Natta catalysts1 ,7. 
Also a wider variety of co-monomers can be used in the co-polymerization. 

 

2.2 Polypropylene conformation and crystal structure 
 

The position of the methyl groups determines not only the configuration but also the 
preferred conformation of the polypropylene chain. The isotactic polypropylene has 
the lowest intramolecular interactions in an alternating trans(T)-gauche(G) 
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conformation which gives the polymer a helical structure (a repeating 3/1 helix). In 
the syndiotactic polypropylene the planar zigzag and a (T2G2) (4/1) helix 
conformations of the chain leads to the lowest interaction energy between the methyl 
groups6 .  

The isotactic polypropylene helix appears in four different chiralities. Depending on 
the turning direction of the helix spiral and the spatial direction of the methyl groups 
two right(R) handed and left(L) handed helices in which the methyl groups are 
pointing either upwards or downwards are found 6 ,8, Fig.  2-2. It should be noted that 
e.g. the R-up and L-down chiral chains are not equal. 

 

 

Fig.  2-2  A right handed polypropylene helix with methyl-groups pointing up A and down A' and a 
left handed helix with methyl-groups  upwards B and downwards B'. (From Natta and Corradini11 ) 

 

The configuration and conformational states of the polypropylene chain affect the 
crystallization and crystal form of the polymer. The atactic polymer is not 
crystallizable as the chain structure lacks regularity. The crystal lattice of the 
syndiotactic polypropylene is orthorhombic and the chains in the crystal lattice take 
either the (T2G2)2 or a planar zigzag conformation. The isotactic polypropylene can 
crystallize into three different crystal forms depending on the temperature, pressure 
and mechanical stress state: monoclinic α-, orthorhombic γ- and hexagonal β-forms6 

,9. There also exists a liquid crystalline sc. smectic form which recrystallizes to α-
form during heating. The α-form is the most common. β-crystals are found is 
systems crystallizing under shear. The γ-crystals are formed only under high 
pressure in high molar mass homopolymer polypropylene. Polypropylene samples 
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with low molar mass or low tacticity and polypropylene copolymers crystallize 
partially in γ-form. The smectic crystals are found in quenched samples. 

The α-crystal form was first reported by Natta and Corradini10 in 1960. The same 
authors had a few years earlier suggested the 3/1 helix as the preferred 
conformation11. In the α-crystals the helices are arranged so that the main contact 
surfaces occur between the antichiral chains, Fig.  2-3. The lattice constants, first 
defined from a drawn fibre are a=0.665 nm, b=2.096 nm, c=0.650 nm and β=99.2° 
10. It was latter shown that the space groups for the oriented and unoriented 
polypropylene are slightly different due to the changes in the up and down chirality. 
Different thermal and mechanical history of the sample was suggested to lie behind 
the chirality changes. The lattice constants for the α-crystal form defined from an 
unoriented sample are a=0.666 nm, b=2.078 nm, c= 0.6495 nm and β=99.6° 12.  

 

 

Fig.  2-3  The unit cell of the α-crystal form. 

 

The γ-crystal form was a mystery for a long time. The trigonal form was suggested 
but in the X-ray analysis of the γ-crystals some of the reflections could not be 
explained12 , 13 . Recently Brückner and Meille14  managed to resolve the crystal 
structure of the γ-form. The lattice is a face centred orthorhombic lattice and consists 
of alternating pairs of non-parallel isochiral chains so that the two meeting chains of 
different chirality are parallel to each other, Fig.  2-4. The isochiral chains are 
arranged along the diagonals of the lattice and the tilt angle between them is 80°. 
The unit cell volume of the γ-crystals is four times larger than the unit cell of α-
crystals. The constants for the γ unit cell are a=0.854 nm, b=0.993 nm and c=4.241 
nm.  

The details of β-crystal form of the isotactic polypropylene are still unknown. A 
hexagonal or pseudohexagonal lattice has been suggested9.  
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Fig.  2-4  Packing of the chains in γ-crystal, viewed along the a-b plane. (Drawn after Brückner and 
Meille 

14 
) 

 

2.3 Lamellar and supermolecular structure 
 

The polypropylene morphology differs from that of most other semicrystalline 
polymers even in its lamellar and spherulitic morphology. The first observations of 
the peculiar cross-hatched morphology in polypropylene are from 196415 but already 
six years earlier Padden and Keith 16  had classified four different types of the 
polypropylene spherulites based on their optical properties. It was verified later that 
the ability of polypropylene chain to crystallize on the polypropene substrate 
consisting of isochiral chains lies behind the morphological variations (first model in 
1966 by Binsbergen and De Lange17 and final in 1986 by Lotz and Wittmann18). 

The growth of isotactic polypropylene spherulite begins from an interwowen 
lamellar structure in which the crossing lamellaes are organized along the diagonals 
of an almost orthogonal guadrite19. With increasing crystallization time the guadrite 
develops through branching to a circular spherulite in which the formation of 
intercrossing lamellaes, sc. cross hatching, is also observed, Fig.  2-5(a). The 
tangential lamellaes are thinner than the radial ones which suggest that the 
crystallization of the tangential lamellaes occur subsequent to the radial ones. The 
thinner lamellaes suggest also a lower melting point. The lamellar branching (cross 
hatching) is initiated on the lateral (010) face of a lath-like α-lamellae. An isochiral 
helice is placed on the (010) face so that the methyl groups of the branching chain fit 
into the 'methyl-free pockets' of the substrate chains. This is arranged by the suitable 
planar rotation of the chain by 80° (100°). The principle and the mechanism is 
identical to that for the variation of the chain direction in γ-crystals, Fig. 
 2-5(b)14,17,18. 
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The spherulitic morphology of isotactic polypropylene was first specified by Paden 
Jr and Keith16 . The temperature limits for the four different sphrulite types were 
later slightly modified by Norton and Keller 20 . Type I spherulites observed at 
crystallization temperatures above 410 K have positive and Type II spherulites 
observed at temperatures over 410 K have negative birefringence#. The 
overwhelming majority of the spherulites formed below 413 K are of mixed type in 
which the positively, negatively and zero birefringent regions are randomly 
distributed and no Maltese Cross is observed. These spherulites consist of α-crystals, 
but the highly birefringent type III and type IV spherulites have an underlying β-
crystal structure. These spherulites are negatively birefringent. The type IV 
spherulites are banded. 

 

 
(a) 

 

aα
bα

cα

aα

bα cα

 
(b) 

                                                 
# The refractive index along the axis of polymer chain is bigger than the one normal to the chain axis. 
The birefringence ∆n depends on the direction of the polymer chains in the spherulite: 
      ∆n = n r − n t      
where the refractive index along the spherulite radius is designed as nr and tangential to the spherulite 
as nt. 
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Fig.  2-5  (a) An electronmicrograph of polypropylene cooled in air from melt to room temperature.  
(b) Cross hatching of α-polypropylene. The growth starts from the chains that nucleate at the angle of 
80° on the (010) face of the α-crystal. (Drawn after Lotz et al. 21) 

 

The β-spherulites occur sporadically among α spherulites, but fast cooling or 
mechanical stress promotes their growth17 ,20 . The centres of α−spherulites (the 
cross-hatched quadrate) are positively birefringent. At high crystallization 
temperature (420-430 K) some new types of a spherulites (pseudo-positive and -
negative, neo-mixed, high T-positive and flower-like ones) are reported by Awaya22. 
Highly degraded isotactic polypropylene produces positive α spherulites with rough 
fibrillous structure independent of the crystallization temperature23. The spherulites 
consisting of pure γ-crystals have not yet been widely studied but e.g. in isotactic 
polypropylene crystallized at 411 K and 200 bar in γ-crystals, the spherulites showed 
no Maltese cross and were very disordered24. 

 

2.4 Poly(propylene-stat-ethylene) 
 

The polypropylene copolymers can be divided into two main groups, the statistical 
(random) and block copolymers, also known as impact copolymers. In the statistical 
copolymers the single ethylene co-monomers are randomly distributed among the 
propylene monomers in the polymer chain. The block copolymers consist of 
relatively long ethylene sequences which are distributed either along the 
polypropylene backbone or as branches. The ethylene block does no crystallize with 
propylene but forms an ethylene rich rubber phase incorporated in the polypropylene 
matrix.  

In the statistical poly(propylene-ethylene) copolymers with minor amount of 
ethylene, the ethylene co-monomer affects both the crystal and supermolecular 
morphology. First morphological study of some statistical polypropylene 
copolymers with ethylene and 1-butene was performed by Turner-Jones in 197125. 
He found that the copolymers crystallize into mixed α- and γ-crystallinity (Fig. 6), 
that the γ-crystal content increases with increasing co-monomer content and 
decreasing cooling rate and that some residual crystallinity in the sample favours the 
formation of γ-crystals. The γ-crystals were observed to melt at lower temperatures 
than α-crystals. The problem with these early copolymers was that they were not 
truly statistical. The length of the ethylene sequences was on average 5-7 monomers. 
The basic results of Turner-Jones was confirmed by later studies2, - ,32,3826 30 . The 
systematical studies of poly(propylene-stat-ethylene)s showed also that crystallinity, 
kinetic and equilibrium melting temperatures decrease with increasing ethylene 
content 2,26-30,32,38.  

The crystal morphology and melting behaviour of poly(propylene-stat-ethylene) 
were studied by Busico et al.28. After several crystallization experiments under 
different conditions it was concluded that within each copolymer sample a 
significant fraction of chains are able to crystallize both in α- and γ-forms depending 
on the crystallization temperature and the thermal history of the sample. The 
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recrystallization of γ-crystals to α-crystals, crystal thickening during heating and 
reorganization between the different chirality states of polypropene crystals make it 
difficult to draw quantitative morphological conclusions from the melting behaviour 
of the copolymer.  

 

 

Fig.  2-6  An X-ray diffractograms of (a) poly(propylene-stat-ethylene) fractions with 30% and (b) 
60% of γ-crystals, (c) homopolymer diffractogram. 

 

By using high temperature X-ray analysis Marigo et al.31 showed that the γ-crystals 
melt at lower temperatures than the α-crystals. During cooling, the crystallization 
starts from the α-crystals followed soon by the γ-crystals.  Hosier et al.7 , who 
studied the isothermal crystallization of metallocene catalyzed polypropylene 
copolymers with 0.8-7.5 mol% ethylene, found (in contrast to Ziegler-Natta 
catalyzed copolymers) that the both polymorphs are observed at the early stage of 
crystallization. The final amount of α- and γ-phase depends on both the comonomer 
content and crystallization temperature. The γ-content first increases rapidly with the 
crystallization temperature, reaches the maximum around 130°C after which it starts 
to decrease. The crystal structure of the studied copolymers with 1.8-7.5 mol % 
ethylene consisted at 130°C of 70-100% of γ-phase According to Foresta et al.32 , the 
amount of γ-crystals will decrease with increasing cooling rate and no γ-crystals will 
be formed if the cooling rate is fast enough. Foresta et al. also reported the presence 
of a γ-phase at a very low ethylene content, 0.5 mol%, as well as γ-phase enhancing 
effect of the nucleating agents. They also calculated a phase stability diagrams for 
polypropylene homopolymer and copolymers showing that the temperature region 
for which the γ-crystal has the lowest free energy is much wider for the copolymers 
than for the homopolymer. 

The role of the ethylene co-monomer in the crystallization of the poly(propylene-
ethylene) copolymers is not yet fully understood. The ethylene co-monomer can be 
regarded as a defect in the polypropylene chain because the regularity of the chain 
tacticity is, in presence of ethylene, disturbed due to the lacking methylene group. As 
a defect it can be either incorporated into the crystal structure or rejected into the 
amorphous phase. The dimensions and volume of the unit cell in the poly(propylene-
stat-ethylene) crystals are reported to be equal 28 ,30 , slightly less27  or slightly 
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greater 33  to that of pure polypropylene. Both Avella and Busico suggest that 
ethylene co-monomer can be included in the polypropylene crystals whereas 
Zimmermann30  suggests that the ethylene co-monomers are rejected to the 
amorphous phase. In a study based on 13C-NMR and poly(propylene-co-ethylenes) 
produced with metallocene catalyst34, the ratio between the ethylene concentration in 
the crystalline regions to the sample average concentration was established to 
0.42±0.03 meaning that the ethylene defects were partially incorporated to the 
crystal structure. Similar conclusion was drawn by Hosoda et al.35 who etched the 
polmer in order to reveal the lamellae and used the 13C-NMR analysis after that to 
identify the possible comomers in the lamellae. Weng et al. 36  believe that the 
isolated ethylene units or ethylene rich sequencies are unable to enter to the crystal 
structure. The conclusion is based on the constraints of the lamellae to undergo 
isothermal thicknening due to exclusion of the comonomer from the lattice. 

One of the first notations of the spherulitic morphology of the poly(propylene-stat-
ethylene) were done by Turner-Jones25 . Considerably changes in birefringence and 
texture in different spherulite regions were very briefly mentioned. Avella et al.27  
studied spherulites in copolymers with 3.7-12.9 mol% of ethylene, though in a very 
restricted temperature interval. Compared to the homopolymer less regular 
spherulites with more open texture and jagged profiles were formed. Monasse and 
Haudin23  studied a sample with 4.1 mol% and observed that the birefringence was 
positive after crystallization at low temperatures. The birefringence changes from 
positive to negative at temperatures between 126-130°C (compared to 132-138°C in 
homopolymer). The linear growth rate changed in the same temperature interval. 
The morphology change is believed to have a kinetic origin and is related to the 
different nucleation mechanisms (sc. Regime II and III)37 . A more recent work was 
performed by Zhao et al.38 who studied the presence of multiple melting peaks after 
high temperature crystallization as well as self-seeding effects. The early stages of 
the spherulite growth for the polypropylene-ethylene copolymer was found to be in 
form of quadrites. The primary crystallization results in extensive lath-like crystal 
and the cross hatching is associated to the secondary crystallization. Irregular, 
immature spherulite structures, similar to those for polypropylenes with high atactic 
content were observed. Gahleitner et al.2  found that the spherulite growth rate, 
degree of crystallinity and Youngs modulus decreased with the increasing co-
monomer content whereas the γ-content, flexural modulus and impact strength 
increased. 

In the above mentioned studies with exception to Cham and Marand29  and 
Gahleitner et al.2  unfractionated samples have been used. This has probably affected 
the observed crystallinity and the thermal behavior of the samples since the 
configurational defects usually accumulate to low molar mass chains.  

The study presented in this thesis concerned well characterized poly(propylene-stat-
ethylene) fractions in which the configurational defect rich fraction had (partially) 
been eliminated by fractionating. The crystal structure, the crystallization kinetics 
and the supermolecular and lamellar morphology of ten poly(propylene-stat-
ethylene) fractions were studied over a wide temperature range (100°-130°C) and 
ethylene content (2.7-11.09 mol% of ethylene). The obtained results are presented in 
Paper I and II and summarized in Chapter 7. 
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3 

3.1 

Polypropylene and other dielectric films in HV 
capacitor applications 

 

 
nO e application for the homopolymer polypropylene is as the dielectric film for 

capacitor insulation. Even if this application covers only a small fraction of the 
world's polypropylene production, it is a demanding and an interesting application. 
In the capacitor the dielectric is exposed to very high electrical fields, far above 
those for any other high voltage equipment1. The required lifetimes are long, 20-30 
years and the continuous working temperatures are relatively high. In addition, the 
dielectric losses in the insulation film should be very low, the films should be free of 
impurities, be of consistent thickness, have a well specified surface structure and be 
mechanically strong enough to withstand the winding process in the capacitors 
manufacturing 2 , 3 . Normal polypropylenes do not fill these requirements and a 
special granule and film production are needed for the capacitor grade films. As the 
different capacitor types require their specific film types, a specialized production 
directed towards the different final applications is needed4.  

In the following chapters, the different types of HV-capacitors and their applications 
will be briefly described. The production and the morphology typical for capacitor 
grade polypropylene film are described. Also capacitor films other than the 
polypropylene films are mentioned.  

 

HV power capacitors  
 

Power capacitors can be classified by their application voltage. Capacitors with 
operating voltages below 1000 V are regarded as low voltage (LV) and those with 
operation voltage greater than 1000 V as high voltage (HV) capacitors 5,6. 

Capacitors can also be defined by their insulation and electrode construction into the 
following groups: film-foil, metallized film, ceramic and super capacitors2 . As this 
chapter focuses on the insulation films aimed for the HV capacitors, the main 
features concerning construction and development of these are described from the 
insulation point of view. 

 

3.1.1 Basic capacitor design  
 

The capacitance is related to the amount charge Q that can be stored per unit voltage 
U. Geometrically, for a capacitor constructed of two parallel plates, this equals the 
electrode area A over the distance d between the electrodes multiplied by the relative 
permittivity of the insulation medium εr and the dielectric permittivity of vacuum εo 
(8.854⋅10-12 F/m): 
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d

A
U
QC orεε

==        ( 3-1) 

 

The energy W in the capacitor is described by  

 2
2
1 CUW =         ( 3-2) 

 

The energy per unit volume υ, the energy density, in the capacitor is obtained by 
combining ( 3-1) and ( 3-2): 

 2
2
1 EW

orεε
υ

=        ( 3-3) 

 

where E is the electric field over the insulation.  

The maximum power P of a capacitor is: 

 

         ( 3-4) 2 CUP ω=

 

where ω is the angle frequency. The maximum power density for a capacitor is then:  

 

 2 EP
orεεω

υ
=        ( 3-5) 

 

When compared to other energy storing components, like batteries, capacitors have 
lower energy density but very high power density, Fig.  3-1. 
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Fig.  3-1  A comparison between energy and power densities for capacitors, super-capacitors (SCaps) 
and batteries7. Some future applications for supercaps are given in the Fig. 

 

For maximum power and energy, the capacitor should have as high capacitance and 
voltage as possible, ( 3-2) and ( 3-4). The optimization between the voltage (thick 
insulation layer between the capacitor plates) and high capacitance (thin insulation) 
depends on the final application. Both the capacitor elements inside the capacitor 
encapsulation and the capacitors in the bank can be connected in series and parallel 
so that the correct U and C for the bank are obtained. When there is limited space 
available for the capacitors, the energy or power density becomes critical. The 
electric field E over the insulation should be as high as possible. As the area of the 
insulation in a single power capacitor can be typically hundreds of square meters, it 
is a challenging task to maintain high minimum levels of the breakdown strength. 
This is due to the fact that the probability for the presence of a defect which would 
lead to a breakdown increases with increasing area of the dielectric film. 

A single HV capacitor element consists of cylindrically wound film with the 
electrode plates between the film layers5 . The electrodes can be of thin metal foil, 
e.g. aluminum foil or be integrated on the insulation film surface, like it is in the case 
of metallised films5, 8. The electrical contacts are either soldered to the metal foil or 
sprayed on the edges of the metallised film. The single elements are contacted with 
each other and placed in the encapsulation which is either filled with impregnating 
liquid or polymer resin. The HV power capacitors are normally impregnated2,5,6,11,9, 
but the recent development work has resulted in dry HV capacitors for both HVDC- 
and HVAC-applications, Fig.  3-2 12,13. 
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   a.     b. 

Fig.  3-2  a) The new, dry HVDC power capacitor has four times higher energy density than the 
conventional HVDC-capacitor. b) A capacitor bank consisting of the new, dry HVAC power 
capacitors.12,13.

 

3.1.2 Power capacitor applications 
 

The HVAC power capacitors are very important passive components for electrical 
networks. They produce reactive power as opposed to many other components like 
motors, converters and power lines that consume reactive power2, -10 12. In order to 
improve the efficiency of the power networks, HVAC capacitors can be placed in 
connection to the reactive effect consuming components. Power capacitors are also 
used, in combination with suitable reactors, to filter out undesired frequencies from 
the network. The HVAC power capacitors are installed mostly as capacitor banks in 
an outdoor environment.  

In HVDC-applications one of the main tasks of the power capacitors is to act as 
energy storage and stabilize the voltage level in the system. In case of short voltage 
drops or peaks, energy can be taken out of or stored in the capacitor. Typical 
applications are converter stations for the HVDC lines and drive applications13.  

 

3.1.3 Power capacitor insulation development 
 

In 1940s capacitor insulation consisted of mineral-oil impregnated kraft paper, 
which were during 1950s and 1960s changed to an improved kraft paper and 
polychlorinated diphenol (PCB) as impregnation liquid5,6,11,9. Due to the 
toxicological and pollution properties of PCBs they were completely banned in the 
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early 1970s and replaced synthetic hydrocarbon based liquids. It turned out that 
these had superior properties compared to PCBs. At the same time, the kraft paper 
was first mixed and later, when the hazy polypropylene film surface (see Chapter 
3.2.2) could guarantee a proper oil penetration between the film layers, completely 
replaced by polymer film. Due to the energy crisis and rising energy costs, there was 
an increasing interest from the utilities to decrease the dielectric losses in the 
capacitor banks.  

As a result of described changes, combined with the improvements in the film 
quality, the effect densities of the power capacitors are now much higher than during 
1950s (according to Shaw et al.6 stress in power capacitors was less than 20 V/µm 
compared to levels well above 60 V/µm today ). At the same time the dielectric 
losses have decreased to less than 10% of their original level5,6,11,9,15. In the new, dry 
HVDC power capacitors the oil-impregnated film-foil system is replaced with a 
solid metallized film-system. This, in combination with a simplified capacitor design 
has made it possible to increase the energy density of the HVDC power capacitor by 
300-400% compared to today's conventional technology.  

Relative to other HV-components, the insulation in a capacitor is exposed to stress 
levels far above those of other insulation systems. The operating stresses for the AC 
capacitors are in the range of 60-100 kVrms/mm and for cables and machine 
insulation they are rarely over 20 kVrms/mm and 3 kVrms/mm , respectively. The key 
to manufacture a robust power capacitor lies in the combination of excellent 
dielectric properties of polypropylene films, appropriate processing know-how and 
the construction of the capacitor which allows for some single insulation failures to 
occur without causing failure of the whole capacitor or system2,5,6,14.  

The capacitors can be fused, either in terms of use of separate fuses or self-healing 
metallization. The fuses are connected either internally, or for each capacitor 
externally5,15. In the metallized film capacitors, the metallization acts as fuse by 
itself. When there is a breakdown in the dielectric, plasma of the breakdown arc is 
interrupted when surrounding metallization evaporates away and the site becomes 
electrically isolated. This process is referred to as clearing or self-healing6,8,14. 

 

3.2 Polypropylene and other capacitor dielectrics 
 

Polypropylene film is the most common insulation film for the HVAC power 
capacitors due to its superior breakdown strength combined to very low losses as 
well as hazy surface structure suitable for impregnation. This specific morphology is 
created in the film production process. Poly(ethyelene terephtalate) is another widely 
spread insulation film. Also some other polymer films are used as in capacitors, 
mostly under more extreme conditions. 
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3.2.1 Production of polypropylene film 
 

The film production process is extremely important for the final properties of the 
capacitor film. The film production take places in either a bubble, also called blown 
film process or in a tenter frame process 16. In both processes, the first step is 
extrusion of a several millimeters thick tube (bubble line) or sheet (tenter frame 
line). In the next process step this tube or sheet is heated above the softening but 
below the melting temperature. The polymer is then exposed to biaxial orientation, 
in the machine (rolling) and the cross direction of the film. At this step the final 
thickness of the film is adjusted. The final film is cooled and cut to the roll size 
requested by the customers. 

The difference between the tenter frame and bubble lines is in how the stretching is 
done. In the bubble line, the polypropylene tube is heated and warm air is blown into 
the tube. The pressure of the air forces the tube diameter to expand. At the same time 
the speed of the rolls in the production line is adjusted so that an orientation in the 
machine direction is achieved. In the tenter frame line, the orientation of the film in 
the machine direction is obtained in the same way. The orientation in the cross 
direction is caused by tension clips that grip the film edges. The clips are running 
along divergent baths and the film is progressively stretched along the line when the 
clips diverge. The obtained polypropylene (PP) film from both lines is biaxially 
oriented and often called BOPP film.  

Many properties of the final film including morphology, thickness variation, surface 
roughness, mechanical properties, amount of pinholes and other defects are 
controlled by the process. The control of temperature during extrusion and film 
stretching is critical for the final product. As the basic machinery for the film lines as 
well as the polypropylene granules of the dielectric grade are delivered by a few 
suppliers in the world, the competitive ability of the film manufacturers lies in their 
production know how.  

In the following chapter some typical morphological features for polypropylene 
capacitor films are presented. For the breakdown strength in the polypropylene, 
reader is referred to Chapter 5. 

 

3.2.2 Morphology of the capacitor grade polypropylene film 
 

Capacitor grade polypropylene film surfaces can be described by fibrillar surface 
structure and oval formations of >100 µm in diameter, Fig.  3-3. The edges of the 
oval structures are above the average film level and form structures reminding crater 
walls on the film surface. This kind of surface structure is most pronounced and also 
necessary for polypropylene films that are used in the impregnated film-foil 
capacitors.  

The development of the surface structure during the biaxial orientation was 
investigated by Hobbs et al.17. They concluded that the structure is initiated as a 
fracture at the surface of the extruded tube/sheet when it is the biaxially oriented. 



3-7  
____________________________________________________________________ 

These fractures, that are in turn initiated at the spherulite boundaries, do not develop 
as voids into the sample but expand along the sample surface and become 
surrounded by rings of fibrillars of material from neighboring spherulites or 
interspherulitic regions .  

The surface roughness of the original, extruded tube or sheet does not, according to 
Hobbs et al. 17, correlate to the final film roughness and haziness. The presence of β-
spherulites and the associated β- to α crystal-crystal transformation temperature are 
strongly related to the haziness of the final film. The samples with very few or very 
thin layers of β-spherulites develop a much lower surface relief compared to those 
having thick layers of β-spherulites.  

According to Fass et al. 18  the surface roughness is built up by a complete 
transformation of the β-spherulites to α-spherulites which takes, in tenter line, place 
when the film is stretched in the machine direction. This transformation causes 
distortions at the film surface which during the subsequent stretching in the 
transverse direction leads to formation of fibrillar, crater like surface structures. 

When it comes to the mechanical properties of spherulites, Aboulfaraj et al. 19 
investigated the deformation of α- and β- spherulites. They concluded that the α -
spherulites exhibit a brittle behavior whereas the β-spherulites deform plastically to 
higher deformations. It could be possible that a part of the fractures are formed in the 
α-spherulites, unless the temperature in the process is such that a complete β to α 
transformation has already taken place. 

Biaxial orientation and morphology for a blown capacitor grade PP film was 
analysed by Savolainen 20 . The heat of fusion (i.e. crystallinity), molecular 
orientation and mechanical properties were analyzed as function of stretching ratio.  

The heats of fusions, measured within the frame of this work, are rather, but not 
exactly, similar for the different capacitor grade films. The metallized films showed 
heat of fusions of around 100-105 J/g and the rough films aimed for impregnation 
slightly less, 90-100 J/g. The latter was lower than measured by Savolainen. No 
clear difference between the crystallinities the smooth and hazy films was found. 

Microscopy pictures of the different films surfaces are presented below. The rough 
film, Fig.  3-3, gives higher space factor (in principle remaining air between the films 
layers when a pack of films is pressed together) than the smooth film, Fig.  3-4.  

 

    

Fig.  3-3  Typical surface structure of hazy polypropylene film surface (left scale bar=50 µm, right bar 
= 200 µm ). 
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Fig.  3-4  Polypropylene film surface with for it typical "smooth" structure. The scale bar in the picture 
to the left is 50 µm and 200 µm in the picture to the right 200 µm. 

 

The breakdown strength and losses of polypropylene are compared to those for some 
other films in Table  3-1. It has lowest losses than the other studied dielectric films, 
and together with PET, the higherst breakdown strength. The breakdown strength of 
polypropylene dielectric is more thoroughly described in Chapter 5.  

 

3.2.3 Poly(ethylene terephthalate) film 
 

The breakdown strength of poly(ethylene terephthalate) (PET) film is equal or 
slightly lower than that for the polypropylene films4, - .21 2324  This in combination with 
suitable pricing makes PET together with polypropylene films the most common 
dielectric films used in capacitors. Polypropylene is preferred in applications where 
the losses are critical (e.g. HVAC power capacitors), whereas the major application 
for the PET-film is in electronics capacitors. The reason for this is that the PET film 
has a higher dielectric constant and a better temperature stability than polypropylene. 
Due to the higher dielectric constant, ε =3.3, for PET, the energy density of a 
capacitor is 50% higher if PET-film can be used instead of polypropylene, which has 
ε=2.2. It is also available in thinner grades than polypropylene.  

The major drawback of the PET-films are the dielectric losses which are frequency 
and temperature dependent with a minimum at around 50 Hz  Even then, the 
dielectric losses are more than 10 times higher than those for the polypropylene film.  

The breakdown strength of PET films are compared to polypropylene (PP) and some 
other thins films in Table  3-1 .   

 

3.2.4 Other dielectric films 
 

In addition to PET, there are many other films on the market. The breakdown 
strength of these films has been measured and compared to the polypropylene and 
PET films, Table  3-1 . The dielectric constant and losses were mostly collected from 
literature. It should be noted that the breakdown strength values can be substantially 
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affected if changes in the raw material or in the film manufacturing process are 
introduced. 

Except for the polycarbonate film, all films showed at least 100 V/µm lower 
breakdown strengths than polypropylene and PET films. Unless some properties like 
high temperature tolerance or chemical resistance are needed, the polypropylene and 
PET-films are the dominating capacitor films on the market.  

 

Table  3-1  Breakdown strength data for different polymer films. Explanations to the different columns 
can be found below the table.  

Material Ebd* Ebd** β-calc.** β-mean*** ε tanδ # tanδ # tanδ Electrodes +
 (1 cm2)  (4 m2) 50 Hz 1 kHz literature

PP, 14 µm 680 570 62,3 24 2,2 < 0.0002 < 0.0002 0,0003 5
PET, 15 µm 695 537 41,1 27,0 3,3 0,0018 0,011 0,005 5
PET, 15 µm 675 421 22,5 22,7 3,3 0,005 3

PET, 8 µm, lot 1 652 427 25,1 25,1 3,3 0,005 3
PET, 8 µm, lot 2 558 347 22,2 27,6 3,3 0,005 3

PEN, 25 µm 528 296 18,3 17,5 3,1 0,0037 0,0068 0,0034 5
PEN, 12 µm 463 357 40,7 32,2 3,1 0,0034 3
PEN, 8 µm 462 260 18,5 19,5 3,1 0,0034 3
PC, 10 µm 722 398 17,8 17,7 2,9 0,0009 0,0015 5

PSU, 25 µm 446 171 11,1 12,4 3,1 0,0008 3
PEI, 25 µm 370 231 22,6 16,4 3,2 2
PEI, 25 µm 415 239 19,2 19,3 3,2 3

PI, 8 och 12 µm 470 300 25,1 51,5 3,4 0,0025 2
PE 20 µm 331 74 7 6,4   3

 
*) EBD (1 cm2) refers to the interpolated breakdown strength for a 1 cm2 samples size. The results presented in Table  3-1 are 
based on measurements performed with five electrodes of 0.045-9.3 cm2 in size. In some cases, only three electrode areas were 
used in the analysis. The experimental details are explained later in the thesis. 
**) EBD (4 m2) refers to area extrapolated breakdown strength value and b-calc. for the slope of the extrapolation line. The 
extrapolation methods are discussed later in the thesis. 
***) b-mean is the average of the obtained β-values in the small electrode area measurement. 
#) The columns tan(δ) 50 Hz and 1kHz refers to the measured loss values. 
+) "Electrodes" refers to number of electrodes with different areas used in the measurement. 
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4 

4.1 

Statistical analysis of dielectric breakdown 
 

 

 A number of statistical functions are applied in describing general properties of a 
data population. It is often of interest to find out what is "typical" for the population 
or to predict a probable outcome of the behavior of the population, e.g. a result of an 
election. But one can also take another point of view and study the behavior of the 
smallest/largest/weakest/strongest/other extreme of a population. The extreme values 
are linked to phenomena that have small probability of occurrence and as such they 
have no or very limited effect on the average behavior of the whole population. 
However, this does not mean that the extreme values would not be important. A 
mechanical breakdown of a component can be given as an example. The component 
will not break at its average strength but at its weakest point. In this way the 
properties of the weakest extremes are controlling the behavior of the whole 
component. The nature of various phenomena, from the occurrence of floods or 
characteristics of thunderstorms to a breakdown in an electrical insulation is 
characterized by extreme values. 

The theory of extreme values is a relatively recent area of mathematics and statistics. 
According to Gumbel1, one of the fathers for the statistics of the extremes, the first 
proper study concerning the extreme values was published 1922. The proper basic 
work concerning the extremes was published few years later, 1927-28. New types of 
asymptotic functions describing the extreme values were introduced. In coming 
decades the mathematical methods for the deduction of the asymptotic functions 
were developed and new functions for the extremes were found2 including the 
Weibull distribution function which was defined by a Swedish professor in 
mechanics, Wallodi Weibull3. The practical applications of the different statistical 
distribution functions, including the extreme distributions, in the reliability analysis 
did not gain any wider interest until 1960's when the first text books around the 
subject were published4. Today especially the Weibull distribution function is widely 
used. It is probably the most common distribution function in the reliability analysis 
describing strength and length of life of materials and devices4, ,5 6. 

 

Weibull distribution function 
 

Today the most well known distribution functions for the smallest extremes are the 
Weibull and the Gumbel distribution functions, Table  4-1 1- 7 . The Gumbel 
distribution function, also called as first asymptotic extreme value distribution6  or as 
double exponential distribution8, was derived from the normal distribution1 . This 
means that if the initial property is normally distributed, the extreme values follow 
the Gumbel distribution 1,4,6. The Weibull distribution function was not derived from 
any specific initial distribution. As Weibull himself expresses it: "The objection has 
been stated that the distribution function has no theoretical basis...." and "...the only 
practicable way of progressing is to choose a simple function, test it empirically, and 
stick to it as long as none better has been found." According to Ross2  it has been 
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later shown that the distribution of the smallest extremes approach the Weibull 
distribution whatever the initial distribution is when certain conditions are fulfilled. 

In the electrical insulation applications, both the Weibull3  and the Gumbel1  
distributions are accepted7 . They are used for the description of the electrical 
breakdown strength or time to the breakdown (constant voltage experiments) for 
various insulation materials from gases to solids2,6-8. The Weibull distribution is 
preferred as it is one sided bounded meaning that the failure probability is zero when 
the load or ageing time is zero. The Weibull distribution is actually most commonly 
used in characterizing failures in the solid insulation. Also physical models 
explaining the empirical Weibull distribution have been developed9.  

 
Table  4-1  The Weibull and Gumbel asymptotic distribution functions for the smallest extremes. 
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4.1.1 Derivation of Weibull´s distribution function 
 

In the derivation of his distribution function, Weibull3  made a comparison to a 
chain: In a chain of n links the probability of failure for the whole chain, Pn, is equal 
to the probability of failure in its weakest link, P. Accordingly, the probability of 
non-failure of the whole chain, (1-Pn), is simultaneously equal to the probability of 
non-failure of all the single links, (1-P)n.  

 

        ( 4-1) nn PP )1()1( −=−

 

Weibull3  defined a distribution function F(x) as the number of all individuals having 
X≤x divided by the total number of individuals, n. This function also gives the 
probability P of choosing at random an individual having value X equal or less than 
x: 

        ( 4-2) )()( xFxXP =≤

 

This, arbitrary distribution function can always be written in form  
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 )(1)( xexF ϕ−−=        ( 4-3) 

 

leading to an expression for non-failure of the links in the chain 

 

 )()1( xnn eP ϕ−=−        ( 4-4) 

 
as well as to an expression for a failure in the whole chain2,3: 

 

 )()( 11 xxnn neeP ϕϕ −− −=−=       ( 4-5) 

 

Eq. ( 4-5), the expression for the principle of the weakest link, or more generally, the 
size effect, n, can be expressed for example, as a ratio between a total volume Vtot 
and volume of a smaller unit Vi within the total volume: 

 

 
i
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V
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Weibull defines the function φ(x) by setting two conditions: 
a) It must be positive and non-decreasing. 
b) It should vanish at value c, which is not necessarily zero. 

According to Weibull, the simplest function satisfying these conditions is  
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This gives the familiar Weibull distribution function F(x): 
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which is a cumulative distribution function giving the probability for failure to occur 
at value X≤ x. The α-parameter  is the scale parameter and refers to the 63.2% 
probability for the failure to occur (for x=α F(x)=0.632). The β-parameter, known as 
the shape parameter and describes the form of the distribution. The parameter c, the 
location parameter, refers to a threshold value below which F(x)=0. When the c-
parameter is set to zero the expression "2-parameter Weibull distribution" is used, 
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whereas the "3-parameter Weibull distribution" is used when all tree parameters are 
applied.  

In the literature, there is a wide discussion concerning the location-parameter c 
(often called the γ-parameter) and value of it6,10-12. As there is no clear physical 
reason for the use of the threshold value and in most cases, the c-parameter is set to 
zero, the further discussion concerning the location parameter is left out of this 
thesis.  

The frequency distribution function is obtained from dF(x)/dx (c is set to zero): 
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Typical examples of the Weibull distribution function with different values for the 
α- and β-parameters are shown in Fig.  4-1.a) and b), representing the cumulative and 
frequency distribution functions, respectively. For clarity, in the following text "the 
Weibull distribution" or "the Weibull function" refers always to the cumulative 
distribution function unless stated otherwise. 
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Fig.  4-1  Weibull a) cumulative and b) frequency distribution functions with α=650 and β=1, 2.5, 5 
and 30. Note that β =1 equals to exponential distribution function. 

 

 

The reliability R(x) equals to 
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4.2 Size scaling of the Weibull distribution function 
 

From Eq. ( 4-5) follows the condition for the size scaling: 

 )()( xxn nϕϕ =        ( 4-11) 

The function ϕ(x) is already described in ( 4-7) but the function ϕn(x) remains to be 
defined. The capacitor and the capacitor elements in it are used as an example.  

The distribution function Fcap(x) gives the failure probability for a whole capacitor at 
the voltage level X≤ x. The probability for a non-failure of the capacitor is then 
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The failure probability for each individual element at voltage level X≤ x is expressed 
with Fel(x). The simultaneous probability for the non-failure of n elements in the 
capacitor is then 
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The total area of the whole capacitor is assigned to Acap. This equals to n times the 
area of each single element Ael leading to a ratio n=Acap/Ael. The probability of the 
non-failure for the capacitor can now be expressed as: 
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If the shape of distribution β is the same over the whole film area then βel=βcap =β, 
then the Eq. ( 4-14 ) leads to: 
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Or more generally: 

βαα /1' −⋅= n         ( 4-16) 
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leading to  
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Strictly seen, the area scaling can be used only when the sample thickness is 
constant. Otherwise sample volume instead of thickness should be used.  

For most of the samples tested electrically the property (e.g. breakdown strength or 
time to breakdown) will decrease with increasing sample area or volume6 ,8 . 

 

4.3 Plotting of the Weibull function and the measured data 
 

4.3.1 Plotting of the Weibull function 
 

When plotting the Weibull distribution function, the Eq. ( 4-8) is linearized: 
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As the left side of the Eq. ( 4-18) is inconvenient for the reader, a help scale giving 
the value of F(x) is used. When the logarithmic scale for the x-axis is used, the 
different β-parameter values are easily visualized as different slopes.  

The values for the α- and β-parameters are obtained by using maximum log 
likelihood estimation method, described in Chapter 5.4. 
 

4.3.2 Plotting of the measured data 
 
When plotting the measurement data, the first step is to sort the data in increasing 
order. Then a cumulative failure probability F(i,n) approaching F(x) should be 
assigned to discrete value xi. In F(i,n) i stands for the rank of the ordered data point 
and n for the total number of measurements.  
The simplest approximation for the cumulative failure probability is obtained from: 

n
iniF =),(         ( 4-19)  
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The problem is that the approximated probabilities F(i,n) are not correctly 
distributed over the interval [0, 1] when compared to the exact values of the 
cumulative probabilities calculated by Fothergill13 . (The incomplete beta function 
function used in the calculation by Fothergill13  gives the median ranks. As the 
calculation of them is complicated, and out of scope of the thesis, further aspects 
concerning the exact values are left out of this thesis.) 
The mean rank approximation gives somewhat better approximation, but still with 
significant errors13 , for the cumulative probabilities:  
 

1
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+
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n
iniF        ( 4-20)  

 

A superior approximation for the cumulative probabilities is given by the median 
rank approximation. When compared to the exact calculated values a very good 
accuracy was obtained13. The approximation to the median rank of the ith of the n 
samples is: 

  F(i,n)= 
4.0
3.0

+
−

n
i
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      (  4-21 ) 

 
In the plots F(i,n) values correspond to the F(x) values of the help scale for the y-
axis.  

 

Parameter estimation for the Weibull distributed data 
 

The estimation of the Weibull function parameters for the Weibull distributed 
measurement data can be performed in many different ways. The oldest method is to 
use a graphical estimation based on the Weibull paper4 . The data is plotted, the best 
fit is obtained by eye and the Weibull parameters are estimated utilizing the linear 
relations in Eq. ( 4-18). With modern computing the Weibull papers as such are not 
used any longer but a least square fit or more accurate linear regression can be 
applied for the parameter estimation. However, the above methods require the use of 
an approximate rank function, as seen in the previous chapter. This can be avoided 
when the maximum log likelihood (ML) method is used2,13.  

Before describing the ML method, following questions are stated: What is the 
difference between probability and likelihood? The results are assigned to R and the 
hypothesis (i.e. values of e.g. α and β) to H. According to Edwards14, the difference 
is following: The probability can be regarded as a function of the results R. The 
probability of obtaining results Pr(R, α, β) defines a statistical distribution function, 
either discrete or continuous. If a sum or an integral over all possible results R is 
taken, unity will be obtained, by the axioms of the probability. With probability, the 
hypothesis H with e.g. variables α and β is constant and the results R are variable. 
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Likelihood, on the other hand, is predicted on the fixed data R. The likelihood 
function can be regarded as function of the hypothesis H (or the parameters). By 
varying the hypothesis H (or the parameters) the likelihood function can be 
maximized14 . The likelihood function specifies, with various possible parameters, 
how likely it would be to observe the particular data in hand5 . According to 
Edwards14 , "the likelihood function in no sense gives rise to a statistical distribution 
and there is nothing in its definition which implies that if summed over all possible 
hypothesis or integrated over all possible parameter values the result will be 
anything in particular."  

In the ML method, as the name implies, a maximum of the likelihood function L(p) 
is searched for the measured data by varying the parameters p (for example α and 
β). If f(yi;p) is the probability density function, then the likelihood function is 
defined as6 : 

 

);(...);();();()( 321 pyfpyfpyfpyfpL n⋅⋅⋅⋅=    ( 4-22)  

 

where yi represents the measured data. The function is maximized by changing the 
value for the parameters p (for example α and β-values). The likelihood function for 
the 2-parameter Weibull distribution is then 5-6,8:
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For more convenient handling of data, the logarithm of the likelihood function is 
used2,6-8: 
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Confidence intervals and correction factors 
 

Concerning the confidence intervals for the Weibull distribution, the exact 
calculation of the confidence intervals is difficult for the two parameter Weibull 
distribution and practically impossible for the three parameter Weibull distribution8 
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,15. Several studies concerning the estimation of the confidence intervals have been 
performed. Examples of estimate solutions for the confidence intervals can be found 
for example in 8,15,  16 . 

Maximum likelihood method estimates the Weibull parameters with a bias, or 
systematic error, when the number of samples is small2,8,17. Correction factors can be 
used when the Weibull parameters are calculated for the small data sets (less than 
15-20 individuals)8,2,17. In the present work, all data sets are large so the bias in the 
parameter values is small. 
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Mixed distributions 
 

When the data cannot be described with one Weibull distribution only, mixed 
distributions, either additive or multiplicative, can be used instead18. 

For the mutually independent events, additive distributions should be used. The 
additive distribution function is described by 
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For the 2-parameter Weibull distribution this gives  
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For the breakdown strength measurements, additive distributions Fadd(x) can be used 
if the sample contains more than one defect distribution responsible for the 
breakdowns. The condition is, however, that the distributions are independent of 
each other, meaning that each breakdown can be described with only one of the 
mechanisms18 . For example, the breakdown of the sample is caused either by defect 
of type D1 or D2, not by both. If there is some mutual dependency between the 
mechanisms multiplicative combined distributions should be used.  

An example of an additive distribution is given in Fig.  4-2 
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Fig.  4-2  An example of breakdown strength data with two additive Weibull distributions. The lower 
breakdown strengths, 30% of all breakdowns, were described by Weibull distribution with α=139 
V/µm and β=4.4 and the higher breakdown strengths with α=367 V/µm and β = 7.9. 
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5 

5.1 

Dielectric breakdown in polypropylene film 
 

 

Dielectric breakdown strength of polypropylene films has been analyzed in many 
investigations during the last 30 years. Despite of this, there are very few papers that 
focus on the initial breakdown strength of the polypropylene film or the area or 
volume dependence of it. In most of the studies, the development of the breakdown 
strength is studied as a function of time when the film samples are impregnated and 
exposed to electrical and thermal stress. Also the number of measurements per 
analysis is rather low.  

Some data concerning the breakdown strength of polypropylene film is collected 
into this chapter. Even if the breakdown strength of the dry, non-aged polypropylene 
films is the main interest for this work, also few ageing related results are included. 
As the electrode configurations varied between the different studies or were not well 
described, it was, unfortunately, not easy to compare the obtained results with each 
other. 

In all referred studies polypropylene films were of capacitor grade, unless else is 
mentioned. 

 

Virgin dry polypropylene film 
 

Electrical properties of ultra thin polypropylene film were studied by Ochiai et al.1. 
The film was prepared by the evaporation method and the thickness of the obtained 
sample was measured to 100 Å. The breakdown strength of the sample was 1200 
V/µm, higher than reported by any other author. Authors report also that the 
conduction current through the sample increased rapidly after 600 V/µm being linear 
below that. The increased conduction current at the high field region was explained 
by tunneling. 

Fass et al.2 analyzed the AC- and DC breakdown strength of films made of two 
different polypropylene granules, a normal and a developed resin with higher 
isotacticity and better cleness (less process residuals). The ball-plate electrode 
configuration was used. The samples made of resin with higher isotacticity did not 
show higher breakdown strength than those made of the conventional resin. For both 
the resins the AC and DC breakdown strengths were tested to 500 V/µm and 800 
V/µm, respectively.  

Sanden et al.3 determined the DC-breakdown strength for 2 layers of dry, 25 µm 
smooth polypropylene film. Semiconducting cable screen material was used as 
electrodes and some pressure (80 kPa) was applied over the samples. The obtained 
breakdown strength at room temperature was 630 V/µm and decreased by 2.5 V/(µm 
°C) to 430 V/µm at 100°C. According to the authors, the results indicate together 
with other measurements performed on the same samples, that thermal and electro-
mechanical processes are likely to be active in the DC-breakdown process of 
polypropylene film. 
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Breakdown strength of a dry, metallised 15.2 µm polypropylene film was studied as 
a function of temperature between 20°-100°C by Schneuwly et al.4. Breakdown 
strength, measured with a DC ramp of 500 V/s and with 2 cm2 electrode, decreased 
moderately with increasing temperature, approximately 1 V/µm /°C within the 
studied temperature interval. The breakdown strength at room temperature was 640 
V/µm and it was on the same level than obtained in this work when similar electrode 
area was used in the measurement. (see Chapter 5). 

 

5.2 Impregnated polypropylene film 
 

Schneuwly et al.4  also impregnated the samples described above. The samples were 
impregnated at 70°-90°C for 20 d or more. The rapeseed impregnation improved the 
breakdown strength by 25%, breakdown strength being now about 800 V/µm. As the 
mass increase after the impregnation with rapeseed oil was determined to 10%, the 
improvement could partly, but not fully explained by the increased sample thickness 
(initial thickness was used when breakdown strength was calculated).  

For the impregnated samples the breakdown strength decreased approximately 3 
V/µm between 20°-90°C and started, above 90°C then to decrease more drastically, 
15 V/µm / °C  . 

Cygan et al.5 measured both the AC- and DC-breakdown strength of polypropylene 
film as a function of temperature in transformer oil. The voltage was raised 500 V/s 
till breakdown. 5 cm2 brass electrodes were used. The α-values for the DC 
breakdown strength was 800 V/µm at 23°C and decreased around 2 V/(µm °C) when 
the temperature was raised from 23°C to 90°C. The slope of the breakdown strength 
data (β-parameter value) was not affected by the temperature. The AC breakdown 
strength at 23°C was slightly above 300 V/µm and decreased 1V/(µm °C) up to 
90°C. Cygan et al.5 performed also long term AC and DC breakdown strength by 
constant voltage experiments. The samples were exposed to constant voltages and 
time to breakdown was measured. Surprisingly, the lifetimes for the samples during 
the AC tests were not temperature dependent, whereas for the DC tests the life times 
decreased with increasing temperature. Also a life model was developed, but is not 
discussed here. 

Chniba et al.6 determined the breakdown strength for hazy 10 µm thick film samples 
with space factor 10. Samples were measured both dry, after immersion into silicone 
or impregnation with a blend of mono- and dibenzyl toluene during 24h at 90°C. 
Breakdown strengths were measured with spherical stainless steel electrodes of 10 
mm in diameter by applying a 150 V/(µm s) DC ramp. The breakdown strengths for 
the dry film at -20°C were in the range of 630-680 V/µm for the studied samples and 
decreased with increasing temperature. At 100°C the breakdown strength for all 
samples were 500 V/µm Above 40°C no difference among the breakdown strength 
for the different samples was found, whereas below 40°C the impregnated samples 
were better than dry.  

How both Cygan5 and Chniba6 took into account the thickness increase of the 
polypropylene caused by swelling of in the oil, is not mentioned.  
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5.3 

5.4 

5.5 

Ageing in oxygen saturated oil 
 

Sebillotte et al7 and Gadoum et al.8,9 studied the breakdown strength development of 
the impregnated film samples after different periods of electrical ageing. Ageing in 
the pure impregnation liquid, benzyl toluene, proceeded slowly. As no changes in 
the breakdown strength were detected after 1800 h7 , oxygen saturated oil with and 
without epoxide-additives were used instead. Authors believe that the more severe 
ageing conditions (oxygen saturated oil) did not change the chemical process, only 
its progression rate. 

In the oxygen rich oil, the breakdown strength was lowered in the sample regions 
that were exposed to electrical stress but not for the regions outside of it. The 
degradation mechanism of the film followed the general mechanisms of 
polypropylene oxidation. The ageing of the polypropylene films was believed to be 
due to the scission of the macromolecular chains initiated by primary radicals. The 
electric field acted in the initializing step of the oxidation process as the radicals 
were formed at the electrode.  

 

Breakdown under high frequence 
 
AC breakdown strength of polypropylene under high frequency was studied by 
Kachen et al10 for 8 µm polypropylene film immersed into transformer oil. For the 
studied frequency range, 60-30 kHz, the breakdown voltage decreased from 4 kV by 
50% when the frequency was increased. It was suggested that partial discharge 
activities in microcavities of the film and increased heat loss at the high frequency 
were responsible for the decreased breakdown strength. 

 

Effect of polypropylene morphology on the breakdown 
strength 

 

Kawahigashi et al. 11 studied the effect of morphology on the breakdown strength of 
polypropylene. Aliphatic additives with different chain lengths (paraffin, wax, PE 
with low and high molar masses) and DOP (dioctyl phthalate) were blended into PP, 
samples were melt crystallized and exposed to a negative, 40 µs pulse.  

In the normal polypropylene, the impulse breakdown path runs through the 
spherulite boundaries. When the content of short molar mass additives was high, 
they either gather along the spherulite border or form own spherulites into the 
polypropylene matrix. Also now impulse breakdown path was along the spherulite 
boundaries. With high molar mass additives such an segregation did not take place. 
Spherulite border were, however, very "obscure". Impulse breakdown penetrated 
through the spherulites instead of the boundaries. 
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5.6 

                                                

Area dependence of breakdown for polypropylene films 
 

Cygan el al.12 studied area and volume dependence of the breakdown strength for the 
for polypropylene films. The studied sample thicknesses were between 8 and 76 µm. 
The areas of the applied measurement electrodes were 2.8-31.7 cm2 and 500 V/s DC 
ramp was applied. Measurements were performed in transformer oil. The breakdown 
strength was for the 78 µm sample independent of the electrode area.  

According to Cygan et al.12  an increasing volume obtained by increasing the sample 
thickness gave more significant decrease in breakdown strength compared to 
situation when the volume was increased by increasing the sample area. No specific 
reason for this was given. How the swelling of polymer in the insulation oil was 
taken into account is not known. The results of Cygan et al.12  are in contradiction to 
the results is obtained in the present work, see e.g. Paper V. 
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6.1 Materials 

Materials and Methods 
 

 

6.1.1 Poly(propylene-stat-ethylene) fractions (Paper I, II) 
 

The poly(propylene-stat-ethylene) fractions were received from Neste Oy, Finland, 
and were prepared and characterized by Dr. P. Jääskeläinen. Details of the 
characterization are presented in Chapter 6.2. 

 

Table  6-1  Fraction data. Data obtained by NMR, IR and GPC. 

C2-content (mol%) 
NMR            IR 

Code Fraction 
typea  

Randomnessb 
NMR        IR 

  M n    M w  

0.0 
2.7                 3.6 
-                     4.1 
5.7                 5.4 
-                     6.5 
-                     7.2 
 
-                     6.6 
5.9                 6.6 
6.9                 8.5 
8.7                 6.6 
11.0               9.3 

- 
hcl13 
hcl5 
hcn12 
hcm7 
hcn6 
 
hcg3 
hch8 
hch4 
hcc5 
hcc3 

m 
m 
m 
m 
m 
m 
 
e 
e 
e 
e 
e 

-                 - 
98            79 
 -              77 
74            75 
 -              71 
 -              66 
 
 -              70 
89            70 
78            68 
58            70 
64            63 

  35 000 
169 000 
  74 000 
217 000 
  71 000 
  65 000 
 
  45 000 
  79 000 
  34 000 
  63 000 
  34 000 

  50 000 
453 000 
116 000 
474 000 
105 000 
114 000 
 
154 000 
280 000 
151 000 
245 000 
152 000 

aFraction type e  and m refer to fractionating according to ethylene content and to molar mass, respectively. 
bRandomness, percentage of structures having one ethylene unit between propylene units. 
 

6.1.2 Polypropylene film (Papers III, V) 
 

Over 50 capacitor grade polypropylene film samples from several different suppliers 
were studied. The studied PP films were both plain and metallised and were aimed 
for both dry and impregnated applications. Sample thickness ranged between 4 and 
15 µm. All films were tested as received and were not exposed to electrical or other 
ageing. In the analysis, usually one or several 40-50 cm long film samples were 
used. However, in some special cases larger samples were tested.  
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6.1.3 Poly(ethylene terephthalate) film (Paper IV) 
 

Commercially available poly(ethylene terephthalate) (PET) films were analyzed as 
received or as processed and impregnated capacitor elements. Two of the tested film 
grades were of insulation grade, the third a normal general purpose grade. The 
thickness of the studied samples varied between 8-20 µm. In capacitor elements even 
6µm films were used.  
 

6.2 Characterization of poly(propyelene-stat-ethylene) 
 
The poly(propylene-stat-ethylene) copolymers were fractionated either according to 
molar mass or to chemical composition of the copolymer. The aim of fractionating 
was to obtain homogenous samples from which the low molar mass and defect rich 
chains were (partially) eliminated.  

The fractionation was carried out by direct extraction technique using solvent/non 
solvent mixtures with increasing solvent power1. The temperature was kept constant 
throughout. Xylene/ethylene glycol monoether mixtures for fractionating according 
to ethylene content and ethylene glycol monobutyl ether/diethylene glycol 
monobutyl ether mixtures for fractionating according to molar mass were used.  

Molar mass was determined by gel permeation chromatography at 408 K using 
1,2,4-trichlorobenzene as eluent. Polystyrene standards and broad molar mass 
polypropylenes were used for the calibration.  

The tacticity was obtained from nuclear magnetic resonance (NMR). The resonance 
absorption of methyl groups permits determination of meso(m) and racemic (r) 
configurations2. The ethylene content and sequence distribution were determined 
according to the method of Randall3. The ethylene content was also obtained from 
infrared (IR) spectroscopy data. The absorption at 733 cm-1 band was used for the 
determination of the ethylene content4. The absorption at 809 cm-1 was used as an 
internal standard.  

The fraction data is presented in Table  6-1 and Table  6-2. Based on the ethylene 
distribution data, an effective ethylene content vs. content of the completely 
statistically distributed ethylene monomers was calculated (Table 6-2).  
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Table  6-2  NMR-data of the fractions 

C2- C2-distribution Effective Polypropylene configurationd  
content 
(Mol%) 

Randoma 
(%) 

Blockb 
(%) 

C2-contentc 
(Mol%) 

Isotactic 
(%) 

Syndiotactic 
(%) 

Atactic 
(%) 

 

0 
2.7 
5.7 
5.9 
6.9 
8.7 
11.0 

- 
98 
74 
89 
78 
58 
64 

- 
0 
5 
2 
5 
10 
10 

- 
2.7 
4.9 
5.7 
6.1 
6.8 
9.0 

94.4 
96.3 
95.5 
95.4 
92.5 
93.1 
89.9 

2.7 
1.4 
1.7 
2.1 
3.7 
2.2 
3.9 

2.9 
2.3 
2.8 
2.5 
3.8 
4.7 
6.2 

 

a One ethylene unit between propylene units. 
b Four or more ethylene units between propylene units 
c 100x(Number of ethylene sequences):(Number of ethylene sequences + Number of propylene units) 
d Based on triads 
 

6.3 Methods 
 

6.3.1 Differential scanning calorimetry 
 

Thermal analyses of the fractions were performed in a temperature- and energy 
calibrated Perkin-Elmer DSC-7 Differential Scanning Calorimeter using N2 as purge 
gas. 6±1 mg of sample, enclosed in Al-pan, was melted and kept at 458 K for 6 
minutes before all analyses. The temperatures for crystallization, glass transition and 
melting temperatures were recorded at a rate of 10 K min-1 and corrected for thermal 
lag. Heat of fusion data was obtained at a rate of 10 K min-1 from samples 
crystallized isothermally and melted either directly after 'complete' crystallization or 
after cooling by 200 K min-1 to room temperature.  

The superheating or reorganisation effects were considered by studying the melting 
of a sample cooled at 80 K min-1 to 213 K at rates between 1-160 K min-1. The 
endotherms were corrected against thermal lag and transformed to heating rate of 10 
K min-1 5. 

The heats of fusion were transformed to mass crystallinity by using the total 
enthalpy method.6 

 

6.3.2 Wide angle X-ray scattering 
 

The unit cell parameters of the α-crystal form, mass crystallinity and the α- and γ-
crystal contents were obtained from wide-angle X-ray scattering (WAXS) data, 
obtained from the isothermally crystallized samples cooled to room temperature. The 



6-4  
____________________________________________________________________ 

analysis were performed in collaboration with Prof. P.-E. Werner and M. Westdahl 
at the University of Stockholm.  

To assess the mass crystallinity, diffractograms from a rotating polymer sample in a 
Stoe Stadi/P powder diffractometer, operating in transmission mode, were recorded. 
The scattering intensity of strictly monochromatized CuKα1 radiation 
(λ=0.1540598) was collected with a small liner position sensitive detector. The 
degree of crystallinity was determined according to the method of Ruland7. The 
designation 'crystalline' is restricted to the crystalline regions larger than 2-3 nm. 
Ruland7 showed that for a Lorentz corrected scattering data from which the 
incoherent sc. Compton scattering is reduced, the crystallinity was equal to coherent 
scattering concentrated to diffraction peaks divided by total coherent scattering for 
all used integration intervals when the 2θ dependence of both the scattering factor of 
the atoms and the loss of intensity at the reciprocal lattice points due the deviation of 
atoms from their ideal positions (consequence of thermal motions, lattice 
imperfections and paracrystalline regions) was taken into account. A computer 
program was written to perform the required calculations.  

To assess the unit cell of α phase and the α and γ crystal contents the WAXS 
patterns using a Gunier-Hägg camera operating with subtraction geometry, strictly 
monochromatized CuKα1 radiation (λ=0.1540598), single-coated films and finely 
powdered silicon as internal standard were obtained. The scattered intensity of the 
films was measured by a single-beam microdensitometer. Step intensity data 
calculated by the computer program SCANPI was used as an input data to Rietveld 
refinement program, DBW 3.258. An interruption between 19.5° and 20.5° in 2θ 
range for refinements was made due to γ reflection8 . In order to overcome the 
problem with overlapping α- and γ-reflections, only the cell dimensions and the non-
structural parameters, not the atom positions were refined. The α- and γ-crystals 
contents were obtained according to the Turner-Jones method9.  

The high temperature WAXS was performed on the sample with 8.7 mol% ethylene. 
A diffractometer equipped with a Rigaku Denki vertical goniometer operating in 
reflection mode using CuKα1 radiation (λ=0.15418 nm) and an Anton -Paark TTK2-
HC Heat Controller were used. The intensity of the scattered X-rays were obtained 
in a scintillation detector with pulse height discrimination. The measurements were 
done in co-operation with Dr. J. Martinez-Salazar at CSIC. 

 

6.3.3 Small angle X-ray scattering 
 

Long period data was obtained from the small angle X-ray scattering (SAXS) 
patterns of isothermally crystallized samples cooled to room temperature. The 
sample and film were placed at 330 mm distance from each other in a vacuumed, 
pinhole-collimated Rigaku camera attached to Cu rotating anode source (operating at 
140 mA, 40 kV). The exposure time was 30h. The scattered intensities were 
measured by a microdensitometer, averaged and the scattering angle (θ) was 
established using the centre of the main beam position as a zero point. The 
background was subtracted, the reduced scattered intensity curve was fitted in to 
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Gaussian background and Lorentzian components. The scattered intensity was then 
Lorentz corrected 10 , s [s=2sinθ/λ, λ=wavelength] versus f(s)=  plotted, the 
maximum was determined and the long period L was obtained according to 

  I ⋅s 2

 

 
  
L =

1
smax

        ( 6-1) 

 

The average lamellar thickness was obtained from 

 
         ( 6-2)   L c = V c ⋅L

 

Volume crystallinity Vc was obtained from mass crystallinity wc assessed by WAXS 

 

 

  

Vc =
wc

ρc
ρa

⋅ 1 − wc( )+ wc

      ( 6-3) 

 

where ρc and ρa are the crystalline and amorphous densities, respectively. 

 

6.3.4 Infrared spectroscopy 
 

The helical order of the fractions crystallized isothermally at 373 K and cooled to 
room temperature was assessed by infrared spectroscopy (IR) using a Perkin-Elmer 
FTIR 1760X Spectrometer; 25 scans at a resolution of 2 cm-1 were used. 

 

6.3.5 Polarized light microscopy 
 

The crystallization kinetics data based on the radical growth rate of 5-8 spherulites 
was obtained in a Leitz Ortholux POL BK II optical microscope equipped with a 
Mettler Hot Stage FP 82. Photographical recording of spherulites after different 
times of isothermal crystallization was used.  
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6.3.6 Transmission electron microscopy 
 

Freeze polished surfaces of isothermally crystallized samples and surfaces of thick 
films crystallized on Mylar® were treated by permaganatic acid (KMnO4, H3PO4, 
H2SO4) according to description of Sneck11 essentially based on the method of 
Basset and Olley12. Direct polyacrylic acid replicas of the Au-Pd shadowed carbon 
coated surfaces were taken and the samples were examined in JEOL JEM 100 B 
electron microscope.  

 

6.3.7 Assessment of film thickness  
 

The dielectric film thickness was assessed by weighing the sample and calculating 
the thickness, when the density was known. Film densities given by the film 
suppliers were used. For the non-metallised polypropylene, 0.905 g/cm3 and for the 
metallised polypropylene 0.910 g/cm3 was used. Carefully measured and cut samples 
were weighed on a Sartorius BA61 balance with measurement accuracy of 
±0.0002g. For the metallised film, the mass of the metallization was in most of cases 
negligible compared to that of the polymer film. As the electrical measurements 
could be sensitive to wrinkling or other handling of the samples, the thickness 
measurements were usually performed on separate samples cut from the roll just 
before or just after the electrically analyzed film samples. In case only small separate 
sheets were sent by the supplier, the thickness was determined after the breakdown 
strength measurement 

 

6.3.8 Breakdown strength measurement  
 

An automatic breakdown strength measurement equipment consisting of an 
electrode arm scanning over the sample surface was used. Five different electrodes 
with the following areas, 0.045, 0.17, 0.65, 2.45 and 9.3 cm2 were used. Typically 
40-80 measurements per electrode area per sample were performed. For a 
measurement, coordinates for electrode positioning and the electrode area was given 
to the measurement program. Usually, but not always, all five electrodes were used.  

All measurements were performed in air. The voltage was raised at a rate of 500 V/s 
until the breakdown was detected. The HV-electrodes were made of brass and 
facetted at the electrode edge. The ground electrode was a thin aluminum foil, placed 
on a grounded copper plate. When the voltage is raised, the electrostatic force draws 
the aluminum foil tightly towards the high voltage electrode. A good contact 
between the sample and the electrodes was achieved, without applying any 
additional mechanical force. A voltage of 400-700 V was needed until the Al-foil 
was properly attached towards the sample and HV-electrode.  



6-7  
____________________________________________________________________ 

In some cases, when electrode areas larger than 9.3 cm2 were tested, the HV 
electrode was made of aluminium foil. When metallized films were analyzed, the 
metallization was always oriented towards the ground plate. 

 

6.3.9 Statistical analysis 
 

Weibull distribution function parameters13, the scale parameter α and the shape 
parameter β, were fitted to the obtained breakdown strength data: 

 
β

α
⎟
⎠
⎞

⎜
⎝
⎛ −

−
−=

cx

exF 1)(         ( 6-4) 

 

F(x) is the cumulative distribution function related to the probability for failure to 
happen at voltage or field ≤x. Parameter c, the location parameter, was set to zero. 
Maximum log likelihood fit was applied. The median rank approximation14 was used 
in the ranking of the data: 

 

4.0

3.0
),(

+

−
=

n

i
niF          ( 6-5) 

 

where n is the total number of measured breakdown strengths. In the Weibull plots, 
the F(i,n) values were plotted against the measured breakdown strength values xi.  

Based on the assumption that all the defects leading to a breakdown are of similar 
type and Weibull-distributed, the α-parameter value for a new area can be calculated 
when the α- and β- values are known for one electrode area A: 

 
β

α

α
/1

2

1

2

1
−

⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
=

A

A          ( 6-6) 

The area scaling law ( 6-6) is strictly valid when the sample thickness is constant. 
When the thickness difference between the samples is small or β-value high, the 
volume effect will be small and an area scaling can be used as a good estimation. 
Otherwise, the scaling according to the sample volume should be performed. 
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7 

7.1 

Major Results 
 

Paper I: Crystal structure and morphology of 
poly(propylene-stat-ethylene) fractions 

 

The poly(propylene-stat-ethylene) fractions with 2.7-11.0 mol% of ethylene 
exhibited almost constant mass crystallinity, crystal thickness and unit cell volume 
(α-crystals) with increasing ethylene co-monomer content, Table  7-1. In comparison 
with the homopolymer data a decrease in crystallinity but increase in unit cell 
volume was observed. The isotacticities were, with one exception, approximately the 
same for the copolymers than for the homopolymer. The decreased crystallinity 
could not be explained by the decreased tacticity.  

When compared to polyethylene, the uncrystallizable ethyl branches reduce the 
crystallinity, approximately 20% per mole percent branches 1 . In the studied 
poly(propylene-stat-ethylene) fractions the crystallinity and crystal thickness 
remained almost constant with increasing ethylene content which indicated that the 
ethylene units could be included in the crystals. 

 

Table  7-1  Selected data of the crystalline properties of the fractions 

C2-content 

(Mol%) a 

Tc 
(K) 

wc 
(%) 

γ-contentb 
(%)c 

L 
(nm) 

Lc 
(nm) 

Vc  c 
(nm3) 

0  373 49 ±1   0 10.5±0.5 4.9±0.3 0.896±0.005 
2.7(2.7) 373 36 ±1 18 - - 0.922±0.006 
5.7(4.9) 373 37 ±1 28 12.7±0.7 4.4±0.3 0.914±0.007 
5.7(4.9) 393 33 ±1 72 - - - 
5.7(4.9) 403 36 ±1 53 - - - 
6.9(6.1) 373 - 60 - - 0.909±0.012 
6.9(6.1) 388 - 68 - - - 
6.9(6.1) 383 - 81 - - - 
6.9(6.1) 388 - 86 - - - 
8.7(6.8)d 10K min-1  - 35 - - 0.912±0.007 

8.7(6.8)d 80 K min-1  30 ±1 12 - - 0.915±0.007 

8.7(6.8)d 200K min-1  -   5 - - 0.912±0.006 

8.7(6.8)d quenched 34 ±1   0 - - - 
8.7(6.8) 373 33 ±1 35 12.1±0.6 3.8±0.3 0.915±0.005 
8.7(6.8) 388 36 ±1 70 13.8±0.7 4.7±0.4 - 
8.7(6.8) 393 37 ±1 75 - - - 
11.0(9.0) 373 35 ±1 49 14.0±0.7 4.6±0.4 0.913±0.007 
11.0(9.0) 393 35 ±1 79 - - - 
a The effective ethylene content is given in parenthesis 
b Percent of crystallinity. 
c Calculated using values for alpha form only. 
d Sample is cooled from melt directly to room temperature. Instead of crystallization temperature, cooling rate is given (cursive 

style). 
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In order to appreciate the statistical distance between the ethylene units, the 
cumulative weight distribution of the ethylene free polypropylene sequences were 
calculated by using a binomial distribution: 

 

       ( 7-1) ∑
∞

=

−−=
1n

1n2pp)n(1W(n)

 

where n is a number of propylene units in chain segments not interrupted by ethylene 
and p is the probability that the chain molecule is propylene (molar content of 
propylene in the copolymer). Fig.  7-1 (curve a.) presents the cumulative propylene-
sequence distribution calculated for the copolymer with effective ethylene content of 
9.0 mol%. The X-ray crystallinity of the sample was 35 % indicating n value around 
23 (W(n)=1-0.35=0.65). The minimum crystal thickness considered in X-ray 
analysis is 2-3 nm which corresponds to n=9-13 repeating units. The major part of 
the sample consisted of longer sequences.  
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Fig.  7-1  Cumulative propylene sequence distribution when the ethylene (a) and all configurational 
defects (b) are excluded from the propene sequences.  

 

However, if all configurational defects are excluded, the recorded crystallinity would 
not be reached. For example, in the homopolymer sample only half of the defect free 
segments crystallize. If the same proportion of defect free chain segments crystallize 
in copolymer, the limiting value n=6 is obtained for the copolymer, (Fig.  7-1), curve 
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b), well below the required n=9-13. This indicates that the ethylene defects are 
included in the crystal structure. The same conclusion was also drawn for the sample 
with 6.8 mol% effective ethylene content.  

Also the infrared spectrum of polypropylene provides morphological 
information2, , ,3 4 5 . Most of the IR absorption bands of polypropylene are associated 
with the length of 3/1 helices and are not truly "crystallinity bands" according to the 
definition of Zerbi et al.6 . The absorption at 998 cm-1, at 841 cm-1 and 973 cm-1 are 
suggested to originate from vibrations of at least 11-12, 13-15 and 5 repeating units, 
respectively. When the absorption was studied as a function of temperature 
(crystallinity), the absorption at 973 cm-1 decreased 20% from its room temperature 
intensity and the band at 900 cm-1 showed a small intensity. The absorptions at 998 
cm-1 and at 841 cm-1 disappeared at the molten state, Fig.  7-2. The 973 cm-1 
absorption was chosen as an internal standard.  

With increasing ethylene content, A841/A973 and A998/A973 decreased with 10-15 % 
when the samples crystallized isothermally at 373 K were analyzed, Fig.  7-3.  
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Fig.  7-2.  IR-absorbance of the fraction with 5.7 mol% of ethylene as a function of temperature at 
u=973, m=998, l=841, q=2725 and n=900 cm-1. 
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Fig.  7-3  Absorbance ratios A900/A973(n), A841/A973(l) and A998/A973(m) as function of the 
ethylene content of the fractions.    

 

The decreased content of at least 11-12 and 13-15 units long helices was in 
contradiction to the constant X-ray crystallinity and crystal thickness.  

Based on the expanded unit cell, invariance in crystallinity and crystal thickness but 
decreased length of the 3/1 helices, it was suggested that ethylene units were 
partially included in the crystal structure. The obtained results have been both 
proved and disproved by other researchers, as explained in Chapter 2. Although an 
increasing amount of evidence indicates that the ethylene units can be partly 
included in the crystal structure, there is currently no full agreement of this within 
the research community. 

 

Paper II: Crystallization kinetics and melting behavior of 
the poly(propylene-stat-ethylene) fractions 

 

Crystallization and melting behavior of poly(propylene-stat-ethylene) fractions was 
analyzed. The crystallization and melting temperatures decreased by 3±0.3 K per 
mol% and the glass transition temperature 1.6 K per mol% of ethylene co-monomer. 
The studied poly(propylene-stat-ethylene) fractions crystallized isothermally at 373-
403 K, exhibited a bimodal melting when heated directly after crystallization, Fig. 
 7-4. The relative size of the low temperature peak (shoulder) increased and the 
melting enthalpy and melting range decreased with increasing crystallization 
temperature, Fig.  7-4 and Fig.  7-6. The melting temperature decreased and the 
relative size of the low temperature peak increased with increasing ethylene content, 
Fig.  7-4.  
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Fig.  7-4  Bimodal melting of the poly(propylene-stat-ethylene) fractions direct after crystallization at 
373K (a), 383 K(b) and 393 K (c). Ethylene content is given on each thermogram. 

 

 

Fig.  7-5  Super heating and lamellar thickening effects in the fraction with 8.7 mol% ethylene. 
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Fig.  7-6  Melting enthalpy of the fractions analyzed directly after "complete" isothermal 
crystallization at 373 K( ), 378( ), 383 ( ), 388 ( ), 393 ( ) and 398 ( ) K. 

 

The γ-crystal content analyzed at room temperature increased with increasing 
ethylene content, increasing crystallization temperature and decreasing cooling rate. 
The melting enthalpy of the same samples showed no correlation to γ-crystal content 
but decreased with increasing ethylene content possibly due to the ethylene inclusion 
into the crystal structure, Table  7-1.  

 

7.2.1 Crystallization and melting behavior of the fraction with 8.7 
mol% ethylene 

 

When the sample with 8.7 mol% of ethylene was after isothermal crystallization at 
373 K quickly cooled to RT mainly α-crystals were formed whereas during a slow 
cooling the sample crystallized both in α- and γ-crystals. The initial crystallization of 
the sample with 8.7 mol% of ethylene was, however, dominated by the α-phase. 
With increasing crystallization time, the γ-crystal content reached value of 50% or 
more at temperatures above 383 K.  

When the sample with 8.7 mol% crystallized isothermally at 383 K was melted, 
approximately 50% of γ-crystals was converted to α-crystals during heating, Fig. 
 7-7, principally in agreement with observations of Turner-Jones7.  

The relative size of the low temperature peak recorded at 10 K min-1 was not in 
accordance to γ-crystal content: 50% at 383K and 62% at 393 K. With increasing 
heating rate the bimodal character was preserved, Fig.  7-5. The relative size of the 
low temperature peak recorded at a rate of 40 K min-1 was in approximate 
accordance to γ-crystal content. In homopolymer the α- to γ-crystal conversion is 
prevented by sufficiently rapid heating8

Samples with unimodal crystal structure (only α- or γ-crystals) show an multimodal 
melting at low heating rate due to re-crystallization whereas samples with 
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appreciable amount of both α- and γ-crystals melt bimodally at all studied heating 
rates. The crystallization rate of the poly(propylene-stat-ethylene) fractions 
decreased with increasing ethylene content to the exception the sample with 6.9 
mol% of ethylene which had the lowest crystallization rate. An exceptionally high 
amount of γ-crystals is formed in this sample during crystallization 
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Fig.  7-7  α- and γ-crystal contents during a stepwise heating of the sample with 8.7 mol% of ethylene 
crystallized at 383 K. The duration of the steps was 8 (- - - ) and 30 (––– ) minutes. The symbols (m, 
l) refer to α- and (C, s) to γ-crystals. 

 

The interpretation of melting thermograms is discussed. An unimodal melting curve 
shifted towards higher temperatures was observed at large heating rates (80-160 K 
min-1) indicating superheating effects to be dominant at this heating range. Heating 
at the slow heating rates (1 and 2 K min-1) led to a bimodal melting where the 
melting curve was shifted to higher. Paukkeri and Lehtinen9,10  showed that the 
melting of the isotactic homopolymer fractions was bimodal only at slow heating 
rates whereas for the homopolymer fractions with low isotacticity the bimodality 
remained at all studied heating rates.  

The high isotacticity (93%), low γ-crystal content (12%) and small low molar mass 
fraction in the studied copolymer sample together with the observed melting 
behavior and homopolymer studies,10 indicate that the bimodal melting observed at 
low heating rates was due to recrystallization during heating.  
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Fig.  7-8  Polarized micrograph of a copolymer fraction with 6.6% ethylene at 403K. 

 

7.2.2 Spherulitic structure 
 

Spherulites crystallized at 373-403 K were dominantly of positive type, i.e. 
maximum of the refractive index along the spherulite radius. Some of the spherulites 
were of mixed type, i.e. consisting of variating positive, negative (maximum 
refractive index along the spherulite tangent) or low birefringent fields.  

The spherulitic growth started at low temperatures from relatively compact 'circular' 
or 'elongated' (depending on the orientation of the nucleus in the film) structure 
whereas at higher temperature the initial morphology was rather fibrillar than 
compact, Fig.  7-8. The growth rate deviated locally leading to a rough spherulitic 
border. The pockets or 'bays' of molten material crystallized later to weakly 
birefringent regions of mixed or negative sign. The proportion of mixed spheurilites 
increased when the samples with medium or high ethylene content were crystallized 
at 398-403 K. 
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Fig.  7-9.. Polarized photomicrographs of copolymer with 5.9 mol% ethylene units, crystallized at 388 
K. 

 

During isothermal crystallization of samples with 2.7, 5.9 and 8.7 mol% of ethylene 
occasional changes in the birefringence from positive to negative were observed. 
The changes formed remarkable ring structures in the spherulites, Fig.  7-9. More 
diffuse changes in magnitude of birefringence along the spherulite radius were also 
observed. 

 

7.2.3 Lamellar structure 
 

Fig.  7-10 and Fig.  7-11 presents electron micrographs of a poly(propylene-stat-
ethylene) copolymer sample with 11.0 mol% of ethylene and the fractions with 2.7 
and 11.0 mol% of ethylene, all crystallized at 373 K. A fine cross-hatched structure 
characteristic for α-crystals, but less ordered than in homopolymer, was observed. 
Spherical features, most profound in the unfractionated sample, probably consisted 
of low crystalline material, more susceptible to etchant. The spherical shape 
indicates that phase separation occurred in the molten state. The sample with high 
ethylene content showed a more profound lamellar curvature than the other samples 
(Fig. 19(b)). Thin films crystallized in contact with biaxially stretched Mylar¨ 
showed a coarse cross-hatched morphology with both straight (sample with 2.7 
mol% of ethylene) and slightly curved lamellae with occasional branching at angles 
15-40° (sample with 8.7 mol% of ethylene), Fig.  7-11 .  
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Fig.  7-10  Electron micrographs of copolymer fraction with 11.0 mol% ethylene crystallized at 373 K. 

 

     
   a.      b. 

Fig.  7-11..Electron micrographs of copolymer fractions with a) 2.7 mol-% and b) 8.7 mol-% ethylene 
crystallized isothermally at 393 K on Mylar film. 

 

A macroscopic lamellar curvature observed in polypropylene homopolymer lamellae 
is linked with crystallization of low-MW material, possibly in the γ-phase 11 . 
Homopolymer samples crystallized completely to γ-crystals form straight lamellaes 
which do not cross-hatch12. The curvature in poly(propylene-stat-ethylene) fractions 

se with 
increasing crystallization temperature. It is also possible that the Mylar substrate 

d to lead to curved lamellaes, possibly in 
oth α- and γ-lamellaes.  

 

increase with increasing ethylene content (Fig.  7-11) and possibly decrea

(biaxially orienetd PET-film) prohibits the formation of curved lamellae. Increasing 
configurational defect content is suggeste
b
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7.3 Paper III: Area dependence of breakdown strength of 
polymer films: automatic measurement method 

 

The area dependence of the breakdown strength as well as character and distribution 
of the weak points leading to a breakdown are important characteristics of dielectric 
films. Testing the dielectric films in their final application, in this case. capacitors, is 
expensive. In addition, very limited amount of information is received, especially if 
statistically significant amount of data is required. Fortunately a piece of equipment 

at can automatically measure breakdown strength of films had been developed.  

However, different questions concerning the performance of the automatic 
break luate 
the re teria 
or ac he accepted 
reakdowns were true breakdowns; how the breakdowns were distributed over the 

d. 

th

down strength measurement system were addressed. The goal was to eva
liability of the measurement data obtained: whether the programmed cri
ceptance and rejection of the breakdowns functioned properly; if tf

b
electrode area and would the previous positioning of the electrode on the sample 
affect the coming measurement point due to charges trapped in the sample.  

In order to answer these questions, over 700 measurement points were analyzed. In 
addition to the control of breakdowns, which is automatically done by the 
instrument, the breakdowns were manually analyzed. It was not only controlled by 
whether there was a breakdown beneath the electrode, but also where it was situate
During the measurement, PD activities at the electrodes were noted, especially in 
terms of direction. This was done in order to see if strong PD and remaining charges 
in the surface region would effect the measurement result for the subsequent 
measurement position. Different electrode positions and distances between these 
were also tested, for the same reason.  

 

 

Fig.  7-12..Randomly distributed, small breakdown craters on the electrode surface. Scale bar=500 
µm. 

 
It was concluded, that the measurement system was capable of rejecting the 
erroneous measurement points: of 678 accepted measurement points only 2 cases 
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were found when it was not sure whether there was a hole beneath the electrode. The 
measurement system could differ a true breakdown from interruption caused e.g. by 
PD. However, it was possible that the rejection criteria were too strict. The rejections 
at the higher breakdown voltages did not affect the results, as the number of 
measurement points was high. The sparse, low voltage breakdowns that were 
rejected could influence the obtained β-parameter value. If data with and without 
rejections was analyzed, some kind of error interval was obtained.  

No increased amount of breakdowns was detected at the electrode edge region than 
elsewhere on the electrode surface, but the small "craters" caused by breakdowns 
were randomly distributed, Fig.  7-12.  

The possible effect of PD during a previous measurement through remaining charges 
in the film was analyzed by positioning the measurement very close to each other. 
Different distances between the electrode positions were tested (  this work the 

ata 
ig. 

easurement positions were taken close to each other. The results were 

in
"density" of the measurement locations is expressed as edge-to edge distance). D
with slightly higher number of low probability breakdowns were observed, F
 7-13, when m
not clear, but varied from measurement occasion to measurement occasion. It was 
not possible to exclude that internal variation in the film sample would partly lie 
behind the observed variation. 
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Fig.  7-13  Effect of distance between the electrode edges. The breakdown measurements were 
performed with the largest, 9.3cm2 electrode, and the edge-to-edge distances between the electrode 
positions on the film were 1.5mm ( ), second measurement with 1.5mm ( ) 15mm ( ),second 
measurement with 15 mm ( ), 31 ( ) and 65mm ( ). The values of Weibull parameters α and β for 
each measurement are shown in the plot. 
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The stability of the α-parameter value was studied over period of two years. There 
was no variation among the α-values within the 90% confidence intervals during the 
analysis time.  

It was concluded that in general, reliable data with the present measurement system 
was obtained. The α-parameter values were stabile and were not affected by the 
measurement conditions, the electrode positioning on the sample nor the minor 
amount of rejected measurement points. The β-parameter values were more sensitive 
to these and, as expected, to the local variations in the sample. During the analysis 
period, the β-parameter values varied ±10-30%, more for the large than for the small 
electrodes.  

 

7.4 Paper IV: Influence of electrode area on dielectric 
breakdown strength of thin poly(ethylene terephthalate) 
films 

 

Like for the polypropylene samples (see Chapter V) the breakdown strengths were 
measured in the laboratory with the five electrodes having areas of 0.045 cm2, 0.17 

2 2 2 2

log(α) = -k*log[A] + constant     ( 7-2)  

rapolation: 

as as well as with impregnated elements is presented. 

wo different PET films from different suppliers were studied. For both the studied 
film qualities, the Weibull extrapolated breakdown strengths correlated well with the 
measu
accur

cm , 0.65 cm , 2.45 cm  and 9.3 cm . Weibull parameters were fitted to the data. 
Large area breakdown strength were then extrapolated by using Weibull ( 7-3) and 
area extrapolation ( 7-2):  

Area extrapolation can be described with: 

 

 

and Weibull ext

 

 (α1 / α2) = (A1 / A2) -1/β       ( 7-3) 

 

If the data is fully Weibull distributed, k=1/β.  

Fig.  7-14 presents the measurement breakdown strength data obtained with the small 
electrode are

T

red results, Fig.  7-15. For one of the samples, the area extrapolation was 
ate.  
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Fig.  7-14  a) Breakdown strength measurements performed on small electrodes with area of 0.045-9.3 
cm2. PETA(6,8)E and PETA(6,6)E refer to breakdown strength measurements performed on 
processed and impregnated capacitor elements. Two layers of film was used.  

 

It is concluded that for the studied PET sample, it was possible to predict the large 
area breakdowns strength from small electrode area. This indicates that the 
breakdown mechanism was the same for the small and large sample areas and that 
the impregnation process did not effect the film. 

 

 

Fig.  7-15  Area extrapolation (thick lines) and Weibull extrapolations with maximum and minimum 
β-parameter values (shadowed area) measured for the sample. Data obtained with 9.3 cm2 electrode is 
used as reference in the Weibull extrapolation. 
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7.5 Paper V: DC breakdown strength of polypropylene films: 
area dependence and statistical analysis 

 

When breakdown strength data for polypropylene samples was plotted, the 
breakdown strength data formed, in difference to PET-film, a fan like pattern, Fig. 
 7-16. This was characterized by high breakdowns strengths for the smallest 
electrodes, an increasing amount of low probability breakdowns with increasing 
electrode area and decreasing area dependence with decreasing area. Often not only 
one but several Weibull distributions are needed in describing the breakdown 
characteristics of the film.  

The different pattern presented in Fig.  7-16 originate form different film samples. 
Each pattern seemed to be like a fingerprint, they remained the same throughout the 
film roll. 
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Fig.  7-16  Typical breakdown strength behaviors for polypropylene dielectric. 

 

Breakdown strength of over 50 different polypropylene films were analyzed. The 
difference between the obtained breakdown strength value, measured with the same 
electrode, was 200-250 V/µm, Fig. , indicating substantial differences among   7-17
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the samples. The smooth metallised films were better than the rough films for 
impregnation. It was not surprisingly as the latter is optimized for impregnations. 
The variation between the different samples and suppliers but within the same 
quality was ±30-60 µm.. 
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Fig.  7-17  α-parameter values for over 50 polypropylene films as a function of electrode area. 
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The breakdown strength for the studied films was not dependent on the sample 
thickness. The exceptions were the thinnest 4µm samples.  

In order to characterize the properties of a group of films, in this case the 50 
polypropylene films, a new α-and β-parameter values were calculated. Calculation 
was based on the α−values for the polypropylene films, Fig.  7-17, and a new, well 
distributed secondary Weibull distribution was obtained, Fig.  7-18: 
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Fig.  7-18  Secondary Weibull distribution based on primary α-values presented in Fig.  7-17.,  

Both the primary and secondary α-values -values were used in the extrapolation of 
breakdown strength data to larger areas, in this case to 4 m2. As the results were 
rather similar, only primary data based on one film only is shown below. .  
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Fig.  7-19   Breakdown strength at 4 m2 is predicted from the small electrode data by area 
extrapolation (thick line) or Weibull extrapolation (thin line). , ,  refer to the measured 
breakdown strengths with different electrode areas.. 

 

By area extrapolation 50% too high breakdown strength values are obtained. The 
breakdown strength based on the small electrode is in increasing degree independent 
of the electrode area. The α-value was predicted by the Weibull distribution. 



7-18  
____________________________________________________________________ 

Deviation from predicted and measured value was less than 15%. 
extrapolation based on electrode areas of 30-500 cm

The area 
 at 4m2 

reakdown strength data were also extrapolated to areas corresponding power 

nism was not the same for dry small and large impregnated areas.  

2 predicted the α-values
breakdown well. 

B
capacitors. It turned out that power capacitors, which are processed and impregnated, 
perform in reality much better than what is expected. However, despite the general 
improvement of the film, probably caused by processing and impregnation, a new 
kind of sparsely distributed weak spots were also generated. As it was not possible to 
extrapolate the breakdown strength of the capacitor film, it indicates that the 
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Fig.  7-20  The measured dielectric breakdowns in power capacitor testing. Suspended data 
(=capacitors that passed the test) are not shown. Compared to the Weibull extrapolated breakdown 
strengths based on the small electrode measurements, the impregnated power capacitors had better 
breakdown strength behaviour predicted, in exception of few low probability breakdowns. This 
indicates that different mechanism were responsible for breakdowns for large impregnated than for 
small dry samples.  
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8 Summary  
 

 

Crystal structure, morphology and crystallization kinetics of melt-crystallized 
polypropylene and (propylene-stat-ethylene) fractions between 2.7 and 11.0 mol% of 
ethylene co-monomer were studied. With increasing ethylene content the 
poly(propylene-stat-ethylene) fractions showed almost invariable crystallinity, small 
decrease in heat of fusion, constant crystal thickness and shortened helix length 
which indicated that a fraction of ethylene defects were incorporated into the crystal 
structure. 

The presence of ethylene units in the copolymer strongly influenced the 
crystallization kinetics and morphology, compared to that for the polypropylene 
homopolymer. The melting and crystallization temperatures decreased by 
approximately 3°C per mol% ethylene, and the glass transition temperatures by 
1.6°C per mol% ethylene. During the isothermal crystallization of the 
poly(propylene-stat-ethylene) fractions, both α- and γ-crystals were formed. The 
formation of γ-crystals was favoured by increasing ethylene content, increasing 
crystallization temperature and decreasing cooling rate. The multimodality in crystal 
melting was for samples with unimodal structure caused by recrystallization during 
heating. Samples with appreciable α- and γ-crystal contents exhibited a multimodal 
melting while a noticeable γ- to α-crystal conversion was observed upon slow 
heating. The size of the low temperature peak recorded at a heating rate of 40 K min-
1 is approximately proportional to the initial γ-crystal content. The spherulitic 
structure of the copolymers was in comparison with that of the homopolymer coarser 
with internal and peripheral pockets of molten material during spherulite growth. 
During isothermal growth partial rings in which the change in birefringence acted as 
a diffuse border were formed. The crystalline lamellae in copolymers exhibited 
profound curvature in contrast to the straighter cross-hatched α-crystals typical to 
the homopolymer. 

The area dependence of the electrical breakdown strength for an application of 
homopolymer polypropylene, capacitor dielectric, was studied. As the measurements 
were performed automatically, it was necessary to analyze different features 
concerning the automatic measurement system and the measurement conditions, like 
criteria for the automatic detection of the breakdowns, the effect of electrode edge 
design, partial discharges, DC ramp speed and humidity. The goal was to ensure that 
the measurement system was capable of rejecting erroneous measurements, e.g. 
interruption caused by PD or electrode positioned outside the film, and that reliable 
and stable measurement values were produced over long period of time. Based on 
analysis of over 750 breakdowns it was concluded, that all accepted breakdowns 
were true breakdowns with a hole in the film beneath the electrode. However, it 
turned out that the rejection criteria were slightly too conservative. This means that 
few breakdowns were rejected even if they should have been accepted. No evidence 
for field enhancement at the electrode edge could be found. Partial discharges during 
a previous measurement could sometimes, but not always, affect the breakdown 
strength of the next coming measurement point. However, the number of these 
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measurements was small compared to the total number of measurements. It was 
concluded that the α-parameter values were reliable and repeatable over a period of 
several years. The β-parameter values were more sensitive to the changes both in the 
sample itself and in the measurement conditions and varied ± 10-30%, more for the 
large than the small electrodes.  

Over 50 capacitor grade polypropylene films were analyzed. The obtained α-values 
were, depending on the film grade and electrode area, between 450 and 850 V/µm. A 
fan like breakdown strength behavior was found to be typical for the studied 
polypropylene films. This was described by high breakdown strengths and 
decreasing area dependence for the data obtained with the smallest electrodes 
electrode areas. In addition to this, an increasing amount of weak, low probability 
breakdowns was detected by the larger electrodes when the amount of measurement 
points was high enough. It was not possible to describe the breakdown behavior with 
only one Weibull distribution, as several are needed. In order to describe the 
breakdown strength behavior of a group of samples, new, s.c. secondary Weibull 
parameters based on the α-values for individual samples, were calculated. The 
secondary Weibull parameters were very regular, with constant β-parameter value 
obtained for all electrode areas. When predicting the breakdown strength, the area 
extrapolation failed to predict the breakdown strength at 4 m2 whereas the combined 
Weibull extrapolation showed accuracy within ±15 %. The extrapolated breakdown 
strengths for the impregnated power capacitors were far too low. However, a few 
weak spots with very low breakdown strength were also found. For the 
poly(ethyelene terephtalate) dielectric, which is not swelled by the impregnation 
liquid, the large area breakdown strength was predictable. This indicates that for 
polypropylene film, the processing and impregnation led to improved large area 
breakdown strength, and sparse weak spots with low breakdown probabilities. 
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9 Suggestion for further work 
 

 

oC ncerning the crystal structure of poly(propylene-stat-ethylene)s, the question 
whether the ethylene is incorporated into the polypropylene crystal lattice or not 
should be cleared out. It is not only of academic but also of industrial interest to 
understand the mechanism by which the minor ethylene addition affects the crystal 
structure and the crystallization kinetics of the polypropylene chain.  

The influence of morphological differences on the electrical breakdown strength of 
polypropylenes should be studied. The new catalyst technologies give an unique 
possibility to modify the chain configuration and thus morphology of the 
polypropylene to the wished direction. If some beneficial structures can be 
identified, tailor made chain configurations can be available for the insulation 
industry in the future.  

The breakdown strength behavior of polypropylene can rarely be described with one 
Weibull distribution, but at least two distributions are needed: one for the high 
breakdown strength values, another for the more sparse low probability breakdowns. 
Even if a part of the latter can probably be explained by the intrinsic material 
properties, a part of the variation is caused by the film manufacturing and the 
capacitor production processes. It should be of interest for both capacitor film 
suppliers and capacitor manufacturers to better understand these defect distributions: 
What do these distributions consist of and how can they be influenced or even 
removed?  

What comes to the very high breakdown strength values, they are in increasing 
degree area independent. The Weibull extrapolation, so far relatively successful in 
extrapolations, failed to predict the breakdown strength of the smallest areas. The 
question is whether an intrinsic breakdown strength of the material is approached? 
To be able to answer this question, a theoretical study combined with high quality 
experimental data of both breakdown strength behavior, chemical structure as well 
as morphology of the studied sample would be needed. 
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