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Characterization of metallized polymeric films for high thermal performance applications 

Abstract 

 A capacitor is an electrical component capable of storing electrical current, conduct alternate 

current (AC) and block different voltage levels of a direct current (DC) power source. It’s basically 

composed by electrodes which are separated by a non-conductive material, namely, the dielectric, 

involved in an epoxy resin while inserted in a plastic case. Ceramic, electrolytic or plastic materials can 

be used as dielectrics in capacitors. These different materials possess different electric properties such 

as dielectric constant, dissipation factor and dielectric strength, which influence the capacitor 

performance and long-term reliability. Due to the good stability towards a large range of frequencies and 

temperatures, low dissipation factors, high lifetime, high dielectric strength and crystallinity, polymeric 

films are greatly used as dielectrics. Polypropylene base films are commonly used as a dielectric in 

metallized film capacitors. The need of subjecting capacitors to higher voltage applications and operating 

temperatures above 105°C led to the investigation of new base materials to be used as dielectrics in 

capacitors. Compound X is an amorphous material with good thermal resistance and high dimensional 

stability and is being increasingly added to polypropylene films to maximize its thermal performance in 

electrical applications. On the present dissertation, five metallized biaxially oriented films were analysed 

through various characterization techniques such as Differential Scanning Calorimetry, Fourier Transform 

Infrared Spectroscopy – Attenuated Total Reflectance, Atomic Force Microscopy and Scanning electron 

Microscopy. Additionally, mechanical tests were performed in machine direction as well as temperature 

shrinkage evaluations in machine and transverse directions. Three of the five films consist in 

polypropylene modified with compound X while the two remaining films contain polypropylene only. 

Beyond the base film effect, other factors such as film thickness and metallizer (A and B) are investigated. 

Compound X presence leads to an overall lower crystallinity and young modulus, a fibre structure 

morphology, higher roughness and better dimensional stability when exposed to high temperatures, with 

emphasis in the higher thickness film. Thickness had a negative effect on crystallinity and overall 

mechanical parameters except for the strain at break. Metallizer B promoted the appearance of a 

metallization pattern in segmented areas of the film and higher film roughness. 

 Keywords: Compound X, metallized film capacitors, polypropylene. 
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Characterization of metallized polymeric films for high thermal performance applications 

Resumo 

 Um condensador é um componente elétrico capaz de armazenar corrente elétrica, conduzir 

corrente alternada (AC) e bloquear diferente níveis voltaicos em fontes de corrente direta (DC). Possui 

elétrodos que se encontram separados por um material não condutor, o dielétrico, inseridos num copo 

plástico com resina époxi. Materiais cerâmicos, eletrolíticos ou plásticos podem ser utilizados como 

dielétricos em condensadores. Estes materiais possuem propriedades diferentes como constante 

dielétrica, fator de dissipação e força dielétrica que influenciam o desempenho do condensador e a sua 

estabilidade a longo prazo. Devido à boa estabilidade perante uma larga gama de frequências e 

temperaturas, reduzido fator de dissipação, elevado tempo de vida, grande força dielétrica e 

cristalinidade, os filmes poliméricos são frequentemente utilizados como dielétricos. Filmes de 

polipropileno são bastante utilizados como dielétricos em condensadores de filme metalizado. A 

necessidade de sujeitar condensadores a aplicações de elevada tensão e, consequentemente, a elevadas 

temperaturas (acima de 105°C), levou à investigação de novos dielétricos. O composto X é um material 

amorfo com boa resistência térmica e estabilidade dimensional e é cada vez mais utilizado juntamente 

com o polipropileno, em filmes, de forma a melhorar o seu desempenho térmico. Na presente 

dissertação, cinco filmes metalizados e biaxialmente esticados foram analisados por várias técnicas de 

caracterização tais como Calorimetria Diferencial de Varrimento, Espetroscopia de Infravermelho por 

Transformada de Fourier – Refletância Total Atenuada, Microscopia de Força Atómica e Microscopia 

Eletrónica de Varrimento. Adicionalmente, foram realizados testes mecânicos na direção longitudinal e 

foi avaliada a taxa de encolhimento das amostras na direção longitudinal e transversal quando expostas 

a temperaturas elevadas. Três dos cinco filmes estudados são compostos por polipropileno modificado 

com composto X enquanto os restantes apenas contêm polipropileno. Para além do tipo de base de 

filme, outros fatores como espessura do filme e metalizador (A e B) também foram estudados. O 

composto X diminuiu a cristalinidade e o módulo de young do filme, promoveu o aparecimento de uma 

morfologia fibrosa, aumentou a rugosidade do filme e melhorou a estabilidade dimensional destes, com 

ênfase no filme de maior espessura. Maior espessura do filme diminui a cristalinidade e o módulo de 

young mas melhora a capacidade de esticamento. O Metalizador B produz um padrão de metalização 

nos segmentos e maior rugosidade do filme. 

 Palavras-chave: Composto X, condensadores de filme metalizado, polipropileno. 
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Chapter 1 - Introduction 

1.1 Vishay Intertechnology 

Vishay Intertechnology is a multinational company that was founded in 1962 by Dr. Felix Zandman1. 

It’s one of the world’s most trusted manufacturers of electronic components, producing a great variety of 

semiconductors and passive components. Vishay is present in various market segments like the 

automotive industry, military, medical and space, for example1,2. Vishay has extensive testing laboratories 

at its facilities to ensure the final product quality of every product line. With that, the company was able 

to obtain and maintain qualifications to a wide range of specifications that are vital to the different market 

segments3. 

Dr. Felix Zandman leadership was responsible for the growth of Vishay into a worldwide 

manufacturer, having over 22.000 employees and various facilities across the Americas, Asia, Europe, 

and Israel4. In 1992, Vishay Electrónica Portugal Lda was founded through the acquisition of the 

Roederstein Group by Vishay Intertechnology. Located in Calendário, Vila Nova de Famalicão, Vishay 

Electrónica Portugal mainly focus on the production of metallized film capacitors5. 

Vishay is committed in having a worldwide operation that includes social responsibility, 

environment protection and a safe and healthy workplace for all its employees. So, in order to achieve 

such objectives, Vishay obtained ISO 450016 (occupational health and safety) and ISO 140017 

(environmental management system) certifications3. It’s also certified by ISO 90018 and IATF 169499 

which are essential norms for the automotive industry. 

1.2 Objectives 

 The present dissertation aims to study and investigate, through several characterization 

techniques, some new films with high thermal resistance, capable of withstand working temperatures 

higher than 105°C. Two different base films are used, namely, biaxially oriented polypropylene (BOPP) 

and biaxially oriented polypropylene with compound X.  

 Various techniques will be applied to the different samples such as Differential Scanning 

Calorimetry (DSC) to observe the thermal behavior of the samples, Fourier Transform Infrared 

Spectroscopy – Attenuated Total Reflectance (FTIR-ATR) for molecular structure analysis of the samples, 

Scanning Electron Microscopy (SEM) and Atomic Force Microscopy (AFM) to evaluate the samples 

morphology, Energy Dispersive X-Ray spectroscopy (EDX) for a qualitative and quantitative evaluation of 

the chemical elements present on the different samples, shrinkage tests to observe the shrinkage rates 
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in machine direction (MD) and transverse direction (TD) and mechanical tests where the young modulus, 

tensile strength, elongation at break (%) and strain at break (%) are determined for each sample. 

1.3 Dissertation organization 

 This dissertation is organized into five chapters. The first chapter, “Introduction” aims to give a 

subtle context of the company history and activity and also the objectives of the present study. Chapter 

two, “State of art”, is dedicated to the theoretical fundamentals of capacitors and the dielectrics involved. 

Several topics are briefly addressed such as the functioning of capacitors, the different types of capacitors, 

test parameters of capacitors, dielectric materials that can be used in capacitors, plastic materials with 

focus in polypropylene and film capacitors where their base construction, dielectric, rupture, and 

operating conditions are addressed. In chapter three, “Materials and methods”, the equipment and 

methods used to characterize and investigate the different samples are presented. In Chapter four, 

“Results and discussion”, the obtained results of the different samples are presented, compared, and 

discussed. Finally, in chapter five, “Conclusion”, the conclusions regarding the different studied factors 

are presented. 
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Chapter 2 - State of art 

2.1 Capacitors 

A capacitor is a passive electrical component which means that it can’t add or amplify electrical 

current in an electric circuit10. It’s able to accumulate electric energy when it’s connected to a power 

source, conduct alternate current (AC) and block different voltage levels of a direct current power source11. 

In this way, we can consider that capacitors work like rechargeable batteries. Capacitors also have the 

capability to attenuate energy source electric current5. One way to distinguish capacitors is through the 

materials used in its construction. The different properties of a capacitor depend on the type of materials 

applied in the capacitor. Understanding the construction of the capacitors, the materials involved and 

how these materials influence the capacitors properties, it’s possible to select a type of capacitor to a 

specific purpose11. 

All capacitors have the same base structure shown in figure 1. They have two metallic plates 

that work like electrodes properly separated by a non-conductive material, the dielectric5,11. When an 

electric current is applied to the capacitor, a potential difference is generated in the metallic plates, 

creating an electric field11. The capacitor can retain that charge in the dielectric until it reaches the voltage 

level of the power source and the electric current in the capacitor is null. 

 

Figure 1 - Capacitor basic structure (adapted from11). 

After disconnecting the capacitor from the power source, the electric energy previously received 

is stored and can be used/discharged when needed. In an ideal situation, the user should be able to use 

all the stored electrical energy but this is not possible do to the current leakage that occurs over time5. 
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At the end of the productive process of capacitors, they are subjected to electrical tests to check 

its correct operability. These tests measure some specific characteristics like capacitance (C), dissipation 

factor (tan δ) and insulator resistance (RIS)12. 

2.1.1 Capacitance (C) 

The capacitance of capacitors corresponds to its capability of storing electric charge (Q)11–13. This 

property can be expressed through an equation (1) that involves the charge (Q) that can be stored and 

the voltage (V) applied to the capacitor13. 

𝐶 =
𝑄

𝑉
    Equation 1 

Capacitance is measured in Farad (F), that is, coulomb per volt. 1 coulomb equals to 6.24*1018 

electrons11,12. Since one unit of Farad is very high, the capacitance value often comes in micro-farads (µF) 

or pico-farads (pF)13. Capacitors are produced with the objective of presenting a specific capacitance, 

designated as “rated capacitance”. This value must be achieved, and some deviation tolerance is allowed. 

The capacitance value is measured in specific reference temperature and humidity conditions, which are 

23±1°C and 50±2%, respectively14. 

The capacitance of a capacitor has a near linear relation with the metallic plates area and their 

distance13. Increasing the metallic plates area (A) will lead to a capacitance increase but, longer distances 

(d) between the metallic plates will reduce the capacitance11–13. This relation can be expressed through the 

following equation (2) which also includes the permittivity of vacuum (Ԑ₀) that has a value of 8.85*10-

12F/m11,12. 

𝐶 = Ԑ₀ ∗
𝐴

𝑑
  Equation 2 

 Usually, to increase the capacitor capacitance, a dielectric material is introduced between the 

metallic plates. This dielectric is an electric insulator and can be of various types such as plastic material 

(polymer), ceramic material, air or electrolytic gels in case of super-capacitors13. Different material 

composition will have different dielectric constants (k) which will influence the capacitor capacitance11. 

Some of these materials and respective dielectric constant (k) are represented in table 1. 
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Table 1. Some dielectric materials and their respective dielectric constants (k) (adapted from11). 

Dielectric material Dielectric Constant (k) 

Vacuum 1.0 

Air 1.0006 

Polypropylene (PP) 2.2 

Polyphenylene Sulfide (PPS) 3.0 

Polyester (PET) 3.3 

Polyester (PEN) 3.0 

Impregnated paper 2.0-6.0 

Mica 6.8 

Tantalum Oxide 27.7 

Aluminium Oxide 8.5 

When a dielectric material is introduced in the capacitor, the equation 2 suffers some changes in 

order to include the dielectric constant (k) and the capacitance value without the dielectric material (C₀)13. 

These changes are present in the following equation 3. 

𝐶 = 𝑘 ∗ Ԑ0 ∗
𝐴

𝑑
= 𝑘 ∗ 𝐶₀  Equation 3 

The electric energy (U) stored in the capacitor depends on the capacitor capacitance (C), voltage 

between the two metallic plates (V) and the stored charge (Q)13. This relation is present in the following 

equation 4. 

𝑈 =
1

2
∗

𝑄

𝐶
∗ 𝑄 =

1

2
∗ 𝐶 ∗ 𝑉² Equation 4 

The different variables involved in the capacitor can be viewed in the following figure 2. 
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Figure 2 - Different variables involved in the capacitor, namely the separation between the metallic plates (d), the metallic plates area (A), 

the associated positive and negative charge (+Q and -Q, respectively) and the applied voltage (V) through a power source (battery) 

(adapted from15). 

Equation 1 shows that the capacitance depends on the charge (Q) and the voltage (V) but, if we 

change one of these variables, the other will also change. So, the capacitance value will only be influenced 

by the capacitor geometry. This means that with a certain applied voltage to the capacitor, increasing the 

metallic plates area (A) will increase the capacitance (C) but, if the area remains constant and the applied 

voltage changes, the capacitance values doesn’t change13. 

The applied voltage will induce the movement and storage of charge in the capacitor. After some 

time, the flow of charge stops due to stabilization of the potential difference between the metallic plates, 

leading to a stop in the electric current flow and the electric field between the metallic plates stays 

constant. Through this, it can be observed that the bigger the area of the capacitors metallic plates, higher 

capacitance can be obtained, leading to an improvement in the capacitor11. 

2.1.2 Dissipation factor (tan δ) 

When a certain tension is applied to the capacitor, an electric current flow in all conductive parts 

of the component. The dielectric material and the conductive parts have an associated resistance that 

interfere with the electric current course. This resistance is also known as equivalent series resistance 

(ESR) and will lead to the dissipation of part of the electric current which will cause an increase in the 

capacitor temperature. The resistance of the dielectric material is determined by its dissipation factor11. 
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The amount of energy that was lost through a dielectric material can be determined with its 

dissipation factor. Comparing the dissipated energy with a reference value of the dielectric material will 

allow the determination of the amount of energy lost. The dissipation factor (DF) is then considered as a 

ration between the electric current used to charge the capacitor (Ic) and the electric current intensity lost 

(Ir)16, as it can be seen in equation (5). 

𝐷𝐹 =
𝐼𝑟

𝐼𝑐
= √

𝐼2−𝐼𝑐²

𝐼𝑐
  Equation 5 

 

Figure 3 - Formation of angle δ (adapted from16). 

Figure 3 shows the angle δ formed due to the difference between the initial electrical current 

intensity (Ic) and the electrical current intensity lost (Ir). Each dielectric material possesses a specific 

dissipation factor that is sensible to the frequency and temperature11,17. An ideal capacitor doesn’t lose 

electric energy through dissipation. In the following figure 4, different materials and their respective 

dissipation factor intervals are presented. 
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Figure 4 - Different types of dielectric materials that can applied into film capacitors and their dissipation factor values (adapted from11). 

Through figure 4, the dielectric material with the lowest dissipation factor is the plastic 

polypropylene, which makes it a good choice for capacitor that require good energy efficiency.  

2.1.3 Insulation resistance (Ris) 

 The dielectric materials aren’t perfect insulators, and, because of this, some electric energy is 

lost/leaked during operating time, leading to the capacitor discharge. As the capacitor loses electric 

energy previously stored, the potential difference in its electrodes will also decrease11. In a general way, 

higher capacitance of a capacitor will lead to reduced insulation resistance11. The insulation resistance 

depends on the applied voltage (V) and the leak current (I)17, according to the following equation (6). 

𝑅𝑖𝑠 =
𝑉

𝐼
  Equation 6 

 Changes in temperature or relative humidity will cause variations in the insulation resistance. Ris 

tends do decrease with an increase in the temperature and relative humidity17. Lower values of Ris will 

lead to a temperature increase in the capacitor, increasing the probability of damaging the component10. 

Different dielectric materials have certain properties and qualities that influence the Ris
17. The insulation 

resistance is expressed in Mega-ohms for lower capacitances and Ohm-Farads for higher capacitances11,12.  
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2.2 Plastic materials 

Plastic materials are increasingly being used in substitution of other materials like wood, metal 

and ceramics. This was possible due to the ease in processing plastics in various shapes and sizes 

rapidly, with low cost, in relatively easy processes like extrusion, injection molding and compression 

molding. The fact that plastics have low densities and large range of specific properties makes them 

suitable for various applications18. 

In the year 2000, about 50 million tons of synthetic polymers were produced in Western Europe18. 

Plastic materials can be categorized into four groups, namely, thermoplastics, elastomers, thermosets 

and the polymer compounds19. 

2.2.1 Plastic groups 

The physical properties and macromolecular structures are different depending on the group in 

which the plastic belongs. Elastomers present higher elastic flexibility while thermosets have greater 

rigidity. Plastics belonging to the thermoplastics may present a certain degree of crystallinity that can 

range from amorphous (non-crystalline) to semi-crystalline. One particularity of this thermoplastics is that 

they can change their conformation towards a temperature variation where, at higher temperatures, these 

materials acquire higher flexibility and, at lower temperatures they become more rigid19. Some examples 

of amorphous materials are polycarbonate (PC), polystyrene (PS) and polyvinyl chloride (PVC). 

Polypropylene (PP) and polyamide (PA) are semi-crystalline materials, for example19. 

 Of all the synthetic polymers that are produced, the larger fraction is constituted by the following 

thermoplastics: PP, polyethylene (PE), PVC, PS and polyethylene terephthalate (PET). The usage of these 

materials has been increasing with emphasis on the isotactic propylene (iPP) where predictions points 

that it will be the most used polymer in the construction sector18. 

2.2.2 Polypropylene 

PP was discovered in 195419 and belongs to the polyolefin group, meaning that it possesses a 

monomer with the CH2CHR molecular structure18. This monomer is presented in figure 5. Some positive 

aspects of this material are that it has high commercial value due to his low cost, versatility, recyclability 

and good mechanic performance in various applications20 but, on the other hand, it has some limitations 

like a glass transition temperature (Tg) lower than the environmental temperature and a high thermal 

expansion coefficient which causes dimensional instability and limits its application at high 

temperatures21. 
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Figure 5 - Repeating unit of polypropylene (adapted from22). 

Commercial PP can be produced through a catalytic polymerization process where propylene 

molecules are polymerized in long polymeric chains. The catalytic system can be based on Ziegler-Natta 

catalyst like an organometallic compound (triethyl aluminum, for example) and a transition metal 

compound (titanium chloride, for example) which will react producing a radical responsible for the 

polymerization23. There are some methods that can improve the polymerization like the suspension 

polymerization, gaseous phase polymerization, solution polymerization or mass polymerization19. 

The production of new types of polyolefins have also been done through the usage of metallocene 

catalysts. Plastics derived from metallocene are more controllable because the catalysis through 

metallocene is more homogeneous in comparison with the Ziegler-Natta polymerization24. Due to this, the 

products from metallocene catalysis are more homogeneous in terms of mass distribution and stereo 

chemical regularity, allowing a better control of the molecular characteristics of the polymer. In this way, 

PP produced through metallocene catalysts have lower mass distribution compared with traditional PP24,25. 

2.2.2.1 Polypropylene properties 

The properties of PP depend on the conditions involved in its production like temperature and 

pressure24, molecular weight and molecular weight distribution, etc.19. This material has a very low density 

(≈0.90g/cm3) compared with others commodity polymers and can be easily processed through injection 

molding or extrusion. Other good characteristics of this material is that it has good mechanical properties, 

electric resistance, thermal resistance and good chemical resistance19,26. This chemical resistance varies 

according with the chemical compounds present in the environment where PP has an excellent resistance 

against concentrated or diluted acids, good resistance against aldehydes, esters, aliphatic hydrocarbons, 

ketones and limited resistance against halogenated hydrocarbons, oxidizing agents and aromatic 

compounds19. This polymer also presents a rigid crystalline structure due to the methyl (CH3) groups 

presents in the molecular structure, a high melting point comparatively with other polymers from the 

thermoplastic class and a good resistance against physical impacts19. However, changes in the polymer 

crystallinity will affect its mechanical properties24. 
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All these characteristics previously mentioned, the possibility of obtaining various structural 

designs which influence the mechanical properties and the diverse morphological structures that can be 

created through the incorporation of additives like fiber glass, elastomers, flame retarding agents, etc., 

which optimize the material, makes the PP one of the most important polyolefin within the polyolefins19,26. 

It’s possible to introduce ramifications into linear chain polypropylene, promoting an increase in 

the product molecular weight and improving the materials characteristics such as thermal resistance and 

mechanic resistance, requiring greater force to deform the material19. The chain characteristics depends 

on the polymerization reactions so, the type of catalysts used will influence the primary chain 

architecture27. The mean number of ramifications per molecule (β) and the number of ramification points 

per 103 carbons (λ) are two ramification parameters that can be calculated to identify the polymers 

structures and properties. It’s important to stablish a relation between the polymers molecular weight 

and these ramification parameters in order to develop polymers with unique properties. The ramification 

efficiency is usually related to the temperature and the chemical composition of the reaction19. 

Continuously branching a linear chain will lead to the development of a molecular architecture where all 

chains are all connected, forming a large “network” polymer22 as it can be observed in figure 6. 

 

Figure 6 - Different types of polymer structure architectures (adapted from22). 
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As previously mentioned, PP can be reinforced through the addition of fiber glass or carbon, 

creating a PP composite reinforced with fibers. These composites are mechanically more resistant 

(deformation resistance), have longer durability and better humidity resistance properties19. Synthetic 

fibers have better mechanical properties than the natural fibers19. An important parameter is the fiber 

diameter present in the composite where higher diameters can cause a decrease in the composite 

resistance19,28. Fibers (carbon, glass, PET, etc.) and nanoparticles present in PP will influence the material 

morphology, affecting its crystallization and fusion behavior24. 

2.2.2.2 Polypropylene structural configurations 

PP can present three structural configurations depending on the stereochemistry of the repeating 

units, namely, isotactic polypropylene (iPP), syntactic polypropylene (sPP) and atactic polypropylene 

(aPP)18–20,22. In the iPP configuration, the methyl groups are equally distributed, being present only on one 

side of the polymeric chain. In the sPP configuration, the methyl groups are alternately distributed on 

both sides of the polymer chain. Lastly, when the polymer chain structural configuration is atactic (or 

random), there is no preferential ordering of the methyl groups18,19,22. These methyl groups, in addition to 

setting the structural configuration of the chain, will influence the molecular structure conformation, 

inducing a significate impact in the materials crystallization and crystals shape20,22. Of all these three 

configurations, the iPP is the one that has more commercial relevance18. It has greater crystallization 

tendency due to the regular molecular structure, good dielectric properties, is chemically resistant and 

have lower specific weight20.  The lack of structural order of methyl groups in aPP configuration has a 

negative effect on its crystallization degree18. Of all the iPP applications, about 17% correspond to the 

production of flexible films18. The three PP structural configurations are presented in the following figure 

7. 
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Figure 7 - Isotactic, syndiotactic and atactic structural configurations of polypropylene. “Me” stands for methyl group (adapted from22). 

The three structure configurations previously mentioned will affect the materials melting 

temperature. A completely isotactic PP will present a melting temperature of, approximately, 171°C, 

while a sPP with 30% crystallinity will have a fusion temperature of 130°C, lower than iPP19,28. Commercial 

iPP usually has a fusion temperature comprised between 160°C - 166°C28. 

2.2.2.3 Types of polypropylene 

There are three types of polypropylene, namely, the homopolymer polypropylene (HPP), the 

random copolymer (RCP) and the impact copolymer (ICP). The HPP is a type of PP that only contains the 

propylene monomer in a semi-crystalline form. The crystallinity present in the HPP is due to the presence 

of iPP which promotes several characteristics like high fusion temperature and high structural stiffness 

at environmental temperature. Adding other monomers types to the molecular structure will change the 

classification of the PP, depending on the amount of monomers added. The RCP is a PP that, in addition 

of having the propylene monomer, it also has the ethylene monomer in a quantity of 1-8% of the material. 



14 
 

Increasing the ethylene monomer content in the RCP to 45-65% will classify the PP as ICP, assuming that 

the remaining chain is constituted by several units of propylene monomer19. 

Various PP variations with different characteristics like average molecular weight, molecular 

weight distribution, type of co-monomers present, crystallinity and type of additive added are 

commercialized19,25. Improving the PP properties through additives will make it suitable to be used in strict 

applications like polymeric film19. The following table 2 presents some mechanical, thermal and physical 

properties of different PP variations. 

Table 2. PP variations and some of their respective properties (adapted from25). 

Property Unit HPP 
Random 

PP 

Block 

copolymers 

PP-T20 

(Talcum) 

Density g/cm3 ≈0.90 ≈0.90 ≈0.90 1.04 - 1.06 

Tensile Modulus of 

elasticity 
MPa 

1300-

1800 

600-

1200 
800-1300 2200-2800 

Yield stress % 25-40 18-30 20-30 32-38 

Elongation at yield % 8-18 10-18 10-20 5-7 

Elongation at break % >50 >50 >50 >20 

Melting temperature °C 162-168 135-155 160-168 162-168 

Thermal coefficient of 

linear expansion, parallel 

(22-55°C) 

10-5/K 12-15 12-15 12-15 10-11 

Dielectric constant (100 

Hz) 
- 2.3 2.3 2.3 2.4-2.8 

Dielectric loss factor (100 

Hz) 
10-4 2.5 2.5 2.5 7-10 

Dielectric strength kV/mm 35-40 35-40 35-40 45 

Moisture absorption 

(23°C/50% rel. saturation) 
% <0.1 <0.1 <0.1 <0.1 

2.2.2.4 Polypropylene crystalline polymorphism 

An interesting and unique characteristic of iPP is that it can have three different crystalline 

polymorphs, namely α monoclinic, β-pseudo hexagonal, γ-pseudo orthorhombic18,20,29 and can also present 

a mesomorph phase18,20. All these forms present a chain conformation consisting in a 3/1 helix 
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conformations, where the methyl groups position can be in a “up” or “down” (figure 8), and a repeating 

distance of 6.4Å18,27. 

 

Figure 8 - Helix conformation of the iPP chain with the methyl groups (black circles) in a “down” position (adapted from27). 

In addition to what was previously mentioned, iPP can manifest an intrinsic morphological 

phenomenon named homoepitaxial crystallization that promotes the development of a secondary lamellae 

with a well-defined geometric relation comparatively with the original lamellae18. 

Due to the different geometries involved in the helix packing, the resulting crystalline structures 

will vary. These packing geometries of the helix will differ due to the crystallization conditions and the 

molecular characteristics of the material. The crystallization behavior of the PP semi-crystalline phase will 

influence its mechanical properties20. 

The α-form is the most common crystalline state present in iPP and, due to the different 

positioning of the methyl groups, it has two isomorphic helices20. β-phase is thermodynamically less stable 

than α-form and high β-phase content in iPP will significantly change its mechanical properties, acquiring 

a better impact strength, toughness and lower stiffness20,24,30. 

The previously mentioned crystals will promote the appearance of lamellar like crystallites. These 

lamellae structures generally have a thickness of tens of nanometres and are usually separated by 

amorphous layers with similar thickness. When two or more lamellae are separated by the amorphous 

layer, they can form a fibril structure. The growing of various lamellae structures in a radial way from a 

central nucleus will lead to a formation of an aggregate of primary crystallites with spherical shape, which 

is also known as spherulite. The formation of this spherulitic structures depend on various factors such 

as the crystallization conditions (isothermal or non-isothermal), flow conditions, pressure, presence of 

nucleating agents and molecular constitution27. 



16 
 

2.3 Film Capacitors 

Capacitors can be divided into two groups: electrostatic capacitors and electrolytic capacitors11. 

The electrolytic capacitors have an asymmetric and polarized construction. The fact that they are polarized 

leads to the need of higher precautions in the moment of inserting it in an electric circuit. These capacitors 

have an electrolyte capable of maintaining the dielectric material and create a negative connection 

(cathode). In order to generate the anode, multiple metallic foils are used. The formation of an oxide in 

the metallic anode promotes the development of the dielectric layer11. The electrostatic capacitors possess 

a symmetric and non-polarized construction. The dielectric can be composed of a plastic or ceramic 

material while the electrode is based on a metal layer. These parts aren’t, initially, polarized so, they can 

be inserted in an electric circuit without the need to correctly orient the terminals11. The following figure 

9 shows the categorization of different capacitor technologies. 

 

Figure 9 - Different capacitors technologies (adapted from11). 

The metallized film capacitors can have innumerous applications such as energy storage, 

electromagnetic interference filtration, direct current (DC) filtration in the automotive industry, etc.31. The 

most commonly used dielectric materials are PP and PET32. Other polymers such as polyethylene 

naphthalate (PEN) and polyphenylene sulfide (PPS) can also be used33. 
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2.3.1 Base construction of film capacitors 

Metallized film capacitors can display two types of base construction, as shown in figure 10, 

namely, FAF (film with aluminum foil) and MeF (Metallized film). 

  FAF type capacitors (left schematic from figure 10) possess a metallic cup filled with oil. Most 

of these capacitors are limited to an operation temperature of 85°C. MeF capacitors (right schematic 

from figure 10) use a dielectric material with high structural crystallinity in order to obtain advantages 

in thermal and electric resistance, making it possible to sustain high tension inputs34. The MeF type 

capacitors are constituted by two polymeric films (FILM 1 and FILM 2 present in the right image of figure 

8) that are metallized in only a few nanometers thick. These two films are then rolled through winding. At 

the end, a lateral metallic layer is applied through a process named “schoopage” in order to secure the 

correct connection of the electrodes to the external circuit32. They are then inserted in a metallic or plastic 

case that will be filled with a resin or oil (both insulators). Depending on the type of insulator and cup 

used, these capacitors are capable of reaching operating temperatures of 115°C34. The following figure 

11 shows the basic structure of an MeF type capacitor without being inserted in a case. 

Figure 10 - Different types of film capacitor base construction (adapted from34). 
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Figure 11 - Basic structure of an MeF type capacitor (adapted from32). 

2.3.2 Polypropylene as a dielectric in film capacitors 

PET or PP films are the most common materials used as dielectric materials35. In the last 65 

years, PP films have been largely used in film capacitors due to their high dielectric strength, low dielectric 

loss, moisture resistance and crystallinity36. The great use of polymeric films as dielectric bases on the 

fact they present a good stability towards a large range of frequencies and temperatures, have a low 

thermal dissipation factor32, high lifetime comparatively with other dielectric materials34, high dielectric 

strength, crystallinity, reduced humidity absorption and a high investment has been done to produce 

polymeric films36. Because of the low and stable dissipation factor and a constant dielectric loss factor to 

frequencies up 1MHz of PP, this material is the most used in film capacitors34 but, due to its low melting 

point temperature, it cannot be used in applications that require operating temperatures of 125°C. In 

these cases, PET is the most used dielectric material33,35. 

2.3.3 Dielectric rupture zones 

The presence of defects in the polymeric film, the aging of the capacitor or the application of 

voltage above the capacitor limit are some examples of aspects that may damage the dielectric material 

where it cannot withstand the electric field present between the electrodes, promoting the appearance of 

ruptures zones in the dielectric11,31,32,37. These zones gain electric conductivity due to the chemical 

compounds present, such as carbon compounds11. This rupture zone (breakdown) creates a discharge 

channel where part of the stored energy is discharged, increasing the site temperature38. When this 

happens, the capacitor is no longer functional and starts short-circuiting11. Depending on the dielectric 

material and the way the electrodes were developed, the capacitor can prevent its continuous degradation 

through a process named “self-healing”11,31. Film capacitors with low thickness electrodes (about 1/1000 
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human hair diameter) can carry out this process11. It occurs when the electric current, that passes through 

the rupture zones, increases the temperature of the adjacent metallic layer (electrode), leading to its 

evaporation and oxidation, isolating the short-circuit zone from the rest of the capacitor11,31 at the expense 

of a small capacitance loss38. This process can be observed in the following figure 12. 

 

Figure 12 - Self-healing process (adapted from32). 

 If the self-healing process fails, the continuous discharge will lead to the capacitor failure where 

the generated heat will carbonize the multiple PP layers38. Continuous self-healing events will accumulate 

vaporized metal inside the capacitor which will increase the capacitors pressure. This higher pressure 

can also lead to the capacitor failure by bursting the capacitor casing or causing a flashover event due to 

the accumulation of metallic vapour gases35,39. 

 It’s essential to determine and identify critical thermal zones of the capacitor. The electric 

breakdown strength of polymers also depends on the room temperature. Continuously increasing the 

room temperature will lead to a loss of breakdown strength38,40. With high temperatures, the molecular 

structure of the dielectric will rearrange leading to the appearance of free volume between molecules. 

Free electrons can travel through these volumes and can be accelerated by the applied electric field, 

increasing the probability of ionization through collision and thus leading to polymer breakdown41. Another 

theory bases on the thermal imbalance present in the film. Since there are field-conductivity and thermal-

conductivity relations, continuously increasing the applied voltage will lead to a heat accumulation, 

meaning that heat is being stored in the dielectric at a higher rate than its removal, leading to thermal 

breakdown42. Heat can be generated by the time-varying external voltage applied to the capacitor and film 

breakdowns events which will raise the capacitor temperature and lead to its degradation43. The 
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appearance of these “hot-spots” are related to the external electric field applied to the capacitors that can 

cause loss of dielectric capacity and resistance34. So, the operating temperature of capacitors depends 

on internal factors and external factors, such as the adjacent electric components34. 

 The development of MeF type capacitors, such as PP film, but with a segmented metallic zone 

decreases the probability of appearing high-pressure zones inside the cup34. Various types of segments 

are available in the market such as “T segments”, “mosaic pattern” and “special segments”44. An 

example of a metallic segment type is presented in figure 13. 

 

Figure 13 - "Special segment" that can be applied in films for capacitors (adapted from44). 

 The dissipation factor of PP is very low (>5*10-4) and, because of that, the dielectric loss factor 

doesn’t change towards a given external electrical range applied to the capacitor. The non-dielectric losses 

can be manipulated during the development/assembling of the capacitor. It’s important to reduce the 

ESR through changes in the material used as terminals and conductors and by optimizing the capacitor 

geometry34. 

 The heat generated by the electric current is conducted through the metallization present in the 

PP film but, due to the PP low thermal conductivity (k=0.16), it will not radiate through the dielectric. 

Another important factor to consider is the traveled distance by the heat where the shorter the distance, 

the lower the temperature increment. So, a capacitor with short-distance electrodes will have less 

temperature increase compared with longer distance electrodes34. 

2.3.4 Influence of the operation conditions in the film capacitor 

As previously mentioned, the temperature and voltage can influence the capacitor operation over 

time. The most sensible component of a metalized film capacitor working at high temperatures is the 

dielectric, being considered as the limiting agent of the capacitor operation temperature. It’s crucial to 



21 
 

keep the operating temperature within the acceptable thermal range of the dielectric material because, 

when exposed to inadequate temperatures, its physical and dielectric properties may change32. 

High temperatures can trigger chemical reactions that changes the polymer chemical structure and, 

consequently, causes its degradation. Usually, the chemical reactions involved in the material degradation 

follow the free radical process. A free radical is produced when a molecule loses one or more electrons 

from the outer electronic layer. The appearance of free radicals results of the materials exposure to high 

temperatures, ionic radiation, ultra-violet (UV) radiation and even the presence of impurities32. These 

radicals provide instability to the polymer molecular structure, inducing the chemical reactions such as 

oxidation, hydrolysis and even reactions between different polymers, such as depolymerization32,45. 

2.3.4.1 Temperature effect on capacitance 

The capacitance value of a film capacitor will suffer reversible changes when the electric 

component is exposed to temperatures out of the acceptable thermal range. The capacitance gradient as 

a function of temperature is given by the capacitance thermal coefficient (αc). It corresponds to the mean 

capacitance variation, compared with the capacitance measured at 20±2°C, when the capacitor is 

submitted to a temperature variation of “T1” to “T2”14. This thermal coefficient of capacitance depends 

on the dielectric material properties, capacitor construction and production parameters14. 

 The PP film capacitors have negative thermal coefficients while PEN and PET film capacitors 

have positive thermal coefficients. This can be observed in figure 14 where PP (MKP and MFP), PET 

(MKT and MFT) and PEN (MKN) capacitance variations are compared in a specific temperature range. 

MK and MF designations correspond to "metalized plastic film" and “metalized foil film”, respectively. 

Figure 14 - Capacitance variations of different dielectric materials as a function of temperature (adapted from14). 
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2.3.4.2 Humidity effect on capacitance 

The metallized layer of film capacitors is susceptible to corrosion due to the atmospheric 

moisture. This corrosion progresses from the outer layers of the capacitor cylinder to the middle ones, 

causing an uneven distribution of current that can lead to localized heat spots at the film capable of 

causing capacitor failure35,46.  

The humidity present in the metallized film capacitor also influences, in a reversible way, its 

capacitance through a reaction between the dielectric and small air volumes present in the polymeric film 

with environment humidity. The humidity coefficient (βc) corresponds to the relative capacitance variation 

in response to a humidity variation of 1%, assuming that the remaining conditions such as temperature 

remain constant14. 

The following table 3 shows that the dielectric material PP have lower values of βc, compared 

with the PET and PEN, while increasing the relative humidity present. 

 

 

 

 

 

 

 

 

Observing figure 15, it’s possible to verify that the PP film suffers the smallest relative capacitance 

variation compared with the PET and PEN film when exposed to the same relative humidity variation. 

Table 3. Evolution of the humidity coefficient (βc) of PP, PET and PEN with the increase in the relative humidity (adapted from14). 

Figure 15 - Relative capacitance variation, of different dielectric materials, subjected to an relative humidity increase (adapted 

from14). 
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So, the useful life of a metalized film capacitor depends on various factors such as temperature, 

voltage, and humidity. Capacitors will be exposed to these factors during their operating time leading to 

a continuous decrease of its capacitance and increase of ESR32. Li et al.38 observed that higher working 

temperatures, environment temperatures and working voltages negatively influence the metalized PP film 

capacitors lifetime, increasing the probability of catastrophic failure. Also, with higher temperature 

conditions, the discharge energy occurred during self-healing events becomes larger under the same 

breakdown voltage35. A correct monitoring of the capacitance loss and ESR gains can help with the 

identification and determination of the capacitor operational phase32. 

In addition to what was previously mentioned, the productive process of metalized film capacitors 

can also influence its service-time. Characteristics like the metal layer thickness, the film thickness and 

the applied metallic surface quality that are planned in the productive process have a significant impact 

in the capacitor service-time32. 

2.4 Polymeric films for high temperature applications 

There’s an increasing need to subject the films to higher temperatures. Therefore, the possibility 

of replacing the dielectric material has been investigated36. One of the substitutes investigated is 

polytetrafluoroethylene (PTFE) which seems to be having promising results related to the thermal 

resistance but its incorporation in capacitors is difficult due to the high cost, difficulties in large-scale 

production and low performance47. It has also been investigated some PP structural modifications, by 

changing the functional groups present in the molecular structure so it can improve its dielectric constant 

and/or energy density but this approach was unsuccessful due to the increased dielectric loss, cost, and 

film process difficulties36. Wu, X et al.36 tried to improve the dielectric strength and high temperature 

stability of a previously biaxially oriented PP (BOPP) film by adding an ultrathin coat of inorganic 

compound such as aluminum oxide (Al2O3), aluminum nitride (AlN) and zinc oxide (ZnO) through atomic 

layer deposition technique (ALD). The addition of inorganic coatings to the BOPP significantly improved 

its mechanical strength and breakdown strength at higher temperatures, having thermal resistance to 

temperatures as high as 150°C36. 

Some other approaches have been made to develop a film capable of operating at high 

temperatures. The blend of PP with cycloolefin copolymers (COC) or the development of multilayered 

films (MLF) are some interesting options. 
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2.4.1 COC 

Two or more polymers can be blended for their beneficial properties. The characteristics of the 

blended material depends on several aspects such as molecular weight, crystallization behavior, 

compatibility, etc.48,49. Since different polymers have different compatibilities, their selection is crucial to 

obtain a material with improved properties. Thermal, mechanical, and chemical properties of the blended 

material will define its applicability48. 

The incorporation of a new class of polymers, such as COC which contain cyclo-olefin monomers 

and ethene has been studied by various authors50. These materials are a new type of thermoplastics 

derived from ethylene and norbornene with a ring shape21 (figure 16). 

 

Figure 16 – Cycloolefin copolymer molecular structure composed of ethene (left structure) and norbornene (right structure) (adapted 

from48). 

COC has an amorphous structure and good mechanical properties, high transparency, reduced 

dielectric loss, low humidity absorption, good chemical resistance, good thermal resistance and high 

dimensional stability21,48,49,51,52. Can also show a high glass transition temperatures that can reach 

temperatures up to 180°C depending on the norbornene content in the molecular structure21 and low 

shrinkage50. All these characteristics are useful to satisfy the industrial requirements of society and makes 

it an appropriate material to be blended with PP to improve its properties, namely, thermal resistance, 

dimensional stability and lifetime21. It can be produced from different cyclic monomers and polymerization 

methods. One of the methods is the copolymerization of cyclic monomers such as norbornene, or 

tetracyclododecene, with ethene through a metallocene catalyst48,50 (figure 17). It can also be produced 

through a ring-opening metathesis polymerization (ROMP) followed by hydrogenation50. The COC Tg 

depends on the material backbone microstructure where alternating ethylene and norbornene units will 

induce lower Tg while long norbornene sequences in its microstructure will enhance the chain stiffness, 

leading to an increase in the Tg51. 
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2.4.1.1 Different COC grades 

 Different COC variations are available in the market, such as APEL and TOPAS53. In the next sub-

chapters, a brief description of these grades, molecular structure, main applications and properties is 

presented. 

2.4.1.1.1 TOPAS 

 The norbornene-type COC is frequently commercialized by the name TOPAS which is the name 

of the manufacturer, Topas Advanced Polymers Gmbh53. The different TOPAS grades have various 

properties (high purity, high clarity, thermal, moisture, chemical and shrinkage resistance and dielectric 

performance) that make it suitable for multiple applications in various sectors such as healthcare, 

packaging and electronics54. 

 The different available basic grades from TOPAS differ in their heat deflection temperature which 

is determined by the comonomers ratio. High cyclo-olefin content will lead to a higher thermal resistance. 

Some of the basic grades are the TOPAS 8007 (suitable for packaging of moisture sensitive products), 

TOPAS 5013 (good for optical applications such as lenses, for example), TOPAS 6013 (useful for labware 

products), TOPAS 6015 and TOPAS 601755. Some properties of these different grades are presented in 

the following table 4. 

Table 4. Comparison of different basic TOPAS grades properties (adapted from53,55). 

Property Test 

method 

TOPAS 

8007 

TOPAS 

6013 

TOPAS 

6015 

TOPAS 

5013 

TOPAS 

6017 

Tg (°C) - 80-180 

Density (g/cm3) ISO 1183 1.02 

Tensile strength (MPa) ISO 527 63 63 60 46 58 

Elongation at break (%) ISO 527 10 2.7 2.5 1.7 2.4 

Tensile modulus (MPa) ISO 527 2600 2900 3000 3200 3000 

Impact strength (kJ/m2) ISO 

179/1eU 

20 15 15 13 15 

Dielectric constant (k) - 2.35 

Dissipation factor (tan δ) - 0.0002 

Water absorption (%) ISO 62 <0.01 <0.01 <0.01 <0.01 <0.01 
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Figure 17 – TOPAS COC synthesis (adapted from53). 

2.4.1.1.2 APEL 

 APEL COC, developed by Mitsui Chemicals, is similar to TOPAS type in a structural perspective 

with the particularity of being produced through Ziegler polymerization53,56. This material has excellent 

electrical insulation properties, good moisture barrier, significant clarity and transparency, high Tg, good 

gas barrier and excellent chemical and heat resistance. It can be used for optical applications, packaging 

applications and in high performance films56. In the following figure 18, different APEL COC grades with 

different Tg and content (mol%) are presented. APL6509T, APL6011T, APL6013T and APL6015T grades 

are used for general purposes while APL5014DP and APL5014CL grades are used for optical 

applications56. 

 

Figure 18 - Different APEL COC grades (adapted from56). 

In the following table 5, some properties of the different general APEL grades are compared. 
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Table 5. Comparison between different general APEL grades properties (adapted from56). 

Property APL6509T APL6011T APL6013T APL6015T 

Tg (°C) 80 105 125 145 

Specific gravity 1.02 1.03 1.04 1.04 

Tensile strength at yield (MPa) 60 60 60 60 

Tensile strength at break (%) 60 3 3 3 

Flexural Modulus (MPa) 2500 2700 3000 3200 

Flexural strength (MPa) 100 110 110 110 

Moisture permeability 

(g.mm/m2.d) 
0.09 0.09 0.09 0.09 

Mold shrinkage (MD/TD) 0.6/0.5 0.6/0.5 0.6/0.5 0.6/0.5 

Water absorption (%) <0.01 <0.01 <0.01 <0.01 

Application sample Film sheet 
Industrial 

parts 

Industrial 

parts 

Medical 

packages 

  

2.4.1.2 Mechanical, thermal and electrical effects of PP/COC 

Blending PP with COC will produce a material with enhanced mechanical and thermal 

properties48. PP/COC blends tend to form fibril structures oriented according with the injection process 

along the polymeric matrix. If the PP/COC blend has a higher portion of PP, then COC fibers are present 

in the PP matrix. If COC is present in higher quantities, then PP fibers will be present in a COC matrix. In 

equal portions of PP and COC in PP/COC blends, a co-continuous phase of both materials is present21,51,57. 

Šlouf, M. et al.51 observed that increasing the COC content in PP/COC will lead to an increase in the COC 

fiber diameter. 

The amount of COC present in the blend and its distribution will also affect the impact resistance 

of the blend48. Gopanna A. et al.21 observed that PP/COC blend have weaker impact resistance compared 

with pure PP and that one of the reasons of this behavior is due to the immiscibility between the 

semicrystalline phase of PP and amorphous COC. Fambri, L. et al.52 equally observed that there was no 

miscibility between PP and COC because the Tg of the blend didn’t change significantly with the different 

weight fractions of PP/COC.  

The presence of oriented COC fibril structures in the blended material will influence its 

mechanical strength21,48. According to Gopanna, A. et al.21, increasing the COC portion in the PP/COC 
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blend will lead to an increase in the blend tensile strength, young modulus, flexural modulus and flexural 

strength. The existence of fibers in PP/COC blends can offer greater mechanical improvements in terms 

of modulus, yield strength and resistance to creep, for example, than co-continuous phases51,57. The 

amorphous COC structure will impact the crystallization process of PP48,52. Fambri, L. et al.52 observed that 

PP/COC blends with higher amount of COC (25/75) lead to a decrease in the melting temperature, 

crystallization temperature and crystallinity of the blend, meaning that the amorphous phase affects the 

structural organization of PP. 

Since the blending of COC and PP can improve the final film mechanical and thermal properties, 

its introduction as a dielectric film in capacitors for high temperature applications is a promising 

possibility. Alba, C et al.58 subjected BOPP/COC film capacitors and BOPP film capacitors with the same 

metallization and similar film thickness to three electric tests, namely, the ESR test at room temperature 

with frequency range of 20 Hz to 7 MHz, the DC leakage current test through an applied electric field of 

200 V/µm at different temperatures and the DC voltage endurance test where an electric field higher 

than 200 V/µm was applied in a room temperature above 120°C during 1000-2000 hours. They 

observed that the BOPP/COC metallized film capacitor had better performance in the DC leakage current 

test and the DC voltage endurance test. At higher temperatures, the BOPP/COC film capacitor had a 

lower leakage current compared with the BOPP film capacitor. In fact, at a temperature of 125°C, the 

BOPP/COC film had a leakage current value similar to the PP film capacitor at 95°C. In the DC voltage 

endurance test, the BOPP based capacitors collapsed in the first 1000 hours of testing with a 260 V/µm 

electric field, evidencing self-healing failures, while BOPP/COC film capacitors where capable to endure 

longer testing times (2000 hours) and higher electric fields (280 V/µm). The lower conductivity of 

BOPP/COC film, which causes lower leakage currents38, had a major role in the endurance tests since it 

avoided the collapsing of the film due to thermal and electric stresses. Also, the self-healing energy was 

different for the studied films where the blended film had lower self-healing energy than the BOPP film. 

2.4.2 Bi-axially oriented PP (BOPP) 

 Another way to improve the PP characteristics involve the method used in stretching during its 

production. Usually, the PP film subjected to biaxial stretching is highly isotactic where its regular 

molecular structure will enable a more compact packing crystallization, enabling the production of higher 

crystalline films with lower losses and conductivity59,60. The purity of the dielectric is also important where 

higher purity will lead to lower dielectric losses, lower conductivity and higher performance at high 

temperatures59. 
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 A typical BOPP film manufacturing line consists in the casting sheet extrusion, biaxial stretching, 

after treatment, winding and cutting61. The tenter-frame process or the tubular process can be used to 

manufacture these type of films62,63. Both these processes can produce single layer films or co-extruded 

films63. In the tenter-frame process, the granular PP is extruded through a flat die, forming a sheet. This 

sheet is then cooled on a casting unit under controlled conditions. The sheet is then reheated above the 

softening temperature but below the melting point and passed through a system or rolls with different 

speeds. While passing through these rolls, the sheets gain orientation in the machine direction. After the 

rolls systems, the edges of the film are gripped by multiple clips and gets stretched in the transverse 

direction. In the last zone of TD stretching, heat setting is performed, providing the required annealing to 

the film and the adjustment of the film thickness. Lastly, after the annealing, the unoriented zones of the 

film are removed followed by the film winding and cut to the roll size specified by the client63,64. In the 

tubular process, a thick tube is produced after the extrusion instead of a sheet. Another difference 

between these processes is based in the stretching mode where, in the tubular process, warm air is blown 

to the thick tube while the film is in the rolls, leading to expansion of the tube diameter64. 

 The film can be stretched in two different modes, the sequential mode or the simultaneous 

mode59,61. These two different stretching modes are presented in figure 19. In the sequential stretching 

mode, the film is first stretched in the MD direction, leading to the orientation and crystallization of the 

film along the rolling direction, followed by TD stretching, which will cause the disorientation of the initial 

crystal orientation. In the simultaneous stretching mode, the extruded film is stretched by clips in both 

directions simultaneously, leading to a more isotropic distributed film physical properties in both 

directions61. 

 The manufacturing process and conditions such as temperature of crystallization, stretching 

mode applied and MD and TD stretching ratio, for example, will affect the final film physical (morphology, 

roughness, film thickness), mechanical and electrical properties61,63,64. 
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Figure 19 - Different stretching modes (sequential and simultaneous) that can be applied to the extruded PP in order to obtain a BOPP 

(adapted from61). 

 The biaxial stretching of the film (machine direction and transverse direction) will improve its 

dielectric properties36. According to Xiong, J. et al.61 study, the simultaneously BOPP and the sequentially 

BOPP had differences in terms of physical (crystallinity and crystal orientation), mechanical and electrical 

properties where the simultaneously BOPP had higher crystallinity and a isotropic degree of crystal 

orientation in both TD and MD directions while the sequential BOPP has a different degree of orientation 

between the two directions. The higher crystallinity and isotropic orientation of crystals of simultaneous 

BOPP led to improved electrical properties such as greater breakdown strength, lower dielectric loss (tan 

δ), lower charge injection and transportation speeds61. 

 It is estimated that the biaxial stretching improves the film crystallinity by 60% to 70%36 and its 

mechanical strength due to the development of an extended lamellar morphology65. BOPP films have 

energy densities of 5-6 J/cm3 but, with the development of society, higher energy densities up to 15-20 

J/cm3 and low loss factors are required66. Additionally, above 105°C, BOPP films start suffering severe 

limitations that compromise the capacitor operation58. 

2.4.3 Multilayered film (MLF) 

 The energy density needs can be satisfied with the development of multilayered film (MLF) 

capacitors which presents several benefits such as superior energy density, low dissipation factor and 

cost-efficiency solvent free66. 
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 The MLF are produced through microlayer coextrusion which is a conventional stacking technique 

that enables the production of layered films (figure 20). Polymers are combined to obtain a film with 

improved properties. MLF can have several layers ranging from 2 to 4096 layers and a layer thickness of 

0.5µm to 1µm. Also, it can have two (A and B) or three polymers (A, B and C) with different layer 

arrangements such as ABABABA (most common) or ABCBABCBA66. 

 

Figure 20 - Microlayer coextrusion process (adapted from66). 

 Considering that the energy density of a capacitor improves with higher dielectric constant and 

breakdown strength, a combination of two polymers with these characteristics can produce an improved 

polymer film to be applied in capacitors. An MLF consisting in Polyvinylidene fluoride type polymers 

(PVDF) and polycarbonate (PC) can be used since they have high dielectric constant and breakdown 

strength, respectively67. Different polymers with different characteristics can be used to form a 

multilayered film with different properties. So, an optimization in terms of higher energy densities and 

lower dielectric losses can be done with selection of appropriate polymers66. Also, varying the number, 

composition and thickness of the layers enables the film optimization to the required properties66. 

 It’s important to develop film capacitors capable of reaching an operating temperature of 125°C 

without losses in its performance.  
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Chapter 3 – Materials and methods 

3.1 Materials 

In the present dissertation, five different metallized films/samples were analyzed. The base film 

present on these metallized films is different where sample 1, sample 2 and sample 3 are composed by 

a modified BOPP designated as “BOPP/X”, in which compound X was added, while sample 4 and sample 

5 are made of BOPP. These five samples also have different thicknesses and metallizers. The different 

samples characteristics are described on the following table 6.  

Table 6. Identification of the different films/samples in study. 

Sample Thickness (µm) Base film Metallizer* 

1 ≈3.0 BOPP/X A 

2 ≈3.0 BOPP/X B 

3 ≈4.0 BOPP/X B 

4 ≈2.0 BOPP A 

5 ≈2.0 BOPP B 

*due to confidentiality purposes, the metallizers identification will be designated as “A” and “B”. 

3.2 Equipment and methods 

The samples described in table 6 were analyzed through different techniques such as DSC, 

FTIR-ATR, AFM, SEM and EDX. Additionally, a thermal shrinkage and mechanical behavior evaluation was 

made to all samples. 

3.2.1 Differential Scanning Calorimetry (DSC) 

3.2.1.1 Brief theoretical introduction 

The DSC is a thermal analysis technique that can be used in many industries like food, paper, 

polymers, and electronics. Every material has a heat capacity (Cp), expressed in J/g, J/Mol or calories/g, 

meaning that it can hold a certain amount of energy68. The Cp corresponds to the amount of energy 

needed to increase the materials temperature by 1°C69. When a material, like a thermoplastic polymer, 

is subjected to a temperature gradient, its heat capacity (Cp) changes. In a general way, the Cp of a 

material increases with the increasing temperature68. The Heat Flow DSC can measure the heat flow 

(amount of heat supplied per time) in the sample, detecting and quantifying the movement of heat that 

occurs68,70,71. In this way, it can quantify the enthalpy variations associated with the different structural 

changes a material undergoes. These changes allow the identification of transition states like glass 

transitions (Tg) and phase transitions (melt and recrystallization). The crystallinity of a polymer can also 
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be determined using the enthalpy associated with the melting of the material68. Comparing the heat 

involved in the melting of the polymeric material (∆Hf), obtained by DSC, with the heat of fusion of the 

same polymeric material but pure (100% crystalline) (∆Hf100% (PP) = 207 J/g72) can give us information 

about the degree of crystallization of the sample in study70,71. Knowing the percentage of crystallinity of the 

sample, it is possible to study some mechanical properties like brittleness, toughness, or stiffness 

(modulus). To calculate the percentage of crystallinity (C%), the following equation can be used: 

𝐶(%) =
∆Hf

∆Hf100%
∗ 100      Equation (7)71 

To ensure that the values of crystallinity and glass transition of the polymer in study are 

trustworthy, a thermal treatment, usually two scans/heating runs, are used so that in the first run, the 

thermal history of the polymer is eliminated70,71. 

3.2.1.2 Equipment and method 

At the present work, three specimens of each sample were analyzed through DSC with a 

PerkinElmer, model 6000, equipped with an intracooler. The equipment was purged with dry high purity 

nitrogen gas with a flow of 20 ml/min. Each specimen was weighted in an analytical balance of Sartorius, 

M-pact series, model AX224. Each specimen was added to an aluminum cap and introduced in the DSC 

equipment. The program used to perform the DSC analysis has temperature range of -20°C to 280°C 

with an initial temperature of -20°C and a heating and cooling rate of 10°C/min. Two scans were 

performed to all the samples. The program steps are described in table 7.  

Table 7. Steps and characteristics of program 1. 

Program 

Initial temperature (°C) -20.00 

N2 (purge gas) flow rate (mL/min) 20.00 

Step nº1 – Heat from -20.00°C to 280.00°C at 10.00°C/min; 

Step nº2 – Cool from 280.00°C to -20.00°C at 10.00°C/min; 

Step nº3 – Hold for 1.00 min at -20.00°C; 

Step nº4 – Heat from -20.00°C to 280.00°C at 10.00°C/min; 

Step nº5 – Cool from 280.00°C to -20.00°C at 10.00°C/min; 

Step nº6 – Hold for 1.00 min at -20.00°C; 
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3.2.2 Fourier Transform Infrared Spectroscopy (FTIR) and the Attenuated Total 

Reflectance (ATR) technique 

3.2.2.1 Brief theoretical introduction 

The FTIR spectroscopy is a technique used in infrared spectroscopy. The infrared radiation (IR) is 

comprehended between the visible radiation and the microwave radiation73. The IR can be divided into 

three zones: NIR (Near infrared), MIR (middle infrared) and FIR (far infrared). The NIR, MIR and FIR 

includes wavenumber between 10 000 – 4000 cm-1, 4000 – 200 cm-1 and 200 – 10 cm.-1, respectively73,74. 

When a sample is subjected to IR, this radiation will interact with the sample, leading to the absorption 

of part of the radiation by the chemical bonds of molecules present in the sample. The functional groups 

that absorb this radiation must be IR active, meaning that it must have a dipole moment. The IR interacting 

with the covalent bond of molecules with an electric dipole will promote the back-and-forth oscillation of 

the bond74. It is important to refer that every bond in molecules have their own natural vibration frequency 

so, depending on the bonds present in a molecule, a particular IR radiation frequency will be absorbed 

by each bond present. For instance, bonds like C-C, C-H, C-O and C=C can absorb IR radiation at a 

specific wavelength74. Since different functional groups like C=O, C-H or N-H show characteristic 

absorption/emission of IR radiation at different frequencies, they will appear in a certain region of the IR 

spectra74. Based on this, the FTIR technique his capable of giving qualitative information about the sample. 

The extent of the absorption of IR by the sample can also give a quantitative approach to the analysis, 

enabling the determination of the concentration of a component73. 

In order to address some issues related to sample preparation (reproducibility issues and time 

consuming) of FTIR, the Attenuated Total Reflectance (ATR) technique can be used75. In this technique, 

an IR beam travels onto an optically dense crystal. On hitting this crystal, the reflectance of the beam in 

the crystal creates an evanescence wave that propagates beyond the crystal surface (protrudes between 

0.5 - 5µm), hitting the sample. The resulting attenuated energy from the evanescence wave travels back 

to the detector in the IR spectrometer which then generates the infrared spectra75. 

3.2.2.2 Equipment and method 

At the present work, the samples illustrated in table 7 were analyzed through Fourier Transform 

Infrared Spectroscopy – Attenuated Total Reflectance (FTIR-ATR) using a PerkinElmer, Frontier model, 

FT-IR spectrometer with a diamond crystal (figure 15). 

Before the analysis of the samples, a background check was made from the ATR crystal. Then, 

a small portion of sample 1 was placed onto the small crystal area. After that, the pressure arm was 
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positioned and locked over the crystal/sample area. The pressure applied to the sample, pushing it closer 

to the crystal, was regulated through the pressure arm. Once the spectra is clearly visible on the computer, 

the data was collected. The same procedure was made to the remaining samples. The wavelength range 

of the spectra is comprehended between 4000 – 600 cm-1. 

3.2.3 Atomic Force Microscopy (AFM) 

3.2.3.1 Brief theoretical introduction 

 The AFM technique can produce a 3D profile, at a nanoscale, of the materials surface, through 

the measure of the forces involved between a sharp probe, supported by a flexible cantilever, and a very 

short distant sample (0.2-10nm between the probe and the sample). The interaction between the probe 

and sample depends on the existing forces76. This technique enables the characterization of the samples 

surface topography, analyzing its roughness through height parameters (R), such as average roughness 

(Ra), root mean square roughness (Rq), maximum height of the profile (RT), maximum profile valley depth 

(RV), maximum profile peak height (Rp), ten-point average roughness (RZ), third highest peak to third lowest 

valley height (R3Zi), total roughness (Rt), average total roughness (Rtm), average maximum profile peak 

heights (Rpm) and average maximum profile valley depths (Rvm). The most used heigh parameters are Ra, 

which is the mean value of the height absolute values of the surface profile, and Rq that represents the 

standard deviation of surface heights76,77. In the following figure 21, some roughness parameters such 

as Ra and Rq are presented. 

 

Figure 21 - Ra and Rq parameters obtainable by AFM technique analysis (adapted from76). 

3.2.3.2 Equipment and method 

 The different samples topography was characterized through the Dimension Icon, Bruker, USA 

equipment. To measure the roughness, ScanAsyst mode, which is a PeakForce tapping based image 

optimization technique, was used through an ScanAsyst-air tip from Bruker with a linear scanning rate of 

1Hz and a scan resolution of 512 samples/line. 

 Each studied sample has a metallization pattern like the one presented in figure 13. So, three 

sectors (A, B and C) were selected to perform this study. Sector A is localized at the one end of the film 
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that contains the demetallized edge, sector B corresponds to the zone between segments and sector C 

is the outer segment zone. In both sectors A and B, two areas were selected. Area A1 and A2, present in 

sector A, represents the non-metallized zone of the film and the inner segment metalized zone, 

respectively. Area B1 and B2, present in sector B, are the non-metallized segment area and the metallized 

area between segments, respectively. 

 This analysis was performed at 3B’s Research Group. 

3.2.4 Scanning Electron Microscopy (SEM) coupled with Energy Dispersive X-Ray (EDX) 

 To study the morphological aspects of the different samples, the SEM technique was performed. 

The qualitative and quantitative determination of the chemical elements present in these samples was 

executed through the EDX technique. 

3.2.4.1 Brief theoretical introduction to SEM 

 Electron microscopy (EM) and optical microscopy (OM) have the same principle but while OM 

uses visible light, EM uses electron beam with shorter wavelength than the visible light78. 

 In SEM analysis, a voltage accelerated electron beam scans the surface of the sample, where 

some electrons are backscattered due to elastic collisions with atoms while other electrons suffer inelastic 

collisions with the sample surface atoms, ionizing it, leading to the release of an outer layer electron, 

namely, secondary electron (SE). Since backscattered electrons come from deeper sample regions than 

the secondary electrons, they carry different type of information. These electrons will serve as a signal to 

build up a final high-resolution image79. 

 Through this technique, it’s possible to study the morphology of the sample in a quasi-three-

dimensional perspective with a much better resolution, magnification and larger depth of field that of the 

optical microscopic, capable of reaching a resolving power better than one nanometer78–80. SEM can also 

give qualitative information about the materials composition, morphology, topography and 

crystallography78. 

3.2.4.2 Brief theoretical introduction to EDX 

 EDX is a standard method capable of giving qualitative and quantitative information about 

chemical elements present in a sample81. It can be used to identify contaminations, quality control 

screening and identify materials, for example82. 

 It’s usually coupled with SEM to detect the elemental composition of the studied sample. Through 

SEM analysis, an electron beam is directed into the sample surface, interacting with the nucleus of the 
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sample atoms present. The electron beam will excite the electron most proximate to the nucleus, leading 

to its ejection82. Then, to compensate the hole left from the ejected electron, another electron from the 

adjacent layers will move to its place, releasing a characteristic X-Ray radiation81,82. 

 An energy dispersive detector will receive, analyze and quantify this radiation emitted by the 

sample atoms, enabling their qualitative and quantitative determination81. 

3.2.4.3 Equipment and sample preparation 

 Since the different samples surface needs to be electrically conductive for SEM imaging, they 

were coated, through sputtering, with a fine layer of gold with the Sputter Coater Cressington 108A 

equipment. 

 The different samples morphologies were characterized with the JEOL series JSM-6010LV 

(Japan) in high vacuum mode with an accelerating voltage of 10keV. The qualitative and quantitative 

characterization of the different chemical elements present in the different study areas of the different 

samples was performed with the EDX equipment INCAx-Act, PentaFET Precision (Oxford Instruments), 

which was coupled with the SEM equipment. The different study areas were the same as the ones 

mentioned in section 3.2.3.2.. 

 This analysis was performed at 3B’s Research Group. 

3.2.5 Mechanical tests 

3.2.5.1 Brief theoretical introduction 

 The mechanical tests allow the understanding of the materials behavior when a certain force is 

applied. When a certain stress/force is applied to a material, an internal reaction occurs to stablish the 

material equilibrium. A mean tension (σ) will act as an internal resistance to the applied force (F). It’s 

mentioned as “mean tension” because its distribution is not uniform along the material due to the 

different mechanical properties of the different crystalline grains present in the material83. With the applied 

force, the material may start to stretch (∆l) in a proportional way. The material can display a reversible 

(plastic) and irreversible (deformation) behavior. The reversible behavior means that once the applied 

force is interrupted, the material will return to its initial dimensions83. The elastic modulus (E), or Young 

Modulus, which refers to the elastic behaviour of the material, is based on the ratio between the tension 

and the linear deformation83–85, according with the following equation 8: 

 𝜎 = 𝐸 ∗ ε  𝐸 =
𝜎

ε
     Equation 883 
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 This elastic modulus, E, is an indicative of the materials stiffness. Higher values of E leads to 

lower elastic deformation under a certain applied stress, therefore, more force must be applied to the 

material to produce the same strain as in a less stiff material83,85. 

 The mechanical tests performed for this dissertation bases on traction tests in which its possible 

to obtain a stress-strain curve. This curve presents three different regions, namely, the elastic region, 

plastic region and fracture zone. An example of the stress-strain curve is presented in the following figure 

22. 

 

Figure 22 - Stress-strain curve with a schematic that represent the materials evolution along the traction test (adapted from86). 

 The slope of the linear portion of stress-strain curve corresponds to the elastic modulus of the 

material85. At a certain amount of stress, the materials will undergo plastic deformation. The point at which 

there’s a passage from elastic behaviour to plastic behaviour is designed as Yield strength84. There will be 

a point in which the stress will start to decrease while the material continues to elongate. That point is 

described as ultimate tensile strength, also known as tensile strength, and corresponds to the ability of a 

material to resist a force pulling it apart87. Continuing the materials elongation will eventually lead to its 

fracture. 

3.2.5.2 Equipment and methods 

 The mechanical behavior evaluation of the different samples was performed in accordance with 

the standard ISO 527-3, “Plastics – Determination of the tensile properties – Part 3: Test conditions for 

films or sheets”88. 
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 The Instron 4505 Universal Mechanical Testing Equipment with a 50N load cell, crosshead speed 

of 5mm/min and a distance between strips of 100 mm was used for tensile testing. The different samples 

were stretched in the machine direction. To standardize the different samples dimensions, all samples 

were cut to 25mm wide and 150 mm long and at least 6 specimens of each sample was tested. 

 This analysis was performed at 3B’s Research Group. 

3.2.6 Thermal shrinkage 

With the intention of studying the thermal shrinkage behavior of the different samples, five replicates 

of each sample were cut from the respective main film roll and placed between two pre-dried papers 

(figure 23). To have a reference for the measurements of the shrinkage at length (machine direction 

(MD)) and width (transverse direction (TD)), each one of the specimens were marked in red with a 

permanent pen. To retain the samples on the pre-dried paper, small green stickers were used. 

 

Figure 23 - Sample’s specimens used to study the shrinkage behaviour. 

All pre-dried papers with the specimens of the different samples were heated from 25°C to 125°C 

using a drying oven from the brand “Nahita”, 632 plus model. Measurements of length and width of the 

replicates of different samples were done after they were exposed, for 30 min, at the temperature of 25, 

70, 85, 105, 110 and 125°C. 

To measure the length and width of each specimen, they were placed between two glass blades and 

were measured using a Leica microscope with a digital camera, EC3 model, with a C-thread adaptor 

coupled with a RSF Eletroniks, SZ 311 model. This microscope was connected to a computer to obtain a 

better display of the replicates image. 

To calculate the sample shrinkage (%) in MD and TD, that occurred over the different temperatures, 

a comparison must be done between the first measurement (T=25°C) and the measurement at the 

following temperatures. The average of the specimen’s measurements, for each sample, at different 
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temperatures, was used as a term of comparison. So, in the case of shrinkage (%) at MD for example, we 

must consider the average MD measure of specimens of a sample at 25ºC (∆L1) and the average MD 

measure of the same specimens at the following temperatures (25, 70, 85, 105, 110 and 125°C) (∆L2). 

The following equation 9 was used to calculate the shrinkage of the samples in MD and TD. 

𝑆ℎ𝑟𝑖𝑛𝑘𝑎𝑔𝑒 (%) =
∆L1−∆L2

∆L1
∗ 100    Equation 9 

Chapter 4 - Results and discussion 

 In this chapter, the results of the different analysis will be presented and discussed. On each 

analysis, the influence of three factors such as the base film type, the metallization and the film thickness 

on the obtained results will be studied. This study will be done comparing sample 1 with sample 4 and 

sample 2 with sample 5 for the base film effect factor, sample 1 with sample 2 and sample 4 with sample 

5 for the metallization effect factor and sample 2 with sample 3 for thickness effect factor. 

4.1 Differential Scanning Calorimetry 

 The thermal analysis was conducted via DSC. The following table 8 presents the mean weights 

of each sample’s specimens subjected to DSC analysis. 

Table 8. Mean weights of the different samples subjected to the DSC analysis. 

Sample Mean weight (± 0.1 mg) 

1 7.2 

2 7.0 

3 7.2 

4 7.0 

5 7.0 

 

 Three thermograms where obtained for each sample. These thermograms allowed the 

observation the different samples behaviour while subjected to thermal gradient and the determination of 

various parameters. The following figure 24 shows, as an example, one of the thermograms of sample 

1 where two different peaks are clearly visible corresponding to the melting (endothermic peak) and 

crystallization (exothermic peak) of the crystalline structure. Since two scans were performed, two 

endothermic and exothermic peaks are present. The remaining thermograms are present in the annex 

I of the present dissertation. 
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Figure 24- One of the DSC thermograms of sample 1. 

 Through the different thermograms of the different samples in study, parameters such as the on-

set temperature, end temperature, peak of melt and crystallization, enthalpy of melt and crystallization 

and the crystallinity are obtained. In the following table 9, the results of each samples, in the first scan, 

are presented. The results of the second scan are shown in table 10.  

Table 9. Mean values of the different parameters related to the melt and crystallization phase of the different samples during the first run 

of DSC analysis. 

Sample 

Melt Crystallization 

Onset 

(°C) 

End 

(°C) 

Peak 

(°C) 

∆Hm 

(J/g) 

Crystallinity 

(%) 

Onset 

(°C) 

End 

(°C) 

Peak 

(°C) 

∆Hc 

(J/g) 

1 162.0 174.1 170.7 95.4 46.1 117.5 110.6 114.3 -93.4 

2 162.7 175.0 171.2 99.4 48.0 117.7 110.0 113.6 -95.5 

3 161.8 175.1 171.8 85.7 41.4 117.4 110.0 113.6 -86.6 

4 164.9 174.3 169.5 117.9 56.9 120.8 111.3 115.5 -116.9 

5 164.8 173.2 168.3 114.1 55.1 123.4 112.7 117.5 -117.8 
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Table 10. Mean values of the parameters related to the melt and crystallization phase of the different samples during the second run of 

DSC analysis. 

Sample 

Melt Crystallization 

On set 

(°C) 

End 

(°C) 

Peak 

(°C) 

∆Hm 

(J/g) 

Crystallinity 

(%) 

On set 

(°C) 

End 

(°C) 

Peak 

(°C) 

∆Hc 

(J/g) 

1 157.1 168.6 163.4 95.3 46.0 117.7 110.8 114.4 -93.1 

2 156.4 168.5 163.0 93.4 45.1 118.0 110.2 113.9 -95.6 

3 156.9 168.8 163.4 85.2 41.1 117.6 110.2 113.7 -86.4 

4 157.5 169.1 164.2 120.7 58.3 120.7 111.1 115.3 -116.8 

5 157.7 168.6 164.3 124.6 60.2 123.3 112.7 117.4 -117.1 

 Through the previous table 9 and table 10, it’s possible to observe that all samples present a 

melting peak between 168-172°C in the first scan and 163-164°C in the second scan. As previously 

mentioned, a perfectly isotactic polypropylene has a melting peak of 171°C. Meanwhile, the commercial 

iPP has a melting temperature range between 160 and 166°C, depending on the atactic portion present 

in the material10,89. In this perspective, the different samples in study might contain isotactic polypropylene 

in their molecular structure. The major melting peak might be related with the melt of the crystalline 

structure of the polymer, namely the α-phase61. In some thermograms, a subtle peak appeared around 

150°C which might indicate the presence of a β-phase structure which usually appears at a somewhat 

lower temperature than α-phase90,91. 

 It’s clear that sample 1, 2 and 3 have lower crystallinity compared with sample 4 and 5. Also, 

the enthalpy values associated with the melt and crystallization process of samples 1, 2 and 3 are lower 

than the ones occurred in samples 4 and 5. Samples with higher crystallinity have higher endothermic 

enthalpy since more energy is required to melt the crystalline phase of the material. To study the effect 

of the base film on the previously mentioned parameters, only the second scan will be considered. 

Comparing sample 1 with sample 4 and sample 2 with sample 5, the base film has a significative effect 

on the crystallinity (figure 25), crystallization enthalpy and melting enthalpy. No significant effect was 

observed on the remaining parameters. The BOPP/X present in samples 1, 2 and 3 led to a reduced 

crystallinity, which might indicate that the added compound X has an amorphous nature. 
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Figure 25- Compound X effect on sample 1 and sample 2 crystallinity. 

 The thickness effect can be observed through comparison between sample 2 and sample 3 since 

they have the same base film and metallizer (B). Only the second scan results of DSC will be used to 

study the thickness effect. Sample 3 had the lowest crystallinity (41.1%) value of all the samples while 

sample 2 has a higher crystallinity value (45.1%) than sample 3 (figure 26). This may indicate that the 

thickness of the sample has a negative effect on the crystallinity. A similar behaviour was observed in 

Xiong J. et al.61. Due to the higher crystallinity of sample 2 compared with sample 3, its exothermal and 

endothermal enthalpies will also be greater than sample 3. Thickness had no significant effect on the 

remaining parameters. 

 

Figure 26- Crystallinity of sample 2 and 3. 

 Comparing samples that suffered a metallization process from different metallizers will enable 

the study of the metallizer effect on the thermal behaviour of these samples. Considering that sample 1 

and sample 4 suffered a metallization process from metallizer A and sample 2 and sample 5 suffered a 

metallization process from metallizer B, a comparison of sample 1 with sample 2 and sample 4 with 
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sample 5 can be done to achieve such study. Since the metallizer effect is related to the productive 

process of the samples, only the first scan results (table 9) of the DSC analysis shall be considered. 

 Through table 9, sample 1 has a slightly lower crystallinity (46.1%) than sample 2 (48.0%). The 

melting and crystallization enthalpy are also slightly different, being greater for sample 2. Meanwhile, 

comparing sample 4 with sample 5, the results are a little different. Sample 4 has a somewhat higher 

crystallinity (56.9%) than sample 5 (55.1%). Also, the melting enthalpy of sample 4 is higher than sample 

5 but, the crystallization enthalpy is slightly higher in sample 5 than sample 4. No clear trend was 

observed regarding the effect of the metallizer on the samples thermal behaviour. 

4.2  FTIR-ATR 

  The FTIR-ATR spectra in the range of 650-4000 cm-1 of sample 4 is presented in figure 27. The 

obtained spectra has six intense peaks where four of them are present between the wavenumber range 

of 3000 and 2800 cm-1 and the remaining two peaks are in the wavenumber range 1400 and 1300cm-1. 

Also, about six peaks with lower intensity are present in the wavenumber range of 1200 and 800cm-1. 

Sample 4 absorption peaks in the IR region and their vibrational characteristics are displayed in the table 

11. Since sample 4 and sample 5 have the same base film, the obtained spectra is similar to the sample 

5 spectra which is present in annex II of the present dissertation. 

 

Figure 27- FTIR-ATR spectra of sample 4. 

  

  



45 
 

Table 11. Identification and description of the sample 4 bands obtained through FTIR-ATR analysis. 

Band (cm-1) Assignment Reference 

2950 Asymmetric stretching vibration of CH3 10,48,92 

2918 Asymmetric stretching vibration of CH2 10,92 

2867 Symmetric stretching vibration of CH3 10,92 

2838 Symmetric stretching vibration of CH2 92 

1456 Asymmetric deformation vibration of CH3 or scissor vibration of CH2 10,92 

1375 Symmetric bending vibration mode of CH3 10,48,92 

1167 
Asymmetric stretching vibration of C-C, asymmetric rocking vibration of CH3 

and asymmetric wagging vibration of C-H 
10,92 

997 Asymmetric rocking vibration of CH3 10,92 

973 
Asymmetric rocking vibration of CH3 and asymmetric stretching vibration of 

C-C  
10,92 

899 
Asymmetric rocking vibration of CH3 and asymmetric and symmetric 

stretching vibrations of C-C 
10,92 

840 C-CH3 stretching vibration or rocking vibrations of CH2 10,48,92 

809 Rocking vibrations of CH2 10,92 

 The following figure 28 shows the FTIR-ATR spectra of sample 2. The number, position and 

intensity of peaks are very similar to the ones illustrated in figure 33. Since sample 1 and 3 have the 

same base film as sample 2, the obtained spectra are similar and are shown in annex II of the present 

dissertation. 

 

Figure 28- FTIR-ATR spectra of sample 2. 
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 Looking at the FTIR-ATR results, all the samples consist in a base film of PP. Since sample 1, 2 

and 3 has a modified BOPP where compound X was added in their base material, their spectra should 

have some indication regarding the presence of this substance. It was expected some peaks situated at 

1017 cm-1 and 1596 cm-1 and a higher intensity of peak 1017cm-1, depending on the substance quantity 

on the BOPP, according with previous studies*. So, one reason for the absence of these bands might be 

related to the amount of the added compound X present in the samples, which might be inferior to the 

detection capability of FTIR-ATR equipment. 

4.3 Mechanical results 

 The following table 12 shows the mean values (µ) and standard deviation (σ) of each 

mechanical parameter obtained for the different samples. 

Table 12. Mean values (µ) and standard deviation (σ) of each mechanical parameter results of the different samples. 

Sample  

Young 

Modulus 

(MPa) 

Tensile Stress at 

Yield (Offset 

0.2%) (MPa) 

Maximum 

tensile strength 

(MPa) 

Strain at 

maximum 

load (%) 

Strain at 

break 

(%) 

1 
µ 3968.8 45.2 88.8 29.5 29.5 

σ 206.2 4.9 14.8 13.4 13.4 

2 
µ 3742.8 42.2 80.1 24.7 24.7 

σ 391.0 2.1 19.5 16.2 16.2 

3 
µ 3484.3 39.8 95.2 56.1 56.1 

σ 146.7 0.9 4.6 5.6 5.6 

4 
µ 4249.2 42.7 141.2 38.3 38.3 

σ 225.4 2.1 15.2 7.8 7.8 

5 
µ 4209.6 44.9 133.5 35.6 35.6 

σ 356.9 1.3 12.4 8.1 8.1 

 Through the Dixon’s Q-test, it was possible to analyse the presence of outliers in the different 

results and remove them. Additionally, various boxplots were made via “Rstudio” software which enabled 

a better comparison of the mechanical parameters between the different samples. 

 The following figure 29 shows a general perspective of the obtained young modulus of each 

sample in study. In terms of capacitor application, a dielectric with high modulus is desired since it helps 

achieving higher breakdown strength61. It’s clear that sample 4 and sample 5 have higher young modulus 

in comparison with the remaining samples. Sample 3, on the other hand, has the lowest young modulus. 

 
* For confidentiality reasons, the studies references will not be shown. 
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It’s known that the crystallinity of a semicrystalline polymer has a significant effect on their physical and 

mechanical behaviour93. In fact, mechanical properties such as tensile impact strength, yield strength and 

young modulus are higher in the direction of molecular orientation27,94. So, the crystallinity of these samples 

might explain the observed differences in the obtained young modulus. 

 

Figure 29- Young modulus (MPa) of each sample in study. 

 Through figure 30, a general perspective of all samples maximum tensile strength is shown. 

Apparently, samples only containing BOPP have higher tensile strength than BOPP/X samples, meaning 

that they can withstand a higher amount of stress before fracture. Also, the higher crystallinity of these 

samples might be responsible for the higher tensile strength95. 
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Figure 30- Maximum tensile strength (MPa) of each sample in study. 

 Figure 31 shows the different samples strain at break. It’s clear that the sample 3 has a 

significantly higher strain at break, having a more ductile behaviour than the remaining samples, meaning 

that it’s capable of achieving higher elongation before being fractured. The higher thickness of sample 

might be responsible for the higher strain at failure96. Also, the lower crystallinity of this sample can also 

influence its stretching capability97. 

 

Figure 31- Strain at break (%) of each sample in study. 
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 Through figure 32 and figure 33, it’s possible to observe the impact of BOPP modification on 

the studied mechanical properties. Sample 1 and sample 2 have lower young modulus and lower 

maximum tensile strength when compared with sample 4 and sample 5, respectively. The addition of 

compound X on BOPP may lead to an increase in various mechanical properties, such as the Young 

Modulus and tensile strength, according with previous studies*. On the present research, the opposite 

behaviour was observed. Also, when comparing sample 1 with sample 4, the tensile stress at yield is 

higher for sample 1, indicating that compound X presence might have a positive effect on this parameter 

but, comparing sample 2 with sample 5, the opposite behaviour is observed. It would be expected that 

the tensile strength at yield would be higher in sample 4 than sample 1 due to the higher crystallinity98. 

The modification of BOPP did not promote significant changes in the strain at break parameter. 

 

Figure 32- Comparison between sample 1 and sample 4 mechanical properties. 

 
* For confidentiality reasons, the studies references will not be shown. 
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Figure 33- Comparison between sample 2 and sample 5 mechanical properties. 

 A t-test was performed to check if the observed mechanical properties differences between 

samples are statistically significant. The results of the t-test are shown in the following table 13. 

Table 13. Comparison of sample 1 with sample 4 and sample 2 with sample 5 through the statistical t values and respective t-critical 

values. 

 

Young Modulus 

(MPa) 

Tensile strength 

at yield (MPa) 

Maximum tensile 

strength (MPa) 
Strain at break (%) 

Stat t T-critical Stat t T-critical Stat t T-critical Stat t T-critical 

Sample 1 vs 

Sample 4 
3.9 2.6 4.1 2.3 8.2 2.3 2.8 3.2 

Sample 2 vs 

Sample 5 
8.0 2.3 4.6 2.3 5.6 2.2 0.5 2.4 

 Through table 13, it’s possible to see that stat t is higher than T-critical for the young modulus, 

tensile strength at yield and maximum tensile strength properties, meaning that they’re affected by the 

presence of compound X. On the other hand, comparing the stat t to the T-critical value, the strain at 

break parameter is not affected by the compound X presence. 

 To study the thickness effect on the mechanical properties, sample 2 and 3 mechanical results 

are compared in the following figure 34. It’s possible to observe that sample 3 has lower young modulus 

and lower tensile stress at yield than sample 2, indicating a negative effect of thickness on these 
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parameters. On the other hand, sample 3 has a higher strain at break compared with sample 2. In the 

case of the maximum tensile strength parameter, sample 2 has a wider variability of the results but no 

clear differences are observed when compared with sample 3 through t-test. 

 

Figure 34- Comparison between sample 2 and sample 3 mechanical properties. 

 The following table 14 shows the results of the t-test that was performed at the different 

mechanical parameters of sample 2 and sample 3. 

Table 14. Comparison between sample 2 and sample 3 through the statistical t values and respective t-critical values. 

 

Young Modulus 

(MPa) 

Tensile strength 

at yield (MPa) 

Maximum tensile 

strength (MPa) 
Strain at break (%) 

Stat t T-critical Stat t T-critical Stat t T-critical Stat t T-critical  

Sample 2 vs 

Sample 3 
4.4 2.3 4.5 2.3 2.0 2.6 10.5 2.3 

 

 Through table 14, it’s possible to see that the differences between sample 2 and sample 3 

young modulus, tensile strength and strain at break are statistically significative since stat t is higher than 

T-critical. On the contrary, no differences are observed in the maximum tensile strength parameter since 

the value of stat t is inferior to the T-critical value. 

 To study the metallizer effect on the mechanical properties, sample 1 and 2 mechanical results 

are compared in the following figure 35 and sample 4 and sample 5 are compared in figure 36. 



52 
 

Looking at both figures, no clear differences are observed in both samples mechanical properties except 

for the tensile stress at yield of sample 1 which seems to be higher than sample 2. 

 

Figure 35- Comparison between sample 1 and sample 2 mechanical properties. 

 

Figure 36- Comparison between sample 4 and sample 5 mechanical properties. 

 A t-test was again performed to check if the observed mechanical properties differences between 

samples are statistically significant. The results of the t-test are shown in the following table 15. 
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Table 15. Comparison of sample 1 with sample 2 and sample 4 with sample 5 through the statistical t values and respective t-critical 

values. 

 

Young Modulus 

(MPa) 

Tensile strength 

at yield (MPa) 

Maximum tensile 

strength (MPa) 
Strain at break (%) 

Stat t T-critical Stat t T-critical Stat t T-critical Stat t T-critical  

Sample 1 vs 

Sample 2 
1.3 2.3 7.9 2.3 1.0 2.2 0.03 2.4 

Sample 4 vs 

Sample 5 
0.9 2.3 2.1 2.2 2.2 2.3 1.1 2.8 

 

 Through table 15, no significant differences were observed in the young modulus, maximum 

tensile strength and strain at break between sample 1 and sample 2 and between sample 4 and sample 

5 since stat t is lower than T-critical. Concerning the tensile strength at yield parameter, different 

behaviours were observed. Sample 1 has a substantially higher tensile strength at yield than sample 2, 

which might indicate that the metallizer A has a positive influence in this mechanical parameter compared 

with metallizer B. But, comparing sample 4 with sample 5, no statistical differences were observed 

considering this mechanical parameter.  
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4.4 SEM 

 In the present section the morphological aspects of the different samples areas will be discussed. 

It’s clear that, depending on the presence or absence of compound X, different morphologies are 

observed. In samples 1, 2 and 3, it’s possible to observe the presence of long fibers oriented in the 

machine direction on the different analysed sectors. Also, narrower strands are seen coming out of larger 

veins such as on sample 1, sector A. This might be a clear evidence of the stretching in transversal 

direction99. Figure 37 shows, as an example, the different morphological aspects, on sector A, between 

samples with and without compound X (sample 1 and sample 4, respectively).  

 

Figure 37- SEM images of sector A, areas A1 and A2, of sample 1 and sample 4. 

 The addition of compound X in polypropylene might lead to the development of fibrous structures, 

according with previous studies*. In this case, since compound X is present in a lesser quantity than PP, 

it’s possible to assume that these fibers correspond to this compound. Crater-like structures are also 

formed on these samples. Of all the samples containing compound X, these structures are more easily 

observed in sample 3. The formation of these craters might be related with the PP crystal dislocation 

system where stretching causes the lower density β crystals to change into higher density α crystals, 

leading to the formation of crater-like structures where previously β crystals existed64,100. This β to α crystal 

transition might also promote the formation of microvoids/porosity on the film, influencing its breakdown 

strength101. The fact that these structures are more visible on the thicker sample might be related with the 

 
* For confidentiality reasons, the studies references will not be shown. 
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fact that thicker samples have larger crystal grain sizes and spherulites100. The following figure 38 shows, 

as an example, the sector B of sample 1, sample 2 and sample 3 where morphological structures such 

as fibers and craters can be observed. 

 

Figure 38- SEM images of the sector B of samples 1, sample 2 and sample 3. 

 Samples 4 and 5 morphologies consists in crater-like structures only. No long fibrous structures 

are observed, which reinforces the statement that the fibers correspond to presence of compound X in 

the samples. Another curious observation is related with the metallization present in the different samples. 

Samples which suffered a metallization process from metallizer B, have the same metallization pattern, 

in the form of clusters, on the segmented areas of the film while samples that have been metallized by 

metallizer A do not show this metallization pattern. This difference in metallization patterns is present in 

samples with compound X, as its possible to see through figure 38, and samples without compound X, 

which can be observed on the following figure 39. The remaining SEM images are present on annex 

III of the present dissertation. 

 

Figure 39- SEM images of the sector B of sample 4 and sample 5. 
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4.5 EDS 

 The qualitative and quantitative characterization of the chemical elements present on each study 

areas was performed through EDS and graphical representation of the results is shown in figure 40. 

The EDS spectrum of the different areas of each sample are present on annex IV of the present 

dissertation. 

 From the EDS analysis performed on the different samples, five elements were identified such as 

carbon (C), oxygen (O), gold (Au), aluminium (Al) and Zinc (Zn). The element weight total percentage 

(Wt%) of each one of these elements is different on the different areas of the sample. The presence of 

gold (Au) is due to the sample’s preparation and will not be considered in the present discussion. 

 The molecular structure of compound X and PP are composed, mainly, by carbon atoms and this 

can be observed through EDS analysis results where, on the different areas of each sample, carbon is 

the main element with a percentual weight varying between 99.6% and 78.4%, with emphasis for area A1 

and area B1. 

 Zinc and aluminium are the metals present on the analysed samples, but their weight and 

distribution vary across the different areas of the samples. Area A1 doesn’t have any metals presents. 

Low quantities of aluminium (≈1.2 – 1.8 wt%) was detected in the area A2 of the different samples. No 

metals were detected on area B1 except in sample 1 and sample 2 where very low quantities of aluminium 

were present (0.5 and 0.6 wt%, respectively). Although metallization clusters were observed in area B1 

of samples 2, 3 and 5, only Al was detected on sample 2 but in very low quantities (≈0.6 wt %) and 

neither aluminium nor zinc were detected in sample 3 and 5. In addition to aluminium, zinc started to be 

detected in area B2 except for sample 4. Higher quantities of zinc were detected in area C in all samples, 

ranging between 5.4 to 15.9 wt%. Sample 3 has the higher amount of zinc in area C while sample 2 has 

the lower amount of zinc although they were both metallized by the same metallizer, which might indicate 

that the amount of zinc and aluminium present on the different areas of the sample can be optimized 

according to the client requirements. The addition of a very thin layer of aluminium on the surface of PP 

dielectric can lead to an increase in the energy density of the capacitor of, approximately, 75% compared 

with the rated breakdown voltage of the dielectric102. 

 Oxygen is also present in the different samples. In fact, like carbon, this element is present in all 

the analysed areas of the samples, having a more significant presence in the metallized areas, evidencing 

the oxidation of metal layer of the film. The electrode oxidation, which might have occurred due to 

atmospheric exposure during storage, can lead to its corrosion, causing capacitance losses of the 
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capacitor103,104. The presence of air between the metallized dielectric layers of the capacitor will also affect 

its self-healing process capabilities, increasing the duration and area of this process, and provide the 

required conditions to induce electrochemical corrosion when the capacitor is subjected to AC or pulse 

electrical field104. Nonetheless, higher electrode thickness can be used to supress the oxidation103 and 

usually Al/Zn alloy with, higher wt% of zinc, can be used to supress the oxidation of aluminium when 

under AC105. 

 

Figure 40- Chemical elements weight distribution along the different areas of the samples in study. 
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4.6 AFM 

 The AFM images and surface roughness parameters, of each area of the different samples, are 

presented from figures 41 to 45 and table 16 to table 20, respectively. The scanned area 

corresponds to 25µm2. Long fibre structures, mainly oriented in MD, can be observed in samples 

containing compound X. TD stretching influence on fibres orientation is also visible since they’re not 

perfectly oriented on MD. Some examples of this are sample 2, area A2 and sample 3, areas A2 and B2, 

where most structures are oriented towards TD. All samples also show a smaller fibre-like network 

structure forming surface-craters which is the result of biaxially stretching PP cast film as previously 

mentioned. In sample 1, area A1, sample 2, area B1 and sample 3, area B1, a higher point can be 

detected which might be a surface defect that was probably created during the film manufacture. 

 

Figure 41- AFM images of the different study areas of sample 1. 

Table 16. Surface roughness parameters of each area in study of sample 1 and the standard deviation of each parameter. 

Sample 1 areas A1 A2 B1 B2 C1 σ 

Rq (nm) 7.83 6.09 6.98 7.36 5.78 0.86 

Ra (nm) 5.87 4.83 5.53 5.71 4.50 0.59 

Rmax (nm) 92.40 51.60 86.20 69.00 52.40 18.79 
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Figure 42- AFM images of the different study areas of sample 2. 

Table 17. Surface roughness parameters of each area in study of sample 2 and the standard deviation of each parameter. 

Sample 2 areas A1 A2 B1 B2 C1 σ 

Rq (nm) 8.49 8.06 8.82 8.70 6.81 0.82 

Ra (nm) 6.73 6.21 6.86 6.75 4.97 0.79 

Rmax (nm) 68.60 84.90 85.20 84.80 79.10 7.13 

 

 

Figure 43- AFM images of the different study areas of sample 3. 
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Table 18. Surface roughness parameters of each area in study of sample 3 and the standard deviation of each parameter. 

Sample 3 areas A1 A2 B1 B2 C1 σ 

Rq (nm) 7.36 10.60 8.93 10.00 10.20 1.31 

Ra (nm) 5.76 8.27 6.93 7.96 8.11 1.06 

Rmax (nm) 60.30 94.10 106.00 86.60 87.00 16.76 

 

 

Figure 44- AFM images of the different study areas of sample 4. 

Table 19. Surface roughness parameters of each area in study of sample 4 and the standard deviation of each parameter. 

Sample 4 areas A1 A2 B1 B2 C1 σ 

Rq (nm) 4.89 4.58 4.71 3.66 4.72 0.49 

Ra (nm) 3.81 3.62 3.75 2.91 3.78 0.38 

Rmax (nm) 49.30 41.70 43.20 33.50 38.60 5.83 
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Figure 45- AFM images of the different study areas of sample 5. 

Table 20. Surface roughness parameters of each area in study of sample 5 and the standard deviation of each parameter. 

Sample 5 areas A1 A2 B1 B2 C1 σ 

Rq (nm) 6.28 6.89 6.67 5.64 5.22 0.70 

Ra (nm) 4.91 5.55 5.31 4.42 4.19 0.57 

Rmax (nm) 67.70 58.30 57.10 46.50 43.80 9.67 

 

 According to the obtained results regarding the AFM analysis and observing figure 46, the root 

means square roughness (Rq) of all samples vary between 3.66 and 10.60nm. Sample 3 has as an 

overall higher Rq along the different areas of the sample when compared with the remaining samples, 

except for area A1. It also has the higher variation between all areas, with a standard variation equal to 

1.31. Sample 2 has higher Rq values for the different areas when compared with sample 1 but they have 

similar variations along the different areas. The standard variation between the different areas 

corresponds to 0.86 for sample 1 and 0.82 for sample 2, having a more uniform topography along the 

different areas when compared with sample 3. Sample 5 has lower values Rq then sample 1, 2 and 3 

except for area A2, where it has a slightly higher Rq than sample 1. The standard deviation between all 

areas of sample 5 is 0.70, which is lower than sample 1, sample 2 and sample 3. Sample 4 is the sample 

in with the lowest Rq values in all areas. It also has the lowest standard deviation of Rq (0.49) between 

the different areas, meaning that it presents a more uniform topography along the different areas. The 

same behaviour can be observed through the obtained average roughness (Ra) values (figure 47). 
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Comparing the obtained Ra values with the typical Ra values for capacitor applications (0.1 - 0.9 µm)101, 

they’re acceptable.  

 

Figure 46- Rq value along the different areas of each sample. 

 

Figure 47- Ra values along the different areas of each sample. 

 Through figures 48 and 49, it’s possible to observe that the presence of compound X led to an 

overall higher Rq and Ra, respectively, on all the analysed areas. 
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Figure 48- Base film effect on the Rq values. 

 

Figure 49- Base film effect on the Ra values. 

 According to figures 50 and 51, samples with greater thickness, such as sample 3, have an 

overall higher Rq and Ra values than samples with lesser thickness, respectively. Sample 3 is also less 

homogeneous since a higher standard variation value (σ (Rq) =1.31 and σ (Ra) =1.06) was obtained 

compared with sample 2 (σ (Rq) =0.82 and σ (Ra) =0.79). 

 

Figure 50- Thickness effect on the Rq values. 
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Figure 51- Thickness effect on the Ra values. 

 Analysing the following figures 52 and 53, it’s possible to understand what effect the type of 

metallizer has in the Rq and Ra of samples with similar thickness and same base film. It’s possible to 

observe that samples that have been metallized through metallizer A (sample 1 and sample 4) have an 

overall lower Rq and Ra values on all areas than samples that were metallized from metallizer B (sample 

2 and sample 5). 

 

Figure 52- Metallizer effect on the samples Rq. 

 

Figure 53- Metallizer effect on the samples Ra. 
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 The roughness of a film influences the correct junction between the metallic layer and the 

dielectric. Higher roughness can lead to a non-conforming contact between these layers, promoting the 

appearance of air gaps. These gaps have an active participation during the higher voltages breakdown 

processes where partial discharges occur, leading to the occurrence of more self-clearing processes in 

capacitors, reducing its capacitance106. Also, the presence of surface defects on the dielectric may 

negatively affect its voltage withstanding capability, that is, reduces its dielectric strength106. At the same 

time, a certain amount of roughness is needed for some capacitor manufacturing such as the winding of 

film during metalization101. 

4.7 Shrinkage 

 The results regarding the shrinkage of the films in TD and MD, along the different temperature 

range, are presented in the following table 21 and table 22, respectively. The graphical representation 

of the shrinkage behaviour in TD and MD is presented on figures 54 and 55, respectively. 

Table 21- TD shrinkage (%) obtained for the different samples, using equation 9, throughout the the temperature range of 25-125°C. 

T (°C) 
TD shrinkage (%) 

Sample 1 Sample 2 Sample 3 Sample 4 Sample 5 

25 0.00 0.00 0.00 0.00 0.00 

70 -0.01 0.23 0.06 0.06 -0.04 

85 -0.04 0.09 0.00 -0.45 0.00 

105 -0.21 -0.42 -0.36 -0.74 -0.21 

110 -0.29 -0.17 -0.24 -1.09 -0.69 

125 -0.32 -1.07 -0.31 -1.90 -2.15 

 Sample 3 suffered the lowest TD shrinkage during the exposure to the temperature range, having 

a shrinkage of, approximately, -0.31%. It was followed by sample 1 and sample 2 which had TD shrinkages 

of -0.32% and -1.07%, respectively. Sample 4 and sample 5 had the most TD shrinkage, reaching values 

of, approximately, -2%. The positive values present on table 26 might probably correspond to random 

errors produced during the measurements of the different samples. 
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Figure 54- TD shrinkage (%) of the different samples between a temperature range of 25-125°C. 

Table 22- MD shrinkage (%) obtained for the different samples, using equation 9, throughout the the temperature range of 25-125°C. 

T (°C) 
MD shrinkage (%) 

Sample 1 Sample 2 Sample 3 Sample 4 Sample 5 

25 0.00 0.00 0.00 0.00 0.00 

70 -0.05 -0.10 0.10 -0.70 0.12 

85 -0.26 -0.28 -0.22 -0.73 -0.23 

105 -0.78 -0.82 -0.48 -1.29 -1.02 

110 -0.92 -0.95 -0.46 -2.10 -1.31 

125 -1.67 -1.52 -1.05 -2.73 -2.47 

 The sample that had the least MD shrinkage (%) at the 125°C was sample 3 (-1.05%), followed 

by sample 2 and sample 1 with MD shrinkage values of -1.52% and -1.67%, respectively. Sample 4 and 

5 had the highest recorded MD shrinkage values, standing between 2.50-2.70%, approximately. 
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Figure 55- MD shrinkage (%) of the different samples between a temperature range of 25-125°C. 

 According to the shrinkage results in both TD and MD, it’s clear that samples containing 

compound X have a better performance in high temperature, in terms of dimensional stability, when 

compared with samples that only contain BOPP. According to previous studies*, this behaviour was 

expected since the presence of compound X tends to increase the dimensional stability of PP films when 

exposed to elevated temperatures. All samples suffered greater shrinkage in MD than TD.  

 The preferable shrinkage of BOPP films for MD and TD are comprehended between 1.8 – 2.5% 

at a temperature of 120°C107. At 125°C, the obtained values are within this range except the MD shrinkage 

of sample 4 (-2.73%). 

 The results also show that the sample 3 greater thickness had a positive effect on the shrinkage, 

leading to reduced values in TD and MD when compared with sample 2. The metallization effect does 

not seem to influence the obtained results since different since different behaviours are observed 

depending on the shrinkage direction. Considering TD, samples with the same thickness and base film 

that suffered a metallization process from metallizer A seem to suffer slightly lower shrinkage than 

samples with the same thickness and base film metallized from metallizer B. On the contrary, when 

analysing the results on MD, the opposite behaviour is observed, where samples metallized by metallizer 

B suffer lower shrinkage when compared with samples metallized by metallizer A. 

 In capacitors, the shrinkage of films is needed in a manufacturing perspective where a heat 

treatment is applied to the film so that they gain more tightness. Subjecting the film to exceeding 

 
* For confidentiality reasons, the studies references will not be shown. 
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temperatures may lead to excessive shrinkage of film which can cause reduction of the capacity of the 

capacitor or even destruction of the film107. 

Chapter 5 - Conclusions 

 Several techniques were used to study the different samples in terms of calorimetry, morphology, 

chemical structure, mechanical performance, surface roughness and dimensional stability towards a high 

temperature exposure. Many differences were observed depending on the base film, thickness and 

metallizer process used in the samples.  

 Unmodified films possess a higher crystallinity and enthalpy energies regarding the melting and 

crystallization than samples where compound X was present, which might demonstrate the amorphous 

nature of this compound. Also, according with the melting temperature of the second scan, it was possible 

to verify that all samples contain commercial iPP. The main melting peak that probably corresponds to 

the melting of the α-phase crystal structure while the subtle peak around 150°C can be due to the melting 

of the β-phase. The increased thickness sample 3 led to a reduced crystallinity. No effect was observed 

regarding the type of metallizer at which the sample was submitted. 

 Through FTIR-ATR, polypropylene characteristic peaks were detected in all samples. Sample 1, 

2 and 3 spectra did not show any clear evidence of compound X presence. This might be due to the low 

quantity of this material present on these samples which might be below the equipment detection limit. 

 The mechanical test showed an increased young modulus on samples that doesn’t contain 

compound X in which the increased crystallinity of sample 4 and sample 5 might be responsible for this 

behaviour. Sample 3 had the lowest young modulus value in which its higher thickness and lower 

crystallinity can explain this observation. Samples with compound X also have a lower maximum tensile 

strength than simple BOPP samples. In terms of strain at break, thickness had a positive effect on this 

parameter since longer strains were obtained for sample 3. Through t-test method, it was possible to 

conclude that the presence of compound X on BOPP/X significantly affected the young modulus, tensile 

stress at yield and maximum tensile strength while strain at break parameter wasn’t, statistically, affected. 

The thickness had significant effect on all studied parameters except the maximum tensile strength. 

Regarding the metallizer effect, the results show that this factor does not affect the young modulus, 

maximum tensile strength and strain at break parameters, but no clear trend was observed regarding the 

tensile strength at yield. 
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 SEM evidenced different morphologies regarding the type of base film. Sample 1, 2 and 3 possess 

long fibres oriented in machine direction and crater-like structures on all the studied sectors. The fibres 

might correspond to the presence of compound X. The crater-like structures are related to the PP crystal 

dislocation system occurred during the stretching of the films were lower density β crystals change into 

α crystals. Sample 4 and 5 possess a crater-like surface structures and no fibers were observed since 

only PP is present. Sample 3 structures were clearer and easier to be observed which might be due to 

the larger crystals grain sizes and spherulites due to its higher thickness. It was possible to distinguish 

the metallizer through this technique since metallizer B produced metallized clusters along the segments 

of the films that were absent on samples metallized through metallizer A. 

 Through EDS technique, elements such as carbon, oxygen, aluminium, and zinc were detected 

in all samples. The wt% of these elements is different along the different studied sectors. Carbon was the 

element present in higher quantity since PP and compound X are molecularly composed by carbon and 

hydrogen. The presence of oxygen, mainly on metallized areas, are a result of oxidation that might have 

occurred during atmospheric exposure during storage of the samples. The fact that Al and Zn only 

appeared on certain areas and with different wt% regarding the same metallizer shows that the 

metallization process can be optimised according to the client requirements. 

 The surface roughness of samples, that were analysed through AFM, are different depending on 

the base film, thickness and metallizer of the samples. The addition of compound X led to an increased 

surface roughness when compared with samples 4 and 5.  Sample 3 had the higher roughness of all 

samples on almost all areas, which might be due to the higher thickness of this sample. Samples 

metallized through metallizer A have lower surface roughness on all areas when compared with samples 

metallized through metallizer B. 

 Regarding the dimensional stability of the samples subjected to a thermal gradient, it’s clear that 

depending on the base film and thickness of the samples, different shrinkage behaviours are observed. 

Samples containing compound X have a better shrinkage performance in machine direction and 

transverse direction than samples containing only PP at 125°C. Sample 3 had the best performance, 

indicating that higher shrinkage has a positive effect on dimensional stability of the film when subjected 

to a high thermal environment. All samples suffered greater shrinkage in MD than TD. 
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Annexes 

Annex I – DSC thermograms 

Sample 1: 

1. Sample 1, specimen nº 2; 

 

2. Sample 1, specimen nº3; 
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Sample 2: 

1. Sample 2, specimen nº1; 

 

2. Sample 2, specimen nº2; 
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3. Sample 2, specimen nº3; 

 

Sample 3: 

1. Sample 3, specimen nº1; 
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2. Sample 3, specimen nº2; 

 

3. Sample 3, specimen nº3; 

 

Sample 4: 

1. Sample 4, specimen nº1; 
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2. Sample 4, specimen nº2; 

 

3. Sample 4, specimen nº3; 

 

Sample 5: 

1. Sample 5, specimen nº1; 
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2. Sample 5, specimen nº2; 

 

3. Sample 5, specimen nº3; 
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Annex II – FTIR-ATR 

1. Sample 1; 

 

2. Sample 3; 

 

3. Sample 5; 
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Annex III – SEM 

Sample 1: 

1. Sample 1, sector A; 

 

2. Sample 1, area B1; 
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3. Sample 1, area B2; 

 

4. Sample 1, sector C; 
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5. Sample 1, area C; 
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Sample 2: 

1. Sample 2, sector A; 

 

2. Sample 2, area A1; 
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3. Sample 2, area A2; 

 

4. Sample 2, area B1; 
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5. Sample 2, area B2; 

 

6. Sample 2, sector C; 
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7. Sample 2, area C; 
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Sample 3: 

1. Sample 3, sector A; 

 

2. Sample 3, area A1; 
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3. Sample 3, area A2; 

 

4. Sample 3, area B1; 
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5. Sample 3, area B2; 

 

6. Sample 3, sector C; 
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7. Sample 3, area C; 
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Sample 4: 

1. Sample 4, sector A; 

 

2. Sample 4, area B1; 
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3. Sample 4, area B2; 

 

4. Sample 4, sector C; 
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5. Sample 4, area C; 
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Sample 5: 

1. Sample 5, sector A; 

 

2. Sample 5, area A1; 
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3. Sample 5, area A2; 

 

4. Sample 5, area B1; 
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5. Sample 5, area B2; 

 

6. Sample 5, sector C; 
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7. Sample 5, area C; 
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Annex IV – EDS 

Sample 1: 

1. Sample 1, area A1; 

 

2. Sample 1, area A2; 

 

3. Sample 1, area B1; 
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4. Sample 1, area B2; 

 

5. Sample 1, area C; 
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Sample 2: 

1. Sample 2, area A1; 

 

2. Sample 2, area A2; 

 

3. Sample 2, area B1; 
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4. Sample 2, area B2; 

 

 

5. Sample 2, area C; 
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Sample 3: 

1. Sample 3, area A1; 

 

2. Sample 3, area A2; 

 

3. Sample 3, area B1; 
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4. Sample 3, area B2; 

 

5. Sample 3, area C; 
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Sample 4: 

1. Sample 4, area A1; 

 

2. Sample 4, area A2; 

 

3. Sample 4, area B1; 
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4. Sample 4, area B2; 

 

5. Sample 4, area C; 
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Sample 5: 

1. Sample 5, area A1; 

 

2. Sample 5, area A2; 

 

3. Sample 5, area B1; 

 

 



111 
 

4. Sample 5, area B2; 

 

 

5. Sample 5, area C; 

 

 

Annex V – Statistical tests methodology 

 After the elaboration of the mechanical tests and obtaining the mechanical parameters results 

for each sample, a statistical t-test was performed to evaluate if the differences observed between the 

different samples were statistically significant. Initially, to identify and remove possible outliers present on 

the different samples results for each parameter, a Dixon’s test, according with equation 10, was 

applied for each group of results. If the obtained result value (Qexp) is higher than Q-critical (confidence 

level of 95%, number of observations (n)), then this value is considered an outlier and must be removed 

from data. 

𝑄𝑒𝑥𝑝 = 𝑄10 =
|𝑜𝑢𝑡𝑙𝑖𝑒𝑟′𝑠 𝑣𝑎𝑙𝑢𝑒−𝑛𝑒𝑎𝑟𝑒𝑠𝑡 𝑣𝑎𝑙𝑢𝑒|

𝑙𝑎𝑟𝑔𝑒𝑠𝑡 𝑣𝑎𝑙𝑢𝑒−𝑠𝑚𝑎𝑙𝑙𝑒𝑠𝑡 𝑣𝑎𝑙𝑢𝑒
 Equation 10 
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After identifying and removing the outliers detected through Dixon’s test, a boxplot was developed, 

through Rstudio software, comparing the different samples mechanical properties regarding the factors 

in study. This boxplot also enabled the detection of additional outliers that weren’t detected through 

Dixon’s test and their removal from the results. 

T-test was needed to assure that the differences observed were statistically significant. Before 

this evaluation, a F-test was applied to confirm if there are statistical differences between the sample’s 

variances. This F-test was performed using the following equation 11, which corresponds to the ratio 

between the variance of two groups of results (a,b), of different samples, for the same mechanical 

parameter, and comparing the obtained F-value with a listed F-critical at a 95% confidence level, for a 

given degree of freedom. If F-value is lower than F-critical, then no significant differences are observed 

between the variances of each group of results and the applied T-test corresponds to the equation 12, 

which includes the mean value of group A (Xa), mean value of group B (Xb) and the global standard 

deviation (sg). If there are statistically significant differences between the variances of both groups of 

results, then the applied T-test corresponds to equation 13, which includes the variance of both groups 

of results (s(a)2 and s(b)2). 

𝐹 =
𝑠(𝑎)2

𝑠(𝑏)2               Equation 11 

 𝑇 =
|𝑋𝑎−𝑋𝑏|

𝑠𝑔√
1

𝑛𝑎
+

1

𝑛𝑏
  

         Equation 12 

𝑇 =
|𝑋𝑎−𝑋𝑏|

√𝑠(𝑎)2

𝑛𝑎
+

𝑠(𝑏)2

𝑛𝑏
 

       Equation 13 

The obtained T-value was compared with a tabulated value (t-critical) regarding a specific degree 

of freedom and confidence level (95%). If T-value is higher than T-critical, than there are significant 

differences between the mean values of the analysed groups of results for a particular mechanical 

parameter. 

All the T-tests and F-tests were calculated through Excel software using the integrated “data 

analysis toolPack”. 


