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Abstract

Polypropylene films are widely used as packaging materials for foodstuffs, since they offer
excellent barrier properties against polar substances, high elasticity, mechanical strength,
transparency and chemical stability. However, the relatively low surface energy of polypro-
pylene represents a major issue for the adhesion of printing inks and labels. To improve

printability it is necessary to perform a surface activation process.

In the presented work, the atmospheric pressure dielectric barrier discharge (DBD) in nitro-
gen is investigated as a surface treatment method to increase the surface energy of biaxially
orientated polypropylene foils. This technology creates a non-thermal plasma by applying
strong electrical fields to a gas between two electrodes. The reactive species of the plasma
forms new electronegative chemical groups on the surface and also etches the surface of the
substrate. Both effects lead to an increase of the surface energy of the plasma treated polymer
films. The crosslinking of polymer chains is also a possible effect caused by the plasma

treatment.

A new plasma rig was designed for this project, including a closed plasma chamber, two
different parallel electrode configuration (flat or sawtooth electrodes) and a reel-to-reel sys-
tem for the transport of the polypropylene foil. The designed system allows to adjust the
sizes of the gas gap and the thickness of the dielectric. In addition, the plasma chamber can

be filled with every gas or gas mixture wanted.

A D-optimal design of experiments approach was utilised to study the influence of the power
applied to the electrodes, the size of the gas gap and the thickness of the dielectric on the
wettability of the treated polymer films. Furthermore, a flat electrode and a sawtooth elec-
trode configuration are compared to each other. The findings of this work clearly indicate
that the sawtooth electrode configuration is superior regarding the consumed electrical
power and the wettability of the treated films. The optimal setting for the plasma treatment
with the sawtooth electrode configuration are a low gas gap and a high power applied to the
electrodes. The thickness of the dielectric has no influence on the wettability of the treated
film. However, the increase of the dielectric thickness leads to an increase of the consumed

power.

These findings were transferred to an industrial process, where the polymer foils were treated
in a nitrogen atmosphere with admixtures of CO2, N2O and C;H> in the ppm range under the

founded optimal conditions. A significant difference in the surface energies of these samples
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could not be identified by contact angles measurement, but all samples showed a signifi-
cantly reduced hydrophobic recovery rate in comparison to samples treated by the in the
industry more conventional plasma treatment in air. The DBD surface treatment in nitrogen
is therefore an important improvement for the industrial production, because the treated
packaging foils can be stored longer before they are processed further without the need to
refresh the surface treatment. The low hydrophobic recovery of the samples treated in the
nitrogen plasma is connected to an intensified crosslinking of the polymer chains on the

surface of the treated polypropylene films.
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1 Introduction

1.1 Motivation

Polymers are often the material of choice for the manufacturing of a wide range of products
because of their numerous valuable properties and their relatively low cost. The variety of
different kinds of plastics and their diverse physical bulk properties, such as mechanical
strength, chemical resistance or elasticity, make it possible to find suitable materials for
many applications. However, in most cases the surface properties do not meet the necessary
requirements and need a specific treatment, which adds functionalities to the surface without
changing the bulk properties. For example, polyolefins suffer from the problem, that their
adhesion and wettability to hydrophilic substances is very low. This causes problems such
as low printability, delamination and poor bonding to coatings and adhesives. It is estimated,
that about 70% of the total plastics produced require a surface modification technique before

they can be processed further [1].

There are several methods, which are currently used for surface treatment and include: chem-
ical treatment, flame treatment and plasma treatment. In all cases the surface energy of the
polymer is increased by insertion of electronegative chemical groups into the surface. In
addition, the surface also often becomes etched. The etching removes amorphous regions of
the polymer, while crystalline parts stay largely unaffected. This effect leads to increased
roughness, which also improves the adhesion of water-based inks or glues to the polymer by

capillary action.

For chemical treatments, the polymer is immersed into a solution including different acids,
bases or chlorinating agents, which oxidise and etch the surface of the polymer, but can also
penetrate into the polymer and change the bulk properties. Another problem is the huge
amount of solvent waste produced, which is expensive to dispose of and is often ecologically

damaging.

Flame treatments use mixtures of oxygen and hydrocarbon gas to create oxidising flames
close to the polymer surface. The process is hard to control and it is imperative to find the
right treatment properties for the respective substrate. Over-treatment damages the surface,
while insufficient application of this technology does not increase the surface energy of the

polymer sufficiently [2, 3].
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The term plasma treatment includes low pressure and atmospheric pressure plasma surface
treatments. Both technologies utilize strong electrical fields, which create electrical dis-
charges in gases. During the discharge, excited gas particles are generated. They react im-
mediately with the polymer surface where new functional groups are formed. The creation
of free radical sites on the plastic surface leads to crosslinking of polymer chains, which also

increases the surface energy.

The low-pressure method uses an inert gas atmosphere with admixtures of oxygen under
vacuum conditions (ImTorr — 1Torr) and an excitation by direct current (DC) or alternating
current (AC) with radio or microwave frequency. The treatment creates a homogenous
plasma and is one of the most effective processes in regards to treatment time and increased
surface energy. However, the expensive vacuum equipment, such as pumps and vacuum
chamber, and the difficulty of implementation of in-line production make this technology

unsuitable for industrial manufacturing.

The atmospheric pressure plasma method, which is also known as corona treatment, is cre-
ated by AC at hertz to kilohertz frequencies applied in air at atmospheric pressure. The co-
rona treatment consists of two electrodes; one of these is covered with a dielectric material.
The technical setup is thus very similar to the dielectric barrier discharge (DBD). This treat-
ment method is used in this project. However, it is only possible to create non-uniform plas-
mas with a corona treatment. Another problem is the creation of low molecular weight oxi-
dised molecules (LMWOM) on the polymer surface, which form a loosely bonded layer on
the surface. This layer increases the surface energy of the polymer, but can be easily removed
through polar solvents, causing hydrophobic recovery and delamination of coatings, printing

inks or adhesives [2, 3].

The DBD is a cheap alternative to the low-pressure plasma and is in addition suitable for
reel-to-reel production in industry, because it works at atmospheric pressure like the corona
treatment. The problem of LMWOM can be prevented by removing oxygen from the process
through the use of nitrogen instead. Small admixtures of reactive gases such as carbon diox-
ide, nitrous oxide or acetylene can also be added to form different chemical groups on the

surface of the treated polymer [4].
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1.2 Research aims and contributions

The aim of this PhD-project was to investigate the DBD in nitrogen gas at atmospheric pres-
sure as a surface treatment method for polyolefin packaging foils. This plasma technology
offers the possibility of enhancing or replacing existing industrial methods, which are cur-

rently utilised.

The DBD technology was implemented first on the laboratory scale. Suitable factors, which
influence the surface treatment process, were identified and then optimised regarding the
enhanced wettability of the plasma treated films and the electrical power consumption. For
the optimisation a D-optimal design of experiments was utilised. The findings were after-
wards transferred to the industrial process, where admixtures like nitrous oxide, carbon di-
oxide and acetylene were added to the nitrogen gas. The admixtures should influence the
types of chemical groups, which were incorporated by the plasma treatment into the surface

of the treated packaging foils, and thus the surface energy of the treated polymer films.

The treated substrates were investigated by contact angle measurements with different test
liquids and X-ray photoelectron spectroscopy to identify the elements incorporated by the
plasma treatment and to study the effects to the surface energy. The surface energy of the
treated films was also observed over a longer period of time by measuring the contact angles

over 30 days to estimate the time stability and the hydrophobic recovery rate.

1.3 Structure of the thesis

This thesis is divided into the parts: theoretical background, experimental set-up, methods
and procedures, results and discussion and as the final part, the conclusion. The theoretical
background comprises Chapter 1 to 4 and introduces the polypropylene substrate, which is
treated by the DBD and gives detailed information about the physical principles of gas dis-
charges. Furthermore, the DBD technology and the different discharge regimes, which can

be ignited with the DBD technology, are explained.

The experimental setup is presented in Chapter 5 and includes the designed plasma rig with
the vacuum chamber, the reel-to-reel system, the different electrode configurations and the
high voltage power supply. In addition, also the utilised industrial DBD systems is intro-
duced. Chapter 6 and Chapter 7 explain the used methods and procedures to investigate the

treated polymer foils and to analyse the discharge power during the plasma treatment. That
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includes X-ray photoelectron spectroscopy (XPS) and contact angle measurement, as well
as the necessary equations for the calculation of the surface energy of the investigated poly-
mer foils. The diagnostic tool “Lissajous figures” for the electrical parameters during the
discharge is also explained in Chapter 6. Chapter 7 introduces the Design of Experiments

(DoE) approach and explains the benefits of the D-optimal design.

The results and discussion part can be found in the Chapters 8, 9, 10, and 11. An extensive
description of the obtained results of the conducted experiments is given. The conclusion
can be found in Chapter 12, which summarizes the main findings of the results and discus-

sion part. This thesis ends with suggestions for future research aims.
A more detailed description of the individual chapters is given in the following:

Chapter 1: Gives an overview of the different surface treatment methods for increasing the
surface energy of polyolefin packing foils and explains their drawbacks in comparison to the

DBD technology. Additionally, the aim and the approach of this PhD project are listed.

Chapter 2: Describes, how gas discharges are ignited by strong electrical fields. The phys-
ical fundamentals and the necessary conditions, as well as the different discharge regimes at

low pressure are explained.

Chapter 3: Introduces the polypropylene substrate, which is surface treated during this pro-
ject. The structure from the monomer to the multilayer packaging foil is presented. The var-

ies orientation technologies and their relevance for polypropylene films is explained

Chapter 4: Discusses the DBD technology for surface and volume discharges. The different

discharge regimes and their mechanisms are presented.

Chapter 5: Introduces the custom designed laboratory DBD system. The gas chamber, the
reel-to-reel system, the various electrode configurations and the associated high voltage
power supply are explained. Furthermore, the production scale DBD system is also described

here.

Chapter 6: Reviews the different measurement and analytical methods utilised during this
project. This includes the Lissajous figures, contact angle measurement and the X-ray pho-

toelectron spectroscopy.

Chapter 7: Introduces the basics of the ‘design of experiments’ approach and explains the

advantages of the D-optimal designs.
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Chapter 8: Describes the first experiments utilising the laboratory DBD system, which were

undertaken to identify suitable factors for the optimisation of the plasma treatment.

Chapter 9: Presents the results of the D-optimal experimental arrays for the flat electrode
configuration and the sawtooth electrode configurations with the factors: size of the gas gap,

thickness of the dielectric and current setting on the DC power supply.

Chapter 10: Discusses the influence of the factors on the consumed power during the

plasma treatment. Especially, the impact of the dielectric thickness is investigated in detail.

Chapter 11: Introduces the results of the packaging films treated by the industrial DBD
system in nitrogen and nitrogen with admixtures up to a concentration of 100 ppm. The
hydrophobic recovery of these films was observed over 30 days. The films treated by the

industrial and the laboratory DBD system are compared regarding their aging behaviour.
Chapter 12: Summarises the results and the findings of this PhD-project

Chapter 13: Suggests possibilities for further research aims regarding the surface treatment

of polyolefin foils in nitrogen plasmas

Appendix A: Illustrates the circuit diagram of the amplifier utilised in the laboratory DBD

system
Appendix B: Presents the Matlab program code for the low-pass filter

Appendix C: Contains the Matlab program code for calculating the phase difference be-

tween two sinusoidal signals

Appendix D: Offers the equations used to calculate the error of the polar part, the dispersive

part and the entire surface energy
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2 Physical fundamentals of gas discharges

Plasma is besides solid, liquid and gas regarded as the fourth state of matter. Plasma makes
up more than 99% of the visible matter in the universe. It is a gaseous mixture of negative
and positive ions, excited atoms or molecules, their electrically neutral forms, electrons and
photons. The amount of negative and positive charged particles is equal, so it is overall quasi-
neutral. The transition from the gas to the plasma state is reached by applying electromag-
netic radiation, thermal or electric energy to the gas. Depending on the gas pressure, the type
and the amount of energy transferred to the gas, different categories of plasmas are estab-
lished. They are classified into the nonthermal equilibrium plasmas and thermal equilibrium
plasmas. This chapter discusses how these two kinds of plasma states are established by

electrical fields and their physical fundamentals.

2.1 Non-equilibrium and equilibrium plasmas

Free electrons and ions are present in every gas. They are created via ionisation processes
caused by cosmic or radioactive radiation, as well as UV-light. There are around 107 of elec-
tron-ion pairs present per second in one cubic metre of any gas at atmospheric pressure [5].
These free electrons are important for the initiation of the electrical breakdown and are there-
fore called seed electrons. If an electrical field is supplied to a gas, the Coulomb force accel-
erates the seed electrons towards the anode. The kinetic energy, Wii», gained during the ac-
celeration is dependent on the mean free pathway, 4, the electrical charge, ¢, and the strength
of the electrical field, £, as shown in Equation 1. The acceleration is interrupted when the
electron collides with a heavy gas particle. Particles without charge are not directly affected

by the electrical field.

Wiin = q " Eo - 4 (M

As a result of the extreme mass difference between electrons and ions, electrons receive
much more kinetic energy through the electrical field. As pressure increases, the amount of
transferred energy from the electrical field to ions becomes more and more negligible. How-

ever, this difference of energy between electrons and heavy particles can be compensated
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for by transferring energy through collisions. Thermal equilibrium between heavy particles

and electrons is reached, if the two species have the same energy.

Electrons transfer their kinetic energy directly to the heavy particles by elastic collisions.
This mode of energy transfer is ideal if the collision partners have the same mass. This is not
the case here. Thus, electrons are only able to transfer small amounts of their kinetic energy
with each collision, meaning that it is necessary for a large number of elastic collisions to
occur for attainment of thermal equilibrium. This is only possible if the gas pressure is high
enough. On the one hand, a lower gas pressure is beneficial, because the mean free pathway
is than increased and the electrons are able to reach higher kinetic energies. On the other
hand, if the gas pressure is too low, collisions between electrons and heavy gas particles are
too rare to ensure enough energy is transferred and thermal equilibrium is not established.
This correlation is illustrated in Figure 1, where the temperatures of the free electrons and of
the heavy particles in a mercury plasma arc are shown as functions of the gas pressure. The

thermal equilibrium is in this case established after reaching a pressure of around 10 kPa.
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Figure 1: Evolution of the free electron temperature 7, and of the heavy particles temperature 7, with the

pressure in a mercury plasma arc [6]
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Besides the elastic collisions, inelastic collision between electrons and heavy particles are
also possible. These collisions create the reactive species of the plasma; the ions and excited
states. The accelerated electrons thereby transfer their kinetic energy to one of the bonding
electrons of a heavy particle. The bonding electron is then converted from its ground energy
state to a higher state or even released completely. The products of this process are free
radicals, electrons and ions. As there are more collisions in general between electrons and

heavy particles at higher pressures, these plasmas contain more ions and free electrons [5,
7].

It can be summarised that plasmas at higher pressures are more likely to be hot plasmas at
thermal equilibrium. The temperature of their free electrons and heavy particles is the same
and amounts to about 10 000 K. A typical example is the arc plasma. In contrast, non-equi-
librium plasmas are cold plasmas. The temperature of the heavy particles reaches values
between 300 K and 1000 K and is considerably lower than the temperature of the free elec-
trons, which range between 10 000 K and 100 000 K. Furthermore, the electron density of
non-thermal plasmas is lower than that of thermal plasmas. A typical example of a non-
thermal plasma is the glow discharge. Figure 2 shows different examples of non-thermal and

thermal plasmas, their electron temperatures and plasma densities [8, 9].
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Figure 2: Different plasmas with their electron temperatures and plasma densities [8]
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2.2 Townsend criterion for breakdown

If a voltage is applied across two parallel electrodes, which are separated by a gas gap, a
discharge initially occurs, when the applied voltage exceeds the breakdown voltage. The gas
changes from an insulator to a conductor through the creation of free electrons and ions,
which are free charge carriers. The mechanism corresponds to the ionisation process by in-

elastic collision between free electrons and heavy gas particles described in Section 2.1.

Every time, when a free electron ionises a heavy gas particle, the number of free electrons is
increased by one, because a new free electron is released by the process. Since several ioni-
sations take place in succession, more and more electrons are released. This sequence of
ionisations, which starts with one seed electron, is often compared with an avalanche because
of the exponential increase of free electrons. The electron avalanche starts near the cathode
and travels towards the anode. It is stopped when it reaches the anode. Figure 3 illustrates

the development of an electron avalanche in a uniform electrical field.

~ =10

\_/ = \../

Figure 3: Development of an electron avalanche in an uniform electrical field [10]

In order to be able to cause ionisation by collision with a heavy particle, the free electron
must have gained an amount of kinetic energy, which is at least equal to the ionisation energy
of the heavy particle. The amount of energy received by the electrical field depends mainly
on the electrical field strength, the pressure and the kind of used gas. The size and the atomic
or molecular nature of the heavy particles, as well the pressure, influence the mean free

pathway. If the energy is not sufficient for ionisation, the electron will excite or heat the
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collision partner. The probability that an electron will cause an ionisation event is described
by the Townsend first ionisation coefficient, a. This value indicates the mean number of
ionisations made by a single electron per metre travelled through the gap between the two

electrodes for a given uniform electrical field.

Another process to create new free electrons is their release from the cathode through the
collision of excited particles, positive ions or photons with the cathode. This effect is im-
portant to preserve the discharge, especially for gap distances smaller than one centimetre
and discharges at higher pressures. The Townsend secondary ionization coefficient, vy, is
defined as the average number of electrons produced at the cathode per electron generated
by the primary ionisation process. The secondary Townsend coefficient depends on the elec-
trical field strength, the gas pressure and the cathode or the dielectric material, which may

be covering the cathode.

The Townsend criterion for breakdown is given by Equation 2 and is valid for electropositive
gases, which produce cations instead of anions during the electrical breakdown. The Town-
send criterion implies that every seed electron must be able to produce at least another elec-
tron by a primary or secondary ionisation process on its way through the gap between the

electrodes with the distance, d, in order that the discharge is maintained [5, 7, 10].

Ble™ —1) =1 )

2.3 Breakdown voltage and Paschen’s Law

Paschen’s Law was defined by Friedrich Paschen in 1889 and is described by Equation 3. In
contrast to the Townsend criterion, where the sustainability of the plasma is determined by
the reproduction of free electrons, Paschen’s Law defines the breakdown voltage, V5. The
breakdown voltage is a function of the gas pressure, p, and the size of the gas gap, d.
Paschen’s Law is valid for uniform electrical fields. The coefficients A and B are constants

and depend on the gas, which fills the gap between the two electrodes [11].

A-(pd)

>~ inGd) + B ®
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Figure 4: Breakdown voltage of different gases as a function of the pressure , p, and electrode distance, d, in

a parallel plate configuration [11]

Figure 4 illustrates the breakdown voltages for different gases for variant products of pres-
sure and electrode distance. Every gas has a unique voltage versus the product of pressure
and distance function and a minimum breakdown voltage. On the right side of this minimum,
the increase of the product of pressure and electrode distance leads to higher breakdown
voltages. The reason is shown by Equation 1. With increased pressure or distance, the aver-
age kinetic energy of the free electrons becomes lower, because a higher pressure reduces
the mean free pathway for the electrons and a larger distance between the electrodes de-
creases the strength of the electrical field. The last correlation is described by Equation 4. In
both cases the kinetic energy of the free electrons is reduced and with this their probability
to cause an ionisation event. The only way to compensate for this is to increase of the applied

voltage in order to balance the higher breakdown voltage.

4
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On the left side of the minimum, the breakdown voltage increases with the reduction of the
product of pressure and electrode distance, which increases on the one side the kinetic energy
of the free electrons by a higher electrical field (reduction of the electrode distance), or by
the increase of the mean free pathway (reduction of the pressure). But on the other hand the
probability that an electron collides with a heavy gas particle is lowered. The pressure deter-
mines the concentration of the heavy particles and the distance limits the volume where ion-
isations are possible. A reduction of both values leads to lower collision rates between elec-
trons and heavy gas particles. To sustain the plasma with a lower collision rate, it is necessary
that more collisions produce ionisation events. This is only possible if more electrons receive
the necessary ionisation energy through the electrical field, which can be achieved by in-

creasing the applied voltage

The minimum breakdown voltage of the Paschen curve is the point, where the ratio of aver-
age free electron kinetic energy gained and the collision rate between free electrons and
heavy particles reach an optimum. The minimum breakdown voltages are placed in the range
of 10° and 10" cmTorr in Figure 4. The breakdown voltages at atmospheric pressure (760
Torr) grow relatively fast with increase of the gap distance between the electrodes. There-
fore, the gap must be kept small (millimetre range) under these conditions to prevent an
unfavourable enlargement of the breakdown voltage. Besides pressure and gap distance, also
the type of gas filling the gap has a strong influence on the breakdown voltage. The atomic
radius and the atomic or molecular character of the gas and the gas pressure influence the
mean free pathway of the free electrons. The ionisation energy of the gas particles defines
the kinetic energy, which must be reached by the free electrons to cause ionisation. In Figure
4, it is shown, that the Paschen curves of the atomic gases neon, argon and helium are all
placed lower than the molecular gases hydrogen, air and nitrogen, even though the ionisation

energy of the noble gases are higher in comparison to the molecular gases.

If the applied voltage exceeds the breakdown voltage, the plasma is ignited. Further increase
of the voltage leads then to the establishment of different discharge regimes. The properties

and abilities of these discharge regimes are discussed in the next chapter.

2.4 Discharge regimes at low pressure

If DC voltage is applied to two parallel plate electrodes, which are separated through a gas

gap, different discharge regimes can be established in the gas depending on the amplitude of



Physical fundamentals of gas discharges 13

the applied voltage. A typical current-voltage diagram for low pressure discharges is demon-

strated in Figure 5, where the different discharge regimes are marked by the points A to K.
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Figure 5: Characteristic current-voltage diagram for low pressure DC discharges [12]

As already described in the Section 2.1 and 2.2, free charge carriers are created by ionisation
processes in every gas. If the established electrical field affects the gas, the free electrons of
the gas are accelerated towards the anode. Therefore, a low current can be measured at low
applied voltages. The current increases when the voltage is increased until all electrons,
which are created by background ionisation, are gathered by the electrical field. This behav-
iour is shown in section A-B in Figure 5. In section B-C, the current is constant, because the
kinetic energy gained by the free electrons is still not high enough for ionisation processes
and thus the amount of electrons stays constant. In the Townsend regime (section C-E), the
electrons are able to ionise heavy gas particles by inelastic collisions and create additional
free electrons. Thereby, electron avalanches are established and the current rises exponen-
tially with increased voltage. If the electrodes have sharp edges or peaks, corona discharges
can occur in the area of D-E, because the locally increased field concentration exceeds the
breakdown field strength of the gas. All discharges in the section A-E are invisible for the

human eye and are therefore called dark discharges.
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At point E the breakdown voltage is reached and an electrical breakdown occurs. The elec-
tron avalanches create such a huge amount of electrons that the potential difference between
the electrodes collapses and the current is increased over several magnitudes without in-
creasing the voltage. In the region of the normal glow discharge (section F-G) the plasma
spreads over the area of the electrodes and becomes visible due to the creation of sufficient
excited states. At the point G the whole area of the electrodes is covered and the current can
only be raised further by relatively strong increases of the voltage. The discharge in this area

(G-H) is called an abnormal glow.

In section H-I the glow discharge changes to an arc discharge. The highly heated cathode
releases additional electrons by thermionic emission, thus a lot more collisions between free
electrons and heavy particle are possible, which leads to an increase of the plasma tempera-
ture. Because of the high amount of free charge carriers in the gap between the electrodes,
the electric resistance of the plasma is reduced dramatically and the free electrons reach the
anode more easily. Therefore, a strongly reduced voltage is enough to preserve the discharge.
From the points I to G, the temperature of the arc plasma rises, but the temperature of the
free electrons and the heavy particles still differ from themselves. The thermal equilibrium

is finally reached at point J.

The main differences between the glow and the arc discharge are the homogeneity of the
plasma, the plasma temperature and the mechanism of how electrons are mainly emitted
from the cathode. The glow discharge creates homogenous plasma and is therefore used for
the uniform deposition of thin films in magnetron sputtering technology. In contrast, the arc
discharge is strongly spatially limited and does not cover the whole electrode surface, which
means, that the plasma is inhomogeneous. Furthermore, electrons are emitted from the cath-
ode by thermionic emission at the arc discharge, whereas at the glow discharge electrons are

emitted by collisions of excited particles or ions with the cathode.

If the same parallel electrodes configuration is used at atmospheric pressure instead of low
pressure, the discharge behaviour would be the same from point A till to point E. However,
the plasma does then not turn into a glow discharge, but changes into an arc discharge with
only a small rise of the voltage. As a result of the higher ionisation rate at atmospheric pres-
sure, conductive channels of free charge carriers are created between the electrodes. The
electrons can now travel directly from the anode to the cathode with almost no electric re-

sistance, which leads to a massive increase of the current. One channel takes over finally the
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transport of the electrons, while the others disappear. The remaining channel is the plasma

arc [10, 13, 14].

Creation of an arc plasma at atmospheric pressure is avoided by significantly reducing the
amount of electrons being transferred between the two electrodes. The simplest way to do
this is the increase of the electric resistance by the integration of a dielectric material between
the two electrodes. This technology is called dielectric barrier discharge (DBD) and will be
introduced in Chapter 4. The following chapter introduces the polypropylene packaging foil,

which is treated by the nitrogen plasma.
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3  Polypropylene

This chapter presents the multilayer polypropylene packing foil which is treated in this pro-
ject by the nitrogen plasma. The different properties of the polypropylene foil and the orien-
tation technologies to enhance these properties are explained. Furthermore, information

about the different fields of application of polypropylene packaging foils is given.

3.1 Chemical structure and properties

Polypropylene (PP) is a versatile semi-crystalline thermoplastic material, which can be used
in many commercial applications. Its moderate production costs and its favourable properties
make it the second most produced plastic in the world by weight. It is only exceeded by

polyethylene [5]. PP is produced by the polymerisation of propylene.

The key properties of PP are its high heat and chemical resistance, a high strength-to-weight
ratio, a very good clarity and great environmental stress cracking resistance. It can be pro-
cessed through injection moulding, blow moulding, extrusion and thermoforming. The most
important drawbacks of PP are a poor UV-light stability and low surface energy, which is
typical of all polyolefins.

Polymers chains are generally made up of small identical chemical repeat units. The nature
of these units, together with their configuration within the polymer molecule, partially de-
fines the properties of the polymer. Other important characteristics are the molecular weight
distribution and the degree of crystallinity. In the case of polypropylene the repeating unit is
I-methylethylane. Because the chemical structure of 1-methylethylane contains a chiral car-
bon atom, different positions of the methyl group cause stereoisomerism, which makes PP
to an optically active macromolecule. Figure 6 shows PP with its repeating unit 1-meth-

ylethylane.

In principle, three different stereochemical forms of PP are possible: isotactic, syndiotactic
and atactic. The isotactic configuration has all substituents on the same side, i.e. all the asym-
metric carbon atoms are of the same formal (R or S). In contrast, the substituents of a syndi-
otactic polymer have alternating positions. In the atactic configuration, the substituents are

randomly distributed. The three different configurations of PP are shown in Figure 7.
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Figure 6: Polypropylene with 1-methylethylane as repeating unit
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Figure 7: Atactic, isotactic and syndiotactic configuration of polypropylene

The syndiotactic and especially the atactic PP have a less ordered structure, which reduces
the crystallinity, melting point, density and stiffness. The atactic form is amorphous and the
syndiotactic form is semi-crystalline. The isotactic is thus the main PP configuration pro-
duced for commercial use. However, an increase of the amount of atactic PP in a mainly
isotactic formulation increases the stretchability of the polymer. The individual structure of
PP depends on the type of catalyst used in the polymerisation process. Typical isotactic PP’s

range from 40 to 70% crystallinity [15].

Isotactic polypropylene crystallises in three different modifications: the monoclinic a-struc-
ture, the hexagonal B-structure, the orthorhombic y- structure. In all of the crystal structures

the chain is packed in the lattice as a left (L) or right handed (R) helix structure. The o-
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structure is the most thermodynamically stable structure. The helices align to form crystal-
lites which then associate to form sheet-like lamellae. Secondary lamellae perpendicularly
grow off the primary lamellae and are thus connecting the primary lamellae. This cross-
hatched microstructure forms spherulites. § crystallinity is observed when the PP is cooled
below its melting point. The polymer chains do not have the time to form the thermodynam-
ically stable a crystallinity. PP with B-structure has a lower density and lower melting point
than PP with a-structure. The B-phase is metastable relative to the a-phase. Isotactic PP can
also exist in y-crystallinity. However, this form rarely arises from processing conditions. The
y-crystallites also form a cross-hatched structure like the a-phase. The crystallites grow in
two directions at the same time, resulting in a highly crystalline, high density material [16]

[17].

Cast PP (not orientated) films are not normally chosen for flexible packaging, because their
properties do not meet the necessary requirements. To improve the characteristics, the used
films are stretched in one or in both directions. The resulting products are referred to as

uniaxially orientated PP and biaxially orientated PP (BOPP), respectively.

3.2 Uniaxial orientated polypropylene and biaxially orientated
polypropylene

The market for flexible packaging requires polymer films that fulfil protective functions,
product design, as well as economic and environmental aspects. Product protection is at-
tained by providing high barriers against water vapour and oxygen permeation through the
packaging. Besides this, high quality seals are also required. Good product appearance re-
quires high-gloss transparent packaging films with excellent printability. Low production
costs are achieved by good material utilisation and high-speed packaging lines. Recyclability
and a maximum packaging effect at minimum material use guarantee that the environmental

aspects are satisfied.

To ensure that PP films reach these requirements they are stretched during production in one
or both directions. This leads to orientation of the previously partially random polymer
chains. The orientated PP has significantly increased mechanical, optical and barrier prop-
erties, in contrast to non-orientated PP. Figure 8 shows the enhanced characteristics of BOPP

in comparison to cast PP.
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Figure 8: Mechanical, optical and barrier properties of BOPP and cast PP films with a thickness of 25 um in
each case in machine direction (MD) and transverse direction (TD) according to [18]

The existing orientation technologies are distinguished in the orientation draw direction and
the related stretching process. The films can be stretched longitudinally (‘machine direc-
tion”) and crosswise (‘transverse direction’), in only one direction or both. The stretching in

two dimensions can be performed sequentially or simultaneously.

The machine direction orienter uses two rollers with different speeds to stretch the film lon-
gitudinally. In contrast, the transverse direction orienter elongates the polymer in the cross
direction by heating the film and stretching it on a tenter frame. The product of these two
technologies is uniaxially orientated PP. It is also possible to combine the two stretching
technologies, which results in sequential stretching in both directions. This product is BOPP.
The ‘double bubble process’ is another stretching technology used to produce BOPP simul-
taneously. Initially, a circular tube is extruded. Through heat and injection of pressurised air,
the tube inflates to a bubble, which causes the biaxial stretching. Depending on the process
method different polymer films with different characteristics are manufactured. They are

used for different products, which are shown in Table 1.
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Table 1: The different stretching technologies, their equipment and products

Stretching process Equipment Typical products
Machine direction stretching S ) Tear stripes, tapes,
o ] ) Machine direction orienter
(uniaxial orientation) breathable films

Transverse direction stretching

o ] ) Tenter frame Shrink sleeves
(uniaxial orientation)
Sequential stretching Machine direction orienter ~ Packaging films, tapes,
(biaxial orientation) and tenter frame labels, industrial films
Simultaneous stretching Packaging films, shrink
Double bubble
(biaxial orientation) films

Besides PP, the stretching technologies are also utilised for the orientation of polyethylene
terephthalate, polystyrene, polyvinyl chloride and polyamide. However, BOPP has by far
the biggest share of the orientated film market (66%). Over six million tons of BOPP are
produced every year [18].

The main field of application is packaging, where BOPP is used as plain film and multilayer
film with heat sealable properties. The skin layers of the multilayer structures consist of
coextruded PP copolymer, which have a lower melting point than the BOPP core layers.
Thus, it is possible to seal the packaging foil at temperatures, which are not deforming or
damaging to the interior layers. The simplest multilayer structure is a three-layer film with
two outer heat sealable skin layers and one core layer. Besides this, five-layer and seven-
layer films exist. Their benefits in comparison to the three-layer film are improved charac-
teristics, such as better optical or barrier properties, and cost advantages. Expensive additives
are admixed in thinner intermediate layers, which reduces the necessary quantity and thus
the production costs. Table 2 lists the different kinds of BOPP films and their typical thick-

nesses and applications.

BOPP films are also used in converting processes, such as vacuum coating, metallisation

and lamination to add additional layers composed of e.g. aluminium, silicon oxide, alumin-
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ium oxide, polyvinylidene chloride, polyvinyl alcohol and ethylene vinyl alcohol copoly-
mers. In this case, the aim is the enhancement of the barrier properties and, as appropriate,
the protection against sun light. To ensure that the coated or laminated layers do not disen-
gage or deadhere from the substrate, the surface energy of the PP must be close to that of the
coating layer. Polyvinylidene chloride, polyvinyl alcohol and ethylene vinyl alcohol are po-
lar polymers. Aluminium and the ceramics silicon oxide and aluminium oxide all have high
surface energies. BOPP has a low surface energy of about 30 mN/m. In order to maximise
the adhesion between the BOPP and the coating or the laminated layer, the surface energy
of the BOPP must be increased to a minimum of 42 mN/m. The surface energy of the BOPP
is also important for the wettability by printing inks. To achieve good printability, the BOPP
needs a surface energy of at least 37 mN/m [ 19]. During this project, an atmospheric pressure
plasma treatment method was investigated as a means of increasing the surface energy of

BOPP.

The BOPP film utilised for this project has a three-layer structure with two polyolefin heat
sealable skin layers and a clear BOPP core layer. The heat sealable skin layers are made of
a propylene-ethylene copolymer and have a thickness with up to 3 um. The glass transition
temperature of the skin layers is reduced relative to the BOPP core layer by the addition of
the ethylene to the propylene in the copolymer. This ensures that the melting point of the
heat sealable skin layers is lower than the melting point of the core layer, which allows to
heat seal the BOPP film at temperatures, which do not affect the core layer. One of the skin
layers is corona treated, the other one is untreated (Figure 9). The untreated side was plasma
treated with the DBD and investigated. The thickness of the whole film was 50 um. The next

chapter will explain the physical fundamentals and the properties of the plasmas utilised.
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Figure 9: The three-layer structure BOPP film investigated in this project

Corona Treated Polyolefin Layer

Table 2: The various applications of BOPP as plain film and multilayer structure with the used

range of thickness
Industrial Laminated Electrical General General Pur- Opaque and Packaging
tapes metallised proposes purposes pose white purposes
30-40 um 10-50 ym 3-20 um 15-50 ym 12-40 ym 30-40 um 30-80 um
Pressure Brochures  Cable insu- Flower over- Textiles Food packaging Food
sensitive catalogues lation wrappings (shirt packag- (light sensitive) packaging
tapes ing) (bakeries,
cheese, noo-
Box seal- Print Capacitors Stationary Metallising Hygiene articles dles...)
ing tapes lamination goods (photo (crisps, snacks)
albums, en-
Masking Carton velopes...) | Cigarette over- Labels Cosmetics
tapes boxes wrappings
Cosmetic Release Shrinkable films
boxes films
Food pack- Twist films
aging (sweets)
5-7 Layer
Plain film 3-Layer heat sealable film heat sealable
film
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4  The dielectric barrier discharge

The DBD creates highly non-equilibrium cold plasmas at atmospheric pressure. This tech-
nology offers the advantages of low temperature plasmas, including homogeneity and low
temperature, without the restriction of vacuum conditions. Thus, the DBD is most suitable
for the surface treatment of heat sensitive polymers and can be established easily in industrial
production. The possible DBD configurations, their applications and the different discharge

regimes are discussed in this chapter.

4.1 Surface and volume discharge configurations of dielectric

barrier discharges

DBD systems consist of two electrodes, which are separated by a gas gap of a few millime-
tres. At least one of the two electrodes is covered by a dielectric material. The arrangement
of the two electrodes is coaxial cylindrical or parallel. A high AC voltage supplies the elec-
trodes and creates the electrical field, whereas the dielectric dramatically reduces the current
during the discharge and thus inhibits the development of an arc discharge. As a result of the
high voltage, only dielectrics with high electrical strength are suitable. The most common

materials are ceramics, glass and specific polymers such as silicones.

The gas breakdown starts like the Townsend breakdown with the creation of electron ava-
lanches through the acceleration of seed electrons by the electrical field. The electron ava-
lanches grow from the anode to the cathode. When the electrons reach the dielectric, they
cannot pass through it and accumulate on the dielectric surface. The only way to remove
them, is changing the polarisation of the electrical field. When the polarisation has changed,
the accumulated electrons act as seed electrons and new electron avalanches can grow now
in the opposite direction. The change of the polarisation necessitates the use of AC instead

of DC. The typical frequencies applied range between 1 kHz to 100 kHz.

The DBD is used in many applications, such as exhaust gas purification [20, 21], ozone
production [22-24], excimer ultraviolet lamps [25], medical sterilisation [26, 27], plasma
display panels [28], plasma actuators as flow controllers [29, 30], water purification [31-34]
and coating with precursors by plasma deposition systems (physical enhanced chemical va-

pour deposition) [35-44]. DBD is furthermore used to modify polyolefin surfaces in order to
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promote wettability, printability, coatability and adhesion. This is of particular interest to the

field of packaging in the field of packaging.

The different configurations are distributed in surface DBDs and volume DBDs. Surface
DBDs have in contrast to the volume DBDs no gas gap, because it is replaced by a dielectric.
Therefore the discharge occurs in the space between the two electrodes on the surface of the

dielectric. Figure 10 shows different DBD configurations for surface and volume discharges.

/ Electrodes

Plasma
Dielectric
Coaxial cylindrcial configuration L__ Volume DBD
Parallel configurations o

Figure 10: Different dielectric barrier discharge configurations for surface and volume discharges according

to [14, 45]

For the treatment of polyolefin foils in the packaging industry the parallel volume DBD is
mainly applied. However, the industrial machines vary from the configurations shown in
Figure 10. In industry, the upper electrode is a roller or drum, which transports the packing
foil through the plasma. A flexible dielectric is placed on the roller and the polymer film lies
on the dielectric. There is no gas gap between the dielectric and the film to ensure, that the
plasma is not established on the backside of the film, which would lead to the treatment of
both polymer surfaces. The lower electrode has a curved shape to match the drum in order
that the two electrodes are coaxial and parallel to each other. In addition, the lower electrode
is corrugated perpendicular to the machine direction. As a consequence the plasma is only
ignited, where the distance between the two electrodes is minimal and is thus highly concen-
trated on the top of the corrugated electrode. The width and the diameter of the roller are

typically in the order of a few metres. The speed of the film during the treatment ranges up
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to a few hundred meters per minute. The necessary power to sustain the discharge reaches
tens of kilowatts. A typical arrangement of an industrial DBD system for polymer film treat-

ment is illustrated in Figure 11.

Roller and
Rewind electrode Unwind

Dielectric

Electrode with
corrugated shape

Figure 11: Industrial DBD configuration for the surface treatment of polymer foils

The configuration, shown in Figure 11, is often misunderstood. The corrugated shape of the
lower electrode and the name ‘corona treatment’ implies that the discharge would be a co-
rona discharge and not a DBD [46]. Corona discharges are established when the electrical
field is significantly enhanced at sharp edges or thin wires. This is also the case in the con-
figuration in Figure 11 through the use of the electrode with the corrugated shape. However,
the corona discharge occurs locally around the sharp edge or thin wire and does not extend
to the counter electrode. The discharge of the configuration, illustrated in Figure 11, crosses
the whole gas gap and reaches the dielectric of the roller electrode and can be thus easily
identified as DBD. The term ‘corona treatment’ means a surface treatment with DBD in air

and is not correlated with the corona discharge [47].
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4.2 Dielectric Barrier Discharge regimes

DBDs at atmospheric pressure are classified into the inhomogeneous filamentary discharge
and homogeneous or diffuse forms. The type of discharge is dependent on the operating
parameters such as amplitude, frequency and waveform of the voltage applied, the capaci-
tance and surface properties of the dielectric material and of the uncovered electrode, the
gap distance between the electrodes and the composition of the gas in the gap. The discharge
regimes are established through different breakdown mechanisms. While the mechanism,
which lead to homogeneous discharges, match with the mechanism at low pressure created
by applied DC voltages, discussed in Chapter 2, the filamentary mode is a new sort of non-

thermal plasma.

4.2.1 The filamentary discharge

The filamentary discharge is the most often used plasma form for industrial surface treatment
of polymer foils at atmospheric pressure. The ignition of this discharge does not need special
requirements and is thus easily established. Ifthe applied AC voltage exceeds the breakdown
voltage, the discharge occurs in the form of several thin single filaments, also called micro-
discharges or streamers, in the gas gap between the two electrodes. The filaments are spa-
tially and temporally separated from each other. The filamentary discharge is therefore clas-
sified as inhomogeneous. Figure 12 shows a single streamer and a multitude of streamers of
the filamentary discharge in nitrogen at atmospheric pressure.

B . - . |

Ol i o il

Figure 12: Single streamer (left picture) and a multitude of streamers (right picture) of the filamentary dis-
charge in nitrogen at atmospheric pressure

The filaments occur every half cycle of the applied voltage and collapse after a short life

time (ca. 100 ns). The amount of ignited filaments increases as the applied power increases.
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They are randomly distributed in time and space between the two electrodes, however there
is a memory effect due to the charge accumulation on the dielectrics. This memory effect
leads to the reignition of the filaments always at the same positions, because the breakdown
voltage is reduced due to the higher amount of seed electrons. These additional seed elec-
trons are accumulated on the dielectric by the previous filament. This process entails a pat-

terned formation of the filaments.

Kogelschatz [45] also discusses the aspect of accumulated electrons reducing the applied
electrical field through their negative charge. As a result, the filaments ignite at positions
where the filaments have not occurred during the previous half cycle, because the electrical
field is stronger there. The frequency and the amplitude of the applied AC voltage are the
crucial physical quantities that determine, which effect of the accumulated electrons is dom-
inating and thus whether the filaments are patterned or not. If the DBD system is operated
with high voltage and low frequency settings, the filaments are not reignited at the same
positions. While low voltage and high frequencies lead to patterned formation of the fila-
ments. Unfortunately, Kogelschatz does not give further information about exact values for

the amplitude or frequency.

The form of a single filament is widely cylindrical with a radius of about 100 um and spreads
into a larger surface discharge at the surface of the dielectrics, as shown in Figure 13. The
electron density within a filament amounts to 10'* cm?. The current density can reach up to
10° A cm™. These values match with those of an atmospheric pressure glow discharge. Thus,
and because of the non-equilibrium character of the microdischarges, these can be counted

as locally limited transient high-pressure glow discharges [9, 46].

Dielectric
Electrode
Microdischarge Surface
Channel Discharges
Dielectric Electrode

Figure 13: Single microdischarge channel of a filamentary discharge according to [46]
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4.2.2 The space charge field of an electron avalanche

The Townsend mechanism implies the development of electron avalanches through the ion-
isation of heavy gas particles by free electrons. The electron avalanches move straight from
the cathode to the anode. The free electrons of a single avalanche are spatially concentrated.
Their quantity rises exponentially during movement towards the anode. The cations, which
have been created during the ionisation processes, remain behind the free electrons. The
space, where the free electrons are concentrated, is called the head of the avalanche. The
stem is the region, where the cations are located. Due to the high concentration of free charge
carriers in the stem and the head of an avalanche, the avalanche has a space charge field. E..
The strength of the space charge field depends on the quantity of created free charge carriers.
Figure 14 illustrates a single electron avalanche with the negative charged head, the positive

charged stem and the resulting space charge field.

Negative
Positive charged stem charged head

\ k
\(

Cathode Anode

Movement direction of the avalanche

Figure 14: Space charge field of a single electron avalanche according to [10]

The space charge field interacts with the polarities of the electrodes and can thus distort the
uniform electrical field. The intensities of the applied field is increased toward the head and

the stem of the avalanche by the amount of the space charge field (Ey+E,) and reduced in
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the positive charged region just behind the head (Ey-E,). Depending on the strength of the
distortion two different discharge mechanism are possible, these are the Townsend mecha-

nism and the streamer mechanism.

4.2.3 Discharge by Townsend or streamer mechanism

The Townsend mechanism starts with the development of several electron avalanches. The
space charge fields of these avalanches are weak in comparison to the applied electrical field,
thus the distortion of the applied field is negligible. The electrical field between the elec-
trodes stays uniform and the avalanches move straight towards the anode. The result is the
creation of a spatially homogenous plasma like the glow discharge, which covers the whole

electrode surface. The discharge of the Townsend mechanism is shown in Figure 15.

Development of electron Electron avalanches do
avalanches at different notinteract with each
times near the cathode other during the

discharge process

Figure 15: Development of the Townsend discharge according to [10]

The filamentary breakdown mechanism starts the same way as the Townsend discharge.
However, Raether confirmed in 1939 that the necessary time for the development of a fila-
ment is shorter than would be expected from the Townsend mechanism [48]. Afterwards,
Raether, Loeb and Meek developed the streamer mechanism [49, 50], which explains the

filament formation with the space charge creation of the free charge carriers.

In contrast to the Townsend mechanism, the space charge field is not negligible in the
streamer mechanism. The reason is, that the first electron avalanche creates a critical amount
of free charge carriers and the space charge field of this avalanche distorts strongly the ap-

plied electrical field. As a result, the later starting avalanches are directed into the stem of
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the first avalanche, because the field intensity of the stem is strongly increased through the
space charge field of the cations. The electrons of the secondary avalanches and the cations
of the first avalanche form a conductive channel between the two electrodes, which is visible

as filament. The streamer mechanism is illustrated in Figure 16.

Development of electron Secondary avalanches The electrons of the The filament is
avalanches at different change their movement secondary avalanches completed and crosses
times near the cathode direction towards the and the cations of the the gas gap

stem of the earlier primary avalanche start
started avalanche to form the filament

Figure 16: Development of the filamentary discharge in the manner of the streamer mechanism according to
[10]

Whether or not, the discharge develops from the streamer or the Townsend mechanism, is
heavily depends on the amount of free charge carriers created in a single avalanche. The
Meek criterion defines this amount to 10® ionisations [10, 51]. If a single avalanche reaches
this quantity of ionisations, the homogeneous applied electrical field gets distorted by the
space charge field. Instead of a homogenous plasma, a multitude of filaments is ignited and
the plasma is thus spatially limited. The faster development time of the streamer mechanism
in comparison with the Townsend mechanism can also be explained with the space charge
field, which significantly increases the electrical field at the head of the avalanche (Figure
14). As a consequence, the free electrons at the head receive more kinetic energy and the

avalanche crosses the gas gap faster.

DBD plasmas ignited at atmospheric pressure are mostly filamentary, because the high con-
centration of heavy gas particles leads automatically in the most cases to a breakdown by
the streamer mechanism. If the pressure is reduced to vacuum conditions, the discharge fol-
lows the Townsend mechanism and the plasma created is homogenous, provided that the
applied voltage stays near the breakdown voltage. This is due to the low concentration of

heavy gas particles making it almost impossible for the Meek criterion to be fulfilled.
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Massines et al. [52] defines the transition from Townsend to streamer mechanism by the
product of pressure and gas gap distance. If this product exceeds the value of 20 Torr-cm,
the discharge follows the streamer mechanism. If this value is not reached, the plasma is
ignited according to the Townsend mechanism. However, this definition is not valid for he-
lium, neon, argon and nitrogen, because it is possible to ignite homogenous plasmas with

these gases at atmospheric pressure.

Homogenous plasmas are favoured as a method for increasing the surface energy of poly-
olefin foils, as the modification is uniformely applied, resulting in a high quality film. Ho-
mogeneous plasmas can also be ignited at atmospheric pressure, however special conditions
are required, so that the Meek criterion is not satisfied. These kinds of plasmas are known as
atmospheric pressure glow discharges (APGD) and atmospheric pressure Townsend dis-

charge (APTD).

4.2.4 Atmospheric pressure glow and Townsend discharges

The first researcher, who started to study homogeneous DBD discharges at atmospheric
pressure was Okazaki et al. in 1988 [53, 54]. They were able to create uniform discharges in
different gases such as helium and argon. They named the discharges obtained atmospheric
pressure glow discharges and could show that highly specific conditions, such as electrode
structure, frequency and amplitude of the power supply, gap distances and type of dielectric

material, will lead to glow discharges in certain gases.

Massines et al. [40, 47, 55-57] further investigated the nature of homogeneous discharges in
helium, neon, argon and nitrogen. They detected that the homogeneous discharge mecha-
nism of helium, neon and argon is similar to the DC glow discharges at low pressure and has
the same voltage and current characteristics. To be able to understand, why the Meek crite-
rion is not fulfilled in these discharges at atmospheric pressure, it is necessary to discuss two
specific properties of this group of gases: the ionisation energy and the molecular size. He-
lium, neon and argon are atomic noble gases, thus their ionisation energies are relatively
high and they have comparable small atomic radii. Their small size leads to a higher mean
free pathway for the free electrons, which results in lower breakdown voltages. The combi-

nation of low breakdown voltage and high ionisation energy dramatically limits the quantity
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of ionisations within a single electron avalanche. Table 3 gives an overview of the break-
down voltage at atmospheric pressure, the mean free pathway for electrons and the first ion-

isation energy of gases, which are used for the DBD.

Table 3: Breakdown voltage, mean free pathway for electrons and first ionisation energy for differ-
ent gases at atmospheric pressure according to [10]

Breakdown voltage Mean free pathway electrons Ionisation energy
[kV/cm] [pm] [eV]
Helium 3.7 1.10 24.6
Neon 4.2 0.7 21.5
Argon 6.5 0.39 15.7
Air 32.0 0.37 -
Nitrogen 33.0 0.35 15.7

However, the high ionisation energy and the low breakdown voltage are not sufficient to
explain the homogenous character of the plasmas ignited. The second important point is that
the direct ionisation via inelastic collisions is in competition with Penning ionisation in these
glow discharges. The Penning ionisation needs two steps to create additional free electrons.

An electron excites a heavy gas particle, which then ionises another heavy gas particle:
e+A—oe+A
A"™+B—->B'+A+e

The Penning ionisation is slower than the direct ionisation. As a result, when Penning ioni-
sation and the direct ionisation are in competition with each other, the total amount of ioni-
sations is reduced, because fewer electrons are created directly. The Meek criterion is
thereby not satisfied and a glow discharge is established at atmospheric pressure. But this is
only possible for the noble gases helium, neon and argon, which are relatively expensive and

thus not suitable for industrial processes.

APGD in nitrogen at atmospheric pressure does not exist. However, creation of an atmos-

pheric pressure Townsend discharge is possible. This kind of plasma has been intensely
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studied in recent years [58-67]. The Townsend discharge in nitrogen is of great interest,
because a homogeneous discharge is ignited in a relatively cheap gas, which makes this
technology suitable for industrial applications. The Townsend discharge or dark discharge
is a low current, self-sustained plasma with a comparatively low space charge and is thus
also a homogeneous discharge. The Townsend discharge is ignited by a weak electrical field,
with applied voltages being less than the breakdown voltage. Normally, plasmas cannot be
ignited under such conditions, because the seed electrons are not able to sustain the discharge
with enough ionisations. However, it is possible to increase the quantity of electrons via their
emission at the cathode dielectric. Excited states collide with the dielectric and release addi-
tional free electrons from there. The electrons released have been attached to the dielectric
by electron avalanches in the half cycle before and need relatively low energies to be set
free. The released electrons are accelerated through the electrical field in the direction of the

anode and can create further electrons via ionisation of heavy gas particles.

If the amount of emitted electrons is high enough, the plasma is ignited at voltages less than
the breakdown voltage. This is also shown by the Townsend criterion for gas breakdown
(Equation 2). When voltages less than the breakdown voltage are applied, the first Townsend
coefficient, a, is reduced and the augmentation of the electrons is lowered to a value less
than one. The plasma is thus no longer self-sustaining. In order that, the augmentation of the
electrons exceeds a value of one and the plasma is able to maintain itself, the second Town-
send coefficient, y, must compensate for the reduction of the first Townsend coefficient, a.
The secondary electron emission is the important factor to sustain the discharge. The Pen-
ning ionisation in the APTD is nevertheless as necessary as it is in the APGD to reduce the
direct ionisations in the gas and keep the discharge homogeneous. Table 4 summarises the

characteristics and conditions for the APGD and the APTD.

The APTD can be successfully ignited with experimental setups on the laboratory scale.
However, APTD is also very unstable and can easily turn into the filamentary mode, which
is problematic for industrial applications. Specific conditions are necessary to prevent the
discharge becoming inhomogeneous. Both electrodes must be covered with a dielectric to
maximise the emission of secondary electrons. The gas gap must be smaller than 1 mm in
order that volume effects (direct ionisation) are kept small compared to the surface effects
(secondary electron emission). The biggest problem however is that very high purity nitro-
gen gas must be used, because even very low impurities (other gases) quench the metastable

species of the nitrogen plasma and thus cause the filamentary discharge. Brandenburg et al.
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[67] showed for example that oxygen concentrations above 800 ppm are enough to change

the APTD to the filamentary mode.

Table 4: Different characteristics and conditions for the Atmospheric Pressure Townsend Dis-
charge and the Atmospheric Pressure Glow Discharge [56]

APTD APGD
Electron density maximum [cm™] 107 - 108 10 - 10!
Ions density maximum [cm™] 101 10"
Metastable of the dilution gas 10" 10"
Current density [mA/cm?] 01-10 10 - 100
Gas voltage variation around the Constant (Townsend Decrease (cathode fall
current maximum plateau) formation)

Penning mixture in He,

Dilution gases N2

Ne, Ar
Typical frequency range [kHz] <10 >1
Power for a 10 kHz excitation Some W/cm? Some 0.1 W/cm®

The filamentary and the homogeneous modes can often be readily distinguished with the
human eye, because the homogeneous discharge forms are uniformly distributed over the
electrode area, whereas the filamentary discharge consists of spatially divided filaments.
However, it is possible, that the filaments overlap with each other with the result that the
discharge looks homogeneous. Therefore, measurement of discharge current is a much more
definitive method for identification of the type of discharge occurring. In the filamentary
mode there are a multitude of current transients of nanosecond durations. In contrast, the
Townsend and glow discharges show a single peak of microsecond duration with each volt-
age half cycle. Figure 17 illustrates the discharge current and the applied sinusoidal voltage

of the filamentary and the Townsend discharge in nitrogen.
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Figure 17: Discharge current of the filamentary and the Townsend discharge in nitrogen from [68]

The current peaks indicate ignition of the plasma. The plasma is extinguished, when the
applied voltage drops under a certain threshold, which is necessary to sustain the discharge

and is then reignited in the next half cycle.

Another method for ignition of glow discharge plasmas at atmospheric pressure involves the
use of the nanosecond repetitive pulsed technology. This technology uses short unipolar or
bipolar high voltage pulses with a duration of 10-100 ns [40, 51]. The repetition frequency
reaches the kHz range. As a result of the short pulse duration, the discharge stays uniform,
because the electron avalanches do not have the necessary time to attain the critical level of
ionisations, which avoids the transition to the filamentary discharge. This technology offers
the possibility to ignite stable glow discharges in gases such as air [69-83] and nitrogen [72,
80, 84]. However, this technology is currently too expansive for industrial applications,

where sinusoidal AC power supplies are still widely used.

4.3 Interactions of the DBD nitrogen plasma with the polymer
surface

Before the interactions of the excited molecules with the polymer surface are discussed, a
general review about possible electron-molecule collision processes within a nitrogen DBD
plasma is given. The electron-molecule collision processes are categorised into elastic and
inelastic collisions. The elastic collisions transfer thermal energy from the electrons to the

molecules. The inelastic collision create the reactive species of the plasma, the ions, the
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excited species and radicals. The inelastic electron-molecule collisions processes can be fur-
ther classified into excitation and ionisation reactions. The diverse collision processes be-

tween electrons and gas molecules are summarised in Table 5.

Table 5: Electron-molecule collision processes [51]

Collision process Process
Elastic e+AB — e +AB
Excitation ¢+ AB — ¢ + AB*
Ionisation ¢+ AB — 2¢ + AB”
Attachment e +AB — AB-
Dissociation ¢c+AB—e+A+B
Polar dissociation e+AB—> e +A"+B
Dissociative ionisation e +AB —2¢ +A+B"
Dissociative attachment e+ AB —> A+B

The most important excitation, de-excitation and ionisation reactions within a DBD nitrogen
plasma at atmospheric pressure are given below and highlight the complexity of the plasma

chemistry by the following equations (according to [85-87]):

Na+e — Ny' +2e No(CTw) — No(B[[e) + Av
No+e — No(AD ) +e No(B[Je) — N2(A3S W) + Ay
No+e — No(@yyw) + e Ns“+ e — No(C[Tu) + N2
N2+ e — No(B[[o) + € Nst+ N2 — No¥ +2N»
No+e — No(C[u) + & No" + No( A —» N3P+ N,

N>"+e — 2N N> +e — NCD)+N

The chemical surface reactions of the radicals created by the nitrogen plasma with the sur-

face of the polymer foil are not well understood. However, the initiation reaction usually
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involves radical formation on carbon atoms of polymer chains via interaction with plasma
radicals. This leads to the formation of various functional groups as well as crosslinking of
polymer chains and scission of polymer chains (the latter in particular leading to creation of
LMWOM [7]). The gas utilised in the plasma process has significant influence on the kind
of chemical groups incorporated on the polymer surface and also, whether crosslinking or
the creation of LMWOM is dominant in the process. The latter is also dependent on the
dominant degradation mechanism of the polymer under such conditions, for example poly-
ethylene generally tends to undergo crosslinking whilst polypropylene tends to undergo
chain scission [88]. In general, however, plasmas ignited in inert gases, such as noble gases
or nitrogen, favour crosslinking of the polymer [89], whereas plasmas containing higher

amounts of oxygen can lead to the creation of LMWOM [3].

The functional groups incorporated by the nitrogen plasma treatment were studied by
Guimond S. et al. [90] and Wang K. et al. [91] using attenuated total reflection Fourier trans-
form infrared spectroscopy (ATR-FTIR). This technology is normally not suitable to detect
the changes in the treated surface of the polymer, because the plasma affects only the out-
most layers (i.e. the first few nm) [92] and ATR-FTIR (with penetration depth in the micro-
metre range) is not surface-sensitive enough to measure these changes. To overcome this
problem, the samples need to be exposed to the plasma for several seconds via static treat-
ment. This can lead to unrepresentatively severe degradation of the polymer surface whilst
the thickness of polymer affected is increased sufficiently to enable resolution of the changes

using ATR-FTIR.

The chemical groups on the surface of a BOPP sample treated by an atmospheric pressure
nitrogen plasma are mainly amines, amides and hydroxyls. Whilst BOPP samples treated in

air plasma featured carboxylic acid, ketone and ester groups [93].
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5 Design of the laboratory scale DBD rig

This chapter describes the design and construction of the DBD rig and the electrode config-
urations, which were used to examine the optimal settings for the DBD surface treatment of
the BOPP film on the laboratory scale. These settings were then transferred to an industrial
process. The setup of the industrial machine is also explained in this chapter. The novelty of
the laboratory DBD system in comparison to the plasma rigs of other researchers is the high
amount of different parameters, which can be investigated. The design of the DBD system
presented in this chapter allows to compare different electrode configurations and the varia-

tion of the dielectric thickness, as well as of the electrode distance.

5.1 Design of the process chamber

Although the experiments in this project are performed at atmospheric pressure, the applica-
tion of a vacuum chamber is useful. The vacuum chamber can be evacuated down to a pres-
sure of 1300 Pa with the E2MS5 rotary vacuum pump (Edwards High Vacuum International)
and then filled with the desired process gas or gas mixture. This procedure ensures that the
atmosphere in the chamber has a high purity and furthermore, the implementation of a closed
chamber protects the user from the release of hazardous chemicals, which could be produced

during the plasma process.

The design of the vacuum chamber includes a hollow glass cylinder, a cover plate (made of
polyamide 6.6), a metal ring and three hollow metal bars. The glass cylinder is encompassed
between the metal ring and the cover plate. The three metal bars are screwed to the metal
ring and go through the cover plate, where they are connected to a gas supply. The metal
bars have holes next to the metal ring and a connection into the chamber. Two gas connec-
tions are used to feed gases into the chamber and an additional one is used to measure the
pressure inside the chamber with a differential manometer. The metal bars also form a frame-

work to hold the chamber together.

The cover plate has three feed-throughs; one in the middle for a connection to the rotary
pump and two for cable glands for the high voltage cables which will supply the electrode
configuration. All metal parts of the chamber are covered with epoxy resin to avoid un-
wanted discharges. A bracket for the electrode configuration is inserted between two metal

bars. The opening in front of the chamber can be closed with an end cap, which is screwed
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to the metal ring. O-rings are placed at all necessary locations. Figure 18 shows the vacuum

chamber without the end cap.

Connection to the rotary pump  Holes for the high
voltage cables

Glass cylinder

Cover plate Metal bars

Gas connections

Bracket for the
electrode configuration

Figure 18: Dielectric barrier discharge plasma chamber

5.2 Reel-to-reel system with smooth profile parallel electrode
configuration

The parallel electrode configuration with the reel-to-reel system was designed to be placed
on the bracket within the vacuum chamber, shown in Figure 18. The parallel electrode con-
figuration consists of two holders for the stainless steel electrodes. The electrodes have a
size of 34 mm X 15 mm and their edges are rounded with radius of 5 mm and their borders
with a radius of 1.5 mm to avoid increased electrical fields through edge effects. The holders
have a central cut-out, where the electrodes are located. The electrodes are recessed flush to
the holders in order that they form one continuous surface. A high voltage cable is soldered
to an adhesive copper tape, which is then glued to the stainless steel electrodes. The cables
are connected through the holder by a feedthrough on the backside. The remaining space in
the feedthroughs was filled with epoxy resin, which prevents discharge from the electrode

through the holder and holds the cables in place.

Both holders also have threaded holes and clearance holes, for four M4 x 30 mm long flat
head screws, which locate the two holders together, with the electrodes facing each other.

The gap between the electrodes is determined by the number of 0.5 mm thick vulcanised
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fibre washers placed on each screw. The gap distance can therefore be changed in 0.5 mm
steps by adding the required amount of washers. A sheet of a dielectric material can be
clamped between the washers and the electrodes on each side in order that one or both elec-
trodes are covered by the dielectric. The whole configuration is fixed with nuts on every
screw. The material used for all parts apart from the electrodes and the washers is polyamide

6.6. Figure 19 illustrates the parallel plate configuration without dielectrics in place.

Hole for the high voltage cable

Electrode holder with
clearance holes

Flat electrode with
rounded edges and

Electrode holder with : — border

Washers for setting the
distance between the
electrodes

) o

Figure 19: Design of the parallel electrode configuration with smooth surfaces

The reel-to-reel system is illustrated in Figure 20. It consists of two reels (unwind and re-
wind), which are mounted on a base plate with two brackets. The parallel electrode config-
uration is mounted on to the base plate via four threated holes. The rewind reel is connected
via two gears to a DC motor (Maxon, brushed DC motor, 2 Watt), which is connected to a
DC power supply with the maximum settings of 30 V and 5 A. The cables for this are also
feed through the same holes, which are already used for the high voltage cables.

At the beginning of the surface treatment, the BOPP film is coiled on the unwind reel and is
then transferred with the help of the DC motor to the rewind reel, while passing through the
gas gap of the electrode configuration. The height of the reels is thereby chosen, so that the
film is held in contact with the dielectric, which is covering the upper electrode. Therefore

only the surface of the BOPP film, which is facing the gas gap, is affected by the plasma,
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while the other side stays untreated. Figure 21 illustrates how the BOPP film is transported

through the electrode configuration, when the DC motor is supplied with power.

Unwind reel

Threads for the
electrode configuration Rewind reel

DC motor

Figure 20: Reel-to-reel system
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Figure 21: Pathway of the BOPP film during the plasma treatment

The reel-to-reel system was designed with minimum space requirements like the whole sur-

face treatment system. As a result of the simple structure, the speed of the BOPP film during
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the treatment is not constant. The rewind reel is driven directly by the DC motor, however
the circumference of the rewind reel grows the more the film is rewound. Therefore, the
linear velocity of the BOPP film increases as the amount of rewound film increases the di-
ameter of the rewind reel. The increased speed leads to a reduced residence time of the BOPP
film in the plasma zone, which could affect the intensity of the surface treatment. This effect
must be considered, when samples of the treated BOPP film are examined with for example

contact angle measurement.

The first experiments were conducted with static surface treatments (without the reel-to-reel
system) of the BOPP film by placing the film on the lower electrode of a flat electrode con-
figuration. However, this kind of treatment did not result in homogeneously treated samples.
The memory effect causes that the filaments are ignited always at the same positions. There-
fore, the samples treated by the static treatment did show spots, which were affected by the
plasma, while other areas of the BOPP surface stayed mainly untreated. Furthermore, the
BOPP film around the treated spots became bleared and lost its transparency. This is a clear
identification that chemical structure of the BOPP film was damaged by overtreatment. To
avoid the overtreatment the reel-to-real system was added to the electrode configuration. By
transporting the BOPP film by the reel-to-reel system through the gas gap the contact time
of the polymer film with the plasma is dramatically reduced relative to the static treatment.

This ensures that only the surface of the BOPP film is treated and the bulk is not affected.

A second result of these first experiments was, that the electrode area of the flat electrode
configuration needs to be reduced, in order that the filaments are ignited close to each other.
Only then, it is ensured that the filaments are overlapping, which provides are more homo-
geneous surface treatment of the BOPP films. This is the case for the flat electrode configu-

ration presented in Figure 21.

5.3 Parallel electrode configuration with sawtooth electrode
profile

A second kind of electrode configuration was designed to better represent an industrial DBD
systems (shown by Figure 11). The upper electrode is flat with the dimensions 34 mmx26
mm. The edges of the electrode are rounded with a radius of 5 mm. The electrode is located
in an electrode holder and connected with a high voltage cable in the same manner as already
described in Chapter 5.2. The counter electrode has a sawtooth shape and is manufactured

from aluminium. The sawtooth electrode is directly fixed on the reel-to-reel system without
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a holder by a double-sided adhesive tape. Three types of the sawtooth electrode with differ-

ent amounts of teeth (1, 3 and 5) were used in this project. They are illustrated in Figure 22.

Sawtooth electrode
with 5 teeth

Sawtooth electrode
with 3 teeth

Sawtooth elctrode
with 1 tooth

Blocks for setting
the size of the gas
gap with washers

Figure 22: The three different sawtooth electrodes used in this project with 1, 3 and 5 teeth

The corrugated shape of the sawtooth electrodes concentrates the streamers of the filamen-
tary discharge on top of the teeth. Thus it is possible to ignite the streamers very close to
each other and align them. In order that the gap distance can be adjusted with washers, two
blocks (made of polyamide 6.6) with the same height as the sawtooth electrodes were
mounted to sides of each sawtooth electrode. The pathway of the BOPP film during the
plasma treatment is not changed by the utilisation of the different electrode configuration.
Due to the corrugated shape, the sawtooth electrodes cannot be covered by a dielectric sheet.
The reel-to-reel system with the adjusted sawtooth electrode configuration is shown in Fig-

ure 23.
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Figure 23:Reel-to-reel system with sawtooth electrode configuration

5.4 Overall view on the gas chamber with reel-to-reel system

and electrode configuration

The DBD system designed offers a lot of flexibility. The electrode configuration can be
varied in terms of the size of the gas gap between the electrodes and type, as well as thickness
of dielectric material. One or both electrodes can be covered by the dielectric, when flat
electrodes are utilised. The flat electrode configuration can also be replaced with a sawtooth-
flat electrode pair to be able to study, how the plasma treatment changes when the streamers
of the filamentary discharge are concentrated on one or several lines. In this configuration,

the sawtooth electrode is not covered with a dielectric.

A reel-to-reel system transports the BOPP film through the plasma zone in the gas gap be-
tween the two electrodes. A DC motor drives the rewind reel by two gears. Depending on
the power, applied to the DC motor, the speed of the film can be varied. The speed of the

film is during the treatment not constant and increases as the film is rewound.

The reel-to-reel system with various the electrode configurations is dimensioned to fit on a
bracket inside a vacuum chamber. A rotary pump evacuates the air inside the chamber. Af-
terwards, the chamber can be filled with any required gas or gas mixture, in order that the
plasma treatment is performed in the desired atmosphere at atmospheric pressure. The dif-

fusion of impurities from outside is prevented by a small overpressure inside the chamber.
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The whole DBD configuration is designed in order that the different settings and samples
can be changed with minimum effort. This system is well-suited for the treatment of a large
amount of samples in a short time. Figure 24 shows the reel-to-reel system with the flat

electrode configuration on the bracket inside the vacuum chamber.

Figure 24: Reel-to-reel system with flat electrode configuration inside the vacuum chamber

5.5 High voltage power supply of the laboratory scale system
and measurement of the electrical characteristics

The high voltage power supply of the laboratory scale DBD configuration consists of a func-
tion generator (TG 2000 20 MHz DDS, Aim-TTi), a DC power supply (GPR-11H30D, GW
Instek), an amplifier and a transformer (AD6170, Amethyst-designs). The maximum settings
of the DC power supply are 110 V and 3 A. The amplifier was designed by the research
group of Prof Bradley, University of Liverpool. The circuit diagram of the amplifier with all
electronic parts is given in the Appendix A. The low voltage side of the transformer has

seven turns and the high voltage side 1200 turns.

The amplifier processes the signals from the function generator and the DC power supply

and gives an AC signal to the transformer, which transforms the low voltage signal to a high
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voltage sinusoidal signal, which is then applied to the electrode configuration. A current
probe (Pearson current monitor model 4100, Pearson Electronics) and a voltage probe
(PVM-6, 1000:1, North Star High Voltage) measure the applied voltage and the discharge
current on the high voltage side of the electrical circuit. For this purpose, the probes are
connected behind the electrode configuration. To be able to calculate the charge, which is
transferred during the discharge, a measurement capacitor (TDK Corporation) with a capac-
itance of 560 pF is connected in series to the electrode configuration. The voltage drop is
measured across the capacitor with a voltage probe (GE-3121, 100:1, Elditest). The DPO
3014 oscilloscope (Tektronix) records all signals. The complete experimental setup is shown

in Figure 25.

The important properties of the measurement capacitor are a high breakdown voltage of 50
kV and a low dissipation factor of maximal 0.2%. The dissipation factor is the loss of electric
energy in an alternating electrical field, which is changed into heat inside the dielectric. The
heat is created by the polarisation of the molecules of the dielectric through the alternating
electrical field. The dielectric loss causes a distortion of the measured voltage drop across

the measurement capacitor and must therefore kept as small as possible.

The transferred charge, ¢, is calculated from the measured voltage drop, V4, and the known

capacitance of the measurement capacitor, cmeas:

q(t) = Cmeas * Va(t) Q)

The amplitude of the signal from the amplifier to the transformer is dependent on the selected
function and frequency of the function generator and on the voltage amplitude of the DC
power supply. The voltage settings of the DC power supply are adjusted to the maximum
and the set value is the current. This means, that the voltage floats to the adjusted current
and is increased with higher current settings. The voltage amplitude of the function generator
has no influence on the signal of the amplifier. However, a minimum value of 6 V is neces-
sary in order that the signal is processed by the amplifier. The function generator is able to
create sinusoidal, square and triangle waveforms with frequencies from Hz to MHz. More-
over, also positive and negative pulses are possible. The signal given from the amplifier to

the transformer is always an AC signal independent on the selected function of the function
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generator. The selected function has only influence on the amplitude of this AC signal. The
frequency of the applied voltage on the high voltage side is the same as the selected using

the function generator.
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Figure 25: Experimental setup of the laboratorial scale DBD system

5.6 Setup of the industrial scale DBD system

The main difference between the industrial scale DBD system and the previously presented
laboratory scale system is that the industrial machine does not use a closed chamber. It is
thus an open system. The DBD configuration, discussed in this section, has already been

schematically illustrated in Figure 11.

The grounded electrode of the industrial DBD configuration is a drum, which also transports
the BOPP film through the plasma during the treatment. The drum has a diameter of 1.2 m
and a width of 2.5 m. The dielectric covering the drum is a 5 mm thick layer of silicone. The

film passes around this dielectric during the treatment. The counter electrode has the dimen-
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sions of 1.2 m x 0.15 m and is corrugated perpendicular to the machine direction. Four coun-
ter electrodes are equally spaced around the lower half of the drum electrode. They are made
of aluminium and each counter electrode is powered by its own generator with up to 20 kW.
The gas gap between the counter electrode and the drum is continuously variable from 900

um and 2000 pm.

In order that the surface treatment can be performed in the desired nitrogen atmosphere, gas
nozzles are positioned in the front of every electrode along their entire length. The gas flow
of these nozzles amounts to 4.7 slm per metre during the treatment. Simultaneously, the air
at the circumference electrode configuration is sucked in a slot at both sides. Thereby, the
contamination of the process gas with air is prevented. A sensor between the two electrodes
measures the concentration of oxygen in the process gas and stops the surface treatment if
the oxygen concentration exceeds a value of 16 ppm. The BOPP film is treated at a speed of
up to 300 m/min. Figure 26 shows the industrial DBD system with the drum and counter

electrode separated in the open position.

Gas nozzles

Figure 26: Industrial DBD system in open position
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6 Analytical techniques

This chapter describes the Lissajous figure; an analytical method, which is used to examine
the electrical characteristics of the high voltage cycle of the laboratory DBD system. With
this method, the consumed electrical power and the minimum voltage to ignite the discharge
can be examined. Furthermore, the measurement techniques for the characterisation of the
untreated and of the plasma treated samples are explained. These techniques are the contact
angle measurement and the X-ray photoelectron spectroscopy (XPS). It also should be men-
tioned that the BOPP films were investigated with attenuated total reflection Fourier trans-
form infrared spectroscopy (ATR-FTIR) to get more information about the chemical groups
incorporated on the surface of the plasma treated films. However, the measured spectra of
treated and untreated samples did not show any differences to each other, which led to the
conclusion, that the ATR-FTIR measurement is not surface-sensitive enough (penetration
depth in order of microns) to investigate the chemical composition of the BOPP films after

the plasma treatment.

6.1 Lissajous figures

The Lissajous figures are an important diagnostic tool for the electrical characterisation of
DBDs and has become a standard measurement technique for their specification. Lissajous
figures are created by plotting the charge, which is transferred during the discharge, against
the applied voltage of the high voltage circuit. The result is ideally a parallelogram, which
illustrates the discharge behaviour over one cycle duration. Figure 27 shows schematically

a Lissajous figure of a DBD driven by a sinusoidal voltage.
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Figure 27: Idealised Lissajous figure of a DBD driven by sinusoidal voltage

The Lissajous figure in Figure 27 shows two different regions of the DBD characteristics.
From the points A to B and the points C to D, the discharge is not ignited. The amount of
transferred charge is relatively low. The reason for the low charge transfer is the replacement
current. From the points B to C and the points D to A, the discharge is ignited. The charge
transfer is high, because a high current flows in the gas gap via the establishment of electron
avalanches. The slope of the straight lines AB and CD equals the capacitance of the DBD
configuration, ccon. The DBD configuration is a plate capacitor with a series connection of

the capacitance of the gas gap, cg, and of the dielectric, cs (Equation 6):

1 1 1
= —+— (6)
Cconf Ca Cg

Solving Equation 6 for cconsresults in Equation 7:

Cd'C

9
C =
conf Cq + Cg (7)
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During the discharge, the gas becomes conductive and thus loses its ability to store electrical
charge. Therefore, the slope of the straight line BC and DA equals only the capacitance of

the dielectric, cq.

The main reason why the Lissajous figures are used for the characterisation of DBDs is that
the electrical power of the plasma, P.;, can be relatively easily estimated from them. It is also
possible to calculate P.; from the applied voltage and the discharge current. However, it is
reported that measurement of discharge current of filamentary discharge is of lower accuracy
than measurement of the time-integrated signal of the current, which is the charge [46, 94].
The reason for the lower accuracy of the former approach is the nanosecond duration of the
current pulses (shown by Figure 17), which requires a current probe with a frequency band-

width within the megahertz range.

For calculation of consumed power of the DBD configuration, P.;, using the Lissajous figure,
the area bounded by the Lissajous figure has to be calculated. The area is equal to the con-

sumed electrical energy, W, during one discharge cycle [9, 92, 95, 96] (Equation 8).

T T
W, = f V(g = Cmoas f VO, ®)
t=0 t=0

By multiplying the discharge energy, We., by the frequency of the applied voltage, f, the

electrical power, P., is calculated (Equation 9):

Py :f'Wel )

Another advantage of the Lissajous figures is the possibility of estimating the minimum
voltage, Viin, which is necessary to ignite the discharge. This value can be determined from
the Lissajous figure at the point where the voltage function intercepts zero charge. The min-
imum voltage, Viin, is therefore not equal to the breakdown voltage, V5, which was discussed
in Chapter 2.3. The difference is that the breakdown voltage was defined for an electrode
configuration without a dielectric. The minimum voltage required to ignite a DBD is higher,
because the dielectric causes loss of electric energy, i.e. the dielectric loss, which must be

compensated for by a higher voltage.
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6.2 Contact angle measurement using the sessile drop method

Contact angle measurement (also called goniometry) using the sessile drop is a method for
estimation of the surface energy of a solid substrate. A droplet of a probe liquid with known
surface energy is applied to the solid substrate. The solid substrate, the liquid and the sur-
rounding gaseous atmosphere form a three phase system. A tangent is then drawn at the
point, where all three aggregate phases meet each other, along the profile of the drop. The
contact angle, ©, is measured between this tangent and the baseline of the droplet (Figure

28).

The estimation of the solid surface energy, ys, utilises on the Young-equation [97], which
relates the contact angle, ®, with the three interfacial tensions of solid-vapour, solid-liquid

and vapour-liquid, while the mechanical equilibrium between the three phases is fulfilled.

Gaseous

Figure 28: Contact angle between the liquid and solid phase

Equation 10 is a simplified version of the Young-equation, which is more commonly used
for the determination of the solid substrate surface energy [98]. In this equation the solid-
vapour tension is replaced by the surface energy of the solid, ys, and the surface energy of

the liquid, yi, substitutes the vapour-liquid tension. The solid-liquid tensions, ys1, remains.

Y1 cost =y — yg (10)

Equation 10 contains the two unknown variables, the solid-liquid tension, v, and the solid

surface energy, ys, and hence is not solvable. The contact angle, ®, is the measured physical
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quantity and the surface energy of the liquid, yi, is known. To be able to solve the equation,
different concepts were developed. The most important are originated by Fowkes [99-101],
Owens and Wendt [102], van Oss, Chaudhury and Good [103], Wu [104, 105], as well as
Fox and Zisman [106, 107].

In this project, the Owens-Wendt-Rabel-Kaelble [108, 109] method is utilized, which is one
of the most commonly applied procedures to estimate the surface energy of solid substrates
[110, 111]. This theory divides the surface energy into two components: the polar and the
dispersive part. This two component model describes good wettability between a solid sub-
strate and a liquid not only by a similar surface energy, it is also necessary, that the polar
part and the dispersive part of the surface energy are as close as possible. The polar part
describes the sum of the polar interactions, such as hydrogen bonds, as well as dipole-dipole
and acid-base interactions. The dispersive interactions are based on temporary variations in
the electron density of the molecules. These weak interactions are also known as London
forces or van der Waals forces. The surface energy within one phase is the sum of the dis-

persive part and the polar part:

=y +v¢ (11)

Vs = Ve + v (12)

The solid-liquid tension, vy, is calculated based on the two surface energies of the solid, ys,
and the liquid phase, yi, as well as the interactions of the two phases. These interactions are

the geometric mean of the polar and the dispersive part of both phases:

nﬁﬂ@+n—2(f€wf+Jﬂ“ﬁj (13)

Combining Equation 13 with the Young-equation (Equation 10) results in:

n-®m9+1)=2(fd-ﬁthﬁ@'ﬁv (14)
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Rearranging Equation 14 yields in a linear equation of the kind:

{cosf+ 1) ‘F (15)
e VR

‘ v A e i

y = m " x +t

The only two unknown variables in Equation 15 are the polar and the dispersive part of the
solid, 7 and y,’. These variables can be determined by measuring the contact angle, O, of
the solid substrate with at least two different testing liquids. The polar and the dispersive
part, y7 and y of the surface energy of the liquid must be known and the polar part of at
least one has to be a non-zero number. With the measured contact angles, the terms y and x
of Equation 15 can be calculated for every test liquid used. The obtained values are then
plotted and the slope, m, and the y-intercept, ¢, are determined via linear regression. The
slope, m, equals the polar part of the surface energy of the solid substrate, y#, and the y-

intercept is the dispersive part, 7.

It is important that the test liquids do not dissolve or penetrate into the BOPP substrate in
order to avoid the value of the contact angle being affected. Three test liquids have been
chosen for this project: distilled water, diiodomethane and ethylene glycol. They have been
already been utilised by other researchers to investigate the surface energy of PP [112, 113].
The values for the total surface energy, the polar part and the dispersive part of the three

testing liquids are presented in Table 6.

Table 6: Total surface energy, the polar and dispersive part of the testing liquids [114]

Total surface energy, y: Dispersive part, y/ Polar part, y/
[mN/m] [mN/m] [mN/m]
Water 72.8 21.8 51.0
Diiodomethane 50.8 50.8 0.0

Ethylene glycol 47.7 30.9 16.8
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The drops positioned on the BOPP substrate were monitored using the MobileDrop GH11
(Kriiss GmbH) measuring system. The “drop shape analysis” analysis software was utilised
to measure the contact angle using the Young-Laplace fit. According to the manufacturer,
this method offers the best correspondence between the theoretical and real drop shape in

the case of a symmetric, undistorted drop on a smooth surface [115].

In addition to the contact angle measurement, the surface energy of the plasma treated films
was investigated using Dyne Inks and Pens. This method uses pens, which are filled with a
coloured ink and different solvents. The combination of the solvents determines the surface
energy of the ink-solvent-mixture. The surface energy value is written on the side of the pen.
This method utilising Dyne Inks and Pens forms the basis of the ASTM D2578 Standard
[116].

A continuous line is drawn with the pen on the treated BOPP film to be investigated and
afterwards the wetting ability of the ink-solvent-mixture is evaluated visually. If the ink-
solvent-mixture wets the BOPP film properly, the value of surface energy of the film is equal
to or greater than the value written on the used pen used. If the wetting is poor, the ink-
solvent-mixture starts to form droplets on the sample and the drawn line is thus not con-
sistent, i.e. the ink does not wet the film. In this case, the surface energy of the film is lower
than the value on the pen. Two different pens with surface energy of 38 mN/m (Softal elec-
tronics GmbH) and of 50 mN/m (Corona Supplies Ltd) were used in this project. Figure 29
illustrates the difference between good and poor wettability between a BOPP film with un-
treated and plasma treated regions and an ink-solvent-mixture with a surface energy of 38

mN/m.

Figure 29: Good and poor wettability indicated by use of a Dyne pen with a surface energy of 38 mN/m to a
BOPP film with untreated and plasma treated regions
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6.3 X-ray photoelectron spectroscopy

X-ray photoelectron spectroscopy, which is also known as electron spectroscopy for chem-
ical analysis, is a highly sensitive surface analysis technique used under ultra-high vacuum
conditions (lower than 1077 Pascal). The XPS characterises solid materials at a depth of ap-
proximately ten nm [116]. The information gained by this analysing method is the elemental
composition of the investigated surface, which includes the qualitative and quantitative anal-

ysis.

The principle is that the sample is irradiated with monochromatic X-rays of known energy.
The X-rays cause the emission of electrons by the photoelectric effect from the surface atoms
of'the sample. The kinetic energy of the released electrons is measured by an electron energy
analyser, which allows the calculation of the binding energy of the electrons. The binding
energy of the electrons from the inner shells is characteristic for every element. Thereby, all
elements of the sample’s surface can be identified and the composition of the surface in
atomic percent is determined from the amount of detected electrons for each element. Only
helium and hydrogen cannot be detected with XPS, because the cross section of their 1s
atomic orbital is very small for the photoelectric effect. Furthermore, hydrogen and helium
only have one orbital, which is the valence orbital. A core orbital is missing. This makes
their detection impossible, because there is no way to distinguish the electrons of the 1s
valence orbital from the electrons of other valence orbitals, which would belong to elements

other than hydrogen or helium [117].

In order that a photoelectron reaches the electron energy analyser, it is necessary, that it
travels through the sample and escapes into the vacuum. Free electrons can cause inelastic
and elastic collisions or recombination reactions. These effects reduce the amount of released
electrons, which reach the electron energy analyser. The probability of these effects grows
exponentially with the sample depth. As a result, mainly photoelectrons from the layers
closer to the surface of the sample, are detected, which makes this method to a highly surface
sensitive analysis tool. However, this ability also necessitates that the measurement is per-
formed under ultra-high vacuum. Only under these conditions, it is ensured, that no contam-

inations on the surface of the sample distorts the measurement.

The analysis of a measured XPS spectrum starts with the identification of the individual
peaks, which are characteristic for every chemical element by the individual binding energy

of the detected electrons. Variations in the elemental binding energies arise from differences
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in the chemical neighbourhood and binding state. These chemical shifts can be used to iden-

tify the chemical state of the materials being analysed.
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7 Design of Experiments: The D-optimal approach

In this project the D-optimal design of the Design of Experiments (DoE) is utilised to opti-
mise and investigate the surface treatment of commercially available BOPP films with the
laboratory scale DBD system. For this, a set of systematically selected experiments are per-

formed to study the behaviour of the DBD system and to develop a cubic regression model.

7.1 Principles of the design of experiment

To be able to understand the principles of DoE, two different variables have to be discussed:
factors and responses. The factors are set values, which influence the experiment. The re-
sponse is a measured information, gained from the experiment. The information depends on

the set values of the factors.

Simple experimental design according to the type “change only one separate factor at a time
till no further improvement is accomplished” is unfortunately inappropriate, if more than
one value has influence on the response, because this method does not necessarily lead to
the optimum conditions. This fact is illustrated in Figure 30. The first set of experiments
leads to the optimisation of factor x;. The second sets of experiments is implemented to
improve the factor x; on the basis of the estimated optimal value of x;. However, this exper-

imental design does not hit the optimal response area.

»
>

Figure 30: Experimental design by changing only one separate value at a time without reaching the optimal
response area according to [118]
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The better approach to finding the optimum values is to change of all factors simultaneously,
which is done using the concept of DoE. Additionally, also possible interactions of factors,

which influence the response can be investigated with DoE.

The factors can be classified into quantitative and qualitative factors. Quantitative factors
have a given range and also a continuous scale, whereas qualitative factors own only one
value. An example for a quantitative factor for this project is the size of the gas gap between
the electrodes, which can be changed in certain steps. The treated film can be seen as a
qualitative factor. The qualitative value of this factor could be the manufacturer. This makes
sense, if films from different manufactures are treated and examined. Experimental arrays
with qualitative factors are able to investigate, whether the factors have a significant influ-
ence on the response with the variance analyses. Regression analyses are performed with
experimental arrays with quantitative factors. The aim is to find the functional correlation

between the factors and the response.

The basic concept of DoE is to define a standard reference experiment and then change the
values of the factors of the standard experiment such that new experiments are evolved sym-
metrically around the standard reference, which thus becomes the centre-point of the exper-
imental array. This basic concept is also illustrated in Figure 31 for an experimental array

with three factors.

d
X3

Figure 31: Symmetrical distribution of experiments around the standard reference experiment as centre point

of an experimental array with three factors on two levels
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At the beginning of a new DoE project, the problem formulation is from fundamental im-
portance. There are five objectives of the problem definition: the classification of the exper-
imental objectives, the definition of the factors, the definition of the responses, the specifi-

cation of the regression model and the design of the experiments.

The experimental objective defines the reason, why an investigation is undertaken. Possible
experimental objectives are the optimisation of an industrial process or the scientific inves-
tigation of a specific system. The factors are the different variables, which are changed dur-
ing the experiments and the responses are the measured values. The regression model is
specified as a polynomial model, which has to correspond to the chosen experimental objec-
tive. For example, the optimisation of an industrial process often requires only a simple lin-
ear model, because merely the information “does the change of the factor lead to a better
response” is sufficient. In contrast, a scientific investigation needs more complex models of
quadratic and cubic forms, which also consider interactions between the factors. These kind
of models are able to describe the investigated process more precisely and offer more infor-
mation about how the factors influence the process. The next step is the experimental design,

which mainly depends on the chosen regression model and the range of the factors.

7.2 The different regression models and the estimation of the
regression coefficients

Three main types of regression models exist: linear, quadratic and cubic. The aim of the
regression is to model the response, y, as a function of the factors, x,. For this, the independ-
ent regression coefficients, a,, need to be estimated, in order that the data points of the factors
and the response provide the best fit to the regression model. The best fit is found with the
least-squares approach, which estimates the regression coefficients, so that the sum of the
squared residuals of the measured points and the regression function are minimised. The
quality of the regression is stated by the coefficient of determination, R, which has a value
between 0 and 1, whereby 1 is a perfect fit and 0 means there is absolutely no correlation.
The three different regression models are expressed by the following equations (Equation

16-18), whereby £ is the amount of factors.
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The complexity of the models is increased from the linear to the cubic model. This can be
easily seen with the growing amount of mathematical terms, which are necessary to describe
the respective model. These models also exist without the consideration of the interaction
terms of the factors, XuXm, XuXmXo, Xn"Xm and x,x»°. A more complex model is generally able
to describe the response as a function of the factors with a higher accuracy. However, the
quantity of experiments, which have to be performed to estimate the different regression
coefficients, is obviously increased with a more complex model, because the type of the
regression model determines, how often one factor needs to be changed in the experimental
design. For the linear model, the factors are changed on two levels; the square model needs
already three levels and the cubic four. The quantity of necessary experiments also depend

on the amount of the factors and the statistical design.

The regression coefficients are calculated with a matrix operation. Therefore, the regression

models of Equations 16, 17 and 18 are expressed by matrices and vectors:

Y=X-A (19)
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The matrix X contains the different settings of the factors and the index j equals the quantity
of regression coefficients to be determined. These can be calculated with the following ma-

trix operation:

A= XTX)"1XTY (20)

The mathematical effort to solve Equation 20 is high and is thus often operated with a sta-
tistical computer program. With the modulus of the regression coefficients, the influence of

the factors on the process can be appreciated.

7.3 The basic experimental designs

To solve the different regression models, various statistical designs were developed. There
are three basic designs: the full factorial design, the fractional factorial design and the central
composite design. The Plackett-Burman design, the Taguchi design and the optimal designs
can be deduced from these basic designs. All designs have different features and application

arcas.

The full factorial design is made by combining all values of the factor levels with each other.
The factors need to be orthogonal to each other, which means there is no correlation between
them and the levels of the factors can be set individually. The number of required experi-
ments is maximal, which makes this design to the best evaluable, but also unsuitable for

experimental arrays with many factors and a complex regression model.

The fractional design is also based on orthogonal factors. The quantity of experiments is
strongly reduced in comparison to the full factorial design, because the value of one or more
factors is set dependent on the values of the other factors and not individually. Depending
on the quantity of unperformed experiments (i.e. possible combinations of factors not tested),
the evaluation of certain interactions are not possible anymore or are confounded with each
other. A good evaluation of complex quadratic and cubic models is only possible, if the
amount of reduced experiments is not too high. Therefore, the fractional design is mainly

suited for the investigation of linear regression models.
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The central composite design is based on a full factorial, but the number of experiments is
increased by a centre point experiment, which is also often repeated at least twice. There are
also several axial star point experiments, which define a spherical experimental space. The
levels of the star point experiments are higher than the levels of the other experiments and
allow the estimation of quadratic effects. However, the experimental effort is significantly
enhanced. Figure 32 illustrates graphically the full factorial, fractional and the central com-

posite design.

Full factorial design Fractional design Central composite design

Figure 32: The full factorial, the fractional and the central composite design for an experimental array with
three factors on two levels

The Plackett-Burman design is a two-level fractional design for screening factors that have
a strong influence on the process and require further investigation. A linear regression model
is utilised to find the main effects with impact on the response. The amount of factors is

equal to the quantity of experiments minus one [119].

The Taguchi designs are two, three and mixed level full factorial or fractional designs, which
were developed for product development and industrial engineering. The aim of the Taguchi
design is to identify and reduce the influence of confounding factors on the investigated
process. For this purpose, an inner experimental array and outer experimental arrays are
developed. The inner array is created with controllable factors and the outer array with pos-
sible confounding factors, which can be simulated and controlled on the laboratory scale.
The outer arrays are placed around the experiments of the inner array, as shown by Figure

33 [120].
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Figure 33: Two level full factorial Taguchi design with three-factor inner array and two-factor outer arrays

7.4 The D-optimal design

The optimal designs are experimental designs, which are optimal regarding a statistical cri-
terion. There are many different optimal designs, such as the A-optimal, C-optimal, E-opti-
mal and T-optimal designs. In this project, the D-optimal design is utilised. Information

about the other optimal designs can be found in [121].

The D-optimal design is a computer generated design, which selects a group of the best
suited experiments of all theoretical possible experiments in order that the experimental ef-
fort is reduced and the prediction accuracy is relatively high. The criterion therefore is the
maximisation of the determinate of the matrix X’X for a given regression model. This is also
the reason, why this design is called D-optimal. If the experiments are chosen by this crite-
rion, the volume of the experimental region is maximised, which means, that mainly the

levels of the factors with the highest values are combined with each other.

The D-optimal design offers a few advantages in relation to the other designs. Qualitative
and quantitative factors can be mixed in a D-optimal experimental array. The quantitative
factors do not need to be orthogonal, which allows an irregular design. As a consequence,
settings, which are difficult to adjust, can be avoided. Already performed experiments can
easily be included in a new experimental array and the required quantity of experiments is

lower in comparison to a full factorial or fractional design.

The aim of the D-optimal design is to minimize the experimental effort, but still offer the
information about the main effects and simple interactions of the factors on the response.
Complex interactions with quadratic terms or more than two factors are in general not con-

sidered in the regression model of a D-optimal design. The levels of the factors can freely
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be selected, which makes the analysis of complex quadratic and cubic regression models

possible. Therefore, the D-optimal design is highly suitable for scientific investigations.

The cubic model for a D-optimal design, which is used in this project, has the following

regression model:
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If three factors are used, Equation 19 yields in:
Y= Qo+ a;x; + ayx, + azxs + a1 x% + ax3 + azzx’
+ a111x13 + a222x23 + a333x33 T A12X1X> (22)

+ a13xl.X3 + a23xZ.X3

For the estimation of the 13 regression coefficients of the regression model of Equation 22,
a full factorial design would need 64 experiments. The D-optimal design reduces the quantity
of the required experiments to 16. These two numbers show, why the D-optimal design is
favoured for many projects. The experimental effort is minimised while the gained infor-
mation is mainly maintained. For this project, the statistical software Visual-XSel version
13.0 (CRGRAPH) was used for the generation and the analysis of the D-optimal experi-

mental design.
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8 Factor analysis for the design of experiment

In this chapter, the different experiments, which were implemented to examine the influence
of the possible factors regarding the plasma treatment on each other, are explained. Based
on the results of these experiments, it was decided which factors are suitable for the experi-
mental array and which factors must be kept constant, because their variation is inappropriate

for the experimental array.

8.1 Theoretical reflection of possible factors

In principle, the factors, that influence the surface treatment of the BOPP film with the la-
boratory scale DBD system, can be divided in two groups. One group of factors concern the
settings of the high voltage power supply, the setup and mode of operation was previously
discussed in Chapter 5.5. The other group of factors is related to the different electrode con-

figurations and the reel-to-reel system, as explained in Chapters 5.2 and 5.3.

The factors, which can be changed on the reel-to-reel system or the electrode configurations,
are the size of the gas gap between the electrodes, the nature of dielectric and its thickness
(which covers one or both electrodes), the kind of electrode configuration (flat electrodes or
flat and sawtooth electrode) and the rewind speed of the film during the treatment. If a saw-

tooth electrode is utilised, an additional factor is the number of its teeth.

The factors associated with the power supply are the frequency and the selected voltage
function i.e. sinusoidal wave, positive pulse, triangle wave or square wave) and the current
setting on the DC power supply. The voltage on the DC power supply is set to the maximum
and floats to the specified current. With an increased current setting on the DC power supply,
the high voltage power supply feeds more power to the electrode configuration. Adjusting
the voltage and setting the current to the maximum is less effective regarding the amplitude
of the supplied voltage to the electrodes than the other way around, therefore the current and

not the voltage of the DC power supply is chosen as a factor.

All these possible factors have to be investigated to determine whether they are suitable for

the experimental array. Therefore, the factors are verified against the following criteria:

The main aim of the experimental array is to examine the different settings, which can also
be adjusted on the industrial DBD system. These are the power applied to the electrodes and
the gas gap between the electrodes. Thus the most important criterion is that the factors

should correspond to one of these two values. That criterion is fulfilled for the current setting
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on the DC power supply, and the gas gap, which can be adjusted with washers in steps of

0.5 mm.

The second important criterion is the scientific applicability of the factor investigated. Thus,
quantitative factors are preferred in contrast to qualitative factors, because the investigation,
of how a qualitative factor influences a process, leads in the best case only to the statement
that a certain adjustment leads to better results than the others. The pivotal physical quantity
(or quantities) and how these quantities influence the process cannot be identified. If a quan-

titative factor is utilised, this information can be gained.

Additional to these criteria, the chosen factors must be orthogonal to each other and adjust-
able over the selected range. The situation where one factor has too much influence on the
process should also be avoided, since this could lead to the superposition of the other factors.
For the better case, the influence of a factor on the process can no longer be estimated. If a
factor is unsuitable for the experimental array, it must be kept constant at a certain value.
This value needs to be carefully selected. The following sections will discuss the experi-

ments, which have been undertaken to estimate the suitable factors.

8.2 The influence of the set function of the function generator
on the voltage applied

The selected function provided by the function generator is an unsuitable factor for the ex-
perimental array, because it has only a qualitative nature. However, the selected function
could have an influence on the amplitude of the voltage applied to the electrode configura-
tion. This amplitude should have a preferably high value, since the amplitude of the applied
voltage determines the strength of the electrical field between the electrodes. The amplitude
ofthe applied voltage can also be increased by increasing the current setting of the DC power
supply. Nevertheless, the power delivered by the DC power supply should not exceed 50 W,
because if more power is applied certain components of the amplifier are damaged by over-

heating.

The influence of the different voltage functions (sinusoidal wave, positive pulse, triangle
wave and square wave) on the amplitude of the applied voltage were investigated with the

flat electrode configuration with a gas gap of 2 mm filled with air and a frequency of 36 kHz.
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A 0.63 mm thick aluminium oxide dielectric covered one electrode and the current on the

DC power supply was set to 0.1 A. The results are shown by Figure 34.
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Figure 34: Influence of the set function of the function generator on the voltage applied to the electrode con-
figuration

The results of Figure 34 indicate that the positive pulse and the square wave function (which
overlay each other in Figure 34) of the function generator are more suitable than the triangle
wave and the sinusoidal wave function (which also overlay each other), because the ampli-
tude of the applied voltage is considerably higher with these settings. The positive pulse and
the square wave, as well as the triangle wave and the sinusoidal wave led to the same sinus-
oidal waveform of the applied voltage. As a consequence of these measurements, the positive

pulse was selected as the function for all further experiments.

8.3 The influence of the frequency on the electrode voltage

The measurements for the investigation of the influence of the frequency, set on the function
generator, on the applied voltage were performed with otherwise identical settings of the
experiment of the previous Section 8.2. The frequency was altered over the range of 31 kHz

to 45 kHz and the applied voltage was measured every kHz for the functions sinusoidal
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wave, square wave, triangle wave and positive pulse. The results of the measurements are

shown in Figure 35.
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Figure 35: Influence of the frequency on the amplitude of the applied voltage

The results of Figure 35 confirm the findings already made regarding the different wave-
forms selected on the function generator. The positive pulse and the square wave forms, as
well as the triangle and the sinusoidal wave forms led to almost identical amplification of
the voltage, whereas the square and positive pulse wave forms offer the better results. The
frequency has a strong influence on the amplitude of the voltage. There is an optimum for
every wave form between 37 and 39 kHz, where the amplitude of the voltage reaches a
maximum. If frequencies lower than 31 kHz are selected, the applied voltage does not have
a sinusoidal function, but a pulsed form, which is unsuitable for the ignition of the plasma.

Frequencies higher than 45 kHz do not lead to the required amplification of the voltage.

These results show clearly, that the frequency is not suitable as factor in the experimental
array. The frequency would be a quantitative factor, however the massive influence on the
amplitude of the voltage contains two problems. First of all, the range over which the fre-
quency could be changed, is very small and must be kept close to the optimum, because
otherwise the voltage would not be amplified sufficiently to provide the minimum voltage
for the breakdown of the gas. Furthermore, the frequency would not be orthogonal to the

current setting of the DC power supply. The current is chosen as the factor, which influence
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the applied power. Since the frequency has a strong influence on the voltage, it also influ-
ences the applied power and is thus not orthogonal to the current setting on the DC power
supply.

As aresult, since the frequency is unsuitable as a factor, it must be kept constant at a certain
value. The most appropriate frequency for this is the optimal frequency, at which the voltage
reaches the maximum. However, it must also be investigated whether the optimal frequency,

in turn, depends on the electrode configuration settings, such as the size of the gas gap and

the type of the dielectric.

8.4 Dependence of the optimal frequency on the capacitance of
the electrode configuration and selection of the dielectric

To investigate the change of the optimal frequency by varying the size of the gas gap and
the kind of dielectric, three different dielectrics were applied to cover one of the electrodes
of the flat electrodes configuration. The optimal frequency was measured for each dielectric
at air gaps of 1.0 mm, 1.5 mm, 2.0 mm, 2.5 mm and 3.0 mm. The dielectrics were aluminium
oxide with a thickness of 1.26 mm, mica with a thickness of 1.06 mm and polyethylene

terephthalate (PET) with a thickness of 1.50 mm. Te results are illustrated in Figure 36.
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Figure 36: Dependence of the optimal frequency on the air gap distance and the kind of dielectric covering
one electrode
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The results of Figure 36 show that the kind of dielectric, as well as the size of the air gap
have an influence on the optimal frequency. The optimal frequency is increased by enlarging
the gas gap. Moreover, the difference in the optimal frequency between the various dielec-
trics, compared at the same gas gaps, is reduced the larger the gas gap is. This behaviour
leads to the assumption that the optimal frequency could be dependent on the capacitance of
the electrode configuration, which is the series connection of the capacitance of the gas gap
and of the dielectric, as shown by Equation 7. The capacitance of an insulator between two
electrodes (the solid dielectric or the gas in the gas gap) depends on the thickness of the
insulator, d,, the vacuum permittivity, €, the relative permittivity of the insulator, &;, and the

electrode area, Ag, as expressed by Equation 23.

Ci =& & " — (23)

It is evident from Equation 23, that the capacitance of the gas gap is reduced by increasing
the size of the gas gap. The capacitance of the dielectric is constant during the experiment,
since the thickness of the dielectric is not changed. Thus, the influence of the capacitance of
the dielectric on the capacitance of the electrode configuration is reduced with increasing the
gas gap, which results in the lowered differences of the measured optimal frequencies of the

different dielectrics.

To verify this theory, it was necessary to find the connection between the optimal frequency
and the capacitance of the electrode configuration. This connection is given by the resonant
circuit, which is formed by the capacitance of the electrode configuration and the inductor
(i.e. secondary coil of the transformer). Stryczewska et al. [122] report that the high voltage
power supply and the electrode configuration interacts in that way. The optimal frequency
is the resonant frequency, fy, and is expressed by Equation 24 with the capacitance of the

electrode configuration, ccons, and the inductivity of the inductor, L:

fo= 27 JL s (24)
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It is not possible to directly validate this equation with the measured optimal frequencies,
because the varied capacitances of the electrode configuration, ccons, are unknown and cannot
be measured. However, rearranging Equation 24 into the form of Equation 25 allows the
product of the inductance and the capacitance of the electrode configuration, L-ccons, to be

expressed as a function of the optimal frequency:

1
f(fo) :(

@ fo? et 2
0

If the assumption, that the electrode configuration forms an resonant circuit with the second-
ary coil of the transformer, is true, then the measured optimal frequencies plotted as a func-
tion of the calculated product of the inductance and the capacitance of the electrode config-
uration, L-cconf, should form a straight line, because the product L-cco,r corresponds to a linear
equation with the slope L and the y-intercept of zero. Figure 37 shows the plot of the optimal

frequency against the product of the inductivity and the capacitance of the electrode config-

uration.
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Figure 37: Optimal frequency plotted against the product of inductivity, L, and the capacitance of the elec-

trode configuration, cconr

Figure 37 indicates that the all points lie, independent on the utilised dielectric or the differ-

ent sizes of the air gap, on one straight line. The y-intercept of the equation, obtained by
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linear regression of all calculated points, has a value of 5.1x10'!, which is almost zero. With
this result, it is clear, that the electrode configuration forms a resonant circuit with the in-
ductor of the transformer. Consequently, the optimal frequency depends on the size of the

gas gap and the thickness of the used dielectric.

The frequency cannot be used as factor in the experimental array, however the frequency
must be set to the optimal frequency for every possible electrode configuration of the exper-
imental array. Only then, is it ensured, that the amplification of the applied voltage is equal

and independent of the width of the gas gap and the dielectric material and its thickness.

There are in principle two possible capacitances, i.e. in the case of discharge ignition and in
the case that the discharge is not ignited. The optimum frequency will be different in each
case. During the discharge, the gas loses its capacitance, because the conductivity of the gas
prevents the storage of electrical energy. Therefore, the capacitance of the electrode config-
uration during discharge depends on the capacitance of the dielectric, the capacitance of the
gas gap is not considered. If the discharge is not ignited, the capacitance of the electrode
configuration depends on both the capacitance of the dielectric, and on the capacitance of

the gas gap.

Experiments to determine of the optimal frequency during the discharge and without the
discharge were performed with the result, that the optimal frequency can be more easily
estimated, when the discharge is not ignited. The optimal frequency is found by increasing
the frequency from 34 kHz to 42 kHz in steps of 0.1 kHz. The desired frequency is the point,
where the applied voltage reaches the maximum. The measurement of the applied voltage is
disturbed during the discharge by variations of the measured voltage, which do not occur,
when the discharge is not ignited. Therefore, the optimal frequency is estimated for the dif-
ferent electrode configurations at a current setting on the DC power supply, which is suffi-

ciently low to avoid discharge.

In additional to the frequency, the three different dielectrics; PET, aluminium oxide and
mica, were also investigated in the experiments carried out to examine their serviceability as
a dielectric for the electrode configuration. Whereas aluminium oxide and mica appeared as
suitable, PET was not able to withstand the high electrical field during the discharge, which
led to local arc discharges in the gas gap. Since the different dielectrics were not available

in the same thickness, it was decided that the kind of dielectric should not be a factor in the
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experimental array, because it would not be possible to correlate the results with the thick-
ness of the dielectric or the material properties. However, it makes sense to choose one kind

of dielectric and vary then the thickness of this dielectric.

Meiners et al. [123] investigated the four dielectrics magnesium oxide, aluminium oxide,
titanium dioxide and strontium titanate in a DBD with the aim of improving the intensity of
the discharge. They concluded that a dielectric with a high ratio of its relative permittivity
to its thickness lead to a significant enhancement of the discharge intensity, which was de-
termined by electrical measurements. Another finding of their experiments was that a higher
permittivity of the dielectric resulted in an increase of the plasma temperature. Table 7 sum-
marises the relative permittivity and the breakdown strength of magnesium oxide, alumin-

tum oxide, titanium dioxide and strontium titanate.

Table 7: Relative permittivity and breakdown strength of different ceramics [123]

Relative permittivity Breakdown strength
] [KV/mm]
Magnesium oxide 8.1 39
Aluminium oxide 11.5 17
Titanium dioxide 88.0 8
Strontium titanate 300.0 25

Strontium titanate has the highest relative permittivity of all dielectrics in Table 7 and would
thus be the best suitable dielectric for the experimental array. Titanium dioxide also has an
appropriate relative permittivity, but the low breakdown strength does not fit the criterion of
the high electrical fields applied for the DBD. However, aluminium oxide is one of the most
widely used dielectrics in the literature [34, 57, 58, 124-128], whereas strontium titanate is
rarely used. Thus, it was decided to use an aluminium oxide dielectric in order to provide

better comparison of the data obtained in this study with those of other researchers.

Five sheets of aluminium oxide with the dimensions 54 mm % 34 mm x 0.63mm were bought
from the company Crystal GmbH. The thickness of the dielectric can be changed by clamp-
ing various numbers of aluminium oxide sheets on the electrodes. The thickness can be thus

modified in steps of 0.63 mm.
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8.4.1 The rewind speed of the film during the treatment

The last possible factor is the rewind speed of the BOPP film during the plasma treatment.
The speed depends on the voltage applied to the DC motor, which drives the rewind reel of
the reel-to-reel system. Moreover, it must be investigated, whether the size of the gas gap
has an influence on the rewind speed. The change of the size of the gas gap leads to a slightly
different pathway of the BOPP film, which could alter the rewind speed at constant voltage
applied to the DC motor.

The following experiments were carried out with the two gas gaps of 0.5 mm and 2.5 mm.
The voltage applied to the DC-motor was varied from 10.5 Vto 13.0 Vin 0.5 V steps. A 30
cm long BOPP sample was attached to the reel-to-reel system. One sheet of aluminium oxide
dielectric covered the upper electrode. The time taken to rewind the film was measured by a
stop watch. The measurement were performed ten times for every voltage step. The results
(Figure 38) are the average value of ten measurements. The error indicated is the standard

deviation.
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Figure 38: Measurement of the rewind speed of the film with different sizes of the gas gap and varies volt-

ages applied to the DC motor

The results clearly indicate that the rewind speed is increased with higher voltages applied
to the DC motor. There is no significant difference of the rewind speed between the two gas

gaps. Therefore, it is assumed, that the size of the gas gap has no influence on the rewind



Factor analysis for the design of experiment 76

speed. The indicated error turns out to be relatively high. This has two main reasons. At
lower voltages of 10.5 V and 11.0 V, the film is only erratically transported through the gas
gap, because the torque of the DC motor is too weak to effectively overcome the friction
between the film and the dielectric. As consequence, the necessary time of the film to be

rewound strongly varies.

At higher voltages of 11.5V, 12.0 V, 12.5 V and 13.0 V, the BOPP film is transported at a
constant speed without interruptions. However, the necessary time to rewind the film be-
comes lower than 0.7 s for the voltages of 12.5 V and 13.0 V. These short times intervals are
difficult to measure accurately with a stop watch (£ 0.2 s), thus the quality of the measure-
ments is rather low. Increasing rewind time using a longer BOPP sample is not possible,
because the limited space between the DC motor and the rewind reel does not allow a longer

film to be rewound.

Based on these results, it was decided to not use the rewind speed of the BOPP film as factor
in the experimental array. Reliable measurement of the rewind speed is only possible be-
tween applied voltages of 11 V and 12 V. This range is too low to provide a sufficiently
large variation of the rewind speed, therefore the voltage applied to the DC motor was kept

constant at 12 V, which translates to a rewind speed of 0.37 + 0.03 m/s.
In conclusion, the following three factors were chosen for the experimental array:

e the thickness of the dielectric
e the size of the gas gap
e the current setting of the DC power supply

The other factors, which are the frequency of the applied voltage, the function of the func-
tion generator, the type of dielectric and the rewind speed of the BOPP film will be kept
constant at suitable values. A separate experimental array will be developed for the two dif-

ferent electrode configurations.

8.5 The response of the experimental array and the principle
surface treatment analysis process

The aim of the experimental array is to investigate the influence of the three chosen factors

on the surface energy of the BOPP film after the plasma treatment. The surface energy can
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be calculated, if the contact angles of three different test liquids with the treated BOPP film
are determined. But, it is reported, that the plasma treatment only increases the polar part of
the surface energy, while the dispersive part stays mainly unaffected [129, 130]. Thus, it is
sufficient to measure only the contact angle of one polar liquid, in order that the change of
the polar part of the surface energy can be comprehended. Therefore, distilled water was
chosen as the test liquid and the contact angle between the water drop and the surface of the

treated BOPP film is the response of the experimental array.

The experimental procedure is as follows. A 30 cm long and 3 cm wide BOPP sample is
fixed to the reel-to-reel system with Sellotape. The untreated side of the BOPP film faces
the gas gap and the whole film is coiled on the unwind reel. The reel-to-reel system is then
placed on its bracket inside of the plasma chamber, which is sealed afterwards with the end
cap. The rotary pump is used to reduce the pressure inside the chamber to a minimum of
1300 Pa. When this pressure is reached, the nitrogen gas valve is opened. The rotary pump
continues to run on for 2 minutes more to flush the chamber, in order that the remaining air
is removed. The pressure inside the chamber is set to a slight overpressure of 1.05 bar, which

prevents the surrounding air entering the chamber.

The frequency set on the function generator is adjusted to 20 kHz. At this low frequency, the
amplification of the voltage applied to the electrode configuration is very low. Therefore,
the adjustment to the desired setting of the current at the DC power supply for the high
voltage power supply can be made without igniting the plasma. The shifting to the optimal
frequency and thus the ignition of the plasma is performed simultaneously with the activa-
tion of the DC power supply, which is connected to the DC motor of the electrode configu-
ration. The commencement of the rewinding of the BOPP film is thus coincident with plasma
ignition.

After the plasma treatment, the vacuum chamber is opened and the BOPP film is removed
from the reel-to-reel system. Ten drops of distilled water are placed in the middle on the
treated surface of the BOPP film at a distance of approximately 1 cm from each other and
the contact angles of these drops are measured. The average of the ten contact angles is the
response of the experimental array. The first distilled water drop is placed 7 cm away from
the end, which was fixed at the rewind reel. This is necessary, because this part did not pass
the plasma and is therefore not surface treated. The remaining space above and below the
contact angles can be used for the analysis with Dyne Inks and Pens. Figure 39 illustrates a

typical sample investigated with contact angles and Dyne Inks and Pens.



Factor analysis for the design of experiment 78

Figure 39: Investigation of a treated sample with contact angle and Dyne Inks and Pens

The relatively high amount of contact angle measurements were made, because the rewind
speed of the BOPP film is not constant. The reason for this is, that the circumference of the
rewind reel grows the more the film is rewound as already discussed in Chapter 5.2. Addi-
tionally, the plasma has more effect on amorphous regions than on crystalline regions of the
BOPP film through a stronger etching (discussed in Chapter 1.1). It cannot be assumed that
the amorphous and crystalline parts are regularly distributed. Variations in the measure-
ments, which results from these two effects, can be reduced by measuring several contact
angles and summarising them in one average value. This average value represents the surface

abilities of the sample better than a single contact angle measurement.
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9 The experiment of the laboratory scale DBD system

The experimental arrays and their results are discussed in this chapter for the flat electrode
and the three different sawtooth electrode configurations. The influence of the thickness of
the dielectric, the size of the gas gap and the current settings are represented, whereby the
differences between the effects on the substrate of the plasma treatments with the varying

electrode configurations is worked out.

9.1 The design of experiments for the flat electrode
configuration

Flat electrodes are often used in scientific laboratories, because it is possible to ignite homo-
geneous discharges with them at atmospheric pressure. The reason is that the electrical field
between flat electrodes is homogeneous. In contrast, electrical fields between a flat and a
sawtooth electrode is not uniform. A homogenous field is a basic requirement for the ignition
of'a homogeneous plasma at atmospheric pressure. However, a Townsend discharge was not
successfully ignited in nitrogen during this project. The main problem seems to be the high
voltage power supply, which is only able to effectively amplify the voltage close to the op-
timal frequency. This optimal frequency was always higher than the maximum allowed fre-

quency of 10 kHz (see Table 4). Therefore, the ignited plasma was always filamentary.

The flat electrode system, presented in this thesis, is the third version developed in this PhD-
project. The main problem was to find a suitable size of the electrode area. If the electrode
area is selected too large, the filaments of the filamentary discharge are ignited too far away
from each other, which results in a non-uniform treatment of the BOPP film. The resulting
contact angles made with these films are not reproducible. Therefore, the electrode size was

reduced to the utilised and discussed here.

When two flat electrodes are utilised in the electrode configuration, both electrodes can be
covered by the aluminium oxide dielectric. It is also possible to leave one electrode bare and
only cover the other electrode. However, the contact angles of samples, treated with an elec-
trode configuration, where only one electrode was covered by the dielectric, could not be

reproduced.

One possible explanation is, that the edge effect, which is responsible for a higher electrical
field at edges and tips, causes the ignition of more filaments at the border of the electrodes

than in the middle of the plasma zone, when only one electrode is covered by the dielectric.
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This effect could lead to an inhomogeneous treatment of the BOPP films, because the fila-
ments of the plasma are not uniformly distributed over the electrode area. These edge effects
are reduced, when both electrodes are covered with the dielectric. The reduction of the edge
effect is greater with the thicker of the dielectrics [54]. Furthermore, a memory effect is
established, when both electrodes are covered. This memory effect ensures that ignition of
the filaments always occurs at the same position (as discussed in Chapter 4.2.1) resulting in

further stabilisation of a more uniform distribution of the filaments.

As a result, since the contact angles of the samples treated by the electrode configuration
with one bare electrode were not reproducible, both electrodes were covered with the alu-
minium oxide dielectric. The variation of the thickness of the dielectric was implemented by
changing the number of aluminium oxide sheets on the upper electrode between one and
three sheets, which corresponds to thicknesses between 0.63 mm, 1.26 mm and 1.89 mm.
The lower electrode was always covered with one sheet of aluminium oxide for all experi-

ments of this experimental array.

The settings of the second factor, the size of the gas gap, were selected as 1.5 mm, 2.0 mm
and 2.5 mm. These settings are realised by placing the required amount of 0.5 mm thick
washers on the threaded bars of the electrode configuration (see Figure 19). Smaller gas gaps
than 1.5 mm were unsuitable, because it was found that the samples were mainly treated on
the backside, while the side which was facing the gas gap was almost not affected by the

plasma.

The current delivered by the DC power supply was varied between 0.5A and 0.9A in 0.2 A
steps. The upper current limit is chosen so that the output the power applied from the DC
power supply does not damage the amplifier. The lower limit was selected in order that
enough filaments are ignited and the resulting plasma looks uniform with the consequence

that the measured contact angles are well reproducible.

Thus, the factors are varied on three levels (-1, 0, +1) for the experimental design, which
allows the regression coefficients of a quadratic model by the D-optimal design to be esti-
mated. The main problem, which limited the range of the levels, was the relatively high
minimum value of the gas gap. The gas gap, as well as the thickness of the dielectric have
an influence on the power delivered from the DC power supply to the amplifier. This power
is increased with increased gas gap and increased thickness of the dielectric, and the maxi-

mum applicable power of 50 W was reached at the maximum settings of the gas gap of 2.5
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mm and 1.89 mm, respectively for the dielectric thickness. The D-optimal experimental de-
sign for the flat electrode configuration was created with the computer program Visual-XSel.
All array settings and the estimated optimal frequency for the different electrode configura-
tions are listed in Table 8. Every experiment was repeated twice to provide a good estimation

of the statistical error.

Table 8: Experimental design for the flat electrode configuration with the optimal frequency at
which the experiments were performed

Number of Current Thicl.(ness (?f the Size of the gas Optimal fre-
experiment dielectric gap quency
[A] [mm] [mm] [kHz]
1 0.7 0.63 2.0 30.7
2 0.5 1.26 1.5 30.7
3 0.7 1.89 2.5 30.8
4 0.5 1.89 2.5 30.8
5 0.5 1.89 2.0 30.7
6 0.9 1.26 2.0 30.7
7 0.9 0.63 1.5 30.7
8 0.9 1.89 2.5 30.8
9 0.7 1.89 1.5 30.6
10 0.9 1.89 1.5 30.6
11 0.5 1.89 1.5 30.6
12 0.5 0.63 1.5 30.5
13 0.9 0.63 2.5 30.8
14 0.5 0.63 2.5 30.8
15 0.7 1.26 2.0 30.7

The water contact angle results from the experimental array for the flat electrode configura-

tion are illustrated in Figure 40 as a function of the current set on the DC power supply, in
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Figure 41 as a function of the thickness of the dielectric and in Figure 42 as a function of the
size of the gas gap. These figures show the influence of the three different factors on the
measured water contact angle with the calculated confidence interval, which has a confi-
dence level of 95%. The coefficient of determination, R’, amounts to 0.856. Thus, the cal-
culated regression coefficients describe the measured water contact angles with reasonable

accuracy, because the coefficient of determination is relatively close to 1.
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Figure 40: Influence of the current on the water contact angle for the flat electrode configuration
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Figure 41: Influence of the dielectric thickness on the water contact angle for the flat electrode configuration
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Figure 42: Influence of the gas gap size on the water contact angel for the flat electrode configuration

The results (Figure 40) identify, that the water contact angle is lowered with an increased
current setting, which means simultaneously, that the wettability of the treated film to polar
substances is increased. The influence of the dielectric thickness in Figure 41 cannot clearly
be identified. The function has a weakly marked maximum at a thickness of 1.26 mm, but
the relatively large confidence interval shows, that this maximum is not significant. Thus, it
is not possible to identify the optimal settings, which would be the lowest or the highest
adjusted value of the dielectric thickness, 0.63 mm and 1.89 mm. The same is true for the
influence of the gas gap size in Figure 42. Also this function shows a weakly marked maxi-
mum, which is not significant. It is not possible to find an optimal value in the results of

Figure 42.

The water contact angle of the untreated BOPP film was to 103° (£ 1°). After the plasma
treatment, the contact angle is reduced to values between 70° and 82° depending on the
different settings of the experimental array. The main influence thereby was the current set-
ting on the DC power supply. The higher the current is adjusted on the DC power supply,
the lower is the water contact angle of the treated BOPP sample. The influences of the die-
lectric thickness and of the gas gap size on the water contact angle is much lower and it is
not possible to clearly identify, which settings are optimal for the surface treatment, by con-
sidering only the main influences of the factors. Figure 43 and Figure 44 compare the sim-
ultaneous influence of the dielectric thickness and of the gas gap size with the current setting

and show thereby also correlations between the two depicted factors.
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Figure 43: Influence of the current set on the DC power supply and the thickness of the dielectric on the wa-
ter contact angle of the treated BOPP samples calculated for a constant gas gap of 2.0 mm.
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Figure 44: Influence of the current set on the DC power supply and the size of the gas gap on the water con-
tact angle of the treated BOPP samples calculated for a constant dielectric thickness of 1.26 mm.

The influence of the dielectric thickness in Figure 43 does not show significant correlations
with the current and is obviously has a much lower effect than the current. In Figure 44, the

influence of the gas gap size and the current is illustrated. It is recognisable, that there are
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correlations between the gas gap size and the current setting, which lead to a further reduc-
tion of the water contact angle at high current settings and increased gas gaps. However, it
is not possible to estimate whether the correlation is significantly larger than then the statis-

tical error.

9.2 The design of experiments for the sawtooth electrode
configurations

The sawtooth electrode configurations are utilised in industrial DBD systems and are not
often studied on the laboratory scale. Three different sawtooth configurations were examined
in this PhD-project. They differ themselves in the amount of teeth (1, 3 and 5) as shown in
Figure 22. The aim of this investigation was to study, how the distribution of the filaments
on top of the sawtooth electrodes influences the surface treatment of the BOPP film, when

the discharges are concentrated on one, three or five discharges lines.

In contrast to the flat electrode configuration, the treatment of the BOPP films with the saw-
tooth electrodes was already successful, in contrast to the flat electrode configuration, at the
lowest possible size of the gas gap of 0.5 mm. Therefore, the settings of the factors were
varied at four levels (-2, -1, +1, +2), which allows the regression factors of a cubic model to
be determined. The settings of the gas gap were 0.5 mm, 1.0 mm, 1.5 mm and 2.0 mm. The
current of the DC power supply was varied between 0.8 A and 1.4 A in 0.2 A steps. Only
the upper flat electrode was covered by the aluminium oxide dielectric; the sawtooth elec-
trode stayed bare for all experiments. The thickness of the dielectric was varied between
0.63 mm, 1.26 mm, 1.89 mm and 2.52 mm. The confidence interval was also calculated for
a confidence level of 95%. The complete design of experiments, which was applied for the
three different sawtooth electrode configurations, is shown in Table 9. The utilised optimal

frequencies are listed in Table 10.
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Table 9: Design of experiment for the sawtooth electrode configurations

Number of Current Thicl.(ness (?f the Size of the gas
experiment dielectric gap
[A] [mm] [mm]
1 0.8 0.63 2.0
2 1.4 0.63 0.5
3 1.2 1.26 0.5
4 1.2 0.63 2.0
5 0.8 0.63 0.5
6 1.0 1.89 2.0
7 0.8 2.52 2.0
8 0.8 1.89 1.5
9 1.0 0.63 1.5
10 0.8 1.26 0.5
11 0.8 1.89 1.0
12 0.8 0.63 1.0
13 0.8 1.26 2.0
14 1.2 1.26 2.0
15 1.2 0.63 0.5
16 0.8 2.52 0.5
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Table 10: The optimal frequencies used for the different sawtooth electrode configurations

Number of Optimal frequency (1 Optimal frequency (3 Optimal frequency (5
experiment tooth) teeth) teeth)
[kHz] [kHz] [kHz]
1 30.4 29.8 29.6
2 30.3 29.6 29.0
3 30.3 29.6 29.0
4 30.4 29.8 29.6
5 30.3 29.6 29.0
6 30.4 29.9 29.7
7 30.4 29.9 29.7
8 30.3 29.9 29.5
9 30.3 29.8 29.5
10 30.3 29.6 29.0
11 30.3 29.7 29.4
12 30.3 29.6 29.4
13 30.4 29.9 29.7
14 30.4 29.9 29.7
15 30.3 29.6 29.0
16 30.3 29.7 29.1

The optimal frequencies in Table 10 differ for each different sawtooth electrode configura-
tions. This is due to the diverse electrode areas, which increased with the amount of teeth in
the sawtooth electrodes. The increase of the electrode area leads to an increase of the capac-
itance of the electrode configuration (shown by Equation 23) and thus to the reduction of the
optimal frequency (shown by Equation 24). As a result, the electrode configuration with five
teeth has the lowest optimal frequency and the electrode configuration with one tooth has

the highest, for all the different settings of the experimental array.
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The results of the multiple regression for the experimental array of the sawtooth electrode
configurations are illustrated in Figure 45 as a function of the current and in Figure 46 for
the size of the gas gap. The results for the thickness of the dielectric are not included, because

there was no influence of this parameter on the measured water contact angles.
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Figure 45: Influence of the current on the water contact angle for the sawtooth electrode configurations
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Figure 45 and Figure 46 clearly indicate that the relationship between the contact angles on
the BOPP films and the gas gap and the current set on the DC power supply, are linear.
Increased current setting leads to a reduction of the measured water contact angles, whereas
an increase of the gas gap size results in the measurement of higher contact angles. The
thickness of the dielectric has no influence and there are no correlations between the factors.
The linear relationships are exceptional, because the utilised cubic model contains also quad-
ratic and cubic terms. However, the regression coefficients of these quadratic and cubic

terms have been classified as not significant for all three sawtooth electrode configurations.

The confidence interval of the sawtooth electrode configuration with one tooth and three
teeth overlap completely in Figure 46 and mainly in Figure 45, which means that the results
of these two experimental arrays are identical or very similar. The experimental array with
the sawtooth electrode with five teeth shows much lower measured contact angles, which
leads at the first glance to the statement, that the sawtooth electrode configuration with five
teeth is more suitable than the other investigated sawtooth electrodes. However, the coeffi-
cient of determination, R’, for the experimental array of the sawtooth electrode with five
teeth has at 0.70 a much lower value than the other experimental arrays, which reach 0.84
for the electrode configuration with three teeth and 0.85 for the electrode configuration with

one tooth.

In addition to the lower coefficient of determination, it was also observed, that some samples
from the experimental array with the five tooth sawtooth electrode had in parts a low wetta-
bility to the test ink with the surface energy of 38 mN/m. This is very unusual, since all other
samples treated with the plasma showed a very good wettability to this ink. A typical sample
with a partly low wettability to the test ink with the surface energy of 38 mN/m is shown in
Figure 47.

Partly low wettability to the ink with 38mN/m
\ ki . B

e
1 720

Figure 47: Sample of experiment 4 treated with the 5 tooth sawtooth electrode configuration

The samples revealing this problem were treated with the settings of the experiments 1, 4

and 13. These experiments share the maximum setting for the gas gap size of 2.0 mm and a
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relatively low dielectric thickness of 0.63 mm or 1.26 mm. The treated films of the repeats

showed similar problems with the wettability to the test ink.

The problem is to explain, why the water contact angles at the middle of these samples have
relatively low values, but on the other side the borders of the same BOPP films show a weak
wettability to the used test ink. Especially, since all other samples, including those with
higher measured water contact angles, do not have any wettability problems to the identical

test ink.

One possible explanation for this phenomena is, that the distribution of the filaments for the
sawtooth electrode configuration with five teeth is not uniform under special conditions,
which leads to a more intensive treatment in the middle of the sample, while the borders are

less affected by the plasma.

This theory is supported by the fact that the wettability problems occurred in the experiments
with a low dielectric thickness and a large gas gap. With increasing the gas gap, the amount
of'ignited filaments is reduced. In order that a lower amount of filaments lead to the uniform
treatment of the BOPP film, their distribution and reignition must be equal over the electrode
surface. This requires a relatively homogeneous electrical field, which does not seem to be
provided, when the flat electrode is only covered by one or two sheet of the aluminium oxide
dielectric. That an increased dielectric thickness homogenises the electrical field and entails
a more uniform treatment is implied by the samples of experiment 6 and 7. These experi-
ments were carried out also at a gas gap of 2.0mm, but with an increased dielectric thick-

nesses of 1.89 mm and 2.52mm. The treated BOPP films of these experiments show a good

wettability to the test ink, as shown by Figure 48 and Figure 49.

Figure 48: Sample of experiment 6 treated with the 5 tooth sawtooth electrode configuration

Figure 49: Sample of experiment 7 treated with the 5 tooth sawtooth electrode configuration
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In addition to the size of the gas gap and the thickness of the dielectric, the current also had
an influence on the wettability of the surface following the treatment. As already discussed,
the sample treated with the settings of experiment 13 showed in part a poor wettability to the
test ink over certain regions. The sample of experiment 14 had no wettability problems. The
settings of these two experiments differ themselves only in the current setting, which was at
1.2 A much higher for experiment 14 than for the experiment 13 at 0.8 A. However, it is not
possible to conclude from this alone, that the surface treatment is more homogeneous with

increased current settings.

The amount of ignited filaments is increased with a higher current setting, however the state-
ment, that the distribution of the filaments is more uniform, because the treated films have a
good wettability to test ink, is not correct. The reason is, that the surface energy is in general
more increased at higher current settings, because more power is applied to the electrode
configuration. This could lead to the result, that the treated BOPP films still have an inho-
mogeneous treatment, however the less well-treated areas cannot be identified with the test
ink, because these areas have already a surface energy above 38mN/m. Thereby, all samples
of the experiments with a gas gap of 2.0 mm and a dielectric thickness of 0.63 mm or 1.26
mm, treated by the sawtooth electrode configuration with five teeth, must be considered as
not uniformly treated. The other samples within this experimental array probably received a

uniform treatment.

The measured water contact angles do not represent the surface properties of the unequally
treated samples, because they were measured only in the middle, where the plasma was more
intense than at the borders of the sample. Therefore, the measured contact angles are lower
than they would be, if the filaments had been distributed more uniformly. This could be the
explanation, why the factors of the experimental array of the sawtooth electrode with five
teeth showed so much lower water contact angles than the experimental array with one or
three teeth. Furthermore, the fact, that some measured contact angles do not entirely repre-
sent the surface properties of the investigated sample, could be the reason, why the coeffi-
cient of determination is reduced for the experimental array of the sawtooth electrode with

five teeth in comparison to the other experimental arrays.

To be able to explain the measured water contact angles of the unequally treated samples of
the sawtooth electrode with five teeth at higher gas gaps of 2.0 mm, photos of the plasmas
were taken at the different settings of experiment 1 and 4 with and without the inclusion of

BOPP film.
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Figure 51: Plasmas of experiment 1 (left) and 4 (right) with applied BOPP film (five teeth electrode)

The plasmas without applied BOPP in Figure 50 are not well distributed over the electrode
surface and are reignited mainly in the same limited areas. With the BOPP film present, the
plasma is better distributed and evenly spread over the BOPP film. Therefore, it can be de-
duced, that the BOPP film stabilises the electrical field with its dielectric properties. It is
well conceivable, that the stabilisation is greater in the middle of the BOPP sample than at
the borders, which could lead to the more frequent ignition of filaments in the middle. This
would increase the intensity of the plasma in this region and thereby also the surface treat-
ment of the BOPP film. This would explain the relatively low measured water contact angles
in the middle and the less treated areas at the borders of the non-uniformely treated BOPP

samples.

If the gas gap is reduced to lower values, there are no problems with the distribution of the
filaments, independent on the thickness of the dielectric, as shown by the photo of the plasma
with the settings of experiment 9 in Figure 52. Additionally, also the amount of ignited fila-
ments is increased, when the size of the gas gap is reduced. At the minimum gap of 0.5 mm
the filaments overlap, so that the plasma looks like one bright light. The individual filaments
cannot be identified anymore, as presented in the photo of the plasma with the settings of

experiment 5 in Figure 52.
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Figure 52: Plasmas of experiment 9 (left) and 5 (right) without applied BOPP film (five teeth electrode)

These investigations lead to the conclusion, that the optimal settings for the sawtooth con-
figurations are relatively narrow gas gap and a high current. A high current setting ensures,
that the high voltage power supply applies more power to the electrode configuration, which
increases the intensity of the plasma and thus the surface treatment. With the reduction of
the gas gap size, the strength of the electrical field between the electrodes is increased, pro-
vided, that the applied voltage is constant (compare Equation 4). A higher electrical field
strength also increases the intensity of the plasma. The thickness of the dielectric has no
influence on the wettability of the treated BOPP films. However, a certain thickness of die-
lectric is necessary to provide a homogeneous distribution of the filaments, especially at

higher gas gaps.

It is difficult to make a distinct statement about the results of the surface treatment with the
different sawtooth electrodes. The experimental array with the one and the three tooth saw-
tooth electrode led to the almost identical results. The measured water contact angles of the
experimental array with the five tooth electrode were significantly lower than with other two
sawtooth electrodes. However, it could be determined, that not all samples of the experi-
mental array with the five teeth electrode were uniformly treated and the contact angles were
measured at a position, where plasma was more intense. Therefore, the results of the exper-
imental array with the five tooth electrode are distorted and cannot be directly compared

with the results of the other two sawtooth electrodes.

Based on these results, the influence of the amount of teeth on the wettability on the treated
BOPP samples is assessed as minor. It is estimated, that the amount of teeth and thus the
area, where the discharge is ignited, must be adapted to the amount of ignited filaments,
which depends on the size of the gas gap and the applied power to the electrodes. If the area
is too large for the amount of filaments, the surface treatment can be inhomogeneous, espe-

cially if the thickness of the dielectric is not sufficient to provide a uniform distribution of
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filaments. If the area selected is too low, discharges can occur outside of the electrode area.
An example for this is shown by Figure 53, where an arc discharge is ignited at both ends of
the electrode bypassing the dielectric. The sawtooth electrode with one tooth was utilised for
this experiment. The other settings are the thickness of the dielectric at 2.52 mm, the size of

the gas gap at 0.5 mm and the current at 1.4 A.

Figure 53: Arc discharges ignited at both ends of the sawtooth electrode with one tooth, bypassing the dielec-

tric

9.3 Comparison of the two electrode configurations

The surface treatment in a nitrogen atmosphere with the flat electrode configuration, as well
as with the sawtooth electrode configurations, considerably enhances the wettability of the
treated BOPP films to polar substances. However, the increase of the wettability and the

influence of the studied factors varies depending on the electrode configuration utilised.

The treatment with the sawtooth electrode configurations is superior in terms of the increase
of the wettability in comparison to the treatment with the flat electrodes. The treatment with
the flat electrode configuration is only appropriate, if the size of the gas gap is larger or equal
to 1.5 mm, because narrower gas gaps lead to the treatment of the backside of the BOPP
film. This problem does not exist, if a sawtooth electrode is utilised and much lower gas gaps

can be adjusted for this type of electrode configuration.
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A further difference between the two types of electrode pairs is the influence of the investi-
gated factors in the experimental array. An increase of the current setting leads, for both
electrode configurations, to lower measured water contact angles and, hence increased wet-
tability. Also the thickness of the dielectric seems to have no influence (or is of minor rele-
vance) in both cases. However, the size of the gas gap has a different impact on the water
contact angles that is dependent on the electrode configuration utilised. If a sawtooth elec-
trode is used, the wettability increases as the gas gap is decreased. In contrast, the size of the

gas gap has little to no effect on wettability for the flat electrode configuration.

This may be explained by the fact that in the case of the flat electrode configuration the
voltage on the electrodes has to be increased to compensate for a larger gas gap, the electrical
field strength is therefore maintained. But, this performance must be limited to the flat elec-
trode configuration, because the experimental arrays with the sawtooth electrodes show a
strong dependence of the measured contact angles to the size of the gas gap. However, this
theory must be proved by the evaluation of the electrical measurements during the plasma

treatment.

The low influence of the dielectric thickness does also not correspond to expectations. It was
assumed, that the increase of the dielectric thickness would reduce the wettability, because
the dielectric loss should be increased with thickness. The dielectric loss should reduce the
amount of applied energy to the gas between the electrodes and lower thus the intensity of
the plasma [123]. However, it was observed, that the dielectric thickness has little or no
effect on the wettability of the treated BOPP films for the flat and the sawtooth electrode
configurations. One possible explanation for this phenomena is again, that the high voltage
power supply applies higher voltages to the electrodes, if the thickness of the dielectric is

increased and compensates for the dielectric loss.

The findings of the experimental arrays with the sawtooth electrodes showed, that the results
for the electrode with one tooth and with three teeth are almost identical. The contact angles
of the experimental array with the five teeth electrode were much lower than the contact
angles of the other two sawtooth electrodes. Especially, the maximum setting of the gas gap
at 2.0 mm in combination with a relatively low thickness of the dielectric seems to cause an
unequal treatment with an increased plasma intensity in the middle of the samples, whereas
the borders receive an insufficient treatment. The reason therefore is a lower amount of ig-

nited filaments, whose reignition occur mainly in the middle of the sample.
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This behaviour can only be observed for the experimental array with the five toothed elec-
trode. The reason that this effect does not with the one and three teeth electrodes, is probably
the reduced area on top of the teeth, which reduces the space, where the filaments can be
ignited. This limitation could lead to a more homogeneous distribution of the plasma, be-

cause the filaments are more concentrated over the reduced area.

The assumption, that the electrode area is important for the homogeneous distribution of the
filaments for the sawtooth electrode, leads to the question: Why did the samples treated with
the flat electrode configuration not show any irregularities in the surface treatment? The
electrode area is significantly increased in comparison to the five tooth electrode and also
the maximum setting for the gas gap (2.5 mm) much larger than the highest setting used in
the experimental array for the sawtooth electrodes. Therefore, the settings, which caused the

inhomogeneous treatment for the five teeth electrode, are increased for the flat electrodes.

Nevertheless, all samples processed with the flat electrode configuration were equally
treated. Of course, covering both electrodes with the dielectric helps to stabilise a more ho-
mogeneous filament distribution, but does not explain the large amount of ignited filaments
observed at these high gas gap settings. Therefore, it is assumed, that the high voltage power
supply is able to apply more power to the flat electrodes than to the sawtooth electrode con-

figuration and cause thus the ignition of additional filaments.

Comparison of these results with the work of other researchers is difficult, because it was
not possible to find any publication concerning the utilisation of a sawtooth electrode con-
figuration. The only research group, who studied the influence of different electrode struc-
tures is Wang, T. et al. [96, 131]. They studied the electrical characteristics of plane alumin-
ium, plane water, mesh wire and coaxial electrodes. It is not possible to compare their work
with the work presented here. The research groups involved with all other publications men-

tioned in the following utilised flat electrodes, both electrodes covered by a dielectric.

Wang, C. et al. [128, 132] studied the change in the wettability of PP films treated using an
air plasma and varying the size of the gas gap and the applied power. They report an increase
of the wettability by increasing the applied power to the electrodes. This corresponds well
with our findings, because the increase in the current of the DC power supply results in an
increase of the power applied to the electrode configuration. They characterise the influence
of the size of the gas gap with an optimal setting, which leads to the lowest measured water
contact angles. This gas gap is 1.5 mm. Our findings cannot confirm this result, but one

important difference between their surface treatments and ours is, that Wang, C. et al. utilised
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a static treatment while our method used a roll-to-roll system. Thereby, the samples of Wang,
C. et al. were in contact with the plasma for a much longer time period, which could lead to
different results. Additionally, also the work of Wang, K. et al. [91], who treated PP films in
a nitrogen plasma confirmed the increased wettability of the treated films with increased

power applied to the electrodes.

The voltage and current signals recorded during plasma treatment will be examined in order
to investigate the different results observed for the experimental arrays with the flat and
sawtooth electrode configurations. The unexpectedly minimal influence of the dielectric will

also be investigated. These aspects will be discussed in the following chapter.
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10 Investigation of electrical measurements during the
discharge

The electrical characteristics measured during the plasma treatment and the Lissajous figures
drawn from these measured values are investigated in this chapter in order to explain the
different behaviour of the flat and the sawtooth electrode configurations. In addition, the
influence of the three factors; current set on the DC power supply, the size of the gas gap

and the dielectric thickness on the electrical power consumed is also investigated.

10.1 Observation of the voltage applied to the electrode
configurations and discharge current

The voltage applied to the electrodes and the discharge current were measured using voltage
and current probe (see Section 5.5). Ten thousand measurements were recorded over a
2.0x10™ s time period. This corresponds to five recorded cycles of the sinusoidal voltage
and discharge current, which are illustrated as example for experiment 1 of the five toothed
electrode experimental array (Figure 54) and for the experimental array using flat electrodes

(also with the settings of experiment 1) in Figure 55.
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Figure 54: Measured voltage applied to the five tooth electrode configuration and the resulting discharge cur-

rent for experiment 1 of the corresponding experimental array
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Figure 55: Measured voltage applied to the flat electrode configuration and the resulting discharge current for

experiment | of the corresponding experimental array

The applied voltages and the discharge currents in Figure 54 and Figure 55 are phase-shifted
by approximately 90 degrees. The voltage follows the current. The reason for these two ef-
fects are the capacitive properties of the electrode configurations. The signal of the discharge
current has also a sinusoidal shape, but in addition several high frequency peaks are super-
imposed at the maximum amplitude. The sinusoidal part of the discharge current is the dis-
placement current, which is created by the changing polarisation of the applied electrical
field, which causes the displacement of electric particles in the nitrogen gas and the dielec-

tric. The displacement current flows independent of whether the plasma is ignited or not.

The high frequency peaks superimposed on the current signal originate from the ignited
plasma. They mark the increased current flow while the gas loses its dielectric properties
and becomes conductive due to the high amount of free charge carries in the plasma. The
individual peaks are very narrow, which corresponds to a short burning time ofthe individual
filaments in the nanosecond range. This clearly indicates, that the discharge regime is fila-

mentary.

A direct comparison of the discharge currents of the experiments with the flat electrode and
the sawtooth electrode configurations is not possible, because varied settings were used for
the two experimental arrays. However, a significant difference could be spotted between the

two electrode configurations. Whereas the current peaks of the plasma ignited between the
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flat electrode configuration are of approximately the same size during the positive and neg-
ative polarisation (shown in Figure 55), in contrast the current peaks from the filamentary
discharge of the sawtooth electrode configurations are significantly increased in size during
the negative polarisation relative to those observed during the positive polarisation (shown

in Figure 54).

This difference of the current peak size is a result of the asymmetric electrode configuration,
which combines a flat electrode with a sawtooth electrode. It is assumed, that the sawtooth
electrode is the cathode during the negative polarisation of the current. The seed electrons,
which are accelerated from the cathode to the anode, would then receive more kinetic energy
during the negative polarisation at the beginning of their acceleration, because the electrical
field is strongly increased nearby the sawtooth electrode due to the edge effect. As a result
of the increased kinetic energy, these seed electrons can cause more ionisation, which in-
creases the current because more free electrons travel from the cathode to the anode. In the
reverse case, when the seed electrons start near the flat electrode, which is then the cathode
during the positive polarisation, their kinetic energy is not additionally increased by an edge

effect. Thus, the current peaks are lower during the positive polarisation.

Besides the applied voltage and the discharge current, also the voltage drop across a meas-
urement capacitor, which was connected in series to the electrode configuration, was moni-
tored. The measured voltage drop enables the calculation of the transferred charge during
the discharge, which is utilised to draw the Lissajous figures. These figures allow the mini-
mum voltage necessary for the ignition of the plasma and the consumed power during the
discharge to be estimated. The analyses of these electrical characteristics is presented in the

following section.

10.2 Analysis of the Lissajous figures: the applied power

Lissajous figures are drawn by plotting the charge transferred during the discharge as a func-
tion of the applied voltage, as described in Chapter 6.1. The result ideally is a parallelogram,
whose area equals the electrical energy during one discharge cycle. By multiplying the elec-
trical energy with the frequency of the applied voltage, the consumed power during the dis-

charge is calculated. Two examples of the Lissajous figures recorded are given in Figure 56
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for the configuration with the five tooth electrode and in Figure 57 for the flat electrode

configuration.
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Figure 56: Lissajous figure of the experimental array of the five tooth electrode with the settings of experi-

ment 1
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Figure 57: Lissajous figure of the experimental array of the flat electrode configuration with the settings of

experiment 1

The Lissajous figure shown in Figure 57 is symmetrical, whereas the Lissajous figure shown
in Figure 56 appears to have different gradients during the ignition of the discharge, whereby
the transferred charge is lower for the positive polarisation. The reason is again the asym-
metrical structure of the sawtooth electrode configuration, as already discussed in the previ-

ous section.
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To study the influence of the three factors, thickness of the dielectric, size of the gas gap and
the current setting, on the electrical power consumed by the electrode configurations during
the discharge, the areas of the Lissajous figures of four different cycles were calculated by
integration for every experiment making up the experimental arrays. The obtained electrical
energy values obtained were multiplied by the frequency of the applied voltage for the cor-
responding experiment and the average of the four resulting electrical powers was estimated
for every experiment of the experimental arrays. This average is then utilised as a response.
The results of the multiple regression are shown in Figure 58 for the current set on the DC
power supply, in Figure 59 for the thickness of the dielectric and in Figure 60 for the size of

the gas gap of the experimental array with the flat electrode configuration.
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Figure 58: Influence of the current on the consumed electrical power for the flat electrode configuration
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Figure 59: Influence of the dielectric thickness on the consumed electrical power for the flat electrode config-

uration
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Figure 60: Influence of the gas gap size on the consumed electrical power for the flat electrode configuration

The trends showing Figure 58, Figure 59 and Figure 60 clearly indicate that the thickness of
the dielectric and the size of the gas gap have the most influence on the electrical power
consumed during the discharge. This power is increased by increasing the dielectric thick-
ness or the size of the gas gap. The current setting on the DC power supply has almost no
influence on the electrical power consumed during discharge. This is unexpected, because
the current setting was chosen as the factor, which should influence the power applied to the
electrodes. The coefficient of determination for the multiple regression, R’, had a value of

0.96. Thus, the values of the calculated regression coefficients can be considered reliable.
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The results of the multiple regression for the sawtooth electrode configurations are illustrated
in Figure 61 for the current set on the DC power supply and in Figure 62 for the dielectric
thickness. The size of the gas gap had no influence on the applied electrical power for all the

sawtooth electrode configurations investigated. Therefore, these trends are not presented.
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Figure 61: Influence of the current on the consumed electrical power for the sawtooth electrode configura-
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Figure 62: Influence of the dielectric thickness on the consumed electrical power for the sawtooth electrode

configurations
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The influence of the current set on the DC power supply on the electrical power consumed
for the sawtooth electrode configurations is low in comparison to the influence of the die-
lectric thickness. An increase of the dielectric thickness leads to a significant increase in the
electrical power consumed. These results were also observed for the flat electrode configu-
ration. However, the two electrode configurations performed differently in terms of the ef-

fect of variation of the gas gap.

The power consumed increased with increasing gas gap size for the flat electrode configu-
ration. In contrast to this, the size of the gas gap has no influence on the electrical power
consumed for the sawtooth electrode configurations. These results correlate well with the
water contact angles responses for the experiment arrays, because the gas gap also had a
different impact there. The size of the gas gap did not influence the contact angles for the
flat electrode configuration. However, lower water contact angles could be measured at re-
duced settings for the size of the gas gap in the experimental arrays with the sawtooth elec-

trode configuration.

It was assumed that the electrical field is not reduced for the flat electrode configuration,
when the size of the gas gap is increased. This would lead to the same intensity of the surface
treatment independent on the size of the gas gap. An indication, that this theory is true, is the
increase of the consumed electrical power with higher gas gap settings in Figure 60. This
increase could compensate for the reduction of the electrical field at higher gas gap settings,
which is synonymous to an increased distance between the electrodes, by an increase of the

applied voltage.

Furthermore, this theory would explain, the higher water contact angles of the experimental
array with the sawtooth electrode at increased gas gap settings. If a sawtooth electrode con-
figuration is utilised, the applied electrical power is not increased at higher gas gap settings.
Thus, the strength of the electrical field and the intensity of the plasma is reduced, when the
gas gap is increased for this type of electrode configuration. This leads to a lower impact of

the surface treatment and a lower wettability of the treated BOPP films to polar substances.

These results reveal, that the shape of the electrodes and the structure of the electrode con-
figuration have a strong influence on the manner of the voltage application from the high
voltage power supply to the electrode configuration. Additionally, the electrical power con-
sumed of the two types of electrode configuration show in comparison, that the sawtooth
electrode configurations are not only superior regarding the increase of the wettability, but

also need less electrical power to achieve this better result.
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There is no significant difference for the three investigated sawtooth electrode configurations
regarding the amount of consumed electrical power in Figure 61 and Figure 62. This fact
gives evidence to the theory, that the lower measured contact angles in the experimental
array with the five tooth electrode in comparison to the one and three tooth electrode in
Figure 45 and Figure 46 are not caused by a more intense surface treatment, because more
power was applied to the electrode configuration, but rather by an unfavourable distribution

of the filaments, as previously described in Chapter 9.2.

The increase of the electrical power with increasing dielectric thickness, which was esti-
mated for the flat electrode configuration in Figure 59, as well as for the sawtooth electrode
configurations in Figure 62, does not lead to an increase of the wettability of the treated
BOPP films. An influence of the dielectric thickness on the water contact angles could not
be estimated from the conducted experimental arrays investigated for both types of electrode
configurations. However, it was already assumed that the high voltage power supply applies
higher voltages to the electrode configuration to compensate for the dielectric loss, which is
increased with an increased thickness of the dielectric. In the following section, the minimum
voltage for the ignition of the plasma and the effective voltage applied to the electrode con-

figuration is investigated to provide more evidence to these estimations.

10.3 Analysis of the Lissajous figures: Investigation of the
minimum voltage for the ignition of the plasma

The following analysis was only conducted for the five toothed sawtooth electrode configu-
ration, because it could be demonstrated, that the high voltage power supply applies the same
amount of electrical energy, independent of the number of teeth of the sawtooth electrode
utilised. The flat electrode configuration is also no longer considered, as the surface treat-
ment with this type of electrode configuration was less effective than with the sawtooth elec-

trode configurations.

The Lissajous figures allow the electrical power applied to the electrode configuration to be
estimated. In addition, it is also possible to calculate the minimum voltage, which is neces-
sary to ignite the plasma in the gas gap between the two electrodes. This value is determined
by calculating the y-intercept of the Lissajous figure during the positive and the negative

polarisation of the applied voltage during one cycle.
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The minimum voltage for the ignition of the plasma was first separately estimated for the
negative and the positive polarisation for four electrical cycles of every conducted experi-
ment to investigate a possible difference between the two values, which could be caused by
the varied shapes of the two electrodes, as already discussed in Chapter 10.1. However, the
minimum voltage for the negative and the positive polarisation did not differ significantly.
As a consequence, these values of the minimum voltage for every experimental setting of
the experimental array were averaged and the resulting value was utilised as a response in

the experimental array.

In addition, the effective voltage applied to the electrodes was calculated from the measured

voltage waveforms for every setting of the experimental array with the following equation:

T

Vs = |7 [ Vi@ (25)

0

The effective voltage was also utilised as a response in the experimental array for the saw-
tooth electrode configuration with the five tooth electrode. The results of the multiple re-
gression of the minimum voltage for the plasma ignition and of the effective voltage are
presented in Figure 63 for the thickness of the dielectric. The size of the gas gap and the
current setting did not have a measurable influence on the minimum voltage and their effect
on the effective voltage is minor in comparison to the thickness of the dielectric. Therefore,
the results of the multiple regression for the size of the gas gap and the current setting are

not shown.
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Figure 63: Minimum voltage for the ignition of the plasma and the effective voltage applied to the electrode
configuration with the five tooth sawtooth electrode depending on the thickness of the dielectric

The thickness of the dielectric is the main influence on both the minimum voltage for the
plasma ignition and of the effective voltage applied to the electrode configuration of the
three investigated factors of the experimental array. The effective voltage and the minimum
voltage for the discharge ignition are both increased with the increased dielectric thickness,
as shown in Figure 63. The increased minimum voltage is probably caused by an increased
dielectric loss, which should be the greater, the more the thickness of the dielectric is in-

creased.

On the one hand, these results show clearly, that an increase of the dielectric thickness leads
to a higher consumption of the electrical power, because higher voltages must be applied to
the electrodes in order that the minimum voltage is exceeded and the discharge is ignited.
On the other hand, the results of the effective voltage reveal, that the high voltage power
supply automatically applies higher voltages to the electrode configuration, if the thickness

of the dielectric is increased.

The slope of the minimum voltage function and the effective voltage function in Figure 63
are very similar, so that the distance between the two functions is always equal independent
on the thickness of the dielectric. This means, that the high voltage power supply compen-
sates the increased minimum voltage for the plasma ignition by increasing the applied volt-
age, in order that the same amount of voltage is applied to the gas in the gas gap of the

electrode configuration independent of the dielectric loss. This results in the same plasma
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intensity if the size of the gas gap and the current setting is constant. Therefore, the thickness
of the dielectric had no influence on the measured water contact angles in the investigated
experimental array with the sawtooth electrode configuration in Chapter 9.2. The same is
probably valid for the flat electrode configuration, because the results of the corresponding
experimental array showed also only a low influence of the dielectric thickness on the water

contact angles of the treated BOPP films (shown in Figure 41).

It can be concluded, that the thickness of the dielectric has no influence on the wettability of
the plasma treated BOPP films, but it is the main factor, determining the amount of con-
sumed electrical power. Therefore, the thickness of the dielectric should be kept as small as
possible, whereby the lower border is the breakdown voltage of the utilised dielectric, which

must be higher than the applied voltage.

In the last section of this chapter the question of why the current setting on the DC power
supply has only a minor influence on the power applied to the sawtooth electrode configu-
ration (shown in Figure 61), is discussed, although this factor was chosen for the investiga-
tion of the influence of the amount of power applied to the electrode configuration on the

changed wettability of the treated BOPP films.

10.4 Calculation of the power applied to the gas in the gas gap of
the sawtooth electrode configuration

The current setting on the DC power supply was chosen to be the factor, which mainly in-
fluenced the applied power from the high voltage power supply to the electrode configura-
tion. However, it was observed, that the thickness of the dielectric had much more influence
on the applied power than the current setting. The current setting had, in contrast to the
thickness of the dielectric, a strong influence on the wettability of the treated BOPP films.
Therefore, it was assumed, that the majority of the electrical power, which is additionally
applied to the electrode configuration as a result of an increase of the dielectric thickness,

was used to compensate for the increased dielectric loss.

Otherwise, the supplementary electrical power applied to the electrode configuration, caused
by higher current settings on the DC power supply, is directly applied to the gas in the gas
gap between the two electrodes. This leads to an increase of the plasma intensity and thus to

an increase of the wettability of the treated BOPP films. However, the increase of the power
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by higher settings of the current is superimposed by the much higher increase of'the electrical

power by an increased dielectric thickness (shown in Figure 61 and Figure 62).

To give evidence to this theory, it is necessary to determine the electrical power, which is
applied to the gas in the gas gap for the ignition and the maintaining of the plasma. This
power is called the discharge power, P4, and is calculated by the following equation from

the voltage applied to the gas gap, Vgap, and the plasma current, Zyusmq, according to [133]:

T

1
Pu =7 [ Vo ® - asma Ot 26)
0

The voltage applied to the gas gap, Veqp, derives from the subtraction of the voltage drop
over the dielectric layer, Ve, and of the voltage drop over the measurement capacitor, V7,

from the voltage applied to the electrode configuration, Vi, as shown by Equation 27.

Vaap () = Vo (£) — Ve () — V4 (2) (27)

The voltage drop across the measurement capacitor, V4, and the voltage applied to the elec-
trode configuration, V,, are directly measured. This is not possible for the voltage drop over
the dielectric layer, which needs to be calculated. Mangolini et al. [134] states that the volt-
age drop over the dielectric layer is proportional to the voltage drop across the measurement

capacitor and can be thus calculated by the following equation:

Cmeas

Vaie () = Va(t) (28)

d

The capacitance of the measurement capacitance, Cmeas, 1S known. The capacitance of the
dielectric layer, cqs, must be estimated manually from the slope of the Lissajous figure during
the discharge phase, as described in Chapter 6.1. For the calculation of the discharge power

four electrical cycles of the voltage applied to the electrode configuration and of the voltage
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drop across the measurement capacitance were considered. The capacitance of the dielectric
layer was calculated for the positive and the negative polarisation of the cycle and the result-
ing eight values of the four considered cycles were averaged for the calculation of the voltage

drop over the dielectric layer.

The current measured on the high voltage side of the high voltage power supply is composed
of the sinusoidal displacement current and the plasma current, which is characterised by
short peaks in the nanosecond range (shown in Figure 55 and Figure 56). To separate the
plasma current from the displacement current, a low-pass filter is utilised on the measured
signal, which removes the plasma current, so that the displacement current is obtained. The
subtraction of the displacement current from the measured discharge current yields in the
wanted plasma current. For this mathematical operation, the computer program Matlab, ver-
sion R2014a, was used. The program code for the low-pass filter was compiled with the
signal processing toolbox (version 6.21) of the Matlab program and is presented in Appendix

B.

The utilisation of the low-pass filter on the measured current signal does not only remove
the plasma current, but also causes a phase difference to the original signal, as shown in
Figure 64. To be able to negate the phase difference, the phase angle is calculated with an-
other Matlab program created by Shashank S. [135]. The program code of this Matlab pro-
gram can be found in Appendix C. By estimating the phase angle, ¢, between the discharge
current and the displacement current, the time offset, Az, between the two functions was
calculated by Equation 29 and the displacement current shifted by this time offset, so that
the phase difference is negated. The subtraction of the displacement current from the dis-
charge current then provides the plasma current. An example of this calculation is given in

Figure 65.

T
A= 1 (29)
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Figure 64: Discharge and displacement current of experiment 1 of the experimental array with the five tooth

sawtooth electrode configuration
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Figure 65: Calculation of the plasma current by the subtraction of the displacement current from the dis-
charge current of experiment 1 of the experimental array with the five tooth sawtooth electrode configuration

The discharge power was calculated with the estimated plasma current and the voltage ap-
plied to the gas gap for all the experiments of the experimental array of the sawtooth elec-
trode with five teeth. The discharge power was then utilised as the response in this experi-
mental array. The results of the multiple regression are presented in Figure 66 for the current
set on the DC power supply and in Figure 67 for the thickness of the dielectric. The size of

the gas gap has no influence on the discharge power and is therefore not illustrated.
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Figure 66: Influence of the current setting on the discharge power for the sawtooth electrode configuration
with five teeth
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Figure 67: Influence of the dielectric thickness on the discharge power for the sawtooth electrode configura-

tion with five teeth

The results of Figure 66 reveal that the discharge power is significantly increased if higher
values for the current are set on the DC power supply. This correlation is important, because
the increased discharge power probably leads to a more intense plasma treatment. More en-
ergy is applied to the gas in the gas gap resulting in higher creation rates of the metastable

species, which react with the surface of the BOPP films. If the concentration of the reactive
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particles is increased, because more energy is applied to the gas, more surface reactions take
place on the surface of the treated films. This increases the wettability of the substrate, be-
cause more polar chemical groups are formed on the surface, which also receives a stronger
etching. This consideration is supported by the measurement of the reduced water contact
angles, which is equivalent to an increased wettability, of the BOPP samples treated at higher

current settings (shown in Figure 45).

The influence of the dielectric thickness on the discharge power is illustrated in Figure 67.
An increase of the dielectric thickness led to an increase of the discharge power. This is
unexpected, because the experimental array with the water contact angles did not show an
influence of the dielectric thickness on the wettability of the BOPP films. Therefore, it is
assumed that this increase is a result of the extension of the electrical field caused by the
dielectric. An increase of the dielectric thickness does not only lead to a homogenisation of
the electrical field, but also extends the electrical field above the area of the covered elec-
trode. This extension is greater the more the thickness of the dielectric is increased and leads
to the ignition of additional filaments at the borders of the sawtooth electrode, as shown by
Figure 68, where two discharges with the same current and gas gap setting, but different
dielectric thicknesses, are compared to each other . The additional ignited filaments do not
have an influence on the wettability of the treated BOPP films, because these filaments are
not in contact with the BOPP film, which is positioned in the centre of the electrode config-
uration. The increased discharge power with increasing the thickness of the dielectric has

therefore no influence on the wettability of the treated BOPP films.
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Figure 68: Extension of the electrical field by increasing the dielectric thickness for the sawtooth configura-
tion with one tooth visible through the ignition of additional filaments

In the last two chapters, the three factors, current set on the DC power supply, size of the gas
gap and thickness of the dielectric were investigated to study their influence on the wettabil-
ity of the plasma treated BOPP films. Furthermore, two different types of electrode config-
urations were utilised in the conducted experiments. The results revealed that the sawtooth
electrode configurations are superior, in comparison to the flat electrode configuration, re-

garding the wettability and the amount of consumed power.

The optimal settings for the plasma treatment with the sawtooth electrode configuration re-
garding the wettability of the treated BOPP films are a narrow gas gap and a high current
setting on the DC power supply, which is equal to a high discharge power applied to the gas
gap. The thickness of the dielectric has no influence on the wettability of the treated BOPP
film, but is the main factor, which determines the amount of consumed power by the elec-
trode configuration. Therefore, the thickness of the dielectric should be kept as small as pos-
sible to reduce the consumption of electrical power. These results were transferred to the

industrial DBD system. The findings of these experiments are presented in the next chapter.
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11 Investigation of the BOPP films treated in nitrogen
with admixtures

The optimal settings for surface treatment of BOPP using the sawtooth electrode configura-
tion, determined using laboratory scale treatment rig. These conditions were then applied the
industrial DBD system. The power applied to the electrode configuration, the dielectric
thickness and the gas gap were kept constant at the optimal settings, but the composition of
the atmosphere in the gas gap was varied. The treatments were performed in nitrogen gas
with admixtures of nitrous oxide or acetylene (ethyne) in the ppm range. The surface energy
and the elemental composition of the treated BOPP films were investigated by contact angle,
XPS and ToF-SIMS measurements. Furthermore, the BOPP films were also treated in nitro-
gen with admixtures of nitrous oxide, acetylene and carbon oxide on the laboratory DBD

system.

11.1 The surface energy of the treated BOPP films treated on the
industrial DBD system

The results reviewed in Chapter 9 and 10 showed, that a high power applied to the gas be-
tween the electrodes and a small size of the gas gap led to BOPP films, which are optimally
treated in terms of their wettability by polar substances. Therefore, the settings for the sur-
face treatment with the industrial DBD system (presented in Section 5.6) were chosen to be
minimum with 900 um for the gas gap and maximum with 20 kW for each of the four gen-
erators for the power applied to the electrodes. The speed of the BOPP film during the treat-
ment was 275 m/min. The thickness of the silicone rubber dielectric is not alterable and is

thus kept constant at 5 mm.

The BOPP films were treated in pure nitrogen and in nitrogen admixed with the following
reactive gases; nitrous oxide and acetylene at concentrations each of 25 ppm, 50 ppm, 75
ppm and 100 ppm. The reactive gases are intended to influence the surface treatment, so that
different functional groups are created on the polymer surface. Increasing the reactive gas
concentration above 100 ppm is not applicable for industrial process, because a white pow-
der deposits from the gaseous phase on the lower electrodes as the concentration of the ad-

mixture is increased. This deposition necessitates the cleansing of the lower electrode, which
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interrupts the continuous production. The white powder is probably a product of a plasma

polymerisation reaction of the reactive gas as monomers.

The treated BOPP films were investigated approximately six hours after the treatment by
making contact angle measurements with the testing liquids water, dilodomethane and eth-
ylene glycol. Ten replicate contact angles were measured for every testing liquid for each
sample. The averages of these ten replicate measurements were utilised to calculate the dis-
persive component and the polar component of the surface energy, as well as the total surface
energy of the treated films, as described in Section 6.2. The error of the estimated variables
were calculated from the linear regression by the propagation of uncertainty. The equations
utilised are presented in Appendix D. Values determined for the polar and the dispersive
components of the surface energy and the total surface energy for the acetylene and nitrous

oxide doped atmospheres as shown in Figure 69 and Figure 70, respectively.
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Figure 69: The polar part, the dispersive part and the surface energy of the BOPP films treated by the indus-
trial DBD system with admixtures of acetylene
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Figure 70: The polar part, the dispersive part and the surface energy of the BOPP films treated by the indus-
trial DBD system with admixtures of nitrous oxide

The results in Figure 69 and Figure 70 show, that the plasma treatment increases both the
polar and the dispersive part of the surface energy of the BOPP film each by about a value
of 7 mN/m on average. The surface energy is thus increased in total from 32 mN/mm to
approximately 46 mN/mm. The increase of the polar part of the surface energy is a result of
the incorporation of electronegative chemical groups on the surface of the treated BOPP
[136]. The increase of the dispersive part is an indication that the plasma treatment led to an
enhanced crosslinking of the polymer chains [137]. A significant difference between the
surface energies for the treatments with nitrogen and the different concentrations of admix-
tures could not be observed for either acetylene or nitrous oxide. All surface treatments seem

to lead to the same result independent on the type or the concentration of the reactive gas.

To investigate the stability of the surface energy of the treated BOPP films, also called hy-
drophobic recovery or aging behaviour, the contact angle measurements were repeated every
24 hours over 30 days for the samples treated in pure nitrogen and in nitrogen with 100 ppm
nitrous oxide or acetylene. The samples treated with reactive gas concentration less than 100
ppm were not considered, as the surface energies of these samples, estimated after six hours
ofthe treatment, did not show any significant difference to each other. The calculated surface

energies are presented as function of the time after the plasma treatment in Figure 71.
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Figure 71: Surface energy versus time data for the BOPP samples treated by the industrial DBD system

The results of Figure 71 reveal that there is also no significant variation between the surface
energies of the samples treated in nitrogen or in nitrogen with an admixture over the time
after the plasma treatment. The hydrophobic recovery of all investigated samples is slow,
but certainly measurable, on average the surface energy was reduced by 4mN/m over 30
days. However, it is not possible to determine, whether this reduction is ascribed to the de-

crease of the polar part, the dispersive part or both.

The hydrophobic recovery of PP films treated in an air plasma at atmospheric pressure oc-
curs faster in comparison to the investigated surface treatment in nitrogen. Novak I.et al.
[138] treated polypropylene films in air and investigated the stability of the surface energy.
For their films, the original surface energy of 47 mN/m, measured directly after the plasma
treatment, fell by 13 mN/m within 30 days. The reduction proceeded exponentially, whereby
a stable surface energy of 33 mN/m was reached after 50 days. Additional studies about the
hydrophobic recovery of PP films treated in air plasma can be found in [139] and [140].
However, these references only measured the increase in water contact angle with time,
which also indicated a fast hydrophobic recovery of the treated films, but do not allow direct

comparison with the findings presented here.

These examples of air treated PP films show the advantage of the nitrogen plasma utilised.
The hydrophobic recovery is strongly reduced, if nitrogen is used instead of air. As a result
of the reduced hydrophobic recovery, BOPP films treated with a nitrogen plasma can be
stored longer without the need of refreshing the surface treatment, when the BOPP films are

proceeded further by lamination or printing.
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The reason for the hydrophobic recovery is, that the plasma treatment puts the surface of the
treated polymer into a state that is not at thermodynamic equilibrium. The system tries to
reduce the high energetic level by decreasing the increased surface energy. This decrease
was studied by XPS measurements, which indicated, that the amount of electronegative el-
ements is reduced over the time on the surface of the treated PP films [112, 141, 142]. Morra
M. et al. [143] ascribe the reduction of the electronegative groups to a rearrangement of the
polymer chains, which are close to the surface of the treated polymer. This leads to the re-
placement of the functional groups from the surface towards the bulk of the polymer and
thus to the reduction of the surface energy. Pascual et al. [144] take also consider, that
LMWOM could migrate from the surface into the bulk of the polymer and additives from

the bulk close to the surface.

11.2 Results of the XPS measurements

The XPS measurements for this project were performed by Dr Steve Hinder from the Uni-
versity of Surrey. A theta probe angle-resolved X-ray photoelectron spectrometer (Thermo
Fisher Scientific Inc.) with an aluminium K-alpha X-ray source (1486.6 eV) was used to
measure a spot of 700 um? on every sample. The penetration depth of the XPS measurement
is in order of nanometres. Wide scans from 0 to 1400 eV have been completed to identify
the elements on the sample (Figure 72) and narrow scans of the 1s peaks of carbon (282-290
eV, Figure 73), nitrogen (395-404 eV, Figure 74) and oxygen (528-537 eV, Figure 74) have

been measured for the determination of the elemental composition.
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Figure 72: XPS wide scan of BOPP sample treated in pure nitrogen
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Figure 73: XPS narrow scan (Carbon 1s) of the BOPP sample treated in pure nitrogen
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Figure 75: XPS narrow scan (Oxygen 1s) of the BOPP sample treated in pure nitrogen

Due to the high costs of the XPS measurements, every sample treated by the industrial DBD
system was only measured once. Therefore, it is not possible to indicate the error of the
individual measurements. The results of these measurements are illustrated in Figure 76 for
the acetylene doped nitrogen and in Figure 77 for the nitrous oxide doped nitrogen. Only the
percentage of nitrogen and oxygen are presented. The amount of carbon is not shown, but
can be calculated by subtraction of the percentage of nitrogen and oxygen from 100 %, be-

cause no other elements than carbon, oxygen and nitrogen were detected.



Investigation of the BOPP films treated in nitrogen with admixtures 123

8
=—@— Nitrogen Oxygen

_ 6
X
4
c
]
2
o 4
a
L
IS
o
]
<

2

0

0 20 40 60 80 100

Concentration acetylene [ppm]

Figure 76: Nitrogen and oxygen content of the samples treated by the industrial DBD system with the reac-
tive gas acetylene
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Figure 77: Nitrogen and oxygen content of the samples treated by the industrial DBD system with the reac-

tive gas nitrous oxide

The XPS measurements indicate that both nitrogen and oxygen atoms were incorporated in
the surface of the treated BOPP films. The XPS measurement of an untreated sample yielded
in an atomic percent of 100 % carbon. The results in Figure 76 show, that there is an indica-
tion of a trend for the nitrogen content, which increases with the increased concentration of

the admixture acetylene. Such a trend cannot be observed for the oxygen content and for the
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samples treated with the admixture nitrous oxide. However, all samples treated with an ad-
mixture showed lower amounts of incorporated oxygen and nitrogen than the sample treated
in pure nitrogen gas. It is not clear whether the differences of the measured amounts of ox-
ygen and nitrogen are significant, because the identification of the measurement error is not
possible. It is assumed, that the differences are not significant, since no variations of the

surface energies between the individual samples could be observed.

The detected oxygen on the treated samples is unexpected, because the gases utilised in the
gas gap between the electrodes should only have contained oxygen in traces. However, the
comparison with the findings of other research groups indicates, that also their treated PP
films also treated in pure nitrogen contain oxygen [90, 112, 113, 145]. None of these publi-
cations discuss the source of the incorporated oxygen. It is assumed, that the oxygen atoms
originate from water or oxygen adsorbed on the surface of the BOPP film. The high amount
of incorporated oxygen on the surface of the BOPP films in comparison to the amount of
incorporated nitrogen leads to the assumption, that mainly the exited particles, which are
close to the surface of the BOPP film, react with the polymer surface. Excited particles cre-
ated further away from the surface have a lower probability to react with the polymer surface,
because they have to overcome a longer distance by diffusion in order that a reaction with
the surface of the polymer can take place. This theory would also explain, why the admix-
tures in the nitrogen gas did not have a significant influence on the surface energies of the

treated films.

The atmosphere close to the surface of the polymer contains the particles, which mainly react
with the surface of the polymer. It is easily imaginable, that substances adsorbed onto the
polymer surface influence the composition of the gas close to the polymer surface in greater
concentrations than 100 ppm. The adsorbed substances have thus the greater impact on the
surface treatment than the gaseous admixtures in the nitrogen. Therefore, no significant dif-
ferences in the surface energies of the samples treated with the concentrations up to 100 ppm
of nitrous oxide and acetylene could be measured. In the next section, the results of the
surface treatment with higher concentrations of the admixtures with up to 500 ppm are dis-

cussed.
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11.3 Films treated with higher concentrations of the admixtures

The BOPP films treated with the industrially DBD system did not show differences in the
surface energies, if nitrous oxide or acetylene were used to dope to the nitrogen gas. How-
ever, a white powder was produced in the plasma during the treatment, if the admixtures
were added to the nitrogen. The white powder leads to contamination of the lower electrode.

Therefore, higher concentrations than 100 ppm are not suitable for the industrial process.

To investigate whether concentrations of the admixtures from 100 ppm up to 500 ppm have
an influence on the surface energy of the treated BOPP films, the laboratory scale DBD
system was utilised again. The dopant gases were acetylene, nitrous oxide and carbon diox-
ide. Three gas cylinders with nitrogen gas doped with one of the reactive gases with concen-
tration of 500 ppm were bought from the BOC group plc. By applying different pressures on
the pure nitrogen gas line and the gas cartridges, the four different concentrations of the
admixtures 125 ppm, 250 ppm, 375 ppm and 500 ppm were achieved in the gas chamber of
the laboratory DBD system. The used pressure settings are listed in Table 11.

Table 11: Different pressure settings for the nitrogen gas line and the gas cartridge for achieving
the different concentrations of the admixtures in the nitrogen gas

Pressure on the gas cartridge

Concentra.tion of the ad- Pressure on t.he nitrogen gas with the nitrogen gas and the
mixture line .
admixture

[ppm] [bar] [bar]
125 1.5 0.5
250 1.0 1.0
375 0.5 1.5
500 0.0 2.0

The settings for the surface treatment were 1.5 A on the DC power supply for the current, a
gap distance of 0.5 mm and a dielectric thickness of 0.63 mm. Three samples for each con-
centration of the different admixtures were treated with the three toothed sawtooth configu-
ration. The contact angle measurements with water, ethylene glycol and diiodomethane were
immediately conducted after the surface treatment on one of the three samples for each test

liquid, whereby ten contact angles were conducted. The calculation of the dispersive part,
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the polar part and the surface energy was conducted with the averaged value of the ten meas-
urements. The error was estimated in the same way, as already made in Section 11.1. The
results are presented in Figure 78 for the acetylene dopant, in Figure 79 for the nitrous oxide

dopant and in Figure 80 for the carbon dioxide dopant.
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Figure 78: The polar part, the dispersive part and the surface energy of the BOPP films treated by the labora-
tory DBD system with admixtures of acetylene
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Figure 79: The polar part, the dispersive part and the surface energy of the BOPP films treated by the labora-
tory DBD system with admixtures of nitrous oxide
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Figure 80: The polar part, the dispersive part and the surface energy of the BOPP films treated by the labora-
tory DBD system with admixtures of carbon dioxide

The investigation of the surface energies showed, that the plasma treatment significantly
increases the polar part of the surface energy by approximately 12 mN/m, whereas the dis-
persive part stays unaffected. However, there are no significant differences for the polar part,
the dispersive part or the entire surface energy between the treatment in pure nitrogen and
the treatment in nitrogen with the different admixtures, also independent of the utilised con-
centration. Thereby, there is no influence of the admixtures on the surface energy of the
BOPP films treated by the laboratory DBD system for concentrations of the admixtures in
the nitrogen gas up to 500 ppm.

To investigate the aging behaviour of the samples treated by the laboratory DBD system,
three additional samples were treated in nitrogen with the same settings of the DBD config-
uration. The contact angles were measured 30 days after the treatment with water, ethylene
glycol and diiodomethane. The results for the polar part, the dispersive part and the entire

surface energy are presented in Figure 81.
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Figure 81: Aging behaviour of the BOPP samples treated in nitrogen with the laboratory DBD system

The results of Figure 81 indicate, that the surface energy of the BOPP films is reduced 30
days after the plasma treatment with the laboratory DBD system. The polar part decreases
from approximately 12 mN/m to 5 mN/m while the dispersive part is not affected neither by
the plasma treatment nor by the hydrophobic recovery. The entire surface energy is 30 days

after the plasma treatment only slightly higher than the untreated sample.

This result is the complete opposite of the findings obtained with the surface treatments by
the industrial DBD system, whose samples showed only a slow decrease of the surface en-
ergy during 30 days (shown in Figure 71). This means the utilisation of the nitrogen gas is
not the only requirement for receiving surface treated BOPP films with slow hydrophobic

recovery.

The surface treatment with the laboratory DBD system increased only the polar part of the
treated BOPP films (shown in Figure 78, Figure 79 and Figure 80), whereas the plasma
treatment with the industrial DBD system enhanced the polar part, as well as the dispersive
part of the surface energy (shown in Figure 69 and Figure 70). The increase of the polar part
is ascribed to the incorporation of electronegative chemical groups on the surface of the
treated polymer. The reason for the increase of the dispersive part is the crosslinking between

the polymer chains due to the plasma treatment.
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The hydrophobic recovery of the plasma treated films is related to the rearrangement of the
polymer chains at the surface, which carry the electronegative chemical groups. The rear-
rangement leads to the reorientation of the electronegative chemical groups from the surface
towards the bulk of the polymer and thus to the reduction of the polar part of the surface
energy. This behaviour could be observed for the surface energy of the BOPP films treated
by the laboratory DBD system.

The BOPP films treated by the industrial DBD system showed an increase of the polar and
ofthe dispersive part of the surface energy. This means, that electronegative chemical groups
are attached to the surface of the polymer foil and in addition the polymer chains underwent
some crosslinking through the plasma treatment. The estimated hydrophobic recovery of
these films was strongly reduced in comparison to the films treated by the laboratory DBD
system. An explanation for this behaviour is, that the crosslinking between the polymer
chains hinder the rearrangement of the polymer chains. The electronegative chemical groups
can thus keep their position at the surface of the polymer longer and the surface energy is
reduced slower. The crosslinking of the polymer chains leads to the kinetic inhibition of the

hydrophobic recovery.

The biggest difference between the surface treatment of the laboratory and the industrial
DBD system is probably the amount of applied power to the nitrogen gas. For the compari-
son of two polymer films treated by two different DBD systems, the energy density applied
to the polymer film , W, is utilised [90]. This value is calculated by dividing the product of
the discharge area, A4, of the gap size, d, and the speed of the polymer film through the
plasma, v, from the product of the discharge power, Py, and the width of the electrode, 4.
The quotient of the width of the electrode, /4, and of the speed of the film, v, is the residence

time of the film in the plasma.

Pd'h

w, = —
a Adis'd'v

(30)

The calculation of the discharge power for the industrial DBD system was not possible, be-
cause the incorporation of a measurement capacitor in the high voltage circuit of the indus-
trial DBD system was not permitted. Therefore, only a rough estimation of the two different
energy densities are undertaken by replacing the discharge power by the power applied to

the electrodes. The different characteristics of the two DBD systems are listed in Table 12.
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Table 12: Characteristics for the rough estimation of the energy densities of the surface treatments
with the laboratory and the industrial DBD system

Laboratory DBD system Industrial DBD system
Applied power 50 W 4 x 20 kW
Electrode area 11 cm? 4 x 1800 cm?
Speed of the polymer film 0.37 m/s 4.6 m/s
Gap size 0.5 mm 0.9 mm
Width of the electrode 25 mm 4 x 150 mm

The result of the energy density for the laboratory DBD system is 6.1x10°> kW/m’s and for
the industrial DBD system 1.6x10* kW/m’s. However, these values were calculated with the
power applied to the electrodes and not with the discharge power. Therefore, the differences
concerning the dielectric, such as the thickness and the material, were not considered in the

calculation.

Nevertheless, it is recognisable, that the energy density applied to the BOPP film is about
three times higher for the industrial DBD system than for the laboratory system. It is as-
sumed, that the higher energy density is the reason for the crosslinking of the BOPP polymer
chains, which leads to the increase of the dispersive part of the surface energy and to the
kinetic inhibition of the hydrophobic recovery. But of course, this theory must be validated

by further experiments. This will be part of the future work.
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12 Conclusions

The aim of this PhD-project was the investigation of the DBD in nitrogen at atmospheric
pressure as a surface treatment method for BOPP packaging foils. Therefore, a laboratory
DBD system, consisting of a high voltage power supply, a gas chamber, a reel-to-reel system
and different electrode configurations, was designed, built and implemented. Suitable factors
were chosen to study their influence on the wettability of the treated polymer films. The

factors were optimised by a D-optimal design of experiment.

The D-optimal experimental arrays revealed that the surface treatment with the sawtooth
electrode configuration is superior regarding the increase of the surface energy and the power
consumption in comparison to the flat electrode configuration. The investigation of the fac-
tors: current set on the DC power supply, the thickness of the dielectric and the size of the
gas gap showed that an increased current and a low gas gap lead to an increased wettability
of the treated films, if a sawtooth electrode is utilised. The experimental array with the flat
electrode configuration demonstrated, that the dependence of the current setting on the sur-
face energy is identical to the experiments with the sawtooth electrode, but the size of the
gas gap has no influence on the wettability, if the flat electrode configuration is used. The
thickness of the dielectric had for both electrode configurations no influence on the surface
energy, but it is the main factor influencing the power consumed, which is increased with an

increase of the dielectric thickness.

The investigations of the aging behaviour of the industrially treated samples revealed that
the hydrophobic recovery of samples treated in the nitrogen plasma is slow. That is an im-
portant advantage over the more common plasma treatment in air, since treated films in an
air plasma lose the main part of the increased surface energy in the first days after the surface
treatment. The reduced hydrophobic recovery of the samples treated in the nitrogen plasma
is connected to the crosslinking of the polymer chains on the surface of the treated BOPP

foils. This is indicated by the increase of the dispersive part of the surface energy.

The samples industrially treated in nitrogen with a concentration up to 100 ppm of the reac-
tive gases nitrous oxide or acetylene did not show a measurable difference to the samples
treated in pure nitrogen. The same is valid for the samples treated by the laboratory DBD
system with concentrations of nitrous oxide, acetylene or carbon dioxide with up to 500 ppm.
However, the samples treated with the laboratory DBD system had a faster hydrophobic

recovery and no increase of the dispersive part of the surface energy in comparison to the
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industrially treated BOPP films. This fact led to the consideration, that the energy density
applied to the polymer film is an important factor, which strongly influences the surface

chemistry of the plasma treatment.
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13 Future work

Based on the findings during this PhD-project, a number of open questions and further opti-

misations for the DBD configuration remain. These are:

The influence of the dielectric thickness on the surface treatment was intensely studied.
However, no work was carried out about the type of dielectric utilised between the elec-
trodes. Especially, the influence of the relative permittivity of the dielectric material on the
consumed power and the plasma intensity would open the way for further improvements of

the DBD technology.

During this project, only the filamentary discharge could be ignited. With a power supply,
which is able to apply the electrical field for a duration lower than 100 ns to the nitrogen gas,
also the homogeneous glow discharge could be utilised for the surface treatment of the BOPP
films. The homogeneous plasma could add further improvement to the treated films in com-

parison to the filamentary discharge.

The surface topography of the treated films could be investigated by the atomic force mi-
croscopy. The influence of the plasma on the surface roughness of the treated films and the

influence of the roughness on the increased surface energy would be interesting.

The energy density applied to the BOPP films during the surface treatment seems to be an
important factor for the crosslinking of the polymer chains on the surface of the polymer
foil. However, this theory needs more evidence. This could be done by the surface treatment
of the BOPP samples with the industrial DBD system at different power settings. If the in-
crease of the dispersive part of the surface energy would be lowered with reduced power

applied to the electrodes, a strong argument for the made assumption would be found.

The hydrophobic recovery of the BOPP films treated by the industrial DBD system was
observed for 30 days. This time scale should be increased until the surface energy reaches a
stable value. This would provide detailed information about how long the treated films can

be stored before processing by printing or lamination.
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Appendix A: Circuit diagram of the amplifier
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3. Positivevoltage regulator L7815CV, STMicroelectronics N.V.
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Appendix B: Matlab program code for the low-pass filter

function y = lowpass (x)

$LOWPASS Filters input x and returns output y.

% MATLAB Code
% Generated by MATLAB(R) 8.3 and the Signal Processing Toolbox 6.21.
% Generated on: 21-Dec-2014 15:03:44

persistent Hd;

if isempty (Hd)

Fpass = 0.004; % Passband Frequency
Fstop = 0.009; % Stopband Frequency
Apass = 1; % Passband Ripple (dB)
Astop = 60; % Stopband Attenuation (dB)

h = fdesign.lowpass('fp, fst,ap,ast', Fpass, Fstop, Apass, Astop):;

Hd = design(h, 'ifir');

set (Hd, 'PersistentMemory', true);

end

y = filter (Hd, x);
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Appendix C: Matlab program code for calculating the phase difference

Filename: givepd.m
% Author: Shashank
email: sgsawant(@
Description: Giv
same frequency,
2 given signals

o° A A 0P o° o° o
H
oy
)
T
=g
o))
)]
[0}
(o
-
Hh
H
[0}
)

o©

Time Stamp: 2010

o©

pd - output phas
v - first sinuso
i - second sinus
Note: v and i sh
function pd=givepd
L=length(v) ;
if (L~=length(i))
error ('The len
end

o° oo

o

% The following bl
NFFT = 2”"nextpow?2 (
V = fft(v,NFFT) /L;

The following bl
% frequency compon
[value, index]=max (
pV = angle (V(index

% The following bl
NFFT = 2”nextpow?2 (
I = £ft(i,NFFT)/L;

The following bl
frequency compon
value, index]=max (
I = angle (I (index

O — 0o oo

[

% The following is
pd=pV-pl;

% The code below 1
while 1
if pd>pi
pd=pd-2*pi
elseif pd<-pi
pd=pd+2*pi
else
break;
end
end

return;
end

G. Sawant
gmail.com
en 2 sinusoidal signals of the
the function gives the "phase difference" between the

The output is limited to radians

October 19 2043hrs

e difference (in radians)
idal signal

oidal signal

ould have the same frequency
(v,1)

gth of the 2 sinusoidal input vectors is not same!!!');

ock calculates the FFT
L);
$Fourier Transform of signal v

ock calculates the phase of the most significant
ent

2*abs (V(1:NFFT/2+1)));

))

ock calculates the FFT

L);
$Fourier Transform of signal i

ock calculates the phase of the most significant
ent

2*abs (I (1:NFFT/2+1)));

))

the phase difference between the 2 signals

imits the output to radians

’

’
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Appendix D: Error calculation for the surface energy
The error of the slope and the y-intercept of a regression line with the equation:
y=m-x+t

is given according to [146]by:

Ay ?1x12
Am = . 5
n—2 |n-Yr x?— QM x)

Ay n
At = ' 2 n
n—2 |n-Xt xf—Qkx)?

The error of the dispersive part of the surface energy is Az, the error of the polar part is Am
and the error of the entire surface energy is calculated by the sum of Af and Am according to

the error propagation:

A”S‘j<a(ysa,,jy5) ) ((Vsa];:ys) m) At 4 Am




