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Characterization of metallized polypropylene films

ABSTRACT

The main goal of a capacitor is to store energy and release it in a circuit when needed. There
are in the market several types of capacitors, as film capacitors, ceramic capacitors and electrolytic
capacitors. For this study, it will be presented a metallized film capacitor.

Film capacitors are electronic components with a high importance in a lot of electronic devices.
They are used in different applications as, for instance, in televisions, radios, automotive industry,
renewable energy devices, like solar panels and in hybrid and electrical cars. Different materials and
components can be part of a film capacitor, as a plastic case, an epoxy, a thin plastic film metallized
with metal alloys, solder, wires, and terminals.

The focus of this work is the body of the film capacitor, which is the plastic film, metallized with
a very thin metal layer.

The intend of this work was to study six different polypropylene grades, from several suppliers,
using different characterization techniques, as Differential Scanning Calorimetry, Fourier Transform
Infrared Spectroscopy, Atomic Force Microscopy and Scanning Electron Microscopy. These techniques
allow a better understanding of the behaviour and performance of each material, throughout the life of a
film capacitor and prevent the failures during its life cycle. Thus, they had shown that there are some
properties that influence the behaviour of each sample, as for instance, the surface roughness, the
BOPP fabrication process (sequential stretching versus simultaneous stretching) and thickness, which
influence crystals grains and the polymer chain orientation, that in turn, influence the crystallinity.

All these techniques gave an important contribute for the understanding of the different
polypropylene samples, concluding that sample 5 seems to be the best material to be used in a film

capacitor, due to its high crystallinity, constant roughness, high Young Modulus and low shrinkage.

Keywords: BOPP, film capacitors, metallized film capacitor, polypropylene.



Caracterizacao de bases de fita de polipropileno metalizadas

RESUMO

O principal objetivo de um condensador € armazenar energia e liberta-la num circuito quando
for necessario. Existem no mercado varios tipos de condensadores, como condensadores de filme,
condensadores ceramicos e condensadores eletroliticos. Para este estudo, sera apresentado um
condensador de filme metalizado.

Os condensadores de filme sdo componentes eletronicos de grande importancia em muitos
dispositivos eletrénicos. Sdo usados em diferentes aplicacdes como, por exemplo, em televisores,
radios, industria automovel, dispositivos de energia renovavel, como painéis solares e em carros
hibridos e elétricos. Diferentes materiais e componentes podem fazer parte de um condensador de
filme, como uma caixa de plastico, um epdxi, um fino filme plastico metalizado com ligas metalicas,
soldas, fios e terminais.

O foco deste trabalho é o corpo do condensador de filme, que ¢ o filme plastico, metalizado
com uma camada de metal muito fina.

O objetivo deste trabalho foi estudar seis amostras de polipropileno, de diversos fornecedores,
utilizando diferentes técnicas de caracterizacdo, como Calorimetria Diferencial de Varrimento,
Espectroscopia de Infravermelho por Transformada de Fourier, Microscopia de Forca Atomica e
Microscopia Eletronica de Varrimento. Estas técnicas permitem uma melhor compreensdo do
comportamento e desempenho de cada material, ao longo da vida de um condensador de filme e
evitam falhas durante o seu ciclo de vida. Assim, elas mostraram que existem algumas propriedades
que influenciam o comportamento de cada amostra, como por exemplo, a rugosidade superficial, o
processo de fabricacdo do BOPP (estiramento sequencial versus estiramento simultaneo) e a
espessura que influenciam os graos dos cristais e a orientacdo da cadeia polimérica, que por sua vez,
influenciam a cristalinidade. Todas estas técnicas deram um importante contributo para a
compreensao das diferentes amostras de polipropileno, concluindo que a amostra 5 parece ser o
melhor material para ser utilizado num condensador de filme, devido a sua elevada cristalinidade,

rugosidade constante, elevado Modulo de Young e baixo encolhimento.

Palavras-chave: BOPP, condensador de filme metalizado, condensadores de filme,

polipropileno.
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CHAPTER 1- INTRODUCTION
1. Introduction

1.1.  The company: Vishay 's history
Vishay Intertechnology, Inc. is a worldwide company which was growing through acquisitions of

some companies as Roederstein, Dale, BCComponents and General semiconductor [1].

Discrete semiconductors and passive components represents the Vishay 's portfolio brands [2].

Its founder was Dr. Felix Zandman, who was born in 1928 and passed away in 2011.
Doctorated in Mechanical Physics by University of Paris in 1953, he had a very important portfolio in
the electronic industry [3].

Dr. Felix Zandman was a survivor of Holocaust horror. An example of strength, struggle,
persistence, work and hope. His experience is described in his book "Never the Last Journey” [4].

Vishay Electronica Portugal, Lda, is located in Portugal, near Vila Nova de Famalicao, in
Calendario. It belongs to Vishay Intertechnology, Inc [5].

Roederstein was acquired by Vishay Intertechnology in 1993 and since that time it is Vishay
Electronica Portugal, Lda.

In 2019, Vishay Intertecnology celebrated the fiftieth anniversary. Vishay Electronica Portugal,
Lda celebrated the historical event in September 2019 [6].

In Portugal, Figure 1, it has around 200 workers and it produces film capacitors to electronic
equipment’s, as solar panels energy, televisions, radios and automotive industry. Vishay is growing and

getting stronger and very competitive in the electric and hybrids automotive industry.

Figure 1- Vishay Electronica Portugal, Lda [7]

1.2.  Scope
The main goal of this work was to study and understand the different polypropylene (PP) films

that are used in film capacitors.
To evaluate different suppliers and grades, different techniques, as Differential Scanning

Calorimetry (DSC), Fourier Transformed Infrared Spectroscopy (FTIR), Scanning Electron Microscopy



(SEM), Atomic Force Microscopy (AFM) and mechanical measurements were applied. Furthermore, the

knowledge of chemical and physics polypropylene properties was important too in this study.

1.3.  Thesis organization
The thesis is divided in 6 chapters, as presented in the Figure 2.

(
* The company : Vishay "s history
1-Introduction * Scope of this investigation
* Thesis organization
\_
4 N * Film capacitor and production process )
* Materials
2-State of art * Polyproplylene polymer
* Caracterization tecnhiques: DSC, FTIR,
\_ Yy, SEM, AFM, mechanical tests
( )
3-Materials and * Materials used in the investigation
Methods * Methods details
J
\_
( )
4-Discussion and results * Discussion and analysis of the results
J
\_
( )
5-Conclusion . Overyiew and final conclusions of the results
obtained.
J
\_
(
6-Euture work » Suggestions for further investigation and
development
\_

Figure 2- Overview of the thesis chapters



CHAPTER 2- STATE OF ART

2. State of art

2.1.  Film Capacitor
A film capacitor is a passive component, meaning that it cannot introduce power into a circuit

or either amplifying the flow of the electrical current or either capable of electrically controlling. It is able
to store energy and release it in the circuit when needed|8].

The Figure 3 shows a scheme of a film capacitor. A capacitor consists in two electrodes
(position 1) working as two conductive plates, separated by the dielectric (position 2), the insulating

material. The distance between the electrodes is given by position 3.

Figure 3- Scheme of a film capacitor [9]

For a better understanding of a metallized film capacitor, it will be described the steps involved
to produce it.

The Figure 4 demonstrates the steps for manufacturing a film capacitor.



Figure 4- Steps for a film capacitor manufacturing [10]

The first step is the metallizing, where the metal layer is deposited in one side of the plastic
film, under a vacuum deposition system. The result is a metallized film called as dielectric. After that,
the metallized mother roll is cutted in several parts (film slitting) and packaged to be winding later on, in
the same factory or to be sold.

Vishay Electronica Portugal buys the metallized film from several suppliers.

The third step is the winding and here starts the production in Vishay Electrénica Portugal. They
are winded the right and left metallized rolls with a high-speed machine. The product at this stage is
called as cell.

Cells which are cylindric, are going to be flattened, in the flattening. After that, they will be
involved in a masking paper and the sides (contact layer) are going to be sprayed with a metal layer,
“schoopage”.

Then, cells are tested in a machine, the healing step, to select the good ones and separate the
cells with defects, as burnings. Some types, go to the impregnation, which is defined as giving a bath in
a silicon oil tank. A wire or a terminal will be soldered in the contact layer (terminal welding step),

before being casted with an epoxy, inside a box. Finally, the capacitor makes the electrical end test,



where it is tested in a specific electrical equipment which measures, for example, the capacitance and
the dissipation factor.

Figure 5, presents a scheme of a film capacitor, after its manufacturing.

(PP)

Figure 5- Scheme of a film capacitor[10]

Electrical tests are important to evaluate the good conditions of a capacitor. There are three
important characteristics which are measured at the final production of a capacitor: the capacitance
(C), the tangent delta (tan ) and the insulation resistance (IR or RIS).

The capacitance is the capacity to store electric charges. It is expressed in Farad (F) and its
value is proportional to the dielectric constant of the material,er, to vacuum permittivity, €0 , and
electrodes area, A,and inversely proportional to the distance between the electrodes, d, as expressed
in Equation 1[11].

C= % Equation 1

The dissipation factor or tangent delta, tand, expressed in percentage (%) depends of the

equivalent series resistance (ESR) and the capacitive reactance, Xc (Equation 2).
tan 8 = =R Equation 2
Xc

The Xc , in ohms, is the impedance of the capacitor and it is inversely proportional to the
capacitance and frequency, 7 It is defined as the inertia against the flow of the current and it is given by
Equation 3 [12], [11].

Xc-— Equation 3
2 fc



The lower the ESR, the lower the tangent delta, the better the capacitor and the lower the
losses. The value indicates losses of the resistance between the metallized film, metal spray layer and
terminals, as well as, losses of the polarization in the dielectric[13].

The insulation resistance (IR), expressed in ohms (Q) is related to the applied voltage, U , and

the leakage current, I, given by Equation 4.
Rig = % Equation 4
An increase in I leads to a decrease in the IR, therefore, more heat is produced and the more
the temperature increases leading in possible failures, as melting of the dielectric [14].

During the manufacturing and the lifetime of a metallized film capacitor, there are some failures

modes which can occur, as shown in Figure 6.

Figure 6- Failure modes, causes, effects and consequences which can occur in a metallized film capacitor [14]

Figures 7 and 8 show some failures in the metallized film, which can damage a metallized film

capacitor.



Figure 7- Metallized film with electrode corrosion due to the presence of moisture [14]

Figure 8- Metallized film which was demetallized due to corona arcing [14]

2.2.  Materials
Materials are selected according to the application of the film capacitor. The Table 1 shows

some of the materials used to produce film capacitors.

Table 1- Example of materials used in a film capacitor

Material To be used in
PP (or PET) metallized with ZnAl /Al Cell
Cu tinned Terminal or wire
ZnAl/ Al/SnZn/SnCu Alloy Metal spray layer
PBT (or PPS) with glass fiber Case
Epoxy resin/ Polyurethane Resin

PP- Polypropylene; PET- Polyethylene Terephthalate;ZnAl- Zinc Aluminium; Al- Aluminium; Cu- Copper; SnZn- Tin Zinc; SnCu- Tin Copper; PBT- Polybutylene
Terephthalate; PPS- Polyphenylene Sulfide.



The Figure 9, represents a typical internal construction of a film capacitor.

Figure 9- View of materials used in a film capacitor [15]

For this study the main polymer studied is the PP, metallized with a very thin metal layer, which

is used in the cell, as shown in the Figure 10.

Figure 10- Scheme of a metallized PP film [16]

2.2.1. Polypropylene film
There are in the market a lot of polymers, normally they are classified according three groups,

as Figure 11 [17].



Polymers

Thermosettings Elastomers (can
(cannot be be stretched
melted) several times)

Thermoplastics
(can be melted)

Semi- Crystalline

Amorphous

(PE, PR (PS, PC)

PBT,PPS)

Figure 11- Classification of Polymers [17]

PP is a semi-crystalline thermoplastic and it is the most widely polymer used, from consumer
foods to the automotive industry, due to its attractive price, as well as, its physical, mechanical and
chemical properties. It belongs to the polyolefin family, as its molecular structure is carbon and

hydrogen (hydrocarbon chain), as presented in the Figure 12.

Figure 12- PP structure[18]

The polymerization of the propene monomer by Ziegler-Natta polymerization, for example,

allows the production of the PP, as Figure 13 [19] .



Figure 13- Polymerization of propene monomer by Ziegler-Natta Polymerization [18]

When polymerized, as propene is an asymmetrical molecule, can form three basic chain
structures, called as syndiotactic polypropylene (sPP); atactic polypropylene (aPP) or isotactic
polypropylene (iPP), depending on the position of the methyl groups (CH:) on every second carbon
atom, as demonstrated in Figure 14, named as tacticity.

Tacticity can affect the physical behaviour of a polymer chain, as well as, the ability of the
polymer molecules to crystallize[20]. The iPP has got all methyl groups on one side of the carbon chain;
in sPP, the methyl group, has got an alternating arrangement and in aPP, the methyl group, has got an

irregular arrangement.

Figure 14- Tacticity of PP [21]

To produce film capacitors, it is used the iPP due to the high crystallinity[22].
Crystallinity is very important in the study of polymers behaviour. High crystallinity results in the

increasing of melting point, tensile strength, stiffness, softening, resistance to oil and grease and it
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increases the barrier to moisture and gases. As mentioned before, iPP is a semi-crystalline polymer,
meaning that it has amorphous (disordered) and crystalline (ordered) regions, as shown in Figure 15

[23].

Figure 15- Semi-crystalline regions [24]

The crystallinity of a sample can be determined, for instance, by DSC and X-rays, but only DSC

will be considered and described in this thesis [25].

2.2.2. iPP as a dielectric film
Film capacitors must withstand temperatures up to 105°C. Due to low volume, low cost and

high dielectric performance, biaxially oriented polypropylene (BOPP) is a polymer suitable to be used in
film capacitor. BOPP is manufactured by tenter- frame or tubular process (double- bubble process).
Tubular process is less used than tenter frame process [26].

Figure 16 explains the production method tenter frame process, mostly used to produce BOPP
for film capacitors. This method creates high dielectric strength and optimizes the film characteristics

[27].
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Figure 16- Tenter frame process to produce BOPP[28]

This technology consists in pass each raw material (PP, additives...) in an extruder and
coextruders under certain temperature. Then, the melted raw materials flow to the die and in the chill-
roll, the material is cooled very fast. In this stage, it is denominated as cast film, as it was reached the
crystallization. After that, the material goes to the machine direction oriented (MDO) unit and it is
heated until just before reach the melting point (called as softening point). Here the material is
stretched in machine direction, called as MDO film. Finally, it goes to the transverse direction orienter
(TDO) unit and again it is heated to the softening point and stretched, this time, in transversal direction,
producing the BOPP [28].

Nowadays, a new technology can produce BOPP films in a simultaneous orientation, showing
significant advantages in producing thinner films (less than 5um), leading in the reduction of the
volume of a film capacitor and giving at the same time better electrical and mechanical properties, due
to the crystal grains be more isotropically dispersed in longitudinal and transverse directions [29].

Film properties depend on the processing conditions. Considering a certain rate of cooling,
Figure 17, demonstrates that for different pressures there is a relation between the volume and the

temperature. By increasing the pressure, the crystallization temperature increases [30].

12



Figure 17- Diagram for a semi-crystalline polymer, relation between pressure, volume and temperature[30]

The Table 2 lists an example of some properties of oriented PP films.

Table 2- Typical properties of oriented PP films [31]

Property ASTM Test
Method
Specific gravity (g/cm?) D1505
Tensile strength (psi) D882
Elongation (%) D882
Tear strength (g/mil propagation) D1922
Fold endurance D2176
24 h % water absorption D570

Water vapor transmission rate E96
(g/mil/100 in.2/24 h at 100°F)
Oxygen permeability

(cm3/100 in.2/mil/24 h/atm. at 77°F)
Haze (%) _

D1434

Uniaxial

Orientation
0.885-0.905
4500-7000
550-1000
25 MD 600 TD
Very high
0.005
0.7

150-240

1-2

Biaxial

Orientation
0.902-0.907
7500-40,000
352475
3-10
Excellent
0.005
0.25

160

1-2

The biaxial orientation enhances barrier properties to oxygen and water vapor. To improve the

adhesion and the wettability of BOPP films, it is used a corona treatment method which modifies the

surface free energy of the polymer and improves further the metallization process [32].

The biaxial orientation increases the stiffness, toughness, as well as, the dielectric strength and

the mechanical properties as shown in Figure 18 [33].
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Figure 18- Influence of the orientation in the dielectric strength[33]

The Figure 18 demonstrates that the orientation plays an important rule on the dielectric
strength improvement. An oriented dielectric film has higher dielectric strength, with a survival
frequency of 99%, when compared with an oriented packaging film (or even with an unoriented
packaging film, which cannot survive more than 95%).

To prevent the film from stretching, a higher Young Modulus value is preferred. Higher
orientation level and higher modulus prevent the film from having permanently deformations.

The stretching causes wrinkles in the wounded roll and it is responsible for the non-desirable
capacitance.

Furthermore, the shrinkage of the dielectric during the manufacturing can decrease the
capacitance of the capacitor or it can lead to flashover shorts. For semi-crystalline polymers, as PP, the

volume is reduced 20 to 25%, when cooled from the processing temperature to the room temperature,

Figure 19 [30].

Figure 19- Influence of the shrinkage ( specific volume versus temperature with no pressure) [30]
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The shrinkage depends from the rate solidification and this can cause internal stress which can
lead to void formation and tearing. A low shrinkage is desirable.

The surface roughness tends to affect the dielectric and physical strengths. To improve the
impregnation and preserves the strength of the film, in a dielectric liquid impregnated electrical
capacitor, for example, a morphological phenomenon, called as hazy PP film, is used as a dielectric
medium. This provides an irregular surface on PP, but it is uniform in all film. As a BOPP is metallized
with a thin layer of aluminium, for example, is desirable a strong adherence between the metal layer
and the BOPP to improve the contact. The hazy film provides a good contact between the materials and
improves the winding and the drying cycle of the material as it provides surface lack for removal of
vapours [34].

Hazy film allows the dielectric oil penetrates into the capacitor due to one side of the film has

an open fibrillar structure, Figure 20 [33].

& ﬁﬁt‘iﬂgﬁ‘

PP .. 0P FILM 80 GA.

X 100

e

Figure 20- Hazy film: Open fibrillar structure on the film surface (General electric)[33]

In this case, the fibrillar surface depends of the resin characteristics and process parameters,
while the oil cooperates to a good capacitance.

Other important point to consider, it is the contamination during manufacturing or present in
the resin, which can lead to dissipation factors. During the manufacturing of the films is not allowed

regrind material.

2.3.  Characterization techniques
For the characterization of the polypropylene films, all samples were subjected to several

techniques such as Differential Scanning Calorimetry (DSC), Fourier Transform Infrared spectroscopy
(FTIR), Scanning Electron Microscopy (SEM), Atomic Force Microscopy (AFM) and mechanical tests. It

is going to be described a summary of each technique, which one, very useful to characterize materials.
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2.3.1. Differential Scanning Calorimetry
DSC is a thermal analysis technique, very important in pharmaceutical and polymer fields, used

in quality control methods, development and manufacturing of polymeric materials. It is able to
measure the response of a material when heated or cooled, allowing to study physical properties,
estimates the lifetime and curing processes for example, as well as, to study thermal and mechanical
histories of a material [35].

The Figure 21 shows a typical thermogram for an organic polymer. It measures the transitions

and enthalpy changes, occurred in a sample as a function of temperature and time.

!

" .
8 g glass transition deglaflahon
5 / melting -
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Figure 21-DSC response of an organic polymer [30]

At a constant heating and cooling rates, this technique allows the measuring of the glass
transition (Tg), the melting, the crystallization, degradation, oxidation and the heat capacity of a
material, providing a full thermal characterization of a material [30].

To study a polymer, it is made a first heating curve of a DSC measurement, to see the
mechanical or thermal history, and then a second heating curve to determine the properties of the
material, under certain conditions [36].

Many materials have crystalline and amorphous regions. The crystalline structure and the
morphology (as spherulites dimensions) have a significant influence in the mechanical properties of
semi- crystalline polymers, as PP [37]. For PP, there are four different types of spherulites [22].

The DSC can measure the degree of crystallization of a structural order of a solid, becoming
possible the study of polymer properties. It is influenced by the thermal history and the chemical
structure. By Equation 5, it can be obtained the relative percentage of crystallinity (%C) by measuring
the enthalpy of fusion of a sample (AH) and comparing it with the enthalpy of the pure crystalline

material (AH: 100%). The enthalpy for 100% crystalline PP is 207J/g [38].
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AHf
AH£100%

%C = x100 Equation 5

The higher the percentage of crystallinity, more brittle is the material but stronger and stiffer is.

Moreover, it influences the density, transparency and hardness of a material [37].

2.3.2. Fourier Transform Infrared Spectroscopy
FTIR is used in a wide range of industries, as an example, pharmaceuticals, food, chemicals,

materials, forensic labs and at academics. It covers chemical applications for organic compounds and
polymers. It allows, for instance, the investigation of adulterants in the food, analyze product
formulation, identify product contaminants and solve manufacturing problems [39].

It is a non-destructive technigue that measures the interaction of infrared light with the material,
through the vibrational transitions of molecules.

[t consists in passing an infrared radiation through a sample, while some radiation is
transmitted and other is absorbed by the atoms. This absorption is detected by the detector, which
gives a signal of the molecular “fingerprint” of the sample, the spectrum. This can be done by handling
compressed alkali metal halide pellet method (using for example Bromine Potassium (KBr)) or use an
Attenuated Total Reflectance- Fourier Transform Infrared Spectroscopy (ATR-FTIR).

By the measuring of the vibrations of atoms is possible to determine the functional groups and
obtain an infrared spectrum, as shown in Figure 22 [40]. The frequency is measured as wavenumbers,

over the range of 4000cm* and 600cm-, typically.

Figure 22- Infrared spectrum of n-heptane, by ATR- FTIR [41]
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The main regions of the infrared spectrum is listed in Figure 23.

Figure 23- IR regions and respectively functional groups positions[42]

2.3.3. Scanning Electron Microscopy
Morphological aspects of a material can be determined by SEM, a non-destructive technique,

very useful for the characterization of materials, as it is able to give detailed images of the sample which
is being analyzed.

Electron microscope has the same principle of an optical microscope, but due to its electrons
with very shorts wavelengths it allows higher resolution image than the optical microscope[43].

Atoms present in the surface of the sample interact with the electron beam producing several
signals on the surface of the solid sample giving information about, for example, the chemical
composition, morphology, crystallinity structure and orientation of the materials[44].

SEM can be coupled with energy dispersive spectroscopy (SEM-EDS). EDS can be also
designated as energy dispersive X-ray spectroscopy (EDX). It allows the identification and the
quantification of each element present in the sample and it useful for instance, for contamination
analysis, material defects and tin whiskers analysis[45].

EDX consists in bombarded, with X-ray radiation, the surface of a sample, in keV, through an
electron beam. The X-rays emitted depend on the acceleration voltage of the electron beam, as well as,
on the material which is being analyzed and the elements found near the surface of the sample. For
example, metals like gold, zinc are very easy to be detected by this technique, while elements with low
atomic number are more difficult to be detected [46].

Figure 24 presents the electromagnetic spectrum, showing the distribution of the
electromagnetic radiation in function of frequency and wavelength. The higher the frequency the shorter

the wavelength, as observed for X-rays [47].
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Figure 24- Electromagnetic spectrum [47]

2.3.4. Atomic Force Microscopy
AFM characterizes the surface topography of samples through, for example, the determination

of the roughness [48]. As SEM, it allows the analysis of the surface with a high accuracy.

Figure 25 presents a scheme of an AFM system. The sample is placed in the AFM and, by a
piezo actuator with displacement in XYZ positions, scans the surface of the sample. An optical system,
with laser beam and a photo detector, determine the deflection level of the cantilever, according the
surface topography. Finally, a specific software will translate the information and give the image of

surface topography[49].

Figure 25- AFM scheme [50]
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There are height parameters able to characterize the surface topography. Figure 26 shows
some of principle parameters, where M is the mean line and L is the sampling length (L)[51].

Most common parameters are the roughness average (Ra), which is defined as the arithmetic
average of the absolute values of the profile heights, measured from the mean line; the root mean
square deviation (RMS or Rq), which corresponds to the standard deviation of the surface height
measured from the mean line[52].

The maximum roughness depth (Rmax) is the difference between the highest and the lowest

vertical distance point of the profile.

Figure 26- Example of a Ra and Rq measurement [51]

2.4.  Mechanical tests
During the development and research of plastics materials, it is very important to study and

know more about the properties and the behavior of each material to predict future problems as
ruptures or breaks.

There are some characteristics as Young Modulus (or Tensile Modulus), tensile strength and
elongation at breaks which are very useful to understand how the material reacts under compression or
even tension. Of course, these properties can be influenced by the process used later on, but normally
they are given by the raw material supplier.

The Young Modulus, E, is measured in Pascal (Pa) and evaluates the elasticity of solid
materials [53].

The Young Modulus is determined by the Equation 6. It gives a measure of the resistance to
deformation of a material and it is defined as the deformation € (strain), of a material and the force o
(stress), needed to deform it [30].

E = g Equation 6
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Tensile strength, measured in MPa, is the maximum stress that a material can handle. It is the
maximum value just before the rupture.

The elongation at breaks, measured in percentage (%), is the elongation that a material can
withstand before its break.

The Figure 27 shows a stress-strain curve of a material. This analysis provides information
about the mechanical behavior. A sample, with a known dimension, is deformed at a given rate while

the strength needed to induce the deformation is recorded.

Figure 27- Stress- strain curve of a material [53]

The elastic behavior is the first yield point, where the material can return to the initial state if

released the applied force.

Then the second yield point is the plastic behavior where the material will have a permanent

deformation.

The third yield point is the rupture point, which means that the strength applied was too high.
After the rupture point, the material will break.

Figure 28 shows a scheme of stress-strain curves, depending on the polymer.
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Figure 28- Examples of stress-strain curves for different polymers [30]

In conclusion, the elongation at break is related to the polymer plasticity and its ability to extend
before breaking. Young Modulus is related to the elasticity while the tensile strength is related to the
mechanical strength of a polymer [47].

The stiffer the material, the greater the Young Modulus value.
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CHAPTER 3- MATERIALS AND METHODS

3. Materials and methods
3.1. Metallized PP film samples
PP film rolls with a thin metallization layer presenting 36.0mm width, with different thicknesses

(2.4um to 3.0pm) were the samples used for the investigation, as presented in Figure 29.

Figure 29- Metallized polypropylene film samples

All samples were identified from 1 to 6, according to Vishay code number, as listed in the Table

3.

Table 3- Samples identification

Sample Vishay Code nr.
1 80920622
80920625
80921546
80933978
80932744
80920623

S O B WD

3.2.  Characterization Techniques

3.2.1. Differential Scanning Calorimetry analysis
DSC curve of the samples was recorded with a differential scanning calorimeter from

PerkinElmer, model 6000, equipped with an intracooler (Figure 30).
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Figure 30- PerkinElmer, model DSC 6000

The equipment was purged and calibrated. The purge was made with dry high purity nitrogen
gas with a constant flow rate of 20mL/min. The calibration was made with pure indium, checking the
melting point and comparing with the limits allowed for this element.

For each sample of Table 3, it was weighted around 0,0064g (+0,0001g) of BOPP film (Figure
31). It was introduced in an aluminum cap, placed in the DSC equipment and the thermogram was
recorded. It was used two different programs: one with a heating and cooling rate of 10°C /min and

the other with a heating rate of 10°C /min and a first cooling rate of 100°C/min.

Figure 31- Weight of a BOPP sample

The first program had a heating rate of 10 °C/min, as well as, the cooling rate as shown in the

Table 4, holding 10 minutes after the first running and holding 5 minutes in the end of the program.
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Table 4- Program 1 used in the BOPP samples

1)Heat from -20.00°C (+0,01°C) to 280.00°C(+0,01°C) at 10°C /min
2) Cool from 280.00°C(+0,01°C) to -20.00°C(+0,01°C) at 10°C/min
3) Hold for 10.0 min at -20.00°C(+0,01°C)

4) Heat from -20.00°C(+0,01°C) to 280.00°C(+0,01°C) at 10°C/min
5) Cool from 280.00°C (+0,01°C) to -20.00°C(+0,01°C) at 10°C/min
6) Hold for 5,0 min at -20.00°C(+0,01°C)

The second program had a heating rate of 10°C/min and a cooling rate of 100°C /min in the
same running. as shown in the Table 5, holding 1 minute after the first running and holding 1 minute in

the end of the program.

Table 5- Program 2 used in the BOPP samples

1)Heat from -20.00°C(+0,01°C) to 280.00°C(+0,01°C) at 10°C /min
2) Cool from 280.00°C(+0,01°C) to -20.00°C (+0,01°C) at 100°C/min
3) Hold for 1.0 min at-20.00°C(+0,01°C)

4) Heat from -20.00°C(+0,01°C) to 280.00°C(+0,01°C) at 10°C/min
5) Cool from 280.00°C(+0,01°C) to -20.00°C(+0,01°C) at 10°C/min
6) Hold for 1.0 min at -20.00°C(+0,01°C)

3.2.2. Fourier Transform Infrared Spectroscopy analysis
The FTIR spectra of samples (Table 3) were registered with a PerkinElmer spectrometer. The

equipment used was an ATR-FTIR with a diamond crystal, model Frontier (Figure 32). The equipment
was calibrated with a PET standard film sample. Before starting the scanning, it was made the
background and, then, each sample was placed on the crystal and made the spectrum. Again, a
software from PerkinElmer available in the computer, for this specific equipment acquired all the

results. Each spectrum was recorded with a range of 4000cm-* and 600cm-.

Figure 32- PerkinElmer ATR-FTIR, model Frontier
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3.2.3. Scanning Electron Microscopy and Energy Dispersive Spectroscopy analysis
For this analysis, it was used a SEM equipment from JEOL, series JSM-6010LV (Japan), similar

to the Figure 33, coupled with an EDS - INCAx-Act, PentaFET Precision (Oxford Instruments).

Figure 33- JSM-6010PLUS/LA InTouchScope™ Multiple touch panel scanning electron microscope [54]

[t was analysed the surface morphology of all samples, at high vacuum mode with an
accelerating voltage of 10keV, by detecting secondary electron (SE). By the analyses of EDS, it was
possible to see the distribution and the identification of the elements present in each sample. Therefore,
each sample was divided in 3 areas as shown in Figure 34.

By the quantitative analysis, is possible to calculate the concentration of each element.

For the analysis it was used gold as the conductive coating.

Figure 34- Identification of the three areas (A/B/C) used for the SEM-EDS analysis

These analyses were performed in the 3B "s Research Institute.

3.2.4. Atomic Force Microscopy analysis
For this analysis, the equipment used was a Dimension Icon, Bruker, USA.

To measure the surface roughness, it was used ScanAsyst® mode, which is a PeakForce

Tapping® based image optimization technique. Using a single- touch scanning, this equipment allows a

high resolution AFM images [55].
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ScanAsyst® mode was performed by using a silicon nitride tip with the nominal radius of 20
nm.

Parameters settings were the following: ScanAsyst-Air, Bruker, nominal frequency 150 kHz,
nominal spring constant of 0.7/N/m; Linear scanning rate: 0.5 and 1 Hz; Scan resolution: 512
samples/line.

The surface roughness analysis, for each sample, was measured in three points as

demonstrated in the Figure 35.

Figure 35- Identification of the three areas (A/B/C), used for the surface roughness analysis

Surface roughness was expressed as root mean square roughness (Rg) and roughness average
(Ra) and the surface analysis was performed on the height images.

These analyses were performed in the 3B 's Research Institute.

3.2.5. Mechanical tests analysis
Mechanical tests were performed by the 3B s Research Institute, according /SO 527-3 Plastics

— Determination of tensile properties — Part 3. Test conditions for films or sheets [56].

The equipment used, for the tensile test, was Instron 4505 Universal Mechanical Testing
Equipment using a 50 N load cell, crosshead speed of 5 mm.min*, using a distance between grips of
100 mm.

The PP film was cutted in strips of 25mm width and 150mm length. For each condition, they
were tested at least 7 specimens.

For the elastic modulus, it was determined from the initial linear region of the stress/strain
curve. The results will be presented in chapter 4 and includes the average, X, (Equation 7) and the

standard deviation, s (Equation 8).
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X = = Equation 7

_xxi-n? .
s = / —,— Equation 8

The Figure 36 shows the section of the sample used to perform the mechanical tests under

tensile load.

Figure 36- Section of the sample used to perform the mechanical tests

3.2.6. Film Shrinkage
For the shrinkage evaluation, of each sample, they were cutted 5 strips of each base film (as

Figure 36) and measured the film length (machine direction) at 25°C, with a ruler of an optical
microscope, in mm.

The strips were allocated between two pre-dried papers and inserted in the oven Nahita Model
632 Plus, at 85°C for 30 minutes. The film length was measured again, with a ruler of an optical
microscope, in mm.

The process was repeated at 105°C and 120°C.

For the AL calculation, it was considered the average of the 5 specimens, using Equation 7, for

each sample, considering the average length of final temperature, at 85°C, 105°C and 120°C (4Lz,)
and the average length of initial temperature, at 25°C (ALy,). To calculate the percentage of

shrinkage, it was used Equation 9.

L

ALy, -AL
Shrinkage = % x 100% Equation 9
Ty

28



CHAPTER 4- DISCUSSION AND RESULTS

4. Discussion and results
Chapter 4 is dedicated to present and discuss the results obtained, for the six samples

investigated.

4.1.  Differential Scanning Calorimetry
DSC thermograms of all samples shown in Figure 37.
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Figure 37- Thermograms of all Vishay BOPP samples, obtained with the program 1.

The DSC thermograms show two endothermic peaks corresponding to the melting temperature
of the polymer around 170 °C and one exothermic peak corresponding to the crystallization peak
around 120 °C.

For example, considering sample 1, 80920622, it was determined the thermogram of figure

38.
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Figure 38- DSC result for sample 1, Vishay code nr. 80920622, using program 1

All thermograms, using program 1, are presented in annex |, of this thesis.

To have an overview of results, Table 6 and Table 7 present the melting and the crystallization

peaks of each sample, using program 1, during the first and the second run, respectively. As it can be

seen, there were some differences for T., AH» and consequently, crystallinity percentage variation (table

8) of the structure. Increasing the onset melting temperature in BOPP films can be the result of

transition of structures of stacked lamellae into fibrillar structures which are oriented along transverse

[57], but the DSC technique is not sensitive to detect these changes.

Table 6- First run for the melting and crystallization, for the program 1, for each sample

First run Heating (melting) Cooling (crystallization)

BOPP | Onset  End | Tm | pegqmy AP Onset | End  Teee | Aea | AH
sample (£0,01°C) | (0,01°C) | (:0,01°C) /g #0,01°C) | [0,01°C) | (0,01°C) (mJ) /g
80921(-)622 157.97 | 176.77 | 172.49 | 1029.42 | 128.68 | 122.63 | 112.90 | 117.59 | 988.21 | 123.53
80922(-)625 170.09 | 176.49 | 172.46 | 830.12 | 105.08 | 121.48 | 112,57 | 117.18 | 863.25 | 109.27
80923i546 160.08 | 174.23 | 170.79 | 917.82 99.76 119.78 | 110.13 | 114.51 | 909.01 | 98.81
809;;-3978 167.05 | 176.06 | 173.05 | 784.84 | 120.74 | 121.15 | 111.52 | 116.28 | 767.16 | 118.02
80935é744 163.62 | 174.42 | 171.47 | 72697 | 111.84 | 120.19 | 111.34 | 115.79 | 747.71 | 115.03
80926(-)623 167.00 |« 177.48 | 173.87 | 991.65 | 116.66 | 120.39 | 110.61 | 11523 | 973.90 | 114.58
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Table 7- Second run for the melting and crystallization, for the program 1, for each sample

Second run

BOPP Onset

sample (20,01°C)
80921(-)622 159.18
80922(-)625 160.52
80923i546 157.29
809;2;978 158.05
80935é744 157.47
80926(-)623 158.74

Heating (melting)

End Trnetig Area
(£0,01°C) | (£0,01°C) (mJ)
170.77  166.48 @ 988.17
171.04 166.54 @ 864.16
169.71 = 164.55 @ 850.58
169.97 165.04 @ 775.73
168.49 163.40 716.89
171.56 = 166.67 @ 917.01

AH. Onset
/9 (£0,01°C)

123.52 122.09
109.39 122.15
92.45 119.97
119.34 121.46
110.29 120.42

107.88 120.24

Cooling (crystallization)

End Tcwllisnﬁm
£0,01°C) = (:0,01°C)

112.54  116.92

112.80 @ 1l16.54

110.33 | 114.34

111.65 115.95

111.45 | 115.46

110.52 ' 114.90

Area
(mJ)

980.00

870.62

912.26

767.31

748.92

978.78

AH.
(/8

122.50

110.21

99.16

118.05

115.22

115.15

With this information (Tables 6 and 7) is possible to calculate the crystallinity of each BOPP

sample, by Equation 5, considering AH: of PP is 207 J.g* and presented in table 8.

Table 8- Crystallinity results for the first and second run during the heating

BOPP sample

1-80920622
2- 80920625
3-80921546
480933978
580932744
6-80920623

AH.(J/g)
1st run
128.68
105.08
99.76
120.74
111.84
116.66

%C

62.16
50.76
48.19
58.33
54.03
56.36

AH. (J/8)
2nd run
123.52
109.39
92.45
119.34
110.29
107.88

% C

59.67
52.84
44.66
57.65
53.28
52.12

Figure 39 shows the percentage of crystallinity of the six samples studied with the program 1.

Percentage of crystallinity(%)
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Figure 39- Percentage of crystallinity, using the program 1
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Sample 1 has the highest percentage of crystallinity, followed by sample 4. Samples 5 and 6

have similar crystallinity, while the lowest crystallinity is observed in sample 3.

Polymers which are more ordered tend to lead to high degree of crystallinity.

The first run and the second run have the same rate of cooling, so it is not seen significant

differences between the runs, in terms of crystallinity.

Heat Flow Endo Up (mW)

41.

40

30

20

10

Considering the program 2, Figure 40 presents the thermograms of all samples, from Table 3.

-50 0 50 100 150 200 250 300

Temperature (°C)

—8—80920622 —@— 80920625 —®—80921546 80933978 —@— 80932744 —@— 80920623

Figure 40-DSC results from all Vishay BOPP samples, obtained with the program 2

For example, considering sample 1, 80920622, it was determined the thermogram of Figure

Figure 41- DSC result for sample 1, Vishay code nr. 80920622, using program 2
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All thermograms, using program 2, are presented in annex Il, of this thesis.
To have an overview of results, Tables 9 and 10, present the melting and the crystallization

peaks of each sample, using program 2, during the first and the second run, respectively.

Table 9- First run for the melting and crystallization, for the program 2, for each sample

Cooling (crystallization)

First run Heating (melting)

BOPP Onset End Tows | Area (m)) AH. Onset End . Area AH.
sample (£0,01°C) | (0,01°C) | (0,01°C) /g (£0,01°C) | (£0,01°C) | (:001°C) |  (mJ) /g
80921(-)622 157.62 | 17539 | 171.92 | 831.03 | 12592 | 104.07 | 91.79 | 99.23 | 777.09 | 117.74
80922(-)625 157.84 | 17587 | 171.70 | 888.19 | 120.03 | 103.19 | 91.57 | 99.04 | 938.62 | 126.84
80923i546 156.92 | 174.14 | 170.34 | 782.28 | 110.18 | 102.41 90.04 | 97.24 | 806.65 | 97.24
809??;978 168.64 | 175.10 | 172.34 | 73356 | 114.62 | 10530 | 89.62 | 97.99 | 769.38 | 120.22
80935é744 157.62 | 17539 | 171.92 | 831.03 | 12592 | 104.07 | 91.79 | 99.23 | 777.09 | 117.74
8095(-)623 157.84 | 175.87 | 171.70 | 888.19 | 120.03 | 103.19 | 91.57 | 99.04 | 938.62 | 126.84

Table 10- Second run for the melting and crystallization, for the program 2, for each sample

Second run Heating (melting) Cooling (crystallization)

BOPP Onset End Toetre Area AH. Onset End | - Area AH.
sample | ©001°C)  @0,01°C) = 001°C)  (mJ) /g (£001°C)  (#001°C)  (0,01°C)  (mJ) /g
80921(-)622 156.73 ' 170.62 = 165.75 652.15 @ 98.81 122.59 113.92 11765 770.37 116.72
80922(-)625 157.62 | 170.56 = 165.40 830.37 11221 121.93 113.67 117.38 819.64 110.76
80923i546 156.58 | 169.40 163.27 69451 97.82 121.25 112,25 11577 723.15 101.85
809;978 157.04 | 170.45 164.79 60548 @ 94.61 122.37 11220  117.38 732.39 114.44
80935é744 156.73 | 170.62 165.75 652.15 = 98.81 122.59 113.92 11765 770.37 116.72
80926(-)623 157.62 | 170.56 16540 830.37 11221 121.93 113.67 117.38 819.64 110.76

It can be checked that, for program 2, there is almost no variation in the onset temperature,
possible meaning that the lamellae crystals are more uniform between them.
With the information, from Tables 9 and 10, is possible to calculate the crystallinity of each

BOPP sample, by Equation 5, considering AH: of PP is 207 J.g* and presented in the Table 11.
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Table 11- Crystallinity results for the first and second run during the heating

AH.(J/g) AH. (J/8)

BOPP sample Ist run %C ond run % C

1-80920622 125.92 60.83 98.81 47.73
2- 80920625 120.03 57.98 112.21 54.21
3-80921546 110.18 53.23 97.82 47.26
4-80933978 114.62 55.37 94.61 45.70
5-80932744 98.04 47.36 83.61 40.39
6-80920623 131.34 63.45 118.76 57.37

Figure 42 shows the percentage of crystallinity of the six samples studied with the program 2.
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80920622 80920625 80921546 80933978 80932744 80920623
% C 1st run 60,83 57,98 53,23 55,37 47,36 63,45
%C  2ndrun 47,73 54,21 47,26 45,70 40,39 57,37

Figure 42- Percentage of crystallinity, using the program 2

With program 2, the percentage of crystallinity is different, when compared with the results of
program 1. Sample 6 has the highest percentage of crystallinity, followed by the samples 1, 2 and 4,
while the lowest crystallinity is observed in sample 5.

By the DSC, the first heating, which gives the information about the material as it is, shows that
the polymer is an iPP, as the melting point of a perfect iPP is 171°C. During the first heating are visible
two peaks that can give an indication of two different crystal morphologies of the iPP. Normally
commercial iPP has a melting point around 160-166°C, and this can be observed in the second heating

(which gives information about the behavior of the material). The program used can influence the

34



crystallinity of the polymer, as proved by using different cooling’s at program 1 and program 2. The first
cooling allows the molecular orientation, gives information about the recrystallization of the iPP and
delete the thermal history of the material[58].

The cooling run provides information about the manufacturing process, where it can be seen a
crystallization peak which proves that manufacturing process was too fast and gave no time to occur
the crystallization of the iPP.

Molecules cannot have time to organize themselves and this can lead to thermal and
mechanical failures. Samples 4 and 5 have the lowest area in the melting point region, during the
endothermic reaction.

The crystallinity of the PP is around 40-60%, as the results show, samples 1 and 6 have the
highest crystallinity and therefore more brittle is the sample[58].

The higher the crystallinity the stiffer is the sample and the better the material resistance.

Fast cooling can lead to crystallinity problems because the material cannot have time to
crystallize in total. The program 1 has a slow cooling, 10°C/min, which can influence the crystallinity
and can give time for the molecular chain organization, as well as, crystalline structures. This is shown
by the high percentage of crystallinity, during the second run. For example, sample 1 has a % C of
62.16/59.67, during first and second run in program 1, respectively, while the same sample, with
program 2, has a %C of 60.83/47.73 during first and second run, respectively.

The processing conditions, as cooling/heating rate and time, and the thickness of samples can
influence the results obtained, as shown with different cooling rates. Other important factor that can
affect the crystallinity is the thickness of PP film, the higher the thickness the lower the crystallization.

This can explain the low crystallinity observed in sample 3, which is the thicker sample.

In the first heating run, it is visible two different melting peaks which can be justified as two
different crystal morphologies of the polymer. The first melting peak disappears in the second heating
run, probably due to high energy and imperfect crystals.

Considering the total area during the heating, it can be observed that the area in first run is
higher than in the second run, for both programs.

As samples were not normalized, it cannot be said that the lower the area, the less quantity of
material was melted. However, it can be observed that the second melting peak is thinner than the first
melting peak.

This technique demonstrates that the polymer studied is a PP and samples have different

crystallinities, which can influence the mechanical properties of each sample.
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4.2.  Fourier Transform Infrared Spectroscopy
FTIR measurements were used to evaluate the vibrational characteristic bands of the samples

and the Figure 43 shows the spectrum obtained for all samples, which confirms that it is a PP sample.

As PP is an alkane, it has only C-C and C-H bonds. From the ATR-FTIR spectrum, and checking
literature, it can be observed that samples have four peaks between 3000cm* and 2800cm-, which are
related to the CH: asymmetric stretching vibration (2950cm-?), CH: symmetric stretching vibration
(2867cm?), CH. asymmetric stretching vibration (2918cm?), CH: symmetric stretching vibration
(2838cm),respectively.

The peak at 1453cm can be attributed to the CH. scissor vibrations or to CH: asymmetric
deformation vibrations, while the peak at 1375cmt is attributed to CH: asymmetric deformation
vibrations.

Between 1200cm to 750cm- there are several small peaks. The peak at wavenumber around
1167cm can be justified by the CH: asymmetric rocking vibration or C-H wagging vibration or even due
to the C-C asymmetric stretching vibration. The peak at wavenumber around 998cm- can be attributed
to CH: asymmetric rocking vibrations. The peak at wavenumber around 972cm? is due to the C-C
asymmetric stretching and the CH: asymmetric rocking vibrations, while the peak at 899cm- is due C-C
asymmetric and symmetric stretching vibrations and CHs asymmetric rocking vibrations. Finally, the

peaks at 848cm* and 809cm- are related to CH. rocking vibrations. [59]

ATR-FTIR Spectrum
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Figure 43- ATR-FTIR spectrum: overview of all BOPP samples
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Splitting the samples of Figure 43, it can be observed that they have the same spectrum, with
different transmittances. For example, in Figure 44, sample 1 (80920622) has the same transmittance
of sample 5 (80932744). Sample 2 (80920625) has the same transmittance of sample 6 (80920623).
Sample 3 (80921546) has the same transmittance of sample 4 (80933978). The comparison, for
example, of sample 1(80920622) with sample 3 (80921546) shows high transmittance for sample 3.
This happened because the spectrums were not normalized by equalizing the height of the absorption

peak at 2918cm-.
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Figure 44- ATR-FTIR spectrum: examples of the comparison between two samples

For sample 1, it is shown in Figure 45, the spectrum taken from the FTIR software.
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Figure 45- Spectrum of a BOPP sample (sample 1)

All samples spectrum are presented in annex lll, of this thesis.

4.3.  Scanning Electron Microscopy
Figures 46 to 57 show surface morphological studies of samples, per area, evaluated by SEM.

Element mapping of the particles was performed by SEM-EDS and the chemical composition results are
summarized, per sample and per area, in Tables 12 to 17.

The pictures (SEM) evidence different surface morphologies depending on the samples and
suppliers. The surface of layer in the BOPP film is very smooth, and wrinkles and other defects are few,

as shown in the picture in Figure 46 and 47, and for low magnification.
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Sample 1- Areas Aand C

Area A (between segments)

SEM x150 100y | m—

image

¥1.500 ADpm  —

EDS

image

C (not segmented)

T 00y | —

Figure 46- SEM- EDS images obtained in the Sample 1 - areas (A) and (C).
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Sample

1- Area B

Area

B (in segments)

SEM
images

x1.500

10pm

x1.500 10pum

EDS
image

Figure 47- SEM- EDS images obtained in the Sample 1 - area (B).

The high-magnification SEM picture (Figures 46 and 47) show that PP lamellae grow to the

fiber axis. However, there exists a single lamella, which grows directly into the area where the fan-

shaped PP crystal started.

Table 12- Identification and quantification of each element present in sample 1

Element

C
Zn
(0]
Al

A Area
95.8

Element weight (%)

B1 Area B2 Area CArea
97.6 95.3 94.3
0.0 0.0 0.0
2.1 3.9 33
0.3 0.8 2.4
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Sample 2 - Areas Aand C

Area A (between segments C (not segmented
SEM x150 00— x150 300/ S——
images
X1.500  10pm  e— - '!:-fﬂ./n{.soo 10pm —
EDS
image

Figure 48- SEM- EDS images obtained in the Sample 2 - areas (A) and (C).
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Sample 2- Area B

Area
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Figure 49- SEM- EDS images obtained in the Sample 2 - area (B)

The high-magnification SEM picture (Figure 49) show that PP lamellae grow to the fiber axis.

Table 13- Identification and quantification of each element present in sample 2

Element
A Area
C 95.7
Zn 0.0
(0] 3.3
Al 0.9

42

Element weight (%)

B1 Area
98.2
0.0
1.6
0.2

B2 Area
95.2
0.0
4.0
0.9

CArea
92.8
0.0
4.4
2.8




Sample 3-Areas Aand C

Area A (between segments)

x150 A00pm  Se—
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Figure 50- SEM- EDS images obtained in the Sample 3 - areas (A) and (C)
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Sample 3-Area B

Area B(in segments)
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Figure 51- SEM- EDS images obtained in the Sample 3 - area (B)

SEM images of sample 3 (Figures 50 and 51) show surface homogeneity with no obvious
phase separation.

Table 14- Identification and quantification of each element present in sample 3

Element weight (%)
Element
A Area B1 Area B2 Area C Area
C 96.8 97.6 97.0 85.3
Zn 0.0 0.0 0.0 10.9
(o) 2.6 2.2 2.3 3.0
Al 0.7 0.2 0.7 0.9
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Sample 4 - Areas Aand C
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Figure 52- SEM- EDS images obtained in the Sample 4 - areas (A) and (C)
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Sample 4- Area B

Area B(in segments)

SEM
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Figure 53- SEM- EDS images obtained in the Sample 4 -area (B)

The high-magnification SEM picture (Figure 53) shows that PP lamellae grow to the fiber axis.

Table 15- Identification and quantification of each element present in sample 4

Element weight (%)
Element
A Area B1 Area B2 Area C Area
C 96.2 97.7 96.7 88.6
Zn 0.0 0.0 0.0 6.9
(o) 3.0 2.2 2.3 3.5
Al 0.8 0.1 1.0 0.9

46




Sample 5 - Areas A and C
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Figure 54- SEM- EDS images obtained in the Sample 5 -areas (A) and (C)
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Sample 5- Area B

Area
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SEM
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Figure 55- SEM- EDS images obtained in the Sample 5 area (B)

In Figure 55, SEM analyses of the cross sections (B) confirmed uniform distribution of clusters

inside the sample.

Table 16- Identification and quantification of each element present in sample 5

Element

C
Zn
(0]
Al

A Area
95,6
0
3,6
0,8

Element weight (%)

B1 Area
98,8
0
1,2
0,1
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B2 Area
95,8
0
3,5
0,7

C Area
88,3
6,7
4,2
0,8




Sample 6 - Areas Aand C
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Figure 56- SEM- EDS images obtained in the Sample 6 -areas (A) and (C)
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Sample 6- Area B
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images
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Figure 57- SEM- EDS images obtained in the Sample 6 -area (B)
The high-magnification SEM picture (Figures 56 and 57) show that PP lamellae grow to the
fiber axis.

Table 17- Identification and quantification of each element present in sample 6

Element weight (%)

Element
A Area B1 Area B2 Area CArea
C 96.6 98.7 96.3 88.0
Zn 0.0 0.0 0.0 7.9
0] 2.7 1.2 3.2 3.2
Al 0.7 0.1 0.6 0.8
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Considering the Table 18, with the EDS identification and quantification of each element, it can
be observed, that sample 1 and sample 2 don’'t have zinc (Zn) in C area, meaning that they are
metallized only with Al. Samples 3 to 6 have Zn in C area, meaning that they were metallized in ZnAl.

Observing the images from the morphological aspect, they suggest that all samples are from
different suppliers, as they have different morphological aspect. The same conclusion was observed
with DSC and ATR-FTIR techniques, as all samples shown different thermograms and spectrums,
respectively.

PP lamellae grow to the fiber axis and they are visible in almost all films, however samples 1
and 2 seems to have more than the other samples. Then appears sample 6 and 3, however the most
homogeneous samples seem to be samples 5 and 4.

Considering B area, sample 4 has almost no PP lamellae in B1 area and sample 5 has no PP
lamellae in B1 and B2 areas.

Samples 4 and 5 show a special treatment or process in area B. This difference can give an
indication about different metallization processes. It is interesting to observe B1 area, specially sample
5, as it has clusters, very well defined and uniform. It would be interesting to check the element
composition in this area (dark and white part).

Sample 1 and 2 seem to have the same metallization process as the EDS is very similar.
Samples 4 to 6 have the lowest Al percentage in B1 area (0.1%) against samples 2 and 3 (0.2%) and
sample 1 (0.3%), which can give an indication about the cleaning of the segments.

Comparing samples 3 to 6 metallized with ZnAl, it can be observed that sample 3 has the
highest weight of Zn in C area (10.9%), against the lower quantity of Zn presented in sample 5 (6.7%).
Considering the weight of Al in these samples, it is visible that the Al is more uniform in sample 5 in all
the extension of the film, from the A area to the C area (0.7% and 0.8%) and almost no Al in Bl area
(0.1%). This can suggest that the process is controlled. For example, in sample 4, the Al weight from A
are to C area vary between 0,8% and 1.0%.

The deterioration of Al caused by oxidation is not desirable, hence, to prevent the oxidation and

improve the humidity resistance of the metallized film it is used Zn [60], [61].
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Table 18- Overview of EDS Identification and quantification for each sample in graphs
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4.4.  Atomic Force Microscopy
Figures 58 to 63 and Tables 19 to 24, present AFM images of each sample area, as well as,

the surface roughness values of each sample area, respectively.
Tests were performed in transverse direction of the BOPP film.

e Sample 1

Figure 58- Optical AFM topography images and surface roughness of the sample 1, into three different areas: (A), (B) and
(C). Image size: 5x5 um

Table 19- Surface roughness of the sample 1, into three different areas (A), (B) and (C)

S1 A B C
Rq (nm) 4.18 7.91 4.92
Ra(nm) 3.28 6.22 3.98
Rmax (nm) 42.80 70.80 39.40
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Sample 2

A B C

Figure 59- Optical AFM topography images and surface roughness of the sample 2, into three different areas: (A), (B) and
(C). Image size: 5x5 um

Table 20- Surface roughness of the sample 2, into three different areas (A), (B) and (C)

S2 A B C
Rq (nm) 3.97 7.37 3.51
Ra(nm) 3.16 6.04 2.83
Rmax (nm) 36.50 61.00 30.70
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e Sample 3

Figure 60 - Optical AFM topography images and surface roughness of the sample 3, into three different areas: (A), (B) and
(C). Image size: 5x5 pum

Table 21- Surface roughness of the sample 3, into three different areas (A), (B) and (C)

S3 A B C
Rq (nm) 478 7.57 9.32
Ra(nm) 3.82 6.22 7.23
Rmax (nm) 46.60 55.80 91.00
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e Sample 4

Figure 61- Optical AFM topography images and surface roughness of the sample 4, into three different areas: (A), (B) and
(C). Image size: 5x5 um

Table 22- Surface roughness of the sample 4, into three different areas (A), (B) and (C)

S4 A B C
Rq (nm) 6.46 7.28 4.83
Ra(nm) 4.93 5.54 3.79
Rmax (nm) 64.50 71.20 45.50
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e Sample b

Figure 62- Optical AFM topography images and surface roughness of the sample 5, into three different areas: (A), (B) and
(C). Image size: 5x5 um

Table 23- Surface roughness of the sample 5, into three different areas: (A), (B) and (C)

S5 A B C
Rq (nm) 5.82 6.02 5.72
Ra(nm) 4.56 4.81 4.55
Rmax (nm) 47.60 58.20 49.10
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e Sample 6

Figure 63- Optical AFM topography images and surface roughness of the sample 6, into three different areas: (A), (B) and
(C). Image size: 5x5 um

Table 24- Surface roughness of the sample 6, into three different areas (A), (B) and (C)

S6 A B C
Rq (nm) 471 9.32 4.03
Ra(nm) 3.74 7.10 3.19
Rmax (nm) 41.40 87.40 35.70

Considering the roughness surface results of all samples and analyzing the below Figures 64
and 65, with the interaction for Rq, it is possible to observe that the Rq values can vary between 3nm
and 10nm.

Sample 2 has the lowest Rq value on A and C areas. Sample 5 has no big differences between
A/B/C areas, values are very similar between the three areas. Sample 3 has an increase on Rq from A
to C area.

B area has the highest Rq values, for all samples.

Considering the A area, sample 4 has the higher Rq. Sample 6 shows the highest Rq for B

area, while sample 3 has the higher Rq in C area.
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Figure 64- Roughness surface: individual Rq values per sample and per area
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Figure 65- Roughness surface: overview of Rq values per sample and per area

Considering the roughness surface results from all samples and analyzing the following Figures
66 and 67, with the interaction for Ra of each area, it is possible to observe that the Ra values can vary

between 3nm and 7nm.
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Sample 2 has the lowest Ra value on A and C areas. Sample 5 has no big differences between

A/B/C areas, values are very similar between the three areas. Sample 3 has an increase on Ra from A

to C area.

B area has the highest Ra values, for all samples.

Considering the A area, sample 4 has the higher Ra. Sample 6 shows the highest Ra for B

area, while sample 3 has the higher Ra in C area.
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Figure 66- Roughness surface: individual Ra values per sample and per area
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Figure 67- Roughness surface: overview of Ra values per sample and per area
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Same behavior, as Rg and Ra, is observed for Rmax, as shown in Figures 68 and 69.

Sample 1 Sample 2 Sample 3 Sample 4 Sample 5 Sample 6
ABC ABC ABC ABC ABC ABC

A B
100
L]
80
[ ] [ ]
L]
®
° ® 60
® L]
= L
£ * 40
£ ®
s c
= 100
e °
80
60
° L ]
40 L °
®
Area ABC ABC ABC ABC ABC ABC
Sample Sample 1Sample 2 Sample 3 Sample 4 Sample 5 Sample 6
Panel variable: Area
Figure 68- Roughness surface: individual Rmax values per sample and per area
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Figure 69- Roughness surface: overview of Rmax values per sample and per area

Surface roughness improves the adhesion from the thin metal spray layer (metallization) to the
iPP, and the contact can affect the dielectric and the physical strengths. In general, comparing all

samples, sample 5 is the one which presents a more constant and uniform roughness in all the
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extension of the film (around 4.6nm for Ra; 6.0nm for Rq and 55 Rmax). Roughness is needed in a PP
film, but high roughness is not desirable, as this can lead in electrical failures. Considering the results
seems that a constant Ra among all film, of around 4,6nm is desirable for a metallized PP film.
Analyzing AFM and SEM results, sample 5 is the most homogeneous sample in both
techniques, this can be explain by the possible simultaneous stretching of the sample which lead to

fiber orientation in transverse and longitudinal directions.

4.5, Mechanical tests
From Table 25 to Table 31, it is presented the results of the mechanical tests obtained for

sample 1 to 6, respectively, including the average and the standard deviation. All tests were performed

in transverse direction of the film.

The Table 25 show the results in sample 1, for each mechanical test.

Table 25- Mechanical results obtained for sample 1

Specimen Tensile Modulus  Tensile Tensile strength ~ Strain at Strain at
or Young stressat  (MPa) maximum break
Modulus (MPa) Yield load or (%)
(Offset elongation at
0.2 %) break (%)
(MPa)
1 3124.04 32.19 126.71 48.13 48.13
2 3588.76 38.77 95.83 21.86 21.85
3 3651.71 36.79 127.03 40.73 40.73
4 3983.11 42.88 149.24 53.73 53.73
5 3814.16 43.44 98.00 21.16 21.16
6 3188.59 41.47 92.87 22.92 22.92
7 3787.97 40.78 137.42 50.00 50.00
X 3591.19 39.47 118.16 36.93 36.93
S 323.01 3.95 22.48 14.52 14.52
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Figure 70 presents the strain-stress curve for the 7 specimens of sample 1.

Figure 70- Tensile strain vs tensile stress graph for specimen of sample 1

The Table 26 shows the results in sample 2, for each mechanical test.

Table 26- Mechanical results obtained for sample 2

Specimen Tensile Modulus  Tensile Tensile strength  Strain at Strain at
or Young stressat  (MPa) maximum break
Modulus (MPa) Yield load or (%)
(Offset elongation at
0.2 %) break (%)
(MPa)
1 3335.00 34.57 66.92 18.50 18.50
2 3629.26 34.71 138.26 87.03 87.03
3 3033.38 34.62 135.53 88.24 88.24
4 3286.39 39.70 124.48 67.70 67.70
5 3155.33 35.26 128.26 81.49 81.49
6 2906.95 35.94 125.10 78.56 78.53
7 2597.86 34.55 80.50 31.20 31.20
X 3134.88 35.62 114.15 64.67 64.67
S 331.28 1.87 28.36 28.26 28.26
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Figure 71 presents the strain-stress curve for the 7 specimens of sample 2.

Figure 71- Tensile strain vs tensile stress graph for specimen of sample 2

The Table 27 shows the results in sample 3, for each mechanical test.

Table 27- Mechanical results obtained for sample 3

Specimen Tensile Modulus  Tensile Tensile strength  Strain at Strain at
or Young stressat (MPa) maximum break
Modulus (MPa) Yield load or (%)
(Offset elongation at
0.2 %) break (%)
(MPa)
1 2958.44 26.95 61.22 30.83 30.83
2 2638.43 34.9 94.54 71.3 71.29
3 3453.38 31.37 81.75 50.69 50.66
4 3174.76 35.43 113.02 90.83 90.83
5 3185.16 27.31 102.94 90.86 90.86
6 3498.51 40.6 136.71 109.13 108.78
7 2915.1 28.89 115.26 104.95 104.92
X 3117.68 32.21 100.78 78.37 78.31
S 305.95 5.02 24.57 28.98 28.92
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Figure 72 presents the strain-stress curve for the 7 specimens of sample 3.

Figure 72- Tensile strain vs tensile stress graph for specimen of sample 3

The Table 28 shows the results in sample 4, for each mechanical test.

Table 28- Mechanical results obtained for sample 4

Specimen Tensile Modulus  Tensile Tensile strength ~ Strain at Strain at
or Young Modulus stressat  (MPa) maximum break
(MPa) Yield load or (%)
(Offset elongation at
0.2 %) break (%)
(MPa)
1 4000.51 41.03 65.2 13.41 13.39
2 3635.76 26.87 48.92 12.89 12.87
3 3464.92 44.45 153.2 105.87 105.87
4 3526.07 33.08 66.64 25.15 25.15
5 3128.08 39.71 61.56 14.32 14.32
6 3901.33 32.37 67.19 24.42 24.41
7 3799.9 32.37 80.15 37.96 37.94
X 3636.65 35.70 77.55 33.43 33.42
S 297.06 6.17 34.60 33.18 33.18
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Figure 73 presents the strain-stress curve for the 7 specimens of sample 4.

Figure 73- Tensile strain vs tensile stress graph for specimen of sample 4

The Table 29 shows the results in sample 5, for each mechanical test.

Table 29- Mechanical results obtained for sample 5

Specimen Tensile Modulus  Tensile Tensile strength  Strain at Strain at
or Young stressat (MPa) maximum break
Modulus (MPa) Yield load or (%)
(Offset elongation at
0.2 %) break (%)
(MPa)
1 3979.96 38.38 64.79 8.18 8.16
2 3581.4 36.75 123.07 37.79 37.79
3 3644.13 28.81 78.78 20.16 20.15
4 3935.7 36.69 126.15 40.18 40.18
5 4487.97 44.37 125.22 32.69 32.69
6 3925.9 31.98 111.73 32.84 32.82
7 3762.43 46.26 163.88 57.71 57.7
X 3902.50 37.61 113.37 32.79 32.78
S 299.97 6.22 32.93 15.63 15.63
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Figure 74 presents the strain-stress curve for the 7 specimens of sample 5.

Figure 74- Tensile strain vs tensile stress graph for specimen of sample 5

The Table 30 shows the results in sample 6, for each mechanical test.

Table 30- Mechanical results obtained for sample 6

Specimen Tensile Modulus  Tensile Tensile strength ~ Strain at Strain at
or Young Modulus stressat  (MPa) maximum break
(MPa) Yield load or (%)
(Offset elongation at
0.2 %) break (%)
(MPa)
1 3578.22 34.71 56.08 11.56 11.52
2 3658.58 38.81 124.92 80.57 80.57
3 3409.16 37.91 119.22 79.98 79.98
4 3076.15 32.24 55.99 18.73 18.73
5 3699.15 35.72 100.76 54.61 54.61
6 3454.75 33.67 77.5 36.46 36.45
7 3176.68 32.63 96.06 56.36 56.36
X 3436.10 35.10 90.08 48.32 48.32
S 236.93 2.53 27.96 27.43 27.44
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Figure 75 presents the strain-stress curve for the 7 specimens of sample 6.

Figure 75- Tensile strain vs tensile stress graph for specimen of sample 6

An overview of the average and standard deviation of each sample is presented in the Table 31.

Table 31- Average (x) and standard deviation (S) overview for each sample

Sample Vishay Tensile Tensile Tensile Strain at Strain at
Code nr. Modulus or stress at strength  maximum break
Young Modulus Yield (Offset  (MPa) load or (%)
(MPa) 0.2 %) elongation
(MPa) at break (%)
1 80920622 X 3591.19 39.47 118.16 36.93 36.93
S 323.01 3.95 22.48 14.52 14.52
2 80920625 X 3134.88 35.62 114.15 64.67 64.67
S 331.28 1.87 28.36 28.26 28.26
3 80921546 X 3117.68 32.21 100.78 78.37 78.31
S 305.95 5.02 24.57 28.98 28.92
4 80933978 X 3636.65 35.70 77.55 33.43 33.42
S 297.06 6.17 34.60 33.18 33.18
5 80932744 X 3902.50 37.61 113.37 32.79 32.78
S 299.97 6.22 32.93 15.63 15.63
6 80920623 X 3436.10 35.10 90.08 48.32 48.32
S 236.93 2.53 27.96 27.43 27.44
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Young Modulus (MPa)

Figures 76 to 78 show the variation and the comparison of all samples.
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Figure 79- Elongation at Break obtained per sample

High Young Modulus is desirable, as it prevents deformations and cause less stretching, which
in turn, can cause wrinkles and problems in capacitance of a capacitor. The higher the Young Modulus

the less the material deforms and the higher the degree orientation. It depends from the crystal
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orientation of the material. High elongation at break and high tensile strength leads to high toughness
and a ductile material [62].

Samples 1, 4 and 5 have the highest Young Modulus, verified by the highest degree of
crystallinity, as shown with DSC results, with program 1. Moreover, they have the lowest elongation at
break. Samples 1, 2 and 5 have the highest tensile strength values. Sample 3 has the lowest Young
Modulus, high tensile strength and the highest elongation at break values. The crystallinity and the

thickness of the samples can explain the results obtained.

4.6.  Shrinkage
Regarding the shrinkage of films, in machine direction, results are presented in Table 32, using

Equation 9 and considering 0% of shrinkage at 25°C.

Table 32- Measurement, in percentage, of the length of each film

Sample Temperature

25°C 85°C 105 °C 120 °C
1- 80920622 0% -0,95% -2,08% -3,34%
2- 80920625 0% 0,81% -1,57% 2,71%
3- 80921546 0% 0,74% -2,70% -3,37%
4- 80933978 0% -0,92% -1,49% -2,04%
5- 80932744 0% 0,74% -1,21% -1,76%
6- 80920623 0% 0,47% -1,06% -1,68%

The Figure 80 shows the shrinkage of all samples for the different temperatures. Shrinkage
depends on the materials properties and polymer composition. The lower the shrinkage the better the
capacitance of the capacitor and the less the internal stress of the film.

Sample 6 has the lowest shrinkage followed by sample 5 and 4, respectively. The highest
shrinkage was observed in sample 3, which can be explained again by the orientation and the
crystallinity of the polymeric chains. It is confirmed by other techniques like DSC, which had the low

percentage of crystallinity, using program 1 and the high elongation at break in the mechanical tests.
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CHAPTER 5- CONCLUSION

5. Conclusion
As presented in this thesis there are a lot of techniques which allow to understand and

characterize the materials. In this particular work, it was possible to apply DSC, FTIR, SEM, AFM and
mechanical tests to conclude about the behaviour of different PP films.
The molecular organization and the polymer stereochemistry determine the properties of the
polymeric material, which is reflected in the crystallinity and melting temperature.
The film thickness increasing seems to influence in the degree of orientation, leading to low
crystallinity.
Considering each technigue, making an overview and a ranking in each, as follow:
e DSC
- Ranking regarding the percentage of crystallinity during the second heating run:
Program 1:Sample 1> Sample 4> Sample 5> Sample 2> Sample 6> Sample 3
Program 2: Sample 6> Sample2> Sample 1> Sample 3> Sample 4> Sample 5
e FTIR
- Ranking regarding the peaks: no differences were observed, as they have all same peaks.
e SEM
- Ranking regarding PP lamellae, observing the images:
Sample 1> Sample 2> Sample 4> Sample 6> Sample 3> Sample 5
- Ranking regarding the uniformity of the Al composition among the metallized PP, for films
metallized with ZnAl:
Sample 5> Sample 6> Sample 4 > Sample 3
(Sample 1> Sample 2 are only metallized with Al)
Special treatment or process in B area was observed in Sample 5 and Sample 4. Samples
1/2/3/6 didn "t show any difference in the B area (segments)
e AFM
- Ranking regarding the roughness uniformity among the metallized film:
Sample 5> Sample 4> Sample 1> Sample 2> Sample 6> Sample 3
e Mechanical tests
- Ranking regarding the high Young Modulus:
Sample 5> Sample 4> Sample 1> Sample 6> Sample 3> Sample 2
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- Ranking regarding the high tensile strength:

Sample 1> Sample 2> Sample 5> Sample 6> Sample 3> Sample 4

- Ranking regarding the high elongation at break:

Sample 3> Sample 2> Sample 6> Sample 1 > Sample 5 > Sample 4

e Shrinkage

- Ranking in terms of high shrinkage:

Sample 3> Sample 1> Sample 2 > Sample 4 Z Sample 5> Sample 6

The higher the crystallinity the higher the orientation of the polymeric chains the stiffer the
material the higher Young Modulus. In this case, sample 5 seems to be the best polymeric material.

Regarding the roughness of samples and the shrinkage, seems that the higher variation in
roughness (among the metallized film) the higher is the shrinkage. Sample 3 has the highest variation
in terms of roughness and the highest shrinkage, on the other hand, sample 5 has the most uniform
roughness among the film.

Considering SEM images, and samples with Zn, PP lamellae are seen in sample 5 which has
the lowest Zn weight.

Concluding, considering all characterization techniques and all properties of the films studied,
seems that a high Young Modulus, low elongation at break, uniform roughness among the film, low
shrinkage and more uniform Al weight composition among the film are important to have a good PP

film.
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CHAPTER 6- FUTURE WORK

6. Future work
As this thesis demonstrates, the good performance of a film capacitor needs continuing

investigation and development, as well as, a good understanding of the BOPP films and their
metallization processes. The relationship between polymeric and the dielectric properties can be
studied deeply. Further work can be done by understanding the biaxial stretching behaviour, studying
deeply the crystallization and producing capacitors, evaluating the dielectric breakdown and other
electrical measurements, as capacitance and IR, for instance. It can be possible to enhance and
optimize the performance of a film capacitor knowing at the very beginning some properties and

behaviour of the materials.
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ANNEX |

Thermograms obtained with program 1
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ANNEX I

Thermograms obtained with program 2
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ANNEX 11l

Spectrum
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