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palavras-chave

resumo

Aco em banda pré-pintado, polimerizacéo por plasma, proteccao da corrosao,
propriedades barreira, AFM, EIS.

O trabalho apresentado teve origem no projecto de investigacédo “Tailored Thin
Plasma Polymers Films for Surface Engineering of Coil Coated Steel”,
financiado pelo Programa Europeu ECSC Steel Research.

Sistemas de aco galvanizado pré-pintado em banda a base de poliéster e
poliuretano foram submetidos a um processo de polimerizacdo por plasma
onde um filme fino foi depositado de modo a modificar as propriedades de
superficie. Foram usados reactores de catodo oco, microondas e radio
frequéncia para a deposicdo do polimero fino. Os sistemas preparados foram
analisados de modo a verificar a influéncia do processo de polimerizagdo por
plasma na alteracdo das propriedades barreira dos sistemas pré-pintados em
banda. Foi estudado o efeito dos diferentes passos do processo de
polimerizagdo por plasma, bem como o efeito de diferentes variaveis
operatérias. A mistura precursora foi variada de modo a modificar as
propriedades da superficie de modo a poder vir a obter maior hidrofobicidade,
maior resisténcia a marcas digitais, bem como maior facilidade de limpeza. Os
testes foram conduzidos em solucdo de NaCl 0,5 M.

Para o trabalho foram usadas técnicas de analise da morfologia da superficie
como Microscopia de Forca Atdmica e Microscopia Electrénica de Varrimento.
As propriedades electroquimicas dos sistemas foram estudadas por
Espectroscopia de Impedéancia Electroquimica. A estrutura dos filmes gerados
no processo de polimerizacédo por plasma foi caracterizada por Microscopia de
Transmissdo Electrénica. A modificacdo das propriedades 6pticas devido ao
processo de polimerizagao por plasma foi também obtida.



keywords

abstract

coil coated steel, plasma polymerization, corrosion protection, barrier
properties, EIS, AFM.

The present work was originated in the project “Tailored Thin Plasma Polymers
Films for Surface Engineering of Coil Coated Steel”, financed by the European
Program ECSC Steel Research.

Polyurethane and polyester coil coatings modified with plasma polymer films
prepared by hollow cathode, microwave and radio frequency plasma reactors
were tested in order to obtain information about the influence of the process on
the barrier properties of the coated systems and stability of the films obtained.
The effects of the different steps on the whole process as well as the effect of
different operating parameters were analysed. Different plasma precursors that
could provide tailored surface properties, e.g. ultra-hydrophobic surface, anti-
finger print and enhanced cleaning properties were also tested. The
experiments were performed in 0.5 M NaCl solution.

The coating surface evolution was studied by means of Scanning Electronic
Microscopy and Atomic Force Microscopy. Electrochemical Impedance
Spectroscopy was used to study the electrochemical properties of the coating
systems. Results obtained by Transmission Electronic Microscopy revealed the
microstructure of the plasma polymer films applied on the top of the coil
coatings. Surface optical properties modification with plasma polymerization
was also investigated.
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Abbreviations

Abbreviation used in this works:

a

a.c.
AFM
ATR-IR

bO
bC
BC
BSE

CCD
CIE

ared

alternating current

atomic force microscopy

Attenuated total reflection infrared spectroscopy
Stern-Geary coefficient

Tafel coefficient for the anodic partial reaction
Tafel coefficient for the cathodic partial reaction
before Christ

back scattered electrons

capacitance / capacitor

charge-coupled device

commission Internationale de I'éclairage



CPE, Q

d.c.
DOC

constant phase element
thickness

direct current

Dortmunder Oberfldchencentrum
voltage / potential

electron

amplitude of the signall

dielectric constant

permittivity of vacuum
dielectric constant of water

energy-dispersive X-ray spectroscopy
electron energy distribution function
electrochemical impedance spectroscopy
frequency

Farad

average surface height
heptadecafluoro-1-decen
hexamethyldisiloxane

current / response signal

inductor

metal

Max Planck Institut fUr Eisenforschung
constant phase element exponent
radial frequency

phase

constant phase element

resistance / resistor

arithmetic roughness

surface skewness

root mean square roughness
scanning electron microscopy
scanning force microscopy

scanning tunnelling microscopy
stfandard cubic centimetres per minute
fime

time constant

glass transition temperature
fransmission electron microscopy
tetramethylsilane

average electron-neutral collision frequency
volatile organic compounds
Warburg

disbonded area of delamination
X-ray Photoelectron Spectroscopy
reflection colour coordinates
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Subscripts

0
coat
ct

dl
dio

por
sol

colour matching functions

tristimulus

admittance, luminance parameter
impedance of the system / elevation profile
real part of impedance

imaginary part of impedance

modulus of impedance

modulus of impedance at 0.1 Hz

refers to initial time

refers to the coating

refers to the charge transfer

refers to the double layer

refers to the uncoated metal double layer
represents each point measured

refers to the pores

refers to the solution

represents the time
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Foreword

The coil coating industry is looking for solutions to improve specific properties
of the coil coated material without significant loss of formability and corrosion
protection. Some of these properties include anti-fingerprint and easy to clean
surfaces together with anti-wear and colour control. The deposition of thin films
by plasma polymerization on the top of the organic coatings can be an effective
and attractive way to modify the surface properties of coated systems. The
procedure can be optimized to tailor the final surface properties maintaining the
rest of the coil coating properties.

The aim of the project Tailored thin plasma polymers for surface engineering of
coil coated steel (ECSC project 7210-PR/383), * in which this work is included,
was to verify the applicability of thin plasma polymer films to tailor the surface
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properties of coil coated steel by adding one extra stage to the production line,
as shown in Figure 1.

Coil Coating Plasma
Process Polymerization
comes L9 R
Uncoated = ! = Finished
Metal Product

Figure 1 Scheme of the plasma polymerization stage introduced in the coil
coating production line.

To develop optimal final paint systems it is necessary a good understanding of
the degradation of the polymers, metallic corrosion, micromechanical
properties and adhesion of plasma polymers to organic coatings. Other
adjustable properties, such as high wear resistance, ultra hydrophobicity and
ultra hydrophility, also require a good understanding of the chemical structure
and morphology of the plasma polymer coating. The stability of these
properties over a long service life is mandatory.

The plasma polymerization process is performed inside a vacuum chamber
where a glow discharge initiates the polymerization. The excited electrons
created by the glow discharge ionize the monomer molecules shattering them
into reactive radicals that condense and polymerize on the substrate, creating
a hard and dense coating. The glow discharges in the present study took place
in microwave and radio frequency reactors.

This work studies the influence of reactor conditions, precursor mixtures and
polymerization steps on the film properties. In particular, study of the structure,
composition, morphology, colour, immersion stability and barrier properties of
the plasma polymer films. The influence of the plasma polymerization process
on the properties of the whole system (coil coating with plasma polymer on the
top of it) was also analysed. This was accomplished using different types of
spectroscopy, microscopy and electrochemical tests. The collected
experimental data permitted to obtain information concerning the degradation
and mechanisms of the coating protection.

This text is organised in four main parts: Introduction, Experimental, Results
and their Discussion. Part one is an introduction divided in two sections: In the
first, Section 1, common corrosion protection strategies are presented,
focusing the protection given by organic coatings. The second, Section 2, gives



some insights about the plasma polymerization process, parameters,
reactions, feed gas and type of reactors. State of the art concerning the
application of plasma polymer films is also presented.

The experimental part appears divided in two sections. Principles about the
techniques used appear in Section 3 and Section 4 describes the samples and
the set-ups used for testing, along with operational parameters specific for
each technique.

In the third part, in Section 5 and 6, the results are presented and in Section 7
they are discussed. Section 5 contains the results obtained with the unmodified
coil coated galvanised steel. Their analysis permits to understand the coll
coating behaviour and to collect reference values for the whole system
performance. Then, Section 6 presents the results for the same systems after
the surface modification by plasma polymerization process. Here, the
characterization of the plasma polymer film and the whole system properties
are studied. Section 7 discusses the experimental results and performs a
correlation between the several parameters studied in the course of the
experimental work.

Two complementary parts, general conclusions and suggestions for future
work appear in Section 8 and 9, respectively.
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Section 1. Corrosion and Corrosion Control

1.1. Infroduction

Materials are present in everyday life since the beginning of human history. Initially natural
materials, like stone, wood and animal or vegetable fibres, were used to improve their
comfort. Because of constant research, new materials have been created and introduced
to the civilization. Materials science searches the basic knowledge about composition,
structure, properties and processing of materials while materials engineering concerns the
use of that knowledge to convert the materials into usable products.

Processed materials can be divided into three main classes: metallic, polymeric and
ceramic materials. > The science and engineering of materials relies on material
parameters, which describe them: composition, structure, properties, processing and
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performance. The materials composition refers to their constituent elements. The structure
of a material refers to the internal arrangement of its components. The properties appear
related with the response to specific imposed stimulus, independent of the material shape
and size. The properties subdivide in six categories: mechanical, electrical, thermal,
magnetic, optical and deteriorative. The materials structure is dependent of how it is
processed and the performance is a function of its properties.

One of the goals of materials engineering is the proper selection of materials for a specific
use. The decision for a given material comes from a compromise between required
properties, dictated by the service conditions, the expected service time and cost of the
finished product. **

1.2. Metals and Corrosion

Metals are inorganic substances composed of one or more metallic elements, which may
also contain some non-metallic elements. Crystalline structure with atoms arranged in
orderly manner is characteristic of metals. In general, they are good thermal and electric
conductors, relatively strong and ductile at room temperatures and maintain good strength
at high temperature. 2

Process metallurgy is one of the oldest applied sciences. Its history can be traced back to
earlier than 6000 BC. Currently there are 86 known metals, but until the 17" century, only
12 of these metals had been discovered. The first known metal was gold before 6000 BC,
then copper 4200 BC, silver 4000 BC, followed by lead 3500 BC, tin 1750 BC, iron 1500
BC and mercury 750 BC, then arsenic, antimony, zinc and bismuth in the 13" and 14"
centuries, while platinum was discovered in the 16™ century.

Metals (and metal alloys) possess high structural strength per unit mass, making them
useful structural materials. Metal alloys can be engineered to have high resistance to
shear, torque and deformation. The strength and resilience of metals has led to their
frequent use in building and bridge construction, as well as vehicles, appliances, tools,
pipes and railroad tracks.

Metals are extracted from the earth by means of mining. The extracted ores in natural form
are in combined state, i.e. oxidized state as carbamates, oxides, sulphides, etc. In this
form, they are at their lower energy state. The transformation to the metallic form requires
large amounts of energy in order to reduce the extracted ores. The formed metals are,
therefore, thermodynamically unstable and tend to oxidise to the previous native and more
stable state - by corrosion process. Metallic corrosion is at low temperature of
electrochemistry nature, in which metallic ions leave the metal and form compounds in the
presence of water and gases. >>°
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Due to the thermodynamic nature the metallic oxidation, the corrosion process cannot be
eliminated, but can be controlled and reduced. All metals and alloys have different
tendency to corrode in a particular environment. Usually oxidants present in the
environment are sufficient to initiate corrosive processes on most metals. The metal
oxidizes forming ions and the oxidant is reduced. The corrosion of a given metal (M)
involves usually an anode and a cathode and the reactions present are very often: 2°

M>M"+ne anode

(1.1)
0,+2H,0+4e > 40H

2H +2e > H,

cathode

The electrons (e) are able to move in the metal to the cathode area where they react. The
solid corrosion products can precipitate at the metal surface. #®

The electrochemical corrosion of metallic substrates causes economic costs estimated to
be around 2 to 4% of the gross domestic product of a country. ° To these direct costs can
be added the cost of temporary shut down of manufacturing plants, with the consequent
loss of production. Together with the economic costs, there is the catastrophic failure of
public and industrial infrastructures, which can lead to loss of human lives.

1.3. Corrosion Control

Frequently, corrosion can be prevented or minimized by proper selection of materials (not
necessarily a metal) and by a careful design of structures. ** Metals corrode differently in
different environments, thus the best choice depends on the environment conditions
prevailing during service life. #®? A structure projected to avoid direct contact with
aggressive agents, points of water accumulation or galvanic contact of different metals will
have an extended life, compared to similar structures conceived without such
preoccupations. **

A second approach relies in changing the service environment. Examples are lowering the
temperature, removal of oxygen (e.g. with oxygen scavengers in the aqueous phase) and
oxidizers, decrease of the concentration of aggressive species present and controlling
humidity in the air (atmospheric corrosion only becomes meaningful above 70% relative
humidity). **
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Another way of environment modification is with corrosion inhibitors. These are added in
small concentrations to decrease the corrosion rate. They inhibit either anodic processes,
cathodic processes or both, decreasing the corrosion rate. Corrosion inhibitors include
inorganic compounds (e.g. chromates and phosphates) and organic compounds (wide
range of saturated, unsaturated, cyclic and aromatic with ionic end groups). Contamination
of the environment is a concern since many inhibitors are toxic. Their primary use is in
closed systems where the corrosive environment is contained for long periods or re-
circulated. The method makes the system less sensitive to scratches or defects compared
to coatings, since the inhibitor is available whenever the metal becomes exposed. **

Some metals and alloys exhibit passivation given the right conditions. In this process, a
protective surface layer of oxide occurs rendering the metal surface passive, which
prevents further reactions. The reaction initially is quite rapid until the protective layer
forms. Examples are aluminium, nickel, titanium and chromium together with alloys of
these elements. 24

The anodic protection, based in the application of careful controlled anodic currents to
promote the passivation of the metal, is only possible with passivating metals and in
particular environments. The technique brings some concerns because it relies in
modifications of the kinetics/mechanism of the process, which is related with the
environment. Environmental changes could lead to mechanism variation and corrosion,
typically localized corrosion, may become possible. **

For large steel structures, e.g. naval ships, off shore structures, pipelines, buried tanks and
reservoirs, the common procedure is the cathodic protection. This controls the corrosion in
the metal surface by making it the cathode of a huge electrochemical cell. For effective
protection, the potential of the steel surface is polarized (pushed) to more negative values
until only the cathodic reaction becomes possible. At this potential, the oxidation is
thermodynamically impossible. There are two main ways to apply the cathodic protection.
One is the impressed current technique, which uses anodes connected to a direct current
(d.c.) power source (alternating current with a.c. power rectifier) being the structure to be
protected the cathode of the electrochemical cell. The second way is the use of sacrificial
anodes, where metals with potential more negative than steel oxidize and provide the
current needed for the steel polarization. Usually galvanic protection is combined with
painting of the structures, to minimize the metal area that is exposed to the environment
needing protection, thus saving energy and anodes. %1314

Surface treatments for protection of the metallic structures are other approach to the
corrosion protection. The basic idea is to provide a barrier of material between the
aggressive environment and the structural materials. The conversion coatings chemically
react with the metal surface to create a physical surface that allows better paint adhesion.
They also act as a buffer between the coating and the substrate, reducing the corrosion
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rate and the effects of sudden temperature changes. Typical examples are conversion
coatings based in phosphates and chromates.

Artificially increase of the natural oxide layer enhances the protection - metals anodization.
The process consists in a specialized electrolytic surface finish for aluminium in order to
grow the natural passive oxide layer. ** The process improves the hardness of the surface
and corrosion resistance, increases paint adhesion, provides electrical insulation and
imparts decorative characteristics.

Sol-gel films were recently introduced in the fields of materials science and ceramic
engineering. The process consists in a wet-chemical technique starting with typical
precursors (metal alkoxides and metal chlorides), which undergo hydrolysis and
polycondensation reactions. These are also used as pre-treatment before painting,
promoting adhesion and offering extra corrosion protection.

Metallic coatings, like hot dip galvanized steel, provide barrier and, upon its preferential
corrosion, ensure cathodic protection if some localised defect allows access of corrosion
agents to the metal. Organic coatings rely in similar barrier effect, however, without the
cathodic protection. %1

Special surface treatments (e.g. physical vapour deposition, chemical vapour deposition,
ion implantation) also could protect metals from corrosion. Apart from that, the thin films
are used for the modification of other surface properties: gloss, hardness, electrical or
thermal conductivity and wear resistance.

1.4. Organic Coatings

The most common method to control the corrosion process is the application of organic
coatings. Advantages like low cost, easy applicability, together with effective corrosion
protection ensure increase of their application. Another reason for the success of organic
coatings is their high variety of properties and application, since many surfaces are painted
for aesthetical reasons. *"*®

Paints are not a new invention. Wood and metal have been painted with organic or
inorganic pigments to improve their aesthetic appearance and their environmental stability.
¥ The development of corrosion protection coatings followed the industrial revolution and
development of metallic structures. Usually mechanical strength and fracture toughness
are provided by the substrate and the coating provides protection against the
environmental degradation processes, including corrosion, wear and erosion, and
biological attack. %
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Several constituents compose the organic coatings: binder, solvent, pigments and
additives. Binders are responsible for film continuity and adhesion to the substrate. They
constitute the matrix where all other constituents are integrated forming a composite
material. Nowadays binders are mainly synthetic polymeric resins made from petroleum
derivatives but natural oils are also an option. The film properties depend of the binder.
The solvent dissolves or disperses (water based paints) the binder giving it enough fluidity
for application. Pigments are insoluble solids dispersed in a vehicle, which remain
suspended in the binder after film formation. They provide colour, opacity and sometimes,
anticorrosion properties. The additives are materials introduced in low quantities to modify
the film properties during processing, application and polymerization or during service life,
e.g. catalysts, stabilizers, dispersants, wetting agents, surface adhesion promoters and
rheology. 2

There are several mechanisms of corrosion protection that organic coatings provide: (i)
barrier between the substrate and the environment, reducing the flux of O,, H,O and ions
from the environment; (ii) high resistance between anodes and cathodes when corrosion
takes place, slowing down the reaction rates; (iii) resistance to corrosion products,
originating concentration polarization (iv) cathodic/sacrificial protection (e.g. zinc rich
coatings); (v) inhibitive/passivation protection, i.e. coatings formulated with inhibitive
pigments or additives. The first three mechanisms rely in the film capability of blocking
some corrosion process while the last two mechanisms are designated “active”, and take
place when physical damage occurs. !

Nowadays, the paint industry is passing through significant changes to comply new
restrictive laws. Due to these new regulations, the most effective components used for
decades, which had outstanding performance, were banned since they are dangerous for
the environment and for human health. Typical examples are volatile organic compounds
(VOC), pigments using chromium and lead and additives containing mercury. %2

1.5. Coil Coating

One of the fundamental forms used in metalworking nowadays is metal sheet. Car bodies,
airplane wings, medical tables, roofs for building, among others are all constructed from
this form of material. Metal sheet is available as flat pieces or in coiled format. The coils
production consists in running a continuous sheet of metal through a roll slitter. °

Pre-painted metals - coil coating - were introduced in the 1940’s, as advanced metal
anticorrosive paint technology. ?° It relies on the simple fact that it is easier to prepare and
paint a flat surface than an irregular shape. The process is one of the most advanced
techniques to apply continuously a thin organic coating, of uniform quality and excellent

34



service performance, on a metal sheet just after metal fabrication. Later the coil coated
metal sheets are submitted to shaping forming the desired products. The technology of coil
coating has several advantages: %'4182°26-3¢6

e Productivity gains: pre-painted metal sheet allows many manufacturing industries
to cut their own painting lines saving in space and time.

e Process cost reduction: for the same amount of painted metal less paint is needed,
since the application is precise and with high control of thickness decreasing
losses. Energy savings are also possible with efficient curing and automatization of
the process.

e Quality increase: achieved by control of steps, uniform cleaning and surface
preparation followed by painting with constant and reproducible properties and
thickness.

e Environmental gains: a close painting circuit means no losses of paint and capture
of solvents, which are then regenerated or incinerated. Any other atmospheric or
water pollutants are also treated.

Coil coatings, however, also have some disadvantages. Only companies with enough
volume of production can take advantage of the process. Not all type of final products can
use the pre-coated metal, due to shape or function. Welding of pre-painted metals shows
problems and has limited application. In the cut-edges, loss of adhesion and corrosion
initiation is a concern. Since the paint is already applied when the metal sheet is formed to
their final shape, the mechanical forces can affect the paint forming cracks and other
defects.

The most common metallic substrates used are aluminium and steel. Steel is frequently
electro or hot dip galvanised for extra protection, thus ensuring an important performance
improvement. A schematic coil coating production line is in Figure 1.1.

For the coil coating process, the metal substrate is delivered in coils weighting from 5-6
tonnes for aluminium to 36 tonnes for steel, having up to 1.4 m wide and 3.6 km long. The
metal coil is positioned at the beginning of the line and unwound at a constant speed, as
fast as 100 m/min. *® Two strip accumulators, found at the beginning and at the end of the
line, enable the work to be continuous allowing new coils to be added and finished coils
removed by a metal stitching process, without stopping or slowing down the production
line.

The metal sheet is sequentially cleaned, pre-treated and painted under strict control of the
parameters, ensuring uniformity of the process. Afterwards, the sheet enters a painting
chamber where special rotating rubber roller applicators paint either one or both sides. The
sheet enters a furnace where the organic coating film cures. Several layers can be applied.
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The system achieves protection before subsequent formability processes. Finally, a
winding machine re-rolls the painted sheet to complete the coil coating production. Coll
coatings show consistent quality, excellent formability, long durability, good corrosion and
weathering resistance. *°
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Figure 1.1 General scheme of a coil coating production line. **

1.6. Degradation of Painted Metals

Although paints offer a significant enhancement to the life of coated steel, they do
eventually fail in some fashion. Coated metals fail when the coating no longer prevents the
corrosion reactions from occurring. This leads to appearance changes of the coating until
an unsatisfactory level or, at later level, to a decrease of the mechanical performance of
the system below its original design specifications. "%’

In painted galvanised steel panels, the cathodic protection of the zinc layer is also present
and initially only slow white corrosion products appear, even in the most aggressive
environments. When the zinc-containing metallic coating locally wears off completely,
together with complete leach out of pigments, the system protection disappears. At this
point orange-reddish corrosion points form due to attack of the base steel.

Generally, several paint degradation processes take place simultaneously that ultimately
form blisters or flaking of the paint.

Ultraviolet attack is a possible degradation process in which polymer chains become
destroyed, changing the paint colour and decreasing the gloss. Chemical agents attack
(solvents, acids and bases), together with mechanical aggressions (like scratches and
abrasion effects), are possible external processes. The temperature of the working
environment can provoke different contraction or dilatation of the substrate and of the
paint.

These processes lead to the formation of blisters and delaminating areas, reducing the
adhesion of the paint to the substrate. The metallic corrosion usual occurs associated with
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these processes. Several types of corrosion processes may occur in the metal-paint

interface:

Blisters form in areas where the paint loose adherence to the substrate. Water,
oxygen and ions absorption across the paint is common (since no coating system
in use stops completely their transport), permitting the dissolution of ionic species
present in the interfacial area or from the paint matrix. As consequence, the
adherence decreases and blisters are formed.

Anodic delamination, which occurs when the metal anodic area is dissolved
provoking separation of the paint from the substrate. This is more common in
aluminium. In steel occurs when anodic potentials are imposed and in galvanised
steel when the zinc layer dissolves leaving a space between the paint and the steel
substrate.

Filiform corrosion takes place in high humidity environments when the substrate
(usually steel, aluminium or magnesium) is contaminated with soluble salts. This
shows the formation of threadlike filaments in the paint/substrate interface
emanating from one or more sources in semi-random directions. The filaments are
fine tunnels composed of corrosion products underneath the bulged and cracked
coating.

Cathodic delamination occurs when the paint is detached in the metal cathodic
zone. This is more common when cathodic protection is combined with paints. In
this cathodic area the pH is higher due to OH™ (44, resulting from the cathodic
reaction. In strong alkaline environments, (pH of 10 to 14) dissolution of the
interfacial oxide film can occur or reaction with the polymer groups binding to the
substrate. In any of these cases, interruption of the paint substrate binding occur
leading to adhesion decrease.

Given enough time, the failure of the metal coated systems is catastrophic. Generally, the
failure results from macroscopic defects originated by initial microscopic physical defects

that, in turn, are the result of chemical variations occurring in the coating system during
exposition to working conditions in which they are placed. *
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Section 2. Plasma Polymerization

2.1. Infroduction

Several works have reported that the coil coating systems confer excellent protective
properties to the metallic substrates against corrosion. **%°*® There is, however, a constant
development of industry with new demands for products, which bring the painted systems
to new environments, where the coating systems have to work protecting the metallic
substrates. ***° These new environments are also becoming more aggressive, demanding
better performance from the paint systems used. In general, special properties with regard
to chemical resistance, hydrophility, roughness, crystallinity, conductivity, lubricity and
scratch resistance are required for the success of these applications. For these reasons,
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surface modification techniques that can tailor the coil coating surface have become an
important part of industrial objectives. *

Surface tailoring modifies the chemical and physical properties of substrates surfaces,
without affecting the bulk properties. Common surface maodification techniques include
treatments by corona, flame, photons, plasmas, electron beams, ion beams and x-rays.
These surface treatments are applied to achieve several purposes. The modification can
include the incorporation of specific elements (oxygen, nitrogen, fluorine atoms, etc.) or
moieties (hydroxyl, carbonyl, carboxylate, etc.), in the surface for specific interactions with
other functional groups. Surface crosslinking and removal of weak boundary layers
contaminants, surface morphology variation by increasing or decreasing crystallinity and
roughness are also achievable. **

2.2. Plasma Polymerization

Tonks and Langmuir first used the term plasma in 1929 to describe a collection of charged
particles. “*** Lord Rayleigh in 1906 already described the collective behaviour of charged
particles due to the long range of the Coulomb forces, during the analysis of electron
oscillations in the Thomson’s model of the atom. *° Plasma is a gas containing charged
and neutral species, including electrons, positive ions, negative ions, radicals, atoms and
molecules. The average electron voltage ranges between 1 and 10 eV, the electron
density varies from 10° to 10" cm™ and the degree of ionization can be as low as 10° or
as highas 0.3.

The plasma can be used to modify chemically and physically the surface properties of a
chosen substrate modifying only the topmost layers, typically of several hundred
Angstroms. The depth of surface modification mainly depends on the power level and
plasma treatment time. The modified layer has different (generally desired) properties from
the bulk material, which retains the original properties. The process is rapid, clean and
environmental friendly, providing chemically mild and mechanical non-destructive means
of altering the surface properties, targeting improved surface characteristics. This is very
convenient for activation or modification of polymer surfaces. #4446

The most appropriate term to describe the plasma deposition process is luminous
chemical vapour deposition, but the phenomenon is known as plasma polymerization or
plasma chemical vapour deposition. ** The excited atoms emit photons and create the
glow. The plasma glow or luminous gas phase creates the environment from which
material deposition occurs. **** Since remaining positive ions also flow towards the
cathode, the most intense glow in the reactor is at the cathode. The space between
cathode and anode, containing electrons, ions and radicals, is electrically neutral and
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represents the plasma glow discharge. This process takes place in low pressure and low
temperature plasma. >

The plasma polymerization may also be named chemical glow discharge, since the
polymer is deposited as a thin film on the substrate surface at the immediate environment
of a glow discharge of the constituent gaseous monomers. The condition for the process is
the presence of chain-producing atoms such as carbon, silicon or sulphur, in the working
gas. This permits wider range of starting materials, including monomers usually not
considered in conventional polymerization. In contrast with conventional polymers, plasma
polymers consist of branched and irregular chains randomly terminated, which are three-
dimensional and amorphous with highly crosslinked network, showing chemically and

physically stable characteristics, #1:40*47>%5¢

The sthoichiometric composition of the plasma deposited polymer can differ significantly
from the starting monomer. This characteristic is related with the highly decomposed
molecules reacting with ions and electrons. This is also the reason of the higher density
with branched and irregular chains, when compared with the conventional polymers
produced from the same monomers. The process parameters control the structure
preservation and crosslinking gradients. To preserve the monomer structure in the plasma
polymer films the power input should be limited with operation at high pressure. This limits
the residence time of the monomer in the plasma avoiding ionic bombardment. Layer
crosslinking gradients increase the degree of crosslinking over the layer thickness, which

results in denser and disordered structure, 4147:48:52:54:57-60

The schematic diagram of Figure 2.1 shows the difference between conventional polymers
and polymers produced by plasma polymerization procedure.

monomer Ak

conventional . : EELwE s wey

polymer

plasma
polymer

Figure 2.1 Schematic diagram of polymer films.

2.3. Mechanism of Plasma Polymerization

Under plasma conditions, the monomer molecules undergo fragmentation, forming free
reactive radicals. The combination and recombination of these radicals generate higher

41



molecular weight compounds. The mechanism of the plasma polymerization for organic
compounds is, therefore, the free radical mechanism with ionization. The mechanism is
grouped in five generic processes: initiation, adsorption, propagation, termination and re-
initiation. The equations of Table 2.1 list the elementary reactions responsible by the
plasma polymerization. >*

Table 2.1 Elementary processes occurring during the plasma polymerization. >

a - initiation b - adsorption
e +M, - 2R, +e”
- : ) M, +S = M,
e +M; - My +2H (or H2)+e
R, +S < R

M, O 51 - 2R,

C - propagation d - termination

R, (or H)+M, - R; R, (or H)+R; - P,
R, +M, - Rg Ry +Rg — P,
RS+MS _’R; RS+R; _’Ps

e - re-initiation
e +P, - R, +R; +e~
H+P, - R, +H,
&uhw4&+@

Legend:
M — monomer
R — free radical
H — hydrogen atom
S — substrate
P — polymer film
* — depletion of one hydrogen atom

h — Planck constant, 6.626x103* J s
v — electromagnetic wave

g—gas

s — surface

e Initiation corresponds to free radicals formation in the gas phase by collision of
energetic free electrons with the monomer molecules. This produces hydrogen and
monomer depleted of one hydrogen atom. The hydrogen atoms formed can
produce further free radicals by either hydrogen abstraction or addition to an
unsaturated monomer.

e Adsorption of both monomer and gas phase free radicals occur at the surface of
the substrate in contact with the plasma.
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* Propagation of chain growth occurs both in the gas phase and on the surface of the
depositing polymer film. The reaction may occur either with the original monomer
fed to the plasma or with the unsaturated products formed by electron molecule
collision.

e Termination of chain growth also occurs both in the gas phase and at the polymer
surface. In the gas phase, the free radicals are lost by reaction with hydrogen
atoms and other free radicals. At the polymer, radicals are lost by reactions
involving gaseous atomic hydrogen, gas phase free radicals and absorbed free
radicals.

e Re-initiation processes occur when the chain fragments formed by the
recombination of free radicals reconvert into radicals. This is possible by reactions
in gas phase, via electron collision and in the polymer surface, by impact of
charged particles or photon absorption. Hydrogen transfer reactions may also
induce re-initiation in gas phase and on the polymer surface.

The free radicals are the primary species propagating chain growth, both in the gas phase
and on the surface of the deposited polymer. These species form in the gas phase through
the collision of free electrons with monomer molecules and on the surface of the growing
polymer film through the impact of ions and electrons. Surface free radicals are also
produced through the adsorption of a part of the radicals formed in the gas phase. >*

The major plasma polymer deposition occurs in the substrate surface that makes contact
with the glow. The growth mechanism is rapid step growth polymerization with the creation
of chemically reactive species. Subsequent growth of the polymer film occurs by the
reaction of surface free radicals with either gas phase free radicals or unsaturated
monometr. 41;48;51;52;54,61;62

A general reaction scheme is presented in Figure 2.2. The scheme suggests that the
monomer converts into reactive and nonreactive products through processes occurring in
the plasma (reaction pathways 2 and 4) as well as entering into polymer formation
(reaction pathway 1).

Non-Reactive
reaction product

olymer
k
v %

Monomer _kz_, Reactive reaction
product

Figure 2.2 Schematic diagram of reaction network. >*
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The reactive products may further contribute to polymer deposition (reaction pathway 3) or
be converted to non-reactive products (reaction pathway 5). The degradation of the
polymer to form non-reactive products (reaction pathway 6) is also considered. **

2.4. Application of the Plasma Films

The applications of plasma polymer films include hydrophobic or water repellent films,

4246536369 modification of membrane surfaces, " ™72 electrical

39;53;73-79

cellulose and paper,
conductive layers, scratch resistance coatings, optical filters, protective coatings,
chemical barrier coatings and compatibility between two polymers, 44%46:48:33:66:80-84 \j5r0
specific developments are production of graded refractive index, 8%
antireflection layers, %9 dielectric coatings, “****® chemical inertness films,
encapsulations and development of protective and biocompatible materials. %'

scratch resistant and
93-95

The plasma polymerization process presents a wide range of properties and accurate
process control that leads to reproducible modifications and feasibility to scale up reactors
and processes to industrial dimensions. #°#44647:102103 Three_dimensional objects are more
difficult to be plasma polymerized by the fact that power input may not be uniform over the
entire substrate surface. The generated films have composition that can vary from
inorganic silica to teflon-like polymers. “®

2.5. Application to Coil Coatings

Two main technological developments promote the application of plasma polymerization
for continuous deposition. The first is a hollow cathode reactor designed for a continuous
high rate deposition of plasma polymers on metal sheet. In this case, parasitic deposition
on reactor walls can be avoided. The second concerns barrier discharges and microwave
discharges that lead to plasma polymer deposition at atmospheric pressure, current
pressures range from 0.1 mbar to 1 bar. The use of vacuum technology for plasma
polymerization is avoidable in the near future. 3104102

The application of the plasma polymerization process to coating systems can have,
however, significant influence on their protection properties. % This influence mainly
relates with the severe process conditions necessary for the plasma generation in the
reactor. The possible ways of failure increase the necessity of improved weathering
stability of the plasma film since the long term corrosion protection is directly dependent of
the ability of the plasma layer to resist against the environment. Cohesion and adhesion
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between the coil coating and the top layers has a great influence on this weathering
stability. *°’

The weathering resistance is determined by the surface, chemical and physical properties
of the substrate and coating layers. ** The mechanical properties are determined by the
physical properties of the matrix material, by the interaction between the layers and by the
functional groups of the surface. The chemical and physical properties are the key factors
for the coating system performance.

2.4. Effect of Process Variables

The quality of the plasma polymer films is dependent and controlled by the process
parameters, such as monomer flow rate, system pressure, discharge power, geometry of
the system, reactivity of the starting monomer, electromagnetic field frequency, that also
permit a wide choice of final properties. */48:5258:108

2.6.1. Flow Rate

Keeping constant the other parameters (power, pressure, etc.), the deposition rate rises
monotonically with the increasing flow rate, because the polymerization rate is limited by
the supply of fresh feed gases. However, at high flow rates the deposition rate decreases
because the residence time of the feed gases decreases and even activated species may
be prevented from reaching the substrate by being drawn away and pumped out. A
maximum occurs when the competing processes are balanced. *’

2.6.2. Discharge Power

With pressure and flow rate held constant, the deposition rate increases with power (power
density) at first and then becomes independent of power at high values. *” The minimum
power necessary for the plasma polymerization of a given monomer differs significantly
from one to another, because the discharge power needed to initiate glow discharge varies
from one monomer to another. %>

The plasma is a direct consequence of the gas ionisation due to an increase of the applied
voltage between the two parallel plate electrodes. This will eventually lead to an abrupt
increase in current due to breakdown of the gases between the electrodes. The power
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input employed in plasma polymerization initiates and sustains the plasma, and leads to
fragmentation of the monomer. Increase of power will result in an increased density of
energetic electrons and in an increased bombardment of the electrode by energetic ions.
The crosslinking in plasma polymer increases with the intensity and energy of bombarding

ions. 482

2.6.3. Electromagnetic Field Frequency

The frequency of the applied electromagnetic field used for producing the plasma is one of
the major variables that influences the properties of the plasma polymerized thin films.
Some of these effects result from changes in the shape of the electron energy distribution
function (EEDF) which, under certain pressure conditions, can be frequency dependent.
The shape of the EEDF as well as its average energy depends on the ratio v/w (v is the
effective average electron-neutral collision frequency for momentum transfer and w=21t is
the wave angular frequency) in gases where the electron-neutral collision cross section
depends on the electron energy. This theory predicts a significant difference depending on
whether the plasma operates in the microwave domain or in the radio frequency domain.
In the microwave domain, i.e. for frequencies such that the ratio v/w tends towards zero,
the EEDF tends toward a Maxwellian distribution, whereas in the radio frequency domain
(V/iw > 1), it is non-Maxwellian with a comparatively smaller energetic tail but a relatively
larger population of low-energy electrons and a slightly higher average energy. These
differences in the EEDF reflect on the population density of excited species and because
of the highly energetic tail of the Maxwellian EEDF, the higher levels should be more
densely populated. This explains why microwave plasma contains more electrons and ions
than radio frequency plasma, and for the same given absorbed power density in
microwave (2.45 GHz) plasma, deposition rates tend to be at least an order of magnitude
greater than in radio frequency plasmas. **°

2.6.4. Pressure

The effect of pressure during the plasma polymerization includes the effect of the
residence time, which increases with increasing pressure, and the effect on average
electron energy. " The atoms in vacuum travel in straight lines, however, if there is
residual gas in the chamber, the atoms will collide with the gas and disperse in all
directions losing some energy as heat. At higher pressures, the collisions will cause atoms
to condense in air before reaching the substrate surface, giving rise to powder deposits. “®
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The requirements for the formation of plasma polymers are low mean pathway, long
residence time, and relatively high electron energy, therefore, the plasma polymerization
occurs easier at higher pressure, even if increased pressure can result in the
inhomogeneity in deposition rate distribution. Plasma polymerization at higher pressure
leads to the deposition of nanoparticles with diameters ranging from 20 to 90 nm, which
are incorporated in the growing film. During the formation of the first layer, these
nanoparticles adsorb on the surface and lead to interfacial nanoscopic voids.
Subsequently, the roughness of the growing film increases with its thickness. This leads to
the formation of an increased number of diffusion pathways. “° Therefore, most operations
of plasma polymerization occur at pressures below 1.333 mbar (1 Torr) in order to obtain a
more homogeneous film and to increase interaction of plasma with the surface. The
deposition rate rises at first and tends to saturate at increased pressure, power and flow
rate being held constant. *'

2.6.5. Feed Gas

The plasma polymerization processes of gas plasmas can be classified as cleaning and
etching, surface reactions and plasma polymerization depending on the feed gas and
plasma conditions.

i. Inert Gas

Inert gas plasmas are used for pre-treatment of the substrates for cleaning and adhesion
purposes, applied before reactive gases. Helium, neon, and argon are the three inert
gases used in plasma technology. Due to the relatively lower cost, argon is by far the most
common inert gas used. The treatments use low-power plasma of noble gases for periods
typically from 1 second to several minutes. This exposure is sufficient to abstract hydrogen
and to form free radicals at or near the surface, which then interact to form crosslinks and
unsaturated groups with chain scission. The plasma also removes low-molecular-weight
species or converts them to a high molecular weight by crosslinking reactions. As a result,
the weak boundary layer formed by the low molecular weight species is removed and,
consequently, greater adhesive strengths are observed. ****°

ii. Oxygen Containing Gas

Oxygen and oxygen-containing plasmas modify the polymer surfaces, reacting with a wide
range of polymers, producing a variety of oxygen functional groups, including C-O, C=0,
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0O-C-O, C-0-0, and CO; at the surface. In oxygen plasma, two processes occur
simultaneously: etching of the polymer surface, through the reactions of atomic oxygen
with the surface carbon atoms giving volatile products, and the formation of oxygen
functional groups at the substrate surface, through reactions between the active species
from the plasma and the surface atoms. **

iii. Hydrocarbons

Hydrocarbons used in plasma polymerization may not contain conventionally
polymerizable groups. Ethane, methane and cyclohexane can be used at a slower rate
than acetylene, ethylene and benzene. These starting feed gases can be divided by three
subclasses: (1) triple bond containing structures (including benzene), (2) cyclic and double
bond containing structures, and (3) saturated structures. These three subclasses differ in
deposition rate for similar molecular weight feed gases under identical conditions. *’

Chains containing polar groups form a more polar plasma polymer than those from
hydrocarbons alone. Feed gases as pyridine, vinyl pyridine, and allyl-amine are included
here. Additionally, the use of N, and/or H,O as a co-feed gas with a hydrocarbon can form
a hydrophilic plasma polymer.

iv. Fluorocarbons

Fluor polymer films have unique properties such as good thermal stability, chemical
resistance, low dielectric constant, low coefficient of friction, low surface energy, and high
impact strength offering the possibility of making adherent highly fluorinated coatings. **
Super-hydrophobic fluorocarbon coatings with ribbon-like morphology are possible from
pulsed radio frequency discharges. Plasma etching in microelectronics applications occurs
and the choice of plasma conditions and fluorocarbon decide whether etching or
deposition occurs. The choice of functional groups attached to fluorocarbon monomers is

severely limited. ***

v. Silicon Containing Gas

Silicon containing feed gas includes various linear and cyclic siloxanes and silazanes, as
well as silanes. The plasma polymers obtained from organosilicon monomers have
excellent thermal and chemical resistance and outstanding electrical, optical, and
biomedical properties. 44478

The various organosilicon precursors include silanes (,\Si\’), disilanes (SiSi), disiloxanes
(SiOSi), disilazanes (SiNHSi), and disilthianes (SiSSi). ** These functional groups add to
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the substrate surfaces via plasma polymerization. Most used monomers include
tetramethylsilane, vinyltrimethylsilane, hexamethyldisiloxane and hexamethyldisilazane
containing Si, H, C, O or N atoms. *®

Hexamethyldisiloxane is a hormal choice of industry because it is a non-toxic material and
no harmful materials are produced during processing. This monomer also offers flexible Si-
O-Si bond in the backbone and shows resistance to water permeation, characteristic of
polysiloxane films. %3

vi. Metal-containing Gas

Metal containing plasma polymers films are produced using volatile organometallic
compounds as feed gases or by the use of atomic metal (from an evaporation source or
sputtering) in combination with conventional feed gases. *'

2.6.6. Type of Reactors

The most widely used reactor configurations for plasma polymerization are divided in
classes: (i) internal electrode reactor; (ii) external electrode reactor; and (iii) electroless
microwave or high frequency reactor. There are also developments for (iv) atmospheric
pressure reactors. ¥’

i. Internal Electrode Reactor

Reactors with internal electrodes have several names, e.g. flat bed, parallel plates, planar,
diode, etc. Their main features are power supply, coupling system, vacuum chamber, radio
frequency driven electrode, grounded electrode and one or more substrate holders. The
radio frequency power supply couples to the system by a blocking capacitor (capacitive
coupling) or direct dc coupling. In the first case, the driven electrode potential oscillates
around a cathodic self-bias potential, which can be very negative. The appropriate working
conditions and apparatus geometry significantly influence the extent of ion bombardment
on the substrate as well as electron energy distribution and active species production. The
internal electrode arrangements use ac 1 to 50 KHz and radio frequency fields for plasma
excitation. The vacuum chambers are either of glass or of conductive materials, such as
metal, to have better shielding from external sources. A metallic shield for the cathode
surrounding the electrode highly improves the glow confinement inside the interelectronic
space. The electrode material and area affect the extent of sputtering on the target. *'
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ii. External Electrode Reactor

External electrode reactors can be capacitive or inductive coupled with power transmitted
from the power supply to the gas by a capacitor and a coil respectively. Insulating tubular
reactors are used, recurring to glass, quartz, or alumina for reactor materials. Inductively
coupled tubular reactors, when operating at low pressure (lower than 1.3 mbar), are not
uniformly coupled to the power supply, however, coupling uniformly increases with
increasing working pressure. *’

Many experimental arrangements exist, each differing in power supplies, reactor
geometries, and sample positions. The working frequencies range from 13.56 to 35 MHz,
and the tube geometry and sample position varies from upstream to downstream of gas
flow in order to obtain different polymer composition and properties. *’

ii. Electroless Reactor

In electroless reactors, impurities formed cannot be sputtered off and become incorporated
into the growing films as in the reactor electrodes. The systems are microwave powered
characterized by tubular or Pyrex reactors with a resonant cavity coupled with a power
supply typically in the region of the 2.45 GHz. The plasma is generated in the resonant
cavity and the polymer is collected outside the glow region. *’

The deposition of the film cannot occur in the discharge region and instead occurs by
introducing the feed gas into the downstream area of the carrier gas excited in the plasma
zone so that the substrate is placed far away from the gas inlet. *’

iv. Atmospheric Pressure Reactor

Most plasma polymerization of polymer thin films has been performed at low pressure
(less than a few bar) in order to form uniform films. Atmospheric pressure glow plasma
system appears to reduce the cost of the apparatus and to simplify the experimental
operations. For stable plasma glow at atmospheric pressure is used: an ac power source
with frequency greater than 1 kHz, an insulating plate on the lower electrode and metal-
plate upper electrode with the insulating plate set on its bottom. This reactor can treat not
only dielectric plates but also metallic plates. The atmospheric pressure plasma
polymerization method provides a promising application for large-scale system production
of polymer thin films. *’
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Section 3. Principles of the Experimental Techniques

Organic coatings are tested for various purposes: to control the quality of the coatings, to
develop new coating materials, to select the best coating for a particular environment, to
study the fundamental properties of coatings and their operating modes, etc. The tests
may be physical, testing the primary properties of coatings; accelerated, performed by
increasing the temperature and concentration of the corrosive species; atmospheric,
exposed at different environmental conditions of earth; or electrochemical, since even
painted metals corrode by an electrochemical process. Different forms of microscopy and
spectroscopy are also useful for these types of studies to obtain the structure and
composition of the systems. Electrochemical tests are used when the corrosion of the
painted metals is of interest. ™2

The main techniques employed in this work were Electrochemical Impedance
Spectroscopy (EIS), Scanning Electron Microscopy (SEM), Energy-dispersive X-ray
spectroscopy (EDS), Transmission Electron Microscopy (TEM), Atomic Force Microscopy
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(AFM) and colour measurements. Some introductory notions about the techniques appear
in this section.

3.1. Electrochemical Impedance Speciroscopy

The application of electrochemical impedance spectroscopy (EIS) to study the degradation
of polymer coated metals became very common nowadays. The technique permits to
obtain several parameters in a single measurement, which are related with the coating and
to the corrosion process. Moreover, it is a non-destructive technique and using a small
amplitude perturbation does not modify the processes occurring. In addition, permits to test
the same sample during long immersion periods. 2%

The technique permits to obtain the electrochemical properties of the coated systems by
studying the impedance as a function of the frequency of an applied ac wave. It is one of
the most used techniques to study the degradation of coated systems, also common for
corrosion studies and electrochemistry for materials characterization. **#*2°

3.1.1. Impedance

The electrical resistance is the ability of a circuit element to resist the flow of electrical
current. The Ohm's law defines resistance in terms of the ratio between applied voltage, E,
and current, I:

R = E/I (3.1)

The ideal resistor follows Ohm’s law at all current and voltage levels. **'% The real
systems correspond to electric circuits with different elements and with a more complex
behaviour and, instead of resistance, impedance is needed to correctly describe the circuit
performance. An electrochemical cell could be considered as equivalent to an electric
circuit. The impedance measurement is normally done by applying an a.c. sinusoidal
potential excitation to the cell and measuring the current through it. The response to the
potential is an a.c. current signal. The excitation signal used is small so that the cell
response is considered pseudo-linear. In a linear (or pseudo-linear) system, the current
response to a sinusoidal potential will be a sinusoid at the same frequency but shifted in
phase (¢, Figure 3.1.
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Figure 3.1 Sinusoidal current response in a linear system.

The excitation signal as a function of time has the form:
E. =E, sin(a)t) (3.2)

where E; is the potential at time t, Eq is the amplitude of the signal and w is the radial or
angular frequency. The w and f are related by w = 21, with f in Hz. In a linear system, the
response signal, I, is shifted in phase:

I, =1, sin(a)t + qo) (3.3)

Using an expression analogous to Ohm's Law leads to the impedance of the system
expressed in terms of magnitude, Z, and phase shift, ¢

E, _ Egsin(wt) _7 sin(wt)

z="t= =
I, lysin(wt+¢@) °sin(wt +¢)

(3.4)

Introducing the complex notation enables the impedance relationships to be presented as
Argand diagrams, like the one shown in Figure 3.2, where both cartesian (Z', Z"") and polar
coordinates (Zmo4, @) are presented. The former leads to the complex plane plot or Nyquist
impedance spectrum, where the real impedance, Z', is plotted against the imaginary
impedance, Z”, and the latter to the Bode spectrum where both the logarithmic of modulus
of impedance, Zq, and the phase angle, ¢, are plotted as a function of the logarithmic of
frequency. %1%
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Cartesian coordinates

impedance Zl=Z +Z

resistive component Y4 =Zmod cos¢d

reactive component 2'=Z__ sind
Z o z’

polar coordinates
modulus of impedance Zm0d= (Z')2+(Z")2

‘ phase angle

= z
P d=arctan >

Figure 3.2 Argand diagram showing impedance vectors.

Using the Euler’s relationship, e!? = cosg+ jsing and with j =+/—1 it is possible to re-
write equation 3.4 and express it as a complex number:

jot
I eJ((‘)t+¢7) mod
0

(3.5)
Z=2+]2"=2Z_ ,C0S@+|Z . Seny

The real part of impedance is characteristic of irreversible processes like energy
dissipation and transport at large distances, while the imaginary part characterizes
reversible processes like energy storage from polarization and magnetization processes.

The use of Bode plots has some advantages. All measured points appear equally
scattered while in the Nyquist the majority of the points are located at both ends of the
spectrum. Labelling of the curves in a Nyquist plot with frequency marks can be quite
cumbersome. In Bode plots, resistive and capacitive regions are clearly distinguished and
together with the information provided by the frequency dependence of the phase angle,
which is a very sensitive indicator of small changes in the spectra, a quick analysis of
spectrum is possible. Processes that have different time constants can be easily observed
due to the logarithmic scale used in Bode plots.

3.1.2.  Validity

The EIS measurements have to fulfil some criteria to be valid:

e Causality, the response of the system must be due only to the perturbation applied
and does not contain significant components from other sources;
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e Linearity, impedance is independent of the magnitude of the perturbation;

e Stability, the system has to return to its original state after removal of the
perturbation;

e Finity, the transfer function must be finite valued at w-> 0 and w > « and must be
continuous and finite-valued at all intermediate frequencies.

Some authors use the Kramers-Kronig transforms to check the validity of an impedance
data set, obtained for a linear system over a wide range of frequencies. Application to
electrochemical and corrosion systems was performed. The equations show that the real
component of the impedance can be calculated from the imaginary component and vice
versa. 122;123

3.1.3. Spectra Interpretation

The most common way to analyse EIS spectra nowadays is by fitting the impedance data
to an equivalent electrical circuit, which is representative of the processes taking place in
the system under investigation. **?

As stated before, the electrochemical system can be described by passive electrical
circuits. Each circuit element relates to one independent electrochemical property or
process and each element has a defined value obtained from the impedance response.

i. Single Elements

The most important circuit elements used in corrosion studies appear in Table 3.1. The
respective impedance equations are also shown.

The resistor, R, corresponds most frequently to the resistance of solution or oxide layers or
to the charge transfer resistance associated to the corrosion process and the capacitor, C,
is normally associated with oxide layers or the double layer capacitance. The Warburg
element, W, is used to model linear semi-infinite diffusion, which occurs when the diffusion
layer has infinite thickness. The constant phase element (CPE), Q, is a general element
which can represent a variety of elements such as inductance (n = -1), resistance (n = 0),
Warburg (n = 0.5), capacitance (n = 1) or non-ideal dielectric behaviour (-1 £ n < 1). It can
account for a distribution of relaxation times over the surface of the electrode or for non-
uniform diffusion, whose electrical analogue is an inhomogeneously distributed RC
transmission line. Usually, Q replaces C, the pure capacitive response seldom found in
real systems. 2
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Table 3.1 Electrical impedance elements and respective impedance expressions.

element symbol impedance expression
resistor, R VaVae R
1
capacitor, C —_] —
jwC
inductor, L —QRO— jaL
w=ow??- | o w¥?, where
Warburg, W —W— RT 1 1
g = +
22 1/2
n F \/E Cng+ (DH92+ )}é CHg (DHg )
1

CPE, Q ﬁ >— W

Yo is the frequency independent admittance.

In Figure 3.3 the Nyquist (b) and Bode diagrams (c) are shown for two resistors (R;=10
ohm and R,=1000 ohm) and for two capacitors (C,=10° Farads (F) and C,=10° F),
together with their expressions (a) for real and imaginary components of the impedance.

R Z'=R

C Z'=0
=]
=
QD
%2
(]
-1.4x10" 1 ®
E a
S C2 ®
N o
N &
-7.0x10" S
]

001 Csh Ry 1F
T T T T T T 10‘1 | I I N R,‘ !
-200 0O 200 400 600 800 1000 10?2 10" 1 10 10 1031' 10* 10°
Z'/ ohm frequency / Hz

Figure 3.3 Resistor and capacitor a. Impedance expressions, represented as; b. Nyquist; and
c. Bode plots, for two resistance values R; = 10 ohm and Rz = 1000 ohm; and for two
capacitance values C; = 10° F and C, = 10° F.
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In the Nyquist plot, the representation of a pure resistor is a single point in the Z' axis (R,
and R;). On a Bode plot, it is a straight line parallel to the frequency axis (R, and R;). The
horizontal line shows that the impedance is independent of frequency and has no reactive
components. The phase angle is zero at all frequencies. ***

The Nyquist plot for a pure capacitor is a vertical line (C; and C,), indicating that the
resistive component, Z', is zero, and that the reactive component, Z”, is inversely related to
frequency. The Bode plot for the capacitor is a straight line of slope -1 on Zg Versus
frequency, indicating that the modulus is inversely related to frequency, and phase angle
value of -90 degrees at all frequencies (C; and C,, blue and black lines).

ii. Simple Circuit Elements

A combination of resistor (R) and capacitor (C) elements in series, Figure 3.4, gives a
different plot than the combination of the same R and C elements in parallel, Figure 3.5.
Adding a second R in series with the latter circuit, Figure 3.6, produces a conjugation of
the previous plots. The total impedance expressions of each circuit appear with the
respective plots. The circuits follow the Kirchhoff's laws and the total impedance (Z) of a
circuit with two elements, with impedances Z; and Z, is:

Z =17, +Z, for elements in series, and (3.6)
Z IZZ .
Z = ———— for elements in parallel (3.7)
Z,+7Z,
z=R--1_ .
- wC ? 1%
F
-2.0x10° 100k
— A — 17
-1.6x10° z
é 10°F 1o %
g -l2x10’ 2 ¥ a
:\O N1tk =
N g.ox10’ d ] eo%
, 10° F
-4.0x10
L - -10
0.0 1 1 L L L L
400 800 1200 1600 2000 10? 10" 1 10 10° 10° 10 10°

Z'/ahm frequency / Hz

Figure 3.4 a. Expression of total impedance; b. equivalent electric circuit of series resistor and
capacitor combination with representation in Nyquist; and c. Bode impedance plots, R = 10° ohm
and C = 10°F.

59



Z= g2 ) 22 2 *
1+ wC°R 1+ w°C°R 10
-2000 10°
s
-1600} %
2| @
| I e 10 2
<
£ -1200} ° s
S 3 y
2 g L &
N N 10 Q
-800+ @
B
-a00} /\ 1F
0 0400 800 1200 1600 2000 107
10% 10"

Z'/ ohm
frequency / Hz

Figure 3.5 a. Expression of total impedance; b. equivalent electric circuit of parallel resistor and
capacitor combination with representation in Nyquist; and c. Bode impedance plots, R = 10° ohm
and C = 10°F.
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Figure 3.6 a. Expression of total impedance; b. equivalent electric circuit with resistor and
capacitor in parallel with resistor with representation in Nyquist; and c. Bode impedance plots; Ry
=10%ohm, R, = 10° ohm and C = 10° F.

ii. Impedance of Painted Systems

The impedance plots of a painted system correspond to different equivalent circuits
depending on the state of the paint. An important parameter for description of a process is
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the time constant, T, which is the time taken by the system to relax to the new steady state
after an a.c. perturbation, is given by:

1=RC (3.8)

Here R and C are the resistance and capacitance associated to the process. In the
frequency domain, fast processes (with small 1) occur at high frequencies while slow
processes (with high 1) occur at low frequencies. The frequency around which a process
occurs may be ascertained by:

f=—" (3.9)

Thus, dipolar properties may be studied at high frequencies, bulk properties at
intermediate frequencies and surface properties at low frequencies. The best way to
extract information from EIS spectra is to fit the data to equivalent circuits, using computer
assisted non-linear numerical methods.

The fitting can be done choosing the appropriate circuit, with different elements and
values, all being able to adjust to the experimental values. The choice between different
circuits occurs by matching the elements with the present physical or chemical processes.
Usually, the simplest circuit is the chosen one when several fit correctly the system. The
model for degradation and corrosion of painted metals is represented in Figure 3.7. **

Protective and intact coatings display very high barrier properties and the equivalent circuit
is like that of a capacitor (C.). The solution resistance (Rs,) is too low when compared
with the system impedance values. The electric response is like that of RC circuit in series,
Figure 3.7a 15;112;113;125-127

As the exposure time goes on, the amount of permeating water, oxygen and ionic species
increase the paint coating conductivity, becoming measurable the film ionic resistance
(Rpor) Which adds up in parallel to the C.. The signal obtained is that of an RC circuit in
parallel, similar to the one shown in Figure 3.7b. The Ry, corresponds to paths of lower
resistance short-circuiting the organic coating.

Once the permeating species reach the metallic substrate, the corrosion processes may
start, causing the emergence of a second time constant, due to the relaxation of the
electrochemical double-layer capacitance (Cy) and the charge transfer resistance (Ry)
proper of a faradaic process. The two new elements related with the corrosion process are
added to the equivalent electric circuit, Figure 3.7c. Evolution of the painted system with
time corresponds usually to C,.y increase and Ry, and R decrease.
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Paint B
Metal — B

Figure 3.7 Scheme showing the equivalent electric circuits used for describing painted metal
coating degradation with immersion time.

Description of the passive elements used in the circuits:
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The Ry is the uncompensated solution resistance between the reference electrode
and the working electrode. The internal electric resistance of the electrodes and
wires also counts for this value, but is usually very low and negligible. It is also
referred as solution or electrolyte resistance. The Ry, value increases with electrode
distance and with the decrease of solution conductivity.

The Cgqa refers to a capacitor, where one of the plates is the coating/solution
interface and the other the coating/metal interface. The capacitance of the coating is
given by:

_£g
d

C (3.10)

where ¢is the relative permittivity of the coating, & is the permittivity of vacuum (8.86
x10"* F.m™), a is the area of the coating and d is its thickness. The & of most
coatings are in the range 2 to 5, while for water is equal to 80 at 25°C. The entry of
water into the coating increases C and, therefore, C can be a measure of the water
uptake into the coating.

The Ry, also called pore resistance of the coating, results from the penetration of
charges across the film (ions). This may occur through real (microscopic) pores
and/or virtual pores defined by regions in the polymer of low crosslinking and
therefore high transport. The magnitude of Ry, at a given time, is indicative of the
degradation state of the paint film, caused by the ions ingress via pathways through
the film and ions produced in the degradation process out of the system.

The Cy is the capacity of the electric double layer formed in the metal/solution
interface. For painted metals is assumed that only when direct contact of solution
with metal appears it can be measured giving a measure of the area over which the
coating has been disbonded. The area of delamination may be calculated from:

CdI
CdIO

X = (3.11)



where Cy ¢ is the double-layer capacitance of the uncoated metal.

= The Ry is the most appropriate parameter for monitoring the protective properties of
the coating as the corrosion rate, i, Of the underlying metal can be estimated from
the Stern-Geary equation:

B

leor = R—,Where B =
ct

b, b,

Wabc) (312)

where b, and b, are the Tafel coefficients for the anodic and cathodic partial
reactions. **°

When there is no water or ions within the metal/organic coating interface, neither electric
double-layer formation, nor faradaic reactions occur, the only information that can be
obtained from impedance spectra is related to the dielectric properties of the organic
coating. 32;39;40

3.1.4. Water Uptake

As already described, upon exposure of organic coatings to the testing solution the film
absorbs solution. The rate of water absorption by the organic coatings has significant
importance from the point of view of the corrosion protective properties, since the corrosion
process can only start after water reaches the metallic substrate.

The degree of water uptake depends on the structure and composition of the polymer. The
water absorption can be estimated by measuring the capacitance of the coatings, since a
notable increase in the coating capacitance occurs because the dielectric constant of
water (approximately 80 at room temperature) is much larger than that of a typical organic
coating (2 to 5). **°

A simple method of calculating the amount of water absorbed by the coating from the
capacitance data is by using the empirical formula derived by Brasher and Kingsbury for
the volume fraction of absorbed water, ¢ %1512

o[,
p=—1 "2 (3.13)
logé&,, o

where C; is the capacitance at a specific time of immersion, C, is the initial capacitance
before water uptake, and &, , is the dielectric constant of water.
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In this analysis, is assumed that:

* The increase of the coating capacitance is only due to the ingress of water;
* There is no swelling of the film;
e The distribution of water in the film is uniform and with a low volume fraction.

Other models were described for water uptake estimation. The Brasher and Kingsbury’s
equation was compared with five mixture formulas derived from the theory of the dielectric
properties of heterogeneous materials. '****° Those equations are all based on the
theoretical model of an inner component of spheres randomly distributed in an outer
continuous media, which is too simple to be applied to water in paint films.

To estimate the amount of water absorbed by a paint film on metal, the empirical equation
given by Brasher and Kingsbury gives better agreement with gravimetry than the mixture
equations, 1?91

Two other models were proposed, one for thin films - the discrete model - and another one
used for thicker films - the continuous model. ****! These determine the ratio @/q.., where
¢ represents the mass uptake of water in volume fraction and @. the equilibrium volume
fraction. The first model assumes that the organic film behaves electrically like a capacitor
in parallel with a resistance, while for the second model the film is divided in thin layers,
assuming that they behave like a finite series of RC circuits, where each layer corresponds
to an RC circuit. In these models, the absolute amount of water into the films is not
determined only the diffusion coefficients are obtained.

Water uptake estimations taking into consideration the swelling of the film **3? and the
non-Fickian behaviour of the water uptake process into the film **'** where also
published. The dielectric changes in the film are measured using constant phase elements
129134 and also using the concept of dielectric relaxation and the capacitance with Cole—
Cole depression. *%!3 Other authors *2#13%136137 refer that water absorption by the coating
leads to solid phase structural changes and, consequently, to modification of their
mechanical and electric properties. A method for the estimation of this altered dielectric
constant considering the glass transition temperature was also proposed. %%

Recently a model assuming that the film is composed by three phases, solid (coating),
liquid (solution) and gaseous (air), insoluble among them, their electrical properties and
ionic forces constant throughout the thickness and the water uptake model and electrical
properties of the film described as a finite series of RC circuits throughout the film
thickness was proposed. 30 With these assumptions, the dielectric constant of the film
can be given by the average of the dielectric properties for each component. For a more
realistic estimation of the water uptake values, i.e. better correlation with the gravimetry
results, a new model was created. ¥ In this case, the tortuosity of micropores inside the
film is taken into consideration, defined as the ratio between the distance that a species
has to travel to get trough the film and the film thickness. For both models, their authors
claim better correlation with gravimetric results, although until now were only published the
results for a few paint systems.
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3.2. Scanning Electron Microscopy

The scanning electron microscopy (SEM) uses a high-energy beam of electrons in a raster
pattern to scan the sample surface, forming an image. The electrons interact with the
surface atoms producing signals that are influenced by the surface topography,
composition and electrical conductivity. ***43

The types of signals produced by SEM include secondary electrons, back scattered
electrons (BSE), characteristic x-rays, light (cathodoluminescence) and transmitted
electrons. These types of signal all require specialized detectors for their collection. The
signals result from interactions of the electron beam with atoms at or near the surface. In
the standard detection mode, secondary electron imaging, the SEM can produce very
high-resolution images of the surface, revealing details about 1 to 5 nm in size. Due to the
way these images are created, SEM micrographs have a very large depth of field yielding
a characteristic three-dimensional appearance, useful for understanding the surface
morphology. A wide range of magnifications is possible, ranging from 25x (equivalent to
that of a powerful hand-lens) to 250000x, which is 250 times the magnification limit of the
best light microscopes. The BSE constitute a beam of electrons reflected from the sample
by elastic scattering. BSE often have application in analytical SEM along with the spectra
made from the characteristic x-rays. Because the intensity of the BSE signhal appears
strongly related to the atomic number of the specimen, the images can provide information
about the distribution of different elements in the sample. Characteristic x-rays are emitted
when the electron beam removes an inner shell electron from the sample, causing a higher
energy electron to fill the shell releasing energy. These characteristic x-rays permit to
identify the composition and measure the abundance of elements in the sample (see 3.3).

The specimens must be electrically conductive for conventional imaging, at least at the
surface, and electrically grounded to prevent the accumulation of electrostatic charge at
the surface. Metallic objects preparation for SEM just needs cleaning and mounting on a
specimen holder. Nonconductive specimens tend to charge when scanned by the electron
beam, especially in secondary electron imaging mode, which causes several image
artifacts. Therefore, they are previously coated with an ultrathin layer of electrically
conducting material, deposited on the sample either by low vacuum sputtering or by high
vacuum evaporation.

3.3. Energy-Dispersive X-ray Spectroscopy

Energy dispersive X-ray spectroscopy (EDS or EDX) is an analytical technique used for
the elemental analysis of a sample. It relies on the investigation of a sample through
interactions between electromagnetic radiation and matter. It recurs to x-rays emitted by
the surface in response to being hit with a high-energy beam of electrons. The
characterization capabilities are due to the fundamental principle that each element has a
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unique atomic structure, allowing characteristic x-rays of an element to be identified
uniquely. 4

To stimulate the emission of characteristic x-rays from a specimen, a high energy beam of
electrons or a beam of x-rays, is focused into the sample under study. The sample atoms
in fundamental state have the electrons in discrete energy levels or electron shells bound
to the nucleus. The incident beam excites an electron from an inner shell, ejecting it while
creating an electron hole that will be occupied by a higher-energy electron from an outer
shell. The difference in energy between the higher-energy shell and the lower energy shell
may be released in the form of an x-ray. The number and energy of x-rays emitted from a
specimen can be measured by an energy dispersive spectrometer. Since the energy of the
x-rays is characteristic of the difference in energy between the two shells and of the atomic
structure of the element from which they were emitted, the elemental composition of the
specimen can be determined.

There are four primary components of the EDS setup: the beam source; the X-ray
detector; the pulse processor; and the analyzer. A number of freestanding EDS systems
exist. However, EDS systems are most commonly found coupled with scanning electron
microscopy (SEM-EDX). Scanning electron microscopy is equipped with a cathode and
magnetic lenses to create and focus a beam of electrons. A detector converts the x-ray
energy into voltage signal and this information passes to a pulse processor, which
measures the signals and passes them onto an analyzer for data display and analysis.

The accuracy of the EDS spectrum can be affected by many variables. Windows in front of
the SiLi detector can absorb low-energy x-rays and the presence of oxygen, carbon, boron
cannot be detected. The peaks size depends on the voltage of the EDS. Raising the
voltage on the SEM will shift the spectrum to the larger energies making higher-energy
peaks larger while making smaller the peaks with lower energy. Many elements have
overlapping peaks. The accuracy of the spectrum can also be affected by the nature of the
sample. Any atom in the sample that is sufficiently excited by the incoming beam can
generate x-rays. These x-rays emit in any direction, and so may not all escape the sample.
The likelihood of an x-ray escaping the specimen, and thus being available to detection
and measurement depends on the energy of the x-ray and the amount and density of
material it has to pass through. This can result in reduced accuracy in inhomogeneous and
rough samples.

3.4. Transmission Electron Microscopy

Transmission electron microscopy (TEM) is a microscopic technique where a beam of
electrons transmits across an ultra thin specimen, interacting with the specimen as it
passes through it. An image forms from the electrons transmitted through the specimen.
Magnification and focus by an objective lens permits imaging on a screen, usually
fluorescent screen, in a monitor or on a layer of photographic film. Nowadays a sensor
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such as a charge-coupled device (CCD) camera is also used. Max Knoll and Ernst Ruska
built the first TEM in 1931, developing the first TEM with resolving power greater than that
of light in 1933 and introducing the first commercial TEM in 1939, 4446

The TEM has application in both materials science and biological sciences. In both cases,
the specimens must be very thin and able to withstand the high vacuum present inside the
instrument. The electrons are usually generated in an electron microscope by thermionic
emission process from a tungsten filament or alternatively by field emission. Acceleration
occurs due to an electric potential and focus by electrostatic and electromagnetic lenses
onto the sample. The transmitted beam contains information about electron density, phase
and periodicity, used to form an image.

A TEM system is composed of several components: a vacuum system in which the
electrons travel; an electron emission source for generation of the electron beam; a series
of electromagnetic lenses; and electrostatic plates. The latter two allow the operator to
guide and manipulate the beam as required.

In order to allow for uninterrupted passage of electrons, the TEM must be evacuated to low
pressures, typically on the order of 10* to 10® kPa. This allows the voltage difference
between the cathode and the ground without generating an arc, reducing the collision of
electrons with gas atoms to negligible levels. Poor vacuum is the cause of several
problems, from deposition of gas inside the TEM onto the specimen through a process
known as electron beam induced deposition, to in more severe cases damage of the
cathode from an electrical discharge. Vacuum problems owing to specimen sublimation
are limited by the use of a cold trap to adsorb sublimated gases in the vicinity of the
specimen.

The system emission source may be a tungsten filament or a lanthanum hexaboride
(LaBg) source. Connecting this source to high voltage source, it will begin to emit electrons
into the vacuum. The upper lenses of the TEM allow for the formation of the electron probe
to the desired size and location for later interaction with the sample. **’

The sample preparation for imaging in TEM can be a complex procedure, mainly because
the specimens are typically nanometres thick and the electron beam has to interact readily
with the sample. The preparation of specimens is specific to the material under analysis
and the desired specimen information. For biological specimens, the maximum specimen
thickness is approximately 1 micrometer.

To withstand the instrument vacuum, biological specimens are typically held at liquid
nitrogen temperatures after embedding in vitreous ice, or fixed using a negative staining
material such as uranyl acetate or by plastic embedding. In materials science and
metallurgy, the specimens tend to be naturally resistant to the vacuum conditions, but they
must still be prepared as a thin foil, or etched to make some portion of the specimen thin
enough for the beam to pass through.

Constraints on the thickness of the material may be limited by the scattering cross-section
of the atoms from which the material is composed. Materials that have dimensions small
enough to be electron transparent, such as powders or nanotubes, can be quickly
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prepared by the deposition of a dilute sample containing the specimen onto support grids
or films.

For other materials, a common strategy is to use a microtome, which is a mechanical
instrument used to cut specimens into transparent thin sections for microscopic
examination. Microtome use steel, glass or diamond blades depending upon the specimen
being sliced and the desired thickness of the sections being cut.

Steel blades are used to prepare sections of animal or plant tissues for light microscopy
histology. Glass knives are used to slice sections for light microscopy and to slice very thin
sections for electron microscopy. Industrial grade diamond knives are used to slice hard
materials for both light microscopy and for electron microscopy. Gem quality diamond
knives are used for slicing thin sections for electron microscopy.

3.5. Atomic Force Microscopy

The atomic force microscopy (AFM) and scanning force microscopy (SFM) are very high-
resolution type of scanning probe microscopy, with demonstrated resolution of fractions of
a nanometre, more than 1000 times better than the optical diffraction limit. **®

Gerd Binnig and Heinrich Rohrer developed the precursor of the AFM, the scanning
tunnelling microscopy (STM), in the early 1980s, being Binnig, Quate and Gerber the first
to build one AFM in 1986. The AFM is one of the foremost tools for imaging, measuring
and manipulating matter at the nanoscale. The information is gathered by "feeling" the
sample surface with a mechanical probe. The scanning is performed using piezoelectric
elements that accurately and precisely move on command enabling very precise scanning
area.

3.5.1. Bassic Principle

The system consists of a microscale cantilever with a sharp tip (probe) at its end used to
scan the specimen surface. The cantilever is typically silicon or silicon nitride with a tip
radius of curvature on the order of nanometres. When the tip approaches to the proximity
of the sample surface, forces between the tip and the sample lead to a deflection of the
cantilever according to Hooke's law. Depending on the situation, forces that are measured
in AFM include mechanical contact forces, Van der Waals forces, capillary forces,
chemical binding, electrostatic forces, magnetic forces, Casimir forces, solvation forces,
etc. In addition to force, other quantities may simultaneously be measured using
specialised types of probes (scanning thermal microscopy, photothermal
microspectroscopy, etc.). Typically, the deflection is measured using a laser spot reflected

68



from the top of the cantilever into an array of photodiodes. Other methods that are used
include optical interferometry, capacitive sensing and piezoresistive AFM cantilevers. The
cantilevers are fabricated with piezoresistive elements that act as a strain gauge. Using a
Wheatstone bridge, strain in the AFM cantilever due to deflection can be measured, but
this method is not as sensitive as laser deflection or interferometry.

In Figure 3.8 appears a schematic representing the general arrangement of one AFM
system. The resulting map of the area s=f(x,y) represents the topography of the sample.

Photodiode

' /
\_,
Sample Surface ~Z, Cantilever & Tip
.PZT Scanner

Figure 3.8 Block diagram of atomic force microscope technique.

In most systems, a feedback mechanism is employed to adjust the tip-to-sample distance
to maintain a constant force between the tip and the sample, to avoid collision with the
surface damaging it. The sample, or the probe, depending on the arrangement, is mounted
on a piezoelectric tube, which can move in the z direction for maintaining a constant force,
and the x and y directions for scanning the sample. Alternatively a 'tripod' configuration of
three piezo crystals may be employed, with each responsible for scanning in the x, y and z
directions. This eliminates some of the distortion effects seen with a tube scanner.

3.5.2. Statistical Characterization

Mathematical tools permit to extract quantitative information on surface roughness from
AFM topography images. The common parameters used to describe the roughness are
the root mean square roughness (R, the arithmetic roughness (R,) and the average
surface height (h). 1***>
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These parameters are determined using the following equations, where Z; is the elevation
profile acquired at each point i, and N the number of points of the square array:

%IN (z, -h) (3.15)
R, :% i:|zi ~h| (3.16)

Another parameter, the surface skewness (Rs), verifies the third momentum of the height
distribution. The values are positive when the surface has peaks above the flatter average
while negative values refer to porous surfaces. Surfaces that are more random have
skewness closer to zero and Ry higher than 1.5 (positive or negative) indicate that the
surface does not have a simple shape. The determination of the surface skewness used
the following equation:

L S -ny (3.17)

NR?|1

3.5.3. Imaging Modes

The AFM operation uses a number of modes depending on the application. In general,
possible imaging modes are static (contact) modes and a variety of dynamic (or non-
contact) modes.

i.Contact Mode

The primary modes of operation are static (contact) mode and dynamic mode. In the static
mode operation, the static tip deflection is used as a feedback signal. Because the
measurement of a static signal is prone to noise and drift, low stiffness cantilevers boost
the deflection signal. However, close to the surface of the sample, attractive forces can be
quite strong, causing the tip to 'snap-in' to the surface. Thus, static mode AFM occurs in
contact, where the overall force is repulsive, consequently, called contact mode. In contact
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mode, the force between the tip and the surface is kept constant during scanning by
maintaining a constant deflection.

In the dynamic mode, the cantilever is externally oscillated at or close to its fundamental
resonance frequency or a harmonic. Tip-sample interaction forces modify the oscillation
amplitude, phase and resonance frequency. These changes in oscillation with respect to
the external reference oscillation provide information about the sample's characteristics.
Schemes for dynamic mode operation include frequency modulation and the more
common amplitude modulation. In frequency modulation, changes in the oscillation
frequency provide information about tip-sample interactions. Frequency measurement is
very sensitive and thus the frequency modulation mode allows for the use of very stiff
cantilevers. Stiff cantilevers provide stability very close to the surface and, as a result, this
technique was the first AFM technique to provide true atomic resolution in ultra-high
vacuum conditions.

In amplitude modulation, changes in the oscillation amplitude or phase provide the
feedback signal for imaging, used to discriminate between different types of materials on
the surface. Amplitude modulation operation occurs either in the non-contact or in the
intermittent contact regime. In ambient conditions, most samples develop a liquid
meniscus layer. Because of this, keeping the probe tip close enough to the sample, so that
short-range forces become detectable, while preventing the tip from sticking to the surface,
presents a major hurdle for the non-contact dynamic mode in ambient conditions.
Development of the dynamic contact mode (intermittent contact or tapping mode)
bypasses this problem. **? In dynamic contact mode, the cantilever oscillation is such that
modulation of the separation distance between the cantilever tip and the sample surface
occurs.

Using amplitude modulation in the non-contact regime forms images with atomic
resolution, recurring to very stiff cantilevers and small amplitudes in an ultra-high vacuum
environment.

ii. Tapping Mode

In tapping mode, the cantilever oscillates up and down at near its resonance frequency by
a small piezoelectric element, mounted in the AFM tip holder. The amplitude of this
oscillation is greater than 10 nm, typically 100 to 200 nm. Interaction of forces acting on
the cantilever when the tip comes close to the surface, e.g. Van der Waals force or dipole-
dipole interaction, electrostatic forces, etc, cause the amplitude of this oscillation to
decrease as the tip gets closer to the sample. An electronic servo uses the piezoelectric
actuator to control the height of the cantilever above the sample. The servo adjusts the
height to maintain the cantilever oscillation amplitude as the cantilever passes over the
sample. A tapping AFM image appears by imaging the force of the oscillating contacts of
the tip with the sample surface. Tapping mode is gentle enough even for the visualization
of supported lipid bilayers or adsorbed single polymer molecules under liquid medium. At
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the application of proper scanning parameters, the conformation of single molecules
remains unchanged for hours. ***

3.46. Colour Measurement

The perception of colour is a psychophysical phenomenon, and the measurement of colour
must be defined in such a way that the results correlate accurately with what the visual
sensation of colour is to a normal human observer. **°

The visible light consists of the electromagnetic spectra with wavelength between 400
(blue) and 700 nm (red). Colorimetry is the science and technology used to physically
quantify and describe the human colour perception. The basis for colorimetry was
established by the Commission Internationale de I'éclairage (CIE) in 1931 based on visual
experiments. Even though limitations are well recognized, the CIE system of colorimetry
remains the only internationally accepted metric for colour measurement. All the official
colour-related international standards and specifications use the CIE System. **°

3.6.1. Colour Vision

Isaac Newton studied colour and one of his contributions was the idea that light is made up
of a mixture of light containing all wavelengths of the visible spectrum. He demonstrated
this fact with experiments on the dispersion of light in glass prisms in 1704. **° He realized
that some colours (magenta, purple) are spectral colours.

Thomas Young suggested in 1802 that the eye has three different kinds of colour
receptors, corresponding roughly with the red, green, and blue primary colours. *** This is
useful in matching a wide range of visual colours by additive colour mixing. Two
complementary theories of colour vision arise, the trichromatic theory and the opponent
process theory. The trichromatic theory, or Young-Helmholtz theory, proposed in the 19"
century by Thomas Young and Hermann von Helmholtz, states that the retina's three types
of cones are preferentially sensitive to blue, green, and red. Ewald Hering proposed the
opponent process theory in 1872, which states that the visual system interprets colour in
an antagonistic way: red vs. green, blue vs. yellow, black vs. white.

Nowadays, both theories are correct and describe different stages in visual physiology.
The first theory was correct since the human eye really does contain red, green and blue
sensors and the second was also right since the RGB signals do not explain all the
spectral colours without being converted to opponent signals: red-green, yellow-blue and
black-white. 1613
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The three different types of colour sensitive cones from the human eye response are
described in terms of hue, saturation and intensity. Intensity reflects light intensity
converted into brightness value and reflectivity of an object. The intensity values are not
directly proportional to light intensity but they are proportional to the logarithm of that
intensity. Hue corresponds to the colour reflected from or transmitted through an object. In
common use is identified by the name of the colour, such as red, orange, or green.
Saturation is the strength or purity of colour, how much light of different frequencies
appears mixed in with a hue.

The response of the eye is also described in terms of three "tristimulus values". The
tristimulus values of a colour are the amounts of three primary colours in a three-
component additive colour model needed to match that test colour. Any specific method for
associating tristimulus values with each colour refers to a colour space.

The colour space uses different coordinate systems. The Figure 3.9 presents some of the
most common systems, Munsell, Ostwald and CIE.

Dominant
Wavalength

Hue Value
? Y ﬁG Chroma
R i =

Munsell
System

Purplas

Figure 3.9 Diagram of Munsell, Ostwald and CIE chromaticity coordinate systems.

The three systems describe the colour space using different parameters. The Munsell
system uses hue, value, and chroma and the Ostwald system uses dominant wavelength,
purity, and luminance. The more precise CIE system uses a parameter Y to measure
brightness and parameters x and y to specify the chromaticity, which covers the properties
hue and saturation on a two dimensional chromaticity diagram. The CIE 1931 colour space
shows the tristimulus values, denoted X, Y, and Z. 1%

3.6.2. The CIE XYZ Colour Space

CIE XYZ system consists on direct measurements of human visual perception. The CIE
system characterizes colours by a luminance parameter Y and two colour coordinates x
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and y, which specify the point on the chromaticity diagram. '®* The parameters are based
on the spectral power distribution of the light emitted from a coloured object and are
factored by sensitivity curves which have been measured for the human eye. For this it
was defined a set of three colour-matching functions, called Y,\?and z , defined as shown
on Figure 3.10.
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Figure 3.10 Colour-matching functions Y, Y and Z.

These consist of the spectral sensitivity curves of three linear light detectors that yield the
CIE XYZ tristimulus values X, Y and Z. The tabulated numerical values of these functions
are known collectively as the CIE standard observer. '

The human eye colour sensors respond to different ranges of wavelengths then a full plot
of all visible colours is a three-dimensional figure. The area under each curve is X, Y and
Z. Converting the three dimensional colour space into a two dimensional colour space is
done by removing the intensity, and by dividing each value by the total intensity of X + Y +
Z, as shown by the equations 3.17:

_ X

T Xiv+z

_ Y

YT XYz (3.18)
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The derived colour space specified by X, y, and Y is known as the CIE xyY colour space
and is widely used to specify colours in practice.

The X and Z tristimulus values appear back from the chromaticity values, x and y, and the
Y tristimulus value:

X = KI,
Y (3.19)

7 —

Eu—x—m

3.6.3. The CIE Chromaticity Diagram

The Figure 3.11 shows the related chromaticity diagram. The outer curved boundary is the
spectral locus, with wavelengths shown in nanometres. The chromaticity diagram is a tool
to specify how the human eye will experience light with a given spectrum. Specify colours
of objects do not arise since the chromaticity observed while looking at an object depends
on the light source as well. Mathematically, x and y are projective coordinates and the
colours of the chromaticity diagram occupy a region of the real projective plane.

The chromaticity diagram illustrates a number of interesting properties of the CIE XYZ
colour space:

The diagram represents all of the chromaticity visible to the average person - the
gamut of human vision. The name of the curved edge of the gamut is the spectral
locus and corresponds to monochromatic light, with wavelengths listed in
nanometres. The name of the straight edge on the lower part of the gamut is the line
of purples. These colours, although they are on the border of the gamut, have no
counterpart in monochromatic light. Less saturated colours appear in the interior of
the figure with white at the centre.

All visible chromaticity correspond to non-negative values of x, y, and z (and
therefore, to non-negative values of X, Y, and Z).

If one chooses any two points on the chromaticity diagram, all colours formed by
mixing these two colours lie between those two points, on a straight line connecting
them. It follows that the gamut of colours must be convex in shape. All colours
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formed by mixing three sources appear inside the triangle formed by the source
points on the chromaticity diagram (and so on for multiple sources).

An equal mixture of two equally bright colours will not generally lie on the midpoint of
that line segment. Generally, a distance on the xy chromaticity diagram does not
correspond to the degree of difference between two colours.

Given three real sources, these sources cannot cover the gamut of human vision.
Geometrically stated, there are no three points within the gamut that form a triangle
that includes the entire gamut; or more simply, the gamut of human vision is not a
triangle.

Light with a flat energy spectrum corresponds to the point (x,y) = (1/3,1/3).

Figure 3.11 The CIE chromaticity diagram.



Section 4. Experimental

4.1. Specimens

The specimens used in this work were coil coated electro-galvanized steel with a fine
stone finish supplied by Voestalpine Stahl GmbH, Austria. The plasma polymerization
occurred at Max Planck Institut fir Eisenforschung (MPIE) in Germany, at the former
Corus (now Corus Tata) in the United Kingdom and at Dortmunder Oberflachencentrum
(DOC) in Germany. The samples preparation and characterization were done under the
project #7210-PR/383 of European Research Fund for Coal and Steel programme, in
which those organizations and the University of Aveiro were partners.
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4.1.1. Coil Coatings

As substrate for the coil coating process, DCO5 steel **” with 0.6 mm thickness was used,
with a zinc layer with nominal thickness of 7.5 um, electro deposited on both sides.

Two coil coating paint systems were used, one polyurethane based and the other
polyester based both used in the automotive industry. The cross section images and
respective composition maps, obtained by SEM coupled with EDS, are shown in the
Figure 4.1 and Figure 4.2, where is possible to distinguish the different coating layers,
numbered in the figures. Number 1 represents the steel and number 2 the zinc layer. The
primer (layer 3) was deposited on the top of the zinc layer. It is 13 to 15 pm thick for
polyurethane and 5 um for polyester.

In Figure 4.1a, the polyurethane based system shows three more layers: layer 4 is the
basecoat; layer 5 is the clearcoat; layer 6 is the topcoat. The thickness of the whole paint
is 60 pm.

Figure 4.1 a. Polyurethane coil coating system cross section image; and EDS maps for the b.
zinc; and c. iron elements.

78



For the polyester based system, Figure 4.2a, only one more layer was applied in the top of
the primer. This is a silicon based layer filled with titanium based pigments, layer 4. The
SEM and EDS maps show that the particles are not homogeneously distributed, appearing
areas without the titanium based pigments (like zone 5), corroborated by the EDS titanium
map in Figure 4.2e. The thickness of the whole paint is in this case 30 um.

Figure 4.2 a. Polyester coil coating system cross section image; and EDS maps of the
elements: b. iron; c. silicon; d. zinc; and e. titanium.
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4.1.2. Plasma Polymerization

The samples treated by plasma polymerization procedure were prepared using the two coll
coatings painted systems previously described, three plasma reactors, several
combinations of plasma polymerization steps and different experimental conditions. A
labelling system was used for reference of each combination tested. Each letter or digit of
the label refers to a specific variable studied in the following order: (coil coating) (plasma
reactor) (step combination) (reactor precursor mixture) (pressure).

For the two coil coatings used, U label refers to polyurethane system and E to polyester
system. The plasma reactors also received a label: M for microwave, R for radio frequency
and H for hollow cathode.

The complete plasma polymerization process recurs to several steps, plasma activation,
plasma deposition and plasma stabilization. The steps occur in sequence during normal
plasma polymerization process.

The plasma activation step consists in cleaning and activation of the coil coating surface,
and was performed by feeding the plasma reactor with the carrier gas under plasma
conditions. The plasma activation using argon leads to abstraction of hydrogen with
formation of free radicals at the surface. The oxidation reactions occur, with formation of C-
O bonds on the surface, for plasma activation with oxygen. Point 2.6.5 describes in more
detail the role of each gas. *#*%®

The plasma deposition step consists in the generation and deposition of the plasma
polymer film. The step starts with the introduction of the gaseous precursor mixture in the
plasma reactor, which undergoes fragmentation reactions of radicals with subsequent
combination and recombination of these radicals to form the plasma polymer film.
Description of the plasma polymerization mechanism appears in more detail in point 2.3.

The addition of a plasma stabilization step, also using the carrier gas in plasma conditions,
occurs to stabilize the surface of the formed plasma polymer layer. The process uses
conditions similar to the ones used during the plasma activation step and with similar
surface reactions occurring, but in this case in the surface of the plasma polymer film.

In this work were used several combination of steps, that were called stages. A summary
of the labels used for each combination of steps (stages) used appear in Table 4.1.

Table 4.1 Labels attributed to the combination of plasma steps.

label for plasma polymerization step
the stage activation deposition stabilization
1 X
2 X X
3 X X X
4 X X
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Thus, 1 refers to plasma activation step alone, 2 to the combination of plasma activation
step with plasma deposition step, 3 refers to the combination of plasma activation step,
plasma deposition step and plasma stabilization step, and 4 refers to the combination of
plasma deposition step and plasma stabilization step

For each combination of process duration, carrier gas employed and precursor mixture
used was attributed a letter, from a to k. Table 4.2 shows the used combinations.

Table 4.2 Labels attributed to the reactor time of the process, carrier gas and monomer.

plasma polymerization step
(@)

activation deposition stabilization label
duration duration
(seconds) gas monomer (seconds) gas

5 oxygen - - - a

70 oxygen - - - b
140 oxygen - - - c
140 argon - - - d
700r 300" oxygen HMDSO 60 oxygen e
70 argon HMDSO - - f

70 argon HMDSO, HDFD - - g
300 oxygen - - - h
300 - HMDSO 60 oxygen i

2 oxygen T™MS - - k

1 70 seconds for M plasma reactor and 300 seconds for R plasma reactor.
2 Applied only during the plasma polymerization process performed in the R
plasma reactor.

The pressure inside the reactor in which the plasma polymerization process occurs
receives the label Py, where the index x depends on the respective pressure used. The
different pressures used appear in Table 4.3.

Table 4.3 Labels attributed to the reactor pressure.

label P1 P Ps P4 Ps Ps
pressure (mbar) 0.2 0.1 0.05 0.07 0.03 0.17
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As an example, the label UM1aP; is used when:

U M 1 a P1

When the immersion tests are carried out at 45° C the 45 prefix is used before the type of
coil coating.

i.Microwave Plasma Reactor - M

In this work, the plasma polymerization with M plasma reactor took place in MPIE facilities,
using the U coil coating. The deposition of the plasma polymer films occurred in a chamber
with a linear microwave power source using a frequency of 2.46 GHz, shown schematically
in Figure 4.3. The vacuum chamber and the samples were grounded. According with point
2.6.6 the setup corresponds to the electroless plasma reactor.

substrate S
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j

cooling
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Figure 4.3 Scheme of the M plasma reactor.

magnetron ‘

During the plasma polymerization process, the samples were plasma cleaned and plasma
activated for about 70 seconds at 400 W. After this step, the introduction of the desired
precursor mixture occurs in the chamber, with the pressure adjusted to the desired
conditions. The plasma initiates and reaches equilibrium during several minutes, with the
sample far from the deposition zone. The specimen moves over the plasma at 0.5 to 1 mm
s™. The deposition time was 140 seconds. During deposition, the specimen temperature
reached 50° C, measured with a thermocouple. The co ntrol of the film thickness occurs
through the plasma deposition time.

The chemical structure of the plasma polymer film deposited from atmospheres containing
hexamethyldisiloxane (HMDSO) and oxygen depends on their ratio. An increasing
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HMDSO/O; ratio leads to the increase of Si-O-Si groups and to the decrease of the carbon
containing groups. Thereby, the nature of the films can vary from organic to inorganic. %%

In this work, the flow rates were chosen so that the ratio between oxygen and the
monomer HMDSO equalled 20. The adjusted overall pressure varied between 0.05 and
0.2 mbar. Under these conditions, deposition of silica-like films occurs. The pressure
decrease occurred with variation of both flow rates by a factor of three. Adjustment of the
morphology of the film is obtained by changing the plasma power and deposition pressure.
Experiments of deposition with HMDSO and argon precursor mixture were also performed
along with the introduction of the heptadecafluoro-1-decene (HDFD) monomer combined
with HMDSO and argon. Figure 4.4 shows the structure of the monomers used for the
plasma polymerization process.

<
¢ N\t
<
HsC CHs < ?\0/\:( e
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H.C=CH
2 o \Q ?
HsC CH,

Figure 4.4 Structure of the monomers used for the plasma polymerization, a. HMDSO; and b.
HDFD.

In this work, two stages of the M plasma polymerization were studied, the plasma
activation of the coil coating surface only (stage 1, accordingly with Table 4.1), and the
combination of this plasma activation step with the plasma deposition step, performed in
sequence (stage 2). Only the plasma deposition step is worthless for the industrial process
and for this reason not performed.

The Table 4.4 shows the conditions used for stage 1. In the table are also the labels for the
plasma activated systems, which are used along this text.

Table 4.4 Description of the plasma activation step and tested variables, together with the
respective labels attributed to each system.

step description conditions label
clean and activation of the 5secondswithO,  a UM1aPy
plasma coil coating surface with 1 70 seconds with O, b UM1bPy
activation the carrier gas at 0.2 mbar 140 seconds with O, ¢ UM1cP;
P1) and 400 W power
(P1) pow 140 seconds with Ar  d UM1dP;
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The plasma activation procedure occurs just before deposition of the plasma polymer film,
being performed with the coil coating surface directly exposed to the plasma conditions.
For this reason, degradation of the coil coating barrier properties may occur.

The experimental parameters used for the stage 2 together with the respective labels
attributed to each system generated that are used along this text, appear in Table 4.5.

In this case, the plasma activation step, performed before the plasma deposition step, had
the duration of 70 seconds with the other conditions similar to the ones shown in Table 4.4.

Table 4.5 Description of the plasma polymerization step performed in the M plasma reactor with
the respective conditions used, together with the labels attributed to the systems prepared.

_ . pressure
step description precursor mixture (mbar) label
HMDSO e 01 P2 UM2eP;
deposition of the and Oz
plasma polymer film HMDSO
plasma at 400 W power o and O € 0.05 Ps UM2ePs
deposition during 140 seconds 2 HMDSO
coil coating and Ar f 0.05 Ps3 UM2fP3
speed 0.5 to 1 mm/s
HMDSO, HDFD @
and Ar 0.1 P2 UMngZ

! Although the parameters here indicated correspond to the step of plasma deposition, the label
2 corresponds to two steps performed in sequence, plasma activation and plasma deposition.
% When tested at 45° C these systems label receives the 45 prefix.

ii. Radio Frequency Plasma Reactor - R

The plasma polymerization using the R plasma reactor took place in Corus facilities.
Surface modification, using HMDSO and oxygen precursor mixture, were performed on U
and E coil coatings. The plasma polymerization conditions were maintained constant
throughout the experiments performed in this plasma reactor.

For the plasma generation was used a glow discharge from a radio frequency capacitive
coupling reactor at 13.56 MHz of frequency. The Figure 4.5 shows a schematic of the
plasma discharge reactor. In this case, according with point 2.6.6, the plasma reactor
setup corresponds to external electrode plasma reactor.
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Figure 4.5 Scheme of the R plasma reactor.

The vacuum chamber was made of stainless steel with a volume of 21 litres. The process
used a classical configuration of capacitive discharge, where the plasma is generated
between two fixed electrodes because of the potential difference between them. The
samples can be prepared by attaching them alternately onto one of the two possible
electrodes. The bottom powered electrode (P) has 160 mm in diameter while the upper
grounded electrode (G) has 200 mm. The largest samples produced were of size 160 x
105 mm for the G and 160 x 125 mm for the P. In the chosen configuration, the plasma
polymerization occurs simultaneously in the two electrodes locations.

The regulation of the carrier gas flow occurs via a mass flow controller. The monomer flow
control occurs through its partial pressure, by regulating the metering valve of the
monomer line. The monomer and carrier gas enter the plasma chamber via the gas
shower ring. The P electrode location is constrained within the chamber just below the gas
shower ring for distribution of the monomer and carrier gas. The G electrode location can
shift vertically using bellows on a translation stage. All samples were prepared with a fixed
electrode gap of 75 mm between the P and G electrodes. Introduction of the gas mixture of
oxygen and HMDSO into the chamber starts the plasma polymerization procedure.

Table 4.6 shows a resume describing each step where the conditions of plasma
polymerization are also summarised.

In this work, to understand the influence of the plasma polymerization process on the coil
coating, preparation of samples using different step combination occurs. First was tested
only the plasma activation step performed on the coil coating surface. This stage receives
the label 1 according to Table 4.1 and label h according to Table 4.2. The full plasma
polymerization process (plasma activation, plasma deposition and plasma stabilization
combination of steps) was then tested, label 3 and e. Finally, testing of the plasma
deposition and plasma stabilization steps, performed without the initial plasma activation
step occurs, i.e. the deposition of the plasma polymer film followed by plasma stabilization,
receiving the label 4 and i.
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Table 4.6 Description of the plasma polymerization steps performed in the R plasma reactor
with the plasma polymerization conditions used.

step description
plasma clean and activation of the coil coating surface with O, plasma
activation at 0.07 mbar of pressure and 20 W power, during 300 seconds
plasma deposition of the plasma polymer film, HMDSO and O; precursor mixture, with
deposition ratio 1:19 at total pressure of 0.03 mbar and 100 W power, during 80 seconds
plasma stabilization of the plasma polymer surface with O, plasma
stabilization at 0.07 mbar and 20 W power, during 60 seconds

The U and E colil coatings, treated by the plasma polymerization procedure at both P and
G electrode locations, used similar conditions and stages.

When the radio frequency plasma reactor was used, the electrode location of the
specimens receive the letter G or P correspondent to grounded or powered electrode,
respectively, which is added to the end of the label. The labels attributed to each prepared
system, which are used along the text, appear in Table 4.7.

Table 4.7 Samples prepared at G and P electrode location of R plasma reactor, with the
respective label correspondence.

activation time or pressure

coil coating stage precursor mixture (mbar) label
plasma activation 1 300 seconds with O,  h 0.07 P4 Ld';ﬂijg ((i))
p0|ylfje($)hane plasma depositon 3@ HMDSO and O, e 0.03 Ps ld?éiizg
plasma stabilization 4 © 60 seconds with O, i 0.07 P4 tjijllgi(; ((;)
plasma activation 1 300 seconds with O, h 0.07 P4 Eiiﬂiﬁ
polylczester plasma deposition 3@ HMDSO and O; e 0.03 Ps EE?ZE’:S
plasma stabilization 4 @ 60 seconds with O, i 0.07 P4 EE?‘ETE

! When tested at 45° C, these systems receive the 45 prefix.

2 Although the parameters indicated correspond to the step of plasma deposition, the label 3 corresponds
to the combination of the three steps: plasma activation, plasma deposition and plasma stabilization
performed in sequence.

3 Although the parameters indicated correspond to the step of plasma stabilization, the label 4
corresponds to the combination of the two steps: plasma deposition and plasma stabilization performed
in sequence.
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iii. Hollow Cathode Plasma Reactor - H

The plasma polymerization using the H plasma reactor took place in DOC facilities,
treating the surface of the U coil coating. The process is especially designed for
continuous deposition of plasma polymer films on plain sheets. The setup corresponds to
internal electrode plasma reactor, according with point 2.6.6.

The sheet to be coated confines nearly completely the reaction zone and at the same time
forms the cathode. This process has the advantage of high deposition rate and minimises
the amount of parasitic deposition in the chamber walls. A large area, high density hollow
cathode glow discharge is used for precursor gas activation and plasma generation. The
precursor gas is activated close to the metal surface with a gas pressure of about 0.17
mbar, where parasitic formation of solid material by volume reactions is almost completely
prevented.

For continuous deposition, the metal sheet forms a loop generating between their parallel
legs a hollow cathode with a spacing of a few centimetres, shown schematically in Figure
4.6. For static deposition, a set-up with two parallel metal substrates forming the hollow
cathode is used. The advantage of the static set-up deposition is a faster exchange of
samples and thus an easier and faster coating development.

Exhaust

Plasma

Steel Strip

Gas Feed /{1\)

Figure 4.6 Scheme of the H plasma reactor.

The plasma polymerization occurs in a cylindrical vacuum chamber with an inner diameter
of 2 m and a depth of 1 m, which was suitable for both static and dynamic set-ups for
deposition on the sheets. Mass flow controllers control the monomer tetramethylsilane
(TMS) flow. The achievement of different surface chemical properties is possible, by
modification of the plasma polymerization parameters. *"**"* The structure of the TMS
monomer appears in Figure 4.7.
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Figure 4.7 Structure of the TMS monomer used for plasma polymerization.

In the dynamic setup (scheme shown), are used sheets of up to 300 mm width and 0.3 mm
thickness. In the static case, sheets of 750 mm length and 140 mm width are used, with an
exposed area of 2 x (275 x 140) mm? to the plasma discharge. The coating deposition
occurred at 0.17 mbar with 0.3 kW. The Table 4.8 shows the plasma polymerization
conditions used in the H plasma reactor, with the respective label attributed that is used
along the text.

Table 4.8 Plasma polymerization conditions used in the H plasma reactor, with the respective
label attributed.

step stage conditions label
clean and activation of the coil coating surface
plasma activation with mixture of argon and oxygen gases

at 300 W and 40 kHz during 2 seconds
deposition of the plasma polymer film at 0.17
plasma deposition mbar using TMS, argon and oxygen precursor
mixture at 300 W and 40 kHz during 3 seconds

UH2kPe

4.2. Techniques Used

4.2.1. Electrochemical Impedance Spectroscopy

The measurements performed with Gamry FAS2 Femtostat with PCI4 Controller board,
took place inside a Faraday cage to minimise the external electrical noise interference.

The measurements were carried out at the frequency range of 100 kHz down to 10 mHz
with 7 points per frequency decade. The spectra were recorded at open circuit potential
with a sinusoidal perturbation of 10 mV root mean square. The impedance data were
analysed using the Gamry Echem Analyst software. At least two measurements for each
condition were taken to verify their reproducibility.

88



Experimental

The water uptake estimation recurs to the Brasher and Kingsbury's equation, **® which
procedure is described in point 3.1.4. The value of capacitance used was obtained from
separate impedance measurements performed at 10 kHz, using specimens identical to the
ones used for the EIS measurements.

Extrapolation of the initial value of the coating capacitance, C, in equation 3.13, arises
from the values of capacitance determined at the initial stages of immersion. **?

This model was chosen for its simplicity or adequate response compared with other
models. Moreover, the results published in literature are mainly obtained with the Brasher
and Kingsbury’s equation. This one was the reason why the model of Castela et al. '3
was not used, since they were only tested for few systems. One of the recent models
proposed, *?° although also claim better correlation with the gravimetric results, requires
parameters that are unknown.

i.Electrochemical Cells

The electrochemical cell used consisted of a three-electrode arrangement, with a XR110
saturated calomel reference electrode (Hg|Hg.Cl,, KClsy) from Radiometer Analytical,
France, a M241Pt platinum foil counter electrode, also from Radiometer Analytical, and the
exposed sample area as working electrode.

Figure 4.8 a. Electrochemical cell arrangement used for EIS impedance measurements of the
samples tested at ambient temperature, working area of 3.4 cm?; b. container for immersion
tests at 45° C; and c. electrochemical cell arrangement used for EIS impedance measurements
of the samples tested at 45° C, working area of 2.46 cm®.
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For ambient temperature tests, polymethyl methacrylate (PMMA) tubes were glued to the
sample surface with two component epoxy glue, araldite” rapid. The tubes were used both
for area limiting and as reservoirs of the testing medium, Figure 4.8a, with working area of
3.4 cm?.

For higher temperature testing, the immersion of the sample took place inside a closed
plastic container filled with the testing medium, Figure 4.8b. The specimen edges were
protected with beeswax to prevent filiform degradation. The plastic containers were then
placed in bath with controlled temperature at 45° C. For the EIS measurement, the
specimen was cooled during 1 hour until room temperature was reached before the
measurement. The electrochemical cell arrangement was similar to the one used for
ambient testing, but using an o-ring for limiting of the working area to 2.46 cm?, Figure
4.8c.

ii. Experimental Conditions

The test medium used during the work was an aqueous solution of sodium chloride (from
Reidel-de Haén", p.a. purity), prepared with distilled water (resistivity of 1x10° Q cm). The
concentration used was 0.5 M with pH 7.

Storing of the prepared cells occurs at room temperature in contact with air, protected from
direct sun light and from dust. For long term tests, reposition of lost solution was done
when needed. There was no variation of pH during the testing period.

4.2.2. Scanning Electronic Microscopy

The Scanning Electron Microscopy (SEM) consists of a Hitachi S-4100 system, with beam
energy of 25.0 kV. The plasma polymer surfaces were mounted in the holder using
conductive carbon glue and were coated with carbon to avoid surface charging, which
would affect the secondary electrons imaging. During the measurements, tilting of the
samples at 30 degrees occurs to increase the information about the surface morphology.

4.2.3. Energy Dispersive Spectroscopy

Energy Dispersive Spectroscopy (EDS) was used coupled with the SEM, using SiLi
Rontec system UHV dewar detector, to obtain the surface composition. The respective
composition evolution with immersion was obtained by EDS measurements after different
immersion times.
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The quantitative analysis used the Rontec software supplied with the equipment. During
the elemental quantification, the software does not consider the carbon element proportion
(considers the carbon value equal to zero), since for reduction of surface charging effect
during the SEM imaging a surface layer of this element was sputtered in the samples
surface, as described in point 4.2.2.

The sample preparation was the same as for SEM imaging. The measurements occurred
in the same sample after the SEM imaging procedure, using an adjacent area.

4.2.4. Transmission Electronic Microscopy

Transmission Electron Microscopy (TEM), performed on Hitachi H9000-NA system with
beam energy of 300 keV, revealed the structure of the plasma polymer films. Preparation
of the samples for TEM imaging used an ultramicrotome from Leica with a diamond knife
from Diatome® with 45° and 3 mm edge.

The sections of plasma polymerized coil coating system, obtained by detaching them from
the metallic substrate using a spatula tool, were embedded in epoxy resin (from Agar
scientific) and the cross-section prepared by ultramicrotomy. Several sections were
obtained with thickness around 30 nm, were collected onto a nickel grid and stored in a
grid box until observation.

The polyurethane coil coating has high thickness but is carbon based. Carbon element is
transparent under TEM imaging. The technique offers no information in this case.

The polyester coil coating also has high thickness and its composition contains silicon and
titanium elements. These elements provide strong contrast under TEM, offering high detalil
of the polyester coil coating structure.

The plasma polymer films generated are silicon based layers. The atomic weight of this
element provides enough contrast for imaging by TEM, providing information about the
plasma polymer films structure. The amorphous structure and the low thickness, however,
made difficult to find the film. Deposition of a thin gold layer, around 3 to 4 nm, on the
surface help to overcome the problem. The gold has higher elementary weight that gives
higher contrast, appearing immediately under the electron beam. This was used to
correctly positioning and focus of the electron beam.

4.2.5. Atomic Force Microscopy

Atomic force microscopy (AFM) verifies the surface morphology modification after the
plasma process and provides information about the surface morphology evolution of the
plasma polymer layers during immersion.
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Two AFM systems were available, a Digital Instruments with NanoScope Il controller and
a Pico LE AFM microscope from Scientec. In the first system, the samples have a size limit
less than 1 cm of side due to the microscope geometry arrangement. In the second
apparatus, the samples measured can have up to 4 by 4 cm. This case was used for
measurements for different immersion times on the same sample.

The AFM examinations used heavily doped silicon probes with tip radius of 5 to 6 nm. The
probes were model ACT from AppNano, USA and the cantilever length was 125 pm, with
resonant frequency of 300 kHz and spring constant of 50 N/m. The scans are performed in
air at non-contact mode in order to prevent any damage of the film surface. On each scan
recording of the topography, amplitude and phase angle was done.

The root mean square roughness (R,), the arithmetic roughness (R,) and the average
height (h) were calculated from the topography maps, using standard software (Pico scan
software version 5.3.3 from Veeco, WSxM version 5.0 from Nanotec Electronica SL *"? and
Gwyddion version 2.17). The surface parameters were obtained from the software, arising
from the equations of point 3.5.2.

The images received a mean plane correction in order to reduce waviness due to scanner
bow and variations of the film thickness. Then, they receive a line wise levelling to reduce
possible line-by-line repetition errors.

The R, and R, parameters have similar behaviour. For simplicity, on this work, only the
values of R, and h appear in the respective images. The surface roughness corresponds
to pores when the surface skewness (Rg) is negative. In this case, the Ry negative values
appear in the images, otherwise they are omitted.

4.2.6. Colour Coordinates

The colour measurements use a telescope optical probe, Nikon Top 100 DTS140-111 from
Instrument Systems GmbH. The light source was a tungsten lamp, model LS100-130 from
the same company, coupled with a power supply model ES030-10 from Delta Elektronika.
The width of the collecting reflection was set to 0.5 mm at 45 degrees angle using a
commercial standard mirror as reference.

The Commission Internacionale d’Eclairage (CIE) reflection (x,y) colour coordinates for 2°
standard observer were estimated using IS SpecWin software for the plasma polymerized
coil coating systems. Measurements performed along the immersion test permit to obtain
the colour variation of the systems during tests.
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Section 5. Unmodified Coil Coating

5.1. Infroduction

The coil coatings were analysed using the experimental techniques, the testing procedures
and conditions previously described in points 4.1 and 4.2.

For the study of the coil coating degradation, the samples were submitted to immersion
tests using 0.5M NaCl solution, which simulates natural aggressive conditions. The
impedance response of the systems and respective impedance evolution with testing time
was one of the procedures used to rank the coating systems.

Monitoring of the surface morphology and composition evolution during the immersion
tests was performed. These results also produce parameters, which permit to assess the
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surface properties, described in point 3.5.2. The surface results correlated with the
impedance evolution makes easier to understand the degradation mechanism involved.

The results, obtained for the unmodified coil coating, serve as reference to compare the
performance variation after the plasma polymerization process performed the coil coatings.
Two different types of coil coatings are tested: polyurethane (U) based and polyester (E).

5.2. EIS Measurements

The coil coating upon contact with the environment behaves like a barrier to water and
ions. The protection mechanism corresponds to hold these species away from the metallic
substrate. The EIS technique offers characteristic responses attributed to the several
degradation stages of the systems during immersion, as described in section 3.1.3.iii.
Defects already present in the coating system, formed during the coil coating preparation
or during handling of the samples, also influence the EIS response.

The Bode plots obtained for the U coil coating appear in Figure 5.1. Part a represents the
system impedance evolution during immersion in 0.5 M NaCl solution, at ambient
temperature. Impedance data for accelerated immersion tests performed at 45° C, using
identical testing solution, are in Figure 5.1b.

The impedance in the two set of plots is different because of the different testing
conditions. Higher temperature tests accelerate the degradation and the impedance
response reflects exactly this difference. *"**’* However, no changes on the degradation
mechanism occur with the raising of testing temperature - the impedance spectra curve
format remains unchanged with acceleration of the degradation.

Initial immersion (1 hour), has similar impedance values for both testing temperatures.
Capacitive behaviour for the full frequency range tested arises, with very high impedance
value in the low frequency part of the spectra, above 100 Gohm cm? The value is
attributed to homogenous and defect free surfaces, representative of high performance
paint systems, 1211312

At ambient temperature testing for the U coil coating, plots a, no variation of the
impedance during immersion occurs. The impedance value obtained after 10 months of
immersion is still higher than 100 Gohm cm? for full frequency range tested. The phase
angle is also demonstrative of the system stability and during immersion remains constant
near -90 degrees. This assures that the capacitive behaviour of the coil coating remains.

The results for continuous immersion tests performed in the corrosive environment at
ambient temperature for the coil coatings cannot be defined as an accelerated test, since
the time required to produce changes on the system response is too long. *”* In order to
accelerate the degradation of the coil coating, introduction of high temperature testing was
done. The results obtained during the testing at 45° C, using similar electrolyte solution,
appear in part b of Figure 5.1.
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The increase of the testing temperature accelerates the degradation processes but the
results show that failure of the system is still far from occurring, even after 11 months of
higher temperature immersion. The low frequency impedance value obtained, in this case,
after 11 months is higher than 10 Gohm cm? These values represent a decrease of one
order of magnitude from the initial value. The decrease of low frequency impedance is the
consequence of a resistive part, appearing after 7 months of immersion.

The resistance values relate inversely to the average area of the conductive pathways
present in the paint film, hence, higher resistive part appears due to the increase, in
number and in size, of pores and pathways in the paint. Consequent water and ions
ingress in the pores appear in the impedance response and correlates with decrease of

the coating barrier properties. 11312
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Figure 5.1 Bode plot diagrams for U coil coating submitted to immersion tests in 0.5 M NaCl at:
a. ambient temperature; and b. 45° C.

Increase of testing time shows continuous decrease of the low frequency impedance
value, attributed to the increase of coating degradation. However, after 11 months of
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testing at 45° C the impedance value obtained is representative of a paint system that still
confers protection to the metallic substrate.

The E coil coating testing was performed at ambient temperature, the results appear in
Figure 5.2. In the Nyquist plot, the impedance evolution is easier to see, hence the
impedance results also appear using that representation.

The impedance at low frequency after 1 hour of immersion is slightly above 10 Gohm cm?.
This is one order of magnitude lower than for U coil coating. The value is still high and
representative of high performance coating systems, where pure capacitive behaviour
appears for the full frequency range tested. %312 These results suggest initial lower
stability of the E coil coating, when compared with the U coil coating.

The continuous impedance decrease during immersion corresponds to coating
degradation during immersion of the E coil coating. The low frequency impedance value
decrease shows association with increasing number of pores and holidays in the coating.
Water and ions enter into the coating by diffusion processes, first, filling up the holidays
and pores, already present in the coating system. The absorption process continues during
immersion and leads to the formation of other pathways and pores through the coating,
which raises the absorption rate, #1312
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Figure 5.2 Bode and Nyquist plot diagrams for E coil coating, tests at ambient temperature.
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These absorption processes during immersion lead to the appearing of a low frequency
resistive part. The presence of the resistive part and the strong decrease of the low
frequency impedance value represent a decrease of the system performance. The results
after 130 days of immersion show that the coating still stands, with low frequency
impedance value under 1 Gohm cm? however, suggest that the metallic surface was
reached by water. The quasi semi circle formed in the Nyquist plot reinforces that the
solution is in contact with the metallic substrate surface.

For longer immersion, development of the system degradation will eventually lead to
corrosion processes. The coil coating systems used have a zinc layer, as galvanised steel
is used, which when exposed to the aggressive environment still protects the underlying
metal by cathodic protection. The protection of the zinc layer initially forms only slow white
corrosion products that also confer protection. *!2113:176

5.2.1. Numerical Fitting of EIS Data

Fitting the EIS data using equivalent circuits allows the estimation of the degradation rate
of the barrier properties for the systems under study. The equivalent electric circuits used
for fitting the impedance results appear in Figure 5.3.

The U colil coating shows only one process occurring during the immersion tests and the
fittings were always performed using equivalent circuit a of Figure 5.3. The E coil coating,
on the other hand, shows the presence of second high frequency process and, for correct
fitting, is used the equivalent circuit b of Figure 5.3. The equivalent circuit parameters
obtained from fitting are the resistance of the solution (Rsy), the pore resistance of the
coating (Rpor), @and the coating capacitance (Ceoar)-

sol coat

por

Figure 5.3 Equivalent electric circuits used for numerical fitting of the EIS data obtained for the
painted systems: a. undamaged system; and b. two processes.

The data concerning the coating capacitance and pore resistance evolution show relation
with the diffusion of solution into the coating. The chloride and sodium ions are very small,
and for this reason, are able to diffuse through the coating. Later, the chloride ions
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together with water and oxygen are responsible by the beginning of active corrosion
processes when they reach the substrate. 3147

The C*..r and R*,,, parameters used for the equivalent electric circuit b are attributed to
detours from ideal behaviour. The possible reasons for the deviations have been attributed
to rugosity of the electrodes, non homogeneous materials or distribution of relaxation times
of the surface processes. "% According to MacDonald and Franceschetti *** the
existence of a second time constant could be associated to different anionic and cationic
mobilities inside the film in immersion. Identical finding was reached by Castela when
studying a film of polyvinyl chloride - plastisol in 0.5 M NaF solution. ¢

Figure 5.4 presents the impedance results and the respective fitting results for the
unmodified E coil coating. For the fitting, the constant phase element (Q) replaced the
capacitance element (C), to account inhomogeneities of the surface in the electrochemical
EIS experiments. ***®° The numerical fitting presented confirms that the circuits used are
adequate.

Initially, Figure 5.4a, one time constant is obtained and circuit a of Figure 5.3 is used. This
provides Rsq, Ceoar and Ry parameters. After 130 days of immersion in part b is noticed an
accentuated impedance drop together with the formation of a second time constant at high
frequencies. The two time constants demand fitting using the equivalent circuit b of Figure
5.3. Here, are obtained the C*.,,: and R*,,;, mentioned above (appearing at high frequency

in the spectrum), together with C.: and Ry, attributed to the coating degradation process
177-182

(appearing at low frequency).
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Figure 5.4 Numerical fitting for unmodified E coil coating: a. immediately after immersion, Q
(Ceoar)= 3.35x10™° F cm?® s™* with n= 0.958, Rpor= 2.21x10"" ohm cm?” and b. after 130 days of
immersion, Q (C*car)= 3.53 x10™ F cm? s"™* with n= 0.965, R*yor= 5.51x10° ohm cm?; Q (Ceoat)=
6.11x10™° F cm? s™* with n= 0.481; and Rpor= 1.33x10° ohm cm?. The black squares represent
the EIS data and the red line the respective fitting.
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The low frequency impedance value obtained and the curve format of the Nyquist plots of
Figure 5.2 show that active corrosion processes are not occurring. Active corrosion
processes would form another time constant at low frequency and the fitting would
demand an equivalent circuit similar to the one of Figure 3.7¢c. ***

For the present analysis, the fittings results plotted refer only to C... and Ry, parameters,
since these are the representative parameters of the systems barrier properties evolution,
although in the E systems the fitting also estimate the R*,, and C*.. parameters
corresponding to a high frequency process.

The estimated parameters, C.x and Ry for the unmodified coil coatings, obtained from
the equivalent circuits, appear in the Figure 5.5. The results reflect the evolution of the E
and U coil coating and in the latter case the effect of the temperature of testing. 32394

The lowest C.y4 Value is the one from the U coil coating. This can be partially related with
the higher paint thickness, since this parameter inversely relates with the C.. (higher
thickness lower C..). However, the increase verified should also be due to higher intake
of solution by the E system. The C..4 Stable behaviour is associated with the higher barrier
effect, as a result in lower amount of absorbed water and electrolyte. Increase of testing
temperature for 45U coil coating shows an increase of Cy value and confirms that the
increase of temperature is responsible by acceleration of the processes leading to an
increase of system degradation.

The R, evolution leads to identical conclusion. The value for U coil coating is the highest,
corresponding to lower degradation. When the testing occurs at higher temperature, 45U
line, lower Ry, value arises. The moment where the 45U system performance starts to
decrease is noticed when the Ry, value starts to show a continuous decrease trend. For
this system, this occurs after around 150 days of immersion.

The Figure 5.5 shows that the E coil coating has even higher C.., value than 45U system.
This represents higher amount of water and ions absorption. The Ry, value is also lower
than Ry, value for 45U system, with strong drop occurring sooner, after 100 days of
immersion. In this case, the Ry, drop shows that water and ions reach the metallic surface.
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Figure 5.5 Evolution of the Ccoar and Ryor estimated parameters for E and U coil coating.
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5.2.2. Water Uptake Estimation

The value of the coating capacitance permit to estimate the water uptake rate, using the
empirical relation of Brasher and Kingsbury, 8 eq. 3.13, following the procedure described
in section 3.1.4. The water uptake plots for the coil coatings appear in Figure 5.6. The
capacitance measurements were performed at 10 kHz. The signal obtained at this
frequency corresponds only to the coating capacitance. The signal due to corrosion
processes appears at lower frequencies, from 10 to 0.01 Hz, and after long immersion
period. 2

The water uptake immediately after immersion confirms the difference in performance for
the two coil coatings. For initial stages of immersion, the water uptake rate is fast in both
coil coating, U and E. This is characteristic behaviour of organic coatings attributed to
initial fast filling up with water of surface holidays and pores present in the coating. After
some time the water absorption rate decreases and the amount of water absorbed
becomes constant, 1#128129

For the U coil coating, the saturation occurs after 1 day of immersion, while for E coil
coating the saturation occurs after three more days, i.e. 4 days of immersion.

The saturation level reached is also dependent of the coil coating used. The E coil coating
shows more than twice the amount of water absorbed by the U coil coating, which confirms
the higher performance of the U coil coating (lower percentage of absorbed water is
attributed to better barrier properties). The U coil coating has more stable saturation
plateau with increase of immersion time, while the E coil coating saturation plateau
continues slowly to rise.
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Figure 5.6 Water uptake estimation for E and U coil coatings.
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Unmodified Coil Coating

5.3. Surface Characterisation

The Figure 5.7 presents the AFM images with the surface morphology of the two coil
coatings. In the top of each image, in gray, is the respective time of immersion until the
AFM measurement and in each image is the calculated arithmetic roughness (R,) and
average surface height (h) values, calculated accordingly to the description in point 4.2.5.
The AFM images with the O days label represent the coil coating surface morphology
before any testing.

The surface morphology is different for the two coil coatings. The evolution during the
immersion tests is also dependent of the coil coating.

The surface morphology of U coil coating, Figure 5.7a, is hon-uniform. During immersion,
non-uniform surface morphology continues to appear. The R, and h parameters have a
small variation during immersion, attributed to differences of the surface morphology for
different areas of measurement, which may lead to the small variation of the parameters.

The E coil coating AFM images, Figure 5.7b, show surface morphology with surface
defects, even before testing. During immersion tests, increment of the surface defects
occurs, both in size and in number. The R, and h values evolution during immersion
confirms that surface variation occurs.

Figure 5.7 AFM 1x1 um images of the surface morphology evolution for: a. U coil coating and
b. E coil coating, with the respective values, in nm, of R, and h.
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Section 5

The SEM images of Figure 5.8 show the surface morphology of E coil coating at lower
magnification. The AFM images cover 1x1 um scan, while the SEM covers 10x7 um. Here,
it is possible to see pores with 3 um diameter in the surface even before the immersion
tests. Several particles appear in the images with 300 nm of diameter, which EDS reveal to
be titanium containing. These are titanium dioxide charges added to the formulation of the
E coil coating. Their higher elemental weight is responsible by the colour difference in the
micrographs.

Variation of the surface morphology during immersion occurs, noticed in the pores walls.
They become less sharp during the immersion tests and show the formation of deposits
inside and around the pore walls. These deposits arise from paint components reaction
with the testing solution. This may be responsible by the impedance instability verified
during immersion tests and when occurs in the internal pores can block them. This
blocking process prevents, or at least delays, further water uptake processes through the
pores or pathways until a new pathway forms or dissolution of the blocking products
occurs.

Figure 5.8 SEM images of the surface evolution of the E coil coating.

The E coil coating surface characterization using the SEM technique shows better results,
compared with the surface morphology results obtained from AFM images, offering more
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information about the system surface. It is, however, impossible to calculate surface
parameters from the micrographs. The U coil coating, on the other hand, is less stable
when under the SEM electron beam. The beam energy in this case has enough energy to
burn and melt the U coil coating.

In the rest of this work, the SEM technique was used only for surface morphology
characterisation of E coil coating and the AFM technique for the U coil coating. In this latter
case, R, and h values are calculated and given in the respective AFM images as in Figure
5.7.

The coil coating composition was obtained by EDS technique. The composition evolution
for the two coil coating systems used was obtained performing EDS measurements after
exposition of the coating systems for different immersion periods, Figure 5.9 shown in the
next page. Quantification of the principal elements was done and the results appear in the
table, values in at. %. The quantification procedure does not consider the carbon element
content (the carbon at. % is considered zero) since a surface layer of carbon element was
used for decrease of the surface charging effect, as described in 4.2.3.

The principal elements obtained for the U coil coating were fluorine, chlorine, oxygen and
carbon. EDS cannot correctly quantify the last two elements, due to their low elemental
weight and external interference sources. Carbon element comes from covering the
surface in order to reduce the surface charging effect, while oxygen can enter to the
specimen chamber from the environment. For this reason, the software considers the
carbon element proportion equal to zero, as referred in point 4.2.3.

For the U caoil coating, the composition remains practically unchanged during immersion for
both the fluorine and chlorine peaks, which are the representative elements of the U coil
coating. The quantification values for these elements suggest that the systems have high
stability during long immersion periods, since no variation of the element content appears.

The E coil coating shows different composition. Here titanium, silicon and aluminium are
the representative elements. Oxygen and carbon elements are also obtained, but due to
external interferences as mentioned.

The spectra show constant peaks during the immersion tests. The elemental composition,
obtained by quantification of the spectra appears in the table and corroborates the stability
of the E system showing constant values.

The results obtained for the unmodified coil coatings show that these systems have high
performance against the testing conditions. The U coil coating shows outstanding stability
during vey long immersion in aggressive testing conditions. For the E coil coating some
degradation takes place during the testing but the chemical composition does not change
during the period shown.
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Section 6. Modified Coil Coating

6.1. Infroduction

The results obtained for the plasma polymerized coil coating systems are presented in this
section. The systems correspond to the same base coil coatings tested in Section 5 after
the surface modification obtained with partial or total plasma polymerization process. The
main objective was the study of the influence of the plasma polymerization process on the
properties of the coil coating. The new surface properties and stability of the plasma
treated surface in 0.5 M NacCl solution were analysed.

The modified coil coatings were analysed using the same set of techniques, experimental
procedures and experimental conditions also used for the unmodified coil coatings, with
the objective of comparing the behaviour of the systems before and after the plasma
polymerization modification.
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The results for the modified coil coating appear divided accordingly to the different reactors
used for the plasma polymerization process. First appears the results for microwave (M)
plasma reactor, point 6.2, followed by radio frequency (R) plasma reactor, point 6.3, and,
finally, hollow cathode (H) plasma reactor, point 6.4. For each reactor, different process
variables are studied for optimization of the respective plasma polymerization process.

The results and analysis are done through this chapter and then discussed in Section 7.

6.2. Microwave Plasma Reactor

Microwave plasmas are preferred for remote processing because of their very high plasma
density and high dissociation rate. However, they do not present satisfactory scalability
and homogeneity for continuous applications. Additionally, in linear geometries the
deposition of film on the microwave coupling window cannot be totally avoided, even when
a remote process is used. %

Point 4.1.2.i describes the plasma polymerization conditions used during the process,
together with the respective labels attributed to each system prepared. To identify the
influence of the plasma polymerization conditions on the coil coating properties the results
for each stage appear in different sections.

First, the study of the plasma activation step is presented in point 6.2.1. The step occurs
with the coil coating surface directly exposed to the plasma activation conditions where
degradation may occur. Special attention is dedicated to the study of the U coil coating
barrier properties degradation. In this stage, only introduction of the carrier gas occurs,
oxygen or argon, without the monomer.

Then, in point 6.2.2, follows the study of the stage 2, plasma activation and plasma
deposition combination of steps performed in sequence, where deposition of the plasma
polymer film occurs. In this case, the barrier properties are also object of study, together
with characterization of the plasma polymer film, such as structure, surface morphology
and composition. The study of the optical properties of the surface appears at the end of
the section.

6.2.1. Plasma Activation Stage

For M plasma reactor, the plasma activation uses different times for the plasma treatment
conjugated with two carrier gases, oxygen and argon. The conditions used are those
indicated in Table 4.4. The step consists of cleaning the surface of the coil coating and
enhancement of the adhesion between the coil coating and the plasma polymer film,
deposited in the next step.
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i. EIS Results

The impedance results, obtained by EIS during immersion, for the U coil coating after the
plasma activation performed in M plasma reactor in the different operating conditions,
appear in Figure 6.1.

The results after 1 hour immersion (part a) show that all the plasma activated systems
have identical low frequency impedance values that are also identical to the values
obtained for the unmodified U coil coating. The low frequency impedance value is higher
than 10 Gohm cm? in all cases, showing capacitive behaviour for almost the full frequency
range tested. The capacitive response assigns for the coating capacitance and the
impedance values correspond to high performance systems. *1#113:122

A very small resistive response in the low frequency part of the spectra is visible initially for
the plasma activated M systems. This low frequency resistive response is easier to see in
the phase angle plot, which also shows that longer plasma activation forms larger resistive
part.

The unmodified U coil coating maintains constant capacitive behaviour, without any
noticeable variation after 10 months of testing, as already shown in point 5.2. The
evolution of the impedance spectra during immersion of the plasma activated systems
shows that influence on the barrier properties occurred, Figure 6.1b.

In this case, significant decrease of the low frequency impedance occurs after less than 1
month of immersion. The values obtained are dependent both of the gas used and of the
time of plasma activation. The results evidence coating degradation provoked during the
plasma activation, allowing water and ions to enter into the coating by diffusion processes.

The system UM1dP; presents the lowest decrease of the low frequency impedance value,
which could be due to the lowest influence of the M plasma activation step on the barrier
properties. The curve format of the phase angle plot suggests that the system still offers
high barrier effect, showing that the water and ions are not yet in contact with the metallic
substrate. After 24 days of immersion, the low frequency impedance value decreased
almost one order of magnitude, to 10 Gohm cm? This impedance value is still high
suggesting that active corrosion processes are not present. The results confirm that the
plasma activation with argon carrier gas has already some influence to the barrier
properties of the U coil coating, which leads to an increase of the amount of water and ions
absorbed, compared with the unmodified U coil coating. #1312

The M plasma activation using oxygen carrier gas shows two orders of magnitude
decrease of the low frequency impedance, reaching 1 Gohm cm? The coating
performance depends of the time of oxygen plasma activation. The systems UM1aP; and
UM1bP,, plasma activation during 5 and 70 seconds, show coincident resistive response
after 26 and 22 days of immersion, respectively. Longer oxygen plasma activation, system
UM1cP, shows even slightly lower impedance at low frequency, after only 18 days of
immersion. The curve format of the phase angle, in this case, suggests that water and ions
are reaching the metallic substrate, forming continuous electrical contact. This
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corresponds to higher degree of degradation occurring during the plasma activation stage
using oxygen in the M plasma reactor.
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Figure 6.1 Bode plots with the impedance evolution during the immersion tests of the U coil
coating submitted to different plasma activation conditions in M plasma reactor: a. immediately
after immersion (1 hour); and b. for the time of immersion indicated.

« Numerical Fitting of EIS Data

Further information concerning the systems evolution is given by numerical fitting of the
impedance results, using equivalent circuits. The parameters extracted have relation with
the degradation processes occurring in the coating system. The fitting was done according
to the procedure described in point 5.2.1, using the equivalent circuit of Figure 5.3a.

The Ca and Ry parameters obtained as function of immersion time appear in Figure 6.2.
The evolution is dependent of the carrier gas used and of the duration of the plasma
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activation stage. The unmodified U coil coating parameters are also plotted and the results
used as reference.

The unmodified U coil coating is stable, showing the lowest variation of both Cc,c and Ry
values during immersion. The results of Section 5 already showed that the unmodified U
coil coating have very high performance when exposed to the chosen testing conditions.

Plasma activation of the U coil coating with argon, system UM1dP4, shows the highest
increase of C. This parameter directly relates with the quantity of water absorbed by the
coating, suggesting that the system has the highest water uptake. ™#'%' The Ry
parameter for the same system shows the lowest decrease, which could indicate the
lowest decrease of performance. The results obtained are unexpected and seem to be
opposite between them. The high C.., parameter suggests higher absorption rates, which
corresponds to faster degradation, while the high Ry, parameter is indicative of better
performance. 32°3%4°

The oxygen plasma activated U systems, UMl1aP;, UM1bP; and UM1cP4, have initially
lower increase of C.s compared with argon plasma activation, UM1dP;. During
immersion, the values of C. for the oxygen plasma activation continue to rise and
approach that of system UM1dP;. The longer the oxygen activation time the higher the
value of the capacitance. The Ry, parameter for these systems shows higher decrease
than for system UM1dP;. This suggests higher negative influence of the plasma activation
step when performed with oxygen since the higher decrease of Ry, corresponds to higher
influence on the barrier properties. The Ry values of the plasma activated U systems
using oxygen tend to similar values after 10 days of immersion. In this case, the results
agree, suggesting stronger degradation for longer plasma activation with oxygen.
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Figure 6.2 Evolution of Ccoar and Rpor parameters during immersion. The values came from the
fitting of the impedance results for the M plasma activated U systems.
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« Water Uptake

The variation of the coating capacitance value during the first 2 or 3 days of immersion
permits to obtain the water uptake values of the coating for the plasma activated systems
using the relationship of Brasher and Kingsbury. *?® The estimation uses eq. 3.13 following
the procedure described in section 3.1.4. The results for the M plasma activated systems
are in Figure 6.3.

All the systems, unmodified U coil coating included, show very fast initial water uptake,
which is characteristic behaviour of organic coatings. The initial amount of absorbed water,

corresponding to the saturation level, is very low for all the systems, which suggests high
barrier effect of these coating systems, 11128129

The coating saturation level appears dependent of the plasma activation time and carrier
gas used. The unmodified U coil coating has the lowest and most stable water saturation
level, which corroborates the negative influence of the plasma activation step.

Unexpected result appears again for argon plasma activation, system UM1dP;. The
system has the highest initial saturation value, which then remains constant during
immersion. These results agree with the C.,, values for longer immersion times, obtained
from the impedance spectra.

The plasma activation using argon, system UM1dP,, leads to the removal of hydrogen and
low molecular weight molecules from the surface. This changes the surface of the coating,
which upon contact with the testing solution may react again. '>*** These processes may
be responsible by the interference in the C.. values noticed.
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Figure 6.3 Water uptake evolution for the M plasma activated U systems calculated from
capacitance measurements at 10 kHz, values in percentage.
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In the case of M plasma activation using oxygen carrier gas, the systems after the initial
water uptake, continue to absorb water during longer immersion, showing unstable
saturation level. The longer the time of oxygen plasma activation the higher the water
saturation level. This behaviour agrees with impedance results, which showed that longer
plasma activation with oxygen leads to the highest C.. values.

After 2 days of immersion, the system UM1cP; already shows the highest saturation level.
For lower plasma activation time, systems UM1bP; and UM1laP,, similar water uptake
values appear also with similar raising trend.

The EIS results suggest that longer M plasma activation using oxygen has higher influence
to the U coil coating barrier properties. The impedance results also show that M plasma
activation with oxygen show higher influence than M plasma activation with argon, even
the oxygen plasma activation during 5 seconds compared with 140 seconds of argon
plasma activation, systems UM1aP; and UM1dP; respectively.

ii. Surface Characterisation

AFM measurements analysed the surface morphology variation occurring after the plasma
activation step performed in the M plasma reactor using the U coil coating. The images of
Figure 6.4 represent the surface morphology of the plasma activated systems before any
test, i.e. the systems surface after the plasma activation before immersion testing. The R,
and h parameters, obtained using the procedure described in point 4.2.5 from the AFM
measurements, appear in the respective images.

The images show that the systems have similar initial surface morphology, however
suggesting that some differences occurred during the plasma activation.

The system UM1laP,;, 5 seconds of oxygen M plasma activation shown in image a of
Figure 6.4, already present a small variation of surface morphology when compared with
the unmodified U coil coating, shown in Figure 5.7a. The negative value of Ry is indication
that the surface morphology contains pores, as described in point 3.5.2. 9! These are
formed due to the plasma activation step.

Increase of the time of M plasma activation with oxygen, system UM1bP; and UM1cP; of
image b and c respectively, show similar variation of the surface roughness. The R, and h
values for these systems also slightly increase continuing to show negative R, suggesting
that the surface pores also form after longer time of oxygen plasma activation.

The surface morphology variation of the system UM1dP,, argon activation during 140
seconds in image d of Figure 6.4, shows R, and h values comparable with the system
UM1laP; but without the negative Rg, meaning that surface pores are not formed. This
suggests that perhaps a uniform thinning of the surface take place.

Measurements performed after 21 days of immersion for the same systems, show their
surface morphology evolution during immersion. The images appear in Figure 6.5, with the
values in nm of R, and h in the respective images.

113



Section 6

5 sz

7 y 3 e
g SF L ) >, o T4 . &
2720 g PR 137207 A 0970 'j/‘ﬁ 28V el | L
PR W T e Ry SPNET Bt s 79"? R TED Tarrs e 350N
\ 7 TR KT el AT ’{’s;f’
> ;j,s:‘*!}_J';, AT L T Bt ? £\ ::‘/1 :f,.{,:' o b
A S E e R AR N s AT
| T e B - 2 S e - - 5 = 'TA(‘-L‘&:Q&E/;’
R / - '\ F witl 3 0 R = ST L P
3,2':7 ,w} AN _‘ s 4!91 S b _,",‘ a3., if Rsk‘ ) '){3% .!’" '5ve -
h 15 SChABS S\ hgT 2 FihYs 2 L
e L O N 222

Figure 6.4 AFM 1x1 pm images with the surface morphology after the plasma activation step,

systems: a. UM1aPy; b. UM1bP4; c. UM1cP; and d. UM1dPi. The R, and h values in nm
appear in the respective image.

The surface morphology of the plasma activated systems is relatively stable during
immersion. The oxygen plasma activated U systems continue to show negative Rg,
indicating that the surface pores formed are maintained during immersion. The exception
is the system UM1bP,, oxygen plasma activation during 70 seconds in image b. The Ry is

positive

and higher than 1.5 after immersion, which suggests that the system has no

“simple shape” according to point 3.5.2.

Figure 6.5 AFM 1x1 pm images with the surface morphology after 21 days of immersion,
systems: a. UM1aPy; b. UM1bP;; c. UM1cP; and d. UM1dPi. The R, and h values in nm
appear in the respective image.

The surface composition evolution during immersion of the M activated U coil coating was

obtained

with EDS and the results appear in the Figure 6.6. Quantification of the systems

representative elements was performed and the values are in the table of the same figure.
The quantification procedure does not consider the carbon element content (the carbon
content is considered zero) since a surface layer of carbon element was used to decrease
the surface charging effect, as described in 4.2.3.
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After the plasma activation, the composition of the systems UM1l1aP;, UM1bP;, UM1cP,
and UM1dP; show increase of the amount of fluorine and chlorine elements, compared
with unmodified U coil coating.

After 21 days of immersion, the content of the chlorine element obtained for the plasma
activated systems is closer to unmodified U coil coating. This represents a strong decrease
of content compared with the unmodified specimens. The chlorine composition variation
obtained is identical for all the plasma activated systems. For the unmodified U coil
coating, a constant chlorine value during immersion is obtained.
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Figure 6.6 Composition (EDS) evolution during immersion of the plasma activated U systems
using the M plasma reactor. Quantification values in at. %.

The surface results corroborate that the M plasma activation with oxygen has higher
influence than M plasma activation with argon. Longer plasma activation using oxygen
leads to higher influence on the U coil coating surface properties. These results directly
relate with the impedance results obtained with oxygen plasma activation. Argon plasma
activation unexpected behaviour is also explained, since the composition variation
observed corroborates that surface modification, which can be responsible for the Cgoa
interference noticed.
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6.2.2. Plasma Deposition Stage

After the plasma activation, the deposition of the plasma polymer film took place. The two
steps occur in sequence, by adding in the deposition step the carrier gas and the
monomer, forming the precursor mixture. The plasma polymerization conditions used for
each step appear summarized in point 4.1.2.i.

In the M plasma reactor, the plasma polymerization was performed using several
precursor mixtures and with different conditions. These appear described in Table 4.5
where the labels attributed to each system prepared are also shown.

i. EIS Results

The impedance evolution for the systems UM2eP, and UM2eP; during immersion in 0.5 M
NaCl appear in the spectra of Figure 6.7. In this case, the precursor mixture is maintained
constant, HMDSO and oxygen, being analysed the influence of the pressure reduction
during the plasma polymerization procedure, from 0.1 to 0.05 mbar (P, to P3) plots a and
b, respectively.

The spectra show for initial stages of immersion (1 hour line), pure capacitive behaviour for
the two systems, with low frequency impedance values higher than 100 Gohm cm?. These
are comparable to the value obtained for the unmodified U coil coating, shown in Figure
5.1, and represent coating systems with very high performance. %312

Evolution of the systems impedance during immersion shows the formation of a low
frequency resistive part, attributed to coating degradation. The low frequency impedance
values decrease progressively during immersion, suggesting continuous degradation of
the coating barrier properties. *#!13125

The system UM2eP, shows faster appearing of the resistive part at low frequency, which
suggests faster degradation, plot a. After 1 day of immersion, there are already signs of
the low frequency resistive part. The low frequency impedance value shows continuous
decrease during immersion. This is a response to the continuous absorption of water and
ions in pores and pathways. After 100 days (3.5 months) of immersion, the system low
frequency impedance approaches 1 Gohm cm?. This represents a decrease of two orders
of magnitude. Impedance values of this magnitude are indicative of coating systems still
without active corrosion processes. However, the curve format suggests that the water is
reaching the metallic substrate, forming continuous connection between testing media and
the metallic substrate.

Reduction of pressure from P, to P;, system UM2eP; in b plot, also shows the resistive
part formation at low frequencies. In this case, the decrease of the low frequency values is
slower. After 140 days (4.5 months) of immersion one order of magnitude decrease is
obtained, 10 Gohm cm? (which is one order of magnitude higher than the value obtained
for the system UM2eP, after 100 days of immersion).
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The results suggest better performance of the system UM2eP; when compared with the
system UM2eP, during testing. Degradation of the system UM2eP; still occurs but the
barrier effect is maintained. In this case, neither active corrosion processes are occurring
nor is the water at the metal/coating interface.
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Figure 6.7 Bode plots with impedance evolution of U coil coating submitted to plasma
polymerization process in M plasma reactor, systems: a. UM2eP2; and b. UM2eP3.

In the spectra of Figure 6.8 appears the impedance evolution of the plasma polymerized
systems prepared using argon carrier gas. Plot a shows the system UM2fP; impedance
evolution. This system was prepared to test the absence of oxygen availability during the
plasma polymerization, testing this influence in the final properties. The plot b shows the
system UM2gP, impedance evolution. In this case, the precursor mixture was modified by
adding HDFD monomer to the precursor mixture. Hydrophobic surface properties are
related to this precursor mixture. *®" The systems were prepared using 0.05 and 0.1 mbar
pressures, respectively for the plasma polymerization procedure.
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Initial results show no difference of impedance value for the two systems compared with
the unmodified U coil coating, point 5.2. The behaviour is pure capacitive with low
frequency impedance values higher than 100 Gohm cm?. Values of this magnitude
correspond to coating systems with very high performance. 211312

The evolution of the data during immersion shows only very slight decrease of the low
frequency impedance value, to just less than 100 Gohm cm?. This appears after more than
8 months of immersion (230 and 250 days respectively in the plots). The behaviour is still
pure capacitive for almost the full frequency range tested, with only very small resistive low
frequency part visible in the phase angle plot. The results indicate that the systems barrier
effect remain, without variation of performance during the immersion tests.
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Figure 6.8 Bode plots with impedance evolution of the U coil coating submitted to M plasma
polymerization, systems: a. UM2fP3; and b. UM2gP».
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» Electrochemical Testing at 45° C

The system UM2gP, has very high impedance and to obtain faster results was tested at
higher temperature in order to accelerate the degradation processes, obtaining more
information about the degradation mechanism. ***"* The tests were performed at 45° C
and the results appear in Figure 6.9, receiving the label 45UM2gP,.

For the initial immersion (1 hour) the results are identical to the ambient temperature
results. The low frequency impedance value is higher than 100 Gohm cm?, with pure
capacitive behaviour for full frequency range tested.

In this case, during the tests, degradation arises, noticed by the formation of the resistive
part at low frequency. This is associated with continuous decrease of the low frequency
impedance value. After 1 day of immersion, the resistive part becomes visible. The
degradation proceeds during immersion, easier to see in the phase angle plot. The low
frequency impedance value decreases and after 120 days of immersion is 30 Gohm cm?.

After 160 days of immersion two orders of magnitude decrease of the initial low frequency
impedance value appears, 2 Gohm cm?. At this immersion time, the curve format suggests
that the water reached the metallic substrate, indicative of the presence of continuous
pathways over the coating.

These pathways are responsible for an increase of the degradation rate and after 12
months (1 year) of testing, a decrease of three orders of magnitude of the low frequency
impedance appears, reaching 100 Mohm cm? This suggests that active corrosion
processes will occur soon. 112113122
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Figure 6.9 EIS data evolution for 45° C immersion tests of the 45UM2gP> system.
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The degradation only occurs after long period of immersion at 45° C, attributed again to
the system high performance (good resistance to the severe testing conditions). However,
the decrease is stronger than for the unmodified U coil coating tested under similar
conditions, Figure 5.1. This suggests that the barrier properties were affected during the
plasma polymerization procedure, offering now lower protection than for the untreated U
coil coating.

« Numerical Fitting of EIS Data

The impedance results were numerical fitted using equivalent electrical circuits. The Ccy
and Ry, parameters permit to extract quantitative information about the degradation
process occurring during the immersion tests. The fitting procedure appears described in
more detail in point 5.2.1. The data shows that the degradation corresponds only to one
process occurring and consequently the fitting was performed with the equivalent circuit a
of Figure 5.3, one time constant process.

In Figure 6.10, appear the C..s and Ry, parameters evolution during immersion for the M
plasma polymerized U systems. The values obtained for unmodified U coil coating also
appear in the figure being used as reference.

The unmodified U coil coating shows stable behaviour of the C..; and Ry, parameters
during immersion. The C., presents the lowest value, because of the lowest water volume
absorbed. The Ry, Vvalue is initially similar for all the systems, but unmodified U coil
coating maintains this initial value stable during further immersion. The results correspond
to undamaged and high performance paint system, 3**%*° as was already described in
point 5.2.

The U systems modified with the plasma polymerization process using M plasma reactor
have higher, compared with unmodified U coil coating, initial C..5 vValues, but similar initial
Rpor Values.

The system with the highest C..y is the UM2eP,, which value is maintained almost stable
during immersion. The Ry, value on the other hand is the lowest. After 30 days of
immersion, the Ry, value decreases three orders of magnitude remaining then stable at
that value. These results represent coating systems with low barrier properties and are
associated with fast decrease of system performance.

Decrease of operating pressure from P, to P, system UM2eP; has a positive effect to the
Ceoat Pparameter. However, after 30 days the values start to increase even overtaking the
value of the system prepared at P,. The Ry, parameter shows smaller variation during
immersion. The impedance results of Figure 6.7b agree with the estimated parameters
suggesting that system degradation occurs during immersion, but with higher degradation
occurring for the system UM2eP, than for the system UM2ePs.

Replacing oxygen carrier by argon, system UMZ2fP;, vyields the highest gain of
performance. In this case, both parameters are stable during immersion. The Cg. is
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slightly higher than unmodified U coil coating, but the lowest of the M plasma polymerized
systems, while R, is practically identical to unmodified U coil coating.

The UM2gP, system also yields stable parameters, but in this case, Cca: and Ry, Values
are higher and lower, respectively, than the UM2fP; system. This difference can be related
with the operating pressure used during the plasma polymerization, 0.1 mbar (P,) instead
of 0.05 mbar (P3). This parameter already showed to have influence on the systems long
term stability in the case of the systems UM2eP, and UM2eP;. However, both systems
have very high performance agreeing with the impedance results of Figure 6.7.

The Cea and Rpor parameters of the system 45UM2gP,, for the tests at higher temperature
also appear in Figure 6.10. Faster degradation related with the increase of the temperature
of testing occurs. The Cgy IS coincident initially with the value of system UM2eP,, the
highest value obtained. During further immersion, the value remains constant, showing a
small increase after 60 days of immersion. The R, shows immediately lower value related
with the faster degradation processes verified. After 80 days of immersion, the values also
suffer accentuated drop attributed to water reaching the metallic substrate and
correspondent degradation of the barrier properties.
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Figure 6.10 Evolution with immersion of Ccoar and Rpor parameters for the M plasma
polymerized U systems.

« Water Uptake

The variation of capacitance value at 10 kHz related with the water absorption permits to
obtain the water uptake values for the plasma polymerized U systems using the
relationship of Brasher and Kingsbury. **® The estimation uses eq. 3.13 and follows the
procedure described in section 3.1.4. The water uptake results appear in Figure 6.11.
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Initial fast water uptake appears for all the M plasma polymerized systems. %2129 The

highest saturation level appears for the systems UM2eP, and UM2eP3, systems prepared
with the oxygen carrier gas. For these two systems, the saturation level continues to rise
during immersion.

The system UM2eP, prepared at 0.1 mbar has higher water saturation than the system
UM2eP; prepared at 0.05 mbar. However, the increase rate trend is similar in these two
systems. The behaviour agrees with impedance data, which indicates that degradation of
the systems properties occurs during the plasma polymerization and that the pressure
reduction increases the paint system performance.

Replacing the oxygen carrier gas with argon brings changes to the systems water uptake
behaviour. The system UM2fP; shows the closest water saturation level to unmodified U
coil coating, just slightly above, also with similar variation during immersion. The UM2gP,
system also shows stable water uptake during immersion, however, with a small increase
trend. The saturation level is higher than for UM2fP; system. The increase of the water
saturation level and instable behaviour can be related with the higher pressure used during
the plasma deposition, since this parameter showed already to be responsible for stronger
coil coating degradation during the plasma polymerization process (system UM2eP.).

The results obtained by EIS for the M plasma polymerized systems also suggest that a
relation between the systems performance and the carrier gas used during the plasma
polymerization exists. The two systems prepared with oxygen gas, systems UM2eP, and
UM2ePs, have poorer performance during testing than the two systems prepared using
argon gas, systems UM2fP; and UM2gP,. These last two systems show virtually no
variation of performance during immersion effectively protecting the metallic substrate from
corrosion processes. The characterization of the systems helps to understand the
degradation mechanism occurring.
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Figure 6.11 Water uptake evolution for the plasma polymerized U systems in M plasma
reactor. Results obtained from the capacitance values at 10 kHz.
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ii. Plasma Polymer Films Structure

The plasma polymer films are silicon based layers. The silicon element has enough
elemental weight to give contrast when imaged with TEM technique. The procedure
described in point 4.2.4 was used for the sample preparation and imaging.

The micrographs of the plasma polymer film are in Figure 6.12. The grey band next to the
thin black line represents the plasma polymer film. The black line is a deposited gold layer,
used to facilitate the TEM observation.

The structure is dependent of the carrier gas used, oxygen or argon. The plasma polymer
films generated using the oxygen carrier gas, systems UM2eP, and UM2eP3 have
individualized particles, forming particulate and amorphous structure. Between the
particles are visible pathways, which offer direct access to water and ions until the coil
coating surface. The plasma polymer films generated using argon carrier gas, systems
UM2fP; and UM2gP,, have homogeneous, amorphous and compact structure without any
visible pathway in the plasma polymer layer.

X-ray diffraction performed while imaging the samples by TEM show pattern consistent
with amorphous structure. Similar result occurs for all the plasma polymer films.

200nm ¥
i3, 400 nm

Figure 6.12 TEM micrographs of the plasma polymer films generated using M plasma reactor,
systems: a. UM2eP3; b. UM2eP3; c. UM2fP 3; and d. UM2gP».
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There is also a direct relation between film thickness, the operating pressure and the
precursor mixture used. The system UM2eP, shows film thickness of 180 nm, which
reduces to 170 nm for the system UM2eP;.This is associated with the decrease of plasma
polymerization pressure. The thickness of the system UM2fP;, which was prepared at
lower pressure and with argon carrier, is 150 nm. The system UM2gP,, with precursor
modification using HFDF monomer, shows an increase of thickness to about 300 nm. For
the two systems prepared with argon carrier gas, no particulate structure appears.

iii. Surface Characterization

The surface morphology of the M plasma polymerized U systems, obtained by AFM
technique, appears in Figure 6.13. These images represent the systems’ surface
morphology after the plasma polymerization process, i.e. the surface morphology of the
plasma polymer film before any immersion testing. EDS determined the surface
composition of the same systems, the results appear in Figure 6.14. The table has the
elements quantification content determined by EDS, values in at. %.

The surface images show that the surface morphology is different for the plasma polymer
films, being possible to establish a relation between the surface morphology and the
modification to the plasma polymerization conditions. The systems composition is also
dependent of the modifications performed to the process of M plasma polymerization.

Particulate surface morphology is clearly visible for the system UM2eP,, figure a. The
particles have 180 nm diameter, which agrees with the size of the particles obtained by
TEM structural images. The silicon element content for this system is the highest.

Pressure reduction during the polymerization, system UM2eP; in figure b, shows identical
particulate surface morphology, but the particle diameter is smaller, near 170 nm, which
also agrees with the TEM structural results. The silicon element content shows a
significant decrease while fluorine element proportion presents a small increase. The
pressure reduction occurs associated with the decrease of the amount of precursor
monomer feed into the reactor, as described in point 4.1.2.i, what explains the silicon
content decrease with decrease of pressure.

Replacing oxygen carrier by argon, system UM2fP; on figure c, still shows similar
particulate surface morphology. The structure images by TEM of this system did not show
individualized patrticles, but the surface morphology shows that they are present and have
150 nm diameter. The silicon proportion has a slight increase relatively to previous system
and the fluorine element shows stronger increase.

The surface particles have relation with the thickness found for the plasma polymer films
on the TEM micrographs. In these three systems, the fluorine element comes only from the
U caoil coating, since the monomer used has no fluorine in its composition. The increase of
fluorine content noticed can be related with the decrease of thickness, from 180 to 170 and
finally to 150 nm. The silicon based plasma polymer film mask this element and the thinner
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Modified Coil Coating

the film formed the higher the amount of fluorine signal, obtained from the underneath U
coil coating.
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Figure 6.13 Surface morphology 4x4 um images of the plasma polymer layers generated using
the U coil coating obtained by AFM technique. The values in nm of R, and h also appear in the
images, systems: a. UM2eP»; b. UM2eP3; c. UM2fP3; and d. UM2gP».

The addition of HDFD monomer, system UM2gP, figure d, formed compact plasma
polymer film. The surface morphology continues to be particulate. The image suggests that
the particles are not individualized but agglomerated. The agglomerates diameter, around
370 nm, agrees with the plasma polymer layer thickness verified by TEM. The precursor
mixture used has fluorine in its composition, which is immediately shown on EDS spectra,
where strong increase of this element content appears. The silicon proportion is similar to
previous systems.
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Figure 6.14 Composition of the M plasma polymerized U systems with quantification of the
fluorine and silicon elements, values in at. %.
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« Surface Morphology and Composition Evolution

The surface morphology evolution during immersion of the plasma polymer films obtained
by AFM measurements appears in Figure 6.15, shown in page 128. These images show
the systems surfaces after submitted to the immersion tests. The labels on top of each
image represent the duration of immersion tests until the AFM measurement. The surface
composition, collected by EDS for the plasma polymerized systems submitted to
immersion, permits to know the systems composition evolution during immersion. The
guantification of fluorine and silicon elements appears in the Table 6.1.

Of particular interest is the silicon content, which is the representative element of the
plasma polymer layer. The fluorine element also has importance, since appears masked
by the silicon based plasma polymer layer, meaning that an increase of fluorine element
represents dissolution of the plasma polymer layer with decrease of the masking effect.

For the system UM2eP,, variation of the surface morphology and elemental composition
occurs during immersion. After 1 day of immersion, decrease to half the initial content of
the silicon element occurs. The surface morphology after 2 days of immersion also
changes and shows semi dissolved particulate surface morphology, AFM image a. The R,
and h values show variation as result of the surface morphology modification. New surface
morphology appears again after 7 days of immersion. The R, and h values agree showing
new variation of the values. The EDS results after the same immersion period show only
vestigial silicon content. This suggests that complete removal of the plasma polymer layer
occurs, leaving the activated coil coating surface exposed. Further immersion leads to a
new surface morphology variation and after 60 days of immersion the R, and h values
change once more. This new variation corresponds to further coil coating surface
degradation during immersion. The Ry, evolution of Figure 6.10 shows that higher
degradation starts after 15 days of immersion, which relates with the noticed dissolution of
the plasma polymer film.

Reduction of the pressure to 0.05 mbar, system UM2eP; in AFM figure b, also shows
modification of surface morphology during the immersion tests. In this case, after 7 days of
immersion the particulate surface morphology is still present. The silicon element content
decrease suggests, however, that some changes in composition already occurred. Further
immersion, until 30 and 60 days of immersion, shows that the particulate surface
morphology is disappearing. The silicon element proportion decreases until vestigial
values. In this case, negative Ry values are obtained after 30 and 60 days of immersion.
These results suggest again removal of the plasma polymer film. The negative Rg, values
are attributed to the reappearing of the plasma activated surface due to dissolution of the
plasma polymer film (after the plasma activation step negative Ry values are also
obtained, Figure 6.5). This represents surface morphology with pores. The R, evolution of
Figure 6.10, in his case, presents slow but continuous decrease because of the dissolution
of the plasma polymer film.

Replacement of oxygen carrier gas by argon gas, system UM2fP; in AFM image ¢, shows
stable surface morphology during immersion. In this case, even after 60 days of
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immersion, particulate surface morphology still appears with small variation of the R, and h
values, corroborating the system stability. The silicon and fluorine content stability
validates these findings.

The system UM2gP,, prepared with addition of HDFD monomer to the precursor mixture,
also preserves the surface morphology during immersion, AFM Figure 6.15d. In this case,
both silicon and fluorine elements are representative elements of the plasma polymer film,
since HDFD has fluorine element in its composition. Both maintain constant proportion
during immersion, corroborating the system stability. Particulate surface morphology
continues to be present after 140 days of immersion.

The surface results suggest that a relation with the carrier gas used for the plasma
polymerization process exists. The systems UM2eP, and UM2eP; results show strong
signs of degradation, even suggesting complete dissolution of the plasma polymer layer
during testing. The other two, systems UM2fP; and UM2gP,, are much more stable during
immersion tests, which suggest higher performance against the testing environment and
long term protection.

These results agree with the impedance data, where higher and faster degradation during
immersion occurred for the plasma polymerized systems using oxygen carrier gas,
systems UM2eP, and UM2eP3. The systems prepared with argon carrier, systems UM2fP;
and UM2gP,, maintain high performance during immersion.

Table 6.1 Composition evolution during immersion tests for fluorine and silicon elements of the
M plasma polymerized U systems, values in at. %.

time UM2eP; UM2eP3 UM2fP; UM2gP2

(days) fluorine  silicon fluorine  silicon fluorine  silicon fluorine  silicon
0 38 3.3 46 0.8 52 1.0 75 1.0
1 40 1.8 -- -- -- -- 82 0.8
7 61 0.2 38 0.1 39 1.2 74 0.9
30 48 0.2 47 0.09 41 1.2 79 0.8

iv. Optical Properties

The CIE (x,y) surface reflection colour coordinates were obtained for the plasma
polymerized U systems, using the procedure described in point 4.2.6. The results are
presented in the CIE chromaticity diagrams (1931) for 2° standard observer. The colour
coordinates evolution during immersion tests, obtained performing measurements after
different immersion periods, appear in Figure 6.16 and in Figure 6.17.
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Section 6

Figure 6.15 AFM 4x4 pm images with the surface morphology evolution during immersion,
systems: a. UM2eP2; b. UM2ePs; c. UM2fP3; and d. UM2gP . The R, and h values in nm are in
the correspondent image.
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The CIE (x,y) colour coordinates for the unmodified U coil coating is also plotted for
reference proposes. The colour coordinates for the unmodified U coil coating appears in
the centre of the CIE lab 1931 diagram, the white area, showing no variation during
immersion.

The stability of the reflection colour coordinates depends of the plasma polymerization
conditions. The oxygen carrier gas generates the systems with the highest variation of
surface colour. From the system UM2eP, to UM2eP;, pressure reduction, positive effect to
the surface colour stability occurs. This is shown on the diagrams a and b of Figure 6.16,
respectively for the two systems.

The system UM2eP,, diagram a of Figure 6.16, shows fast and stronger variation of the
colour coordinates. Initially, they appear in the orange part of the diagram, but after two
days of immersion shift to the blue-green part. Increase of immersion time takes the colour
to the yellow part, until strong shift to the blue part of the diagram occurs after 50 days of
immersion. Longer immersion leads the colour coordinates further to the blue part.
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Figure 6.16 CIE chromaticity diagram (1931) coordinates for 2° standard observer showing the
evolution during immersion of the (x,y) reflection colour coordinates for the M plasma
polymerized U systems: a. UM2eP»; and b. UM2eP3. Unmodified U coil coating is plotted for
reference.

The initial colour coordinates for the system UM2eP;, diagram b of Figure 6.16, appear in
the blue part of the diagram. During immersion, small shift occurs to lighter blue part. After
70 days of immersion, significant variation of colour coordinate occurred, approaching the
unmodified U coil coating colour coordinate.
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The system UM2fP;, diagram a of Figure 6.17, shows a mixed behaviour of colour
coordinates evolution. The initial colour coordinates appear in the orange zone of the
diagram, which is similar to the system UM2eP,. Immersion tests lead to a shift to the
white area of the diagram, which is similar to the system UM2eP;. After this initial shift,
occurring after 7 days of immersion, the colour coordinates are stable during further
immersion.

The colour coordinates for the system UM2gP, show the most stable behaviour, diagram b
of Figure 6.17. Initial colour coordinates appear in the green zone, which is maintained
constant during further immersion.
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Figure 6.17 CIE chromaticity diagram (1931) coordinates for 2° standard observer showing the
evolution during immersion of the (x,y) reflection colour coordinates for the M plasma
polymerized U systems: a. UM2fP3; and b. UM2gP ,. Unmodified U coil coating is plotted for
reference.

The evolution of the reflection spectra of the systems prepared by plasma polymerization,
used for colour coordinates calculation, are in Figure 6.18. There are some differences
between the systems related with the plasma polymerization conditions.

The two systems UM2eP, and UM2eP; have similar reflection spectra, higher reflection at
low wavelengths and absorption for high wavelength, spectra a and b. The pressure
reduction leads to a shift of the reflection peak to lower wavelength.

Replacing oxygen carrier by argon, system UM2fP; in spectrum c, brings bigger variation
to the reflection spectrum. Here, at low wavelengths, the absorption is higher but after the
540 nm mark, the reflection appears constant.
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The addition of HDFD monomer, system UM2fP, in spectrum d, shows again different
reflection spectra. The spectra show one central peak appearing with maximum near the
540 nm and two minimum at 460 and 650 nm. Two more peaks are noticed, one at lower
wavelength and the other at higher. Their maxima are in the limit of the measured
wavelength range, making it impossible to obtain their values.
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Figure 6.18 Evolution with immersion of reflectance spectra for the M plasma polymerized U
systems: a. UM2eP3; b. UM2eP3; c. UM2fP 3; and d. UM2gP».

6.3. Radio Frequency Plasma Reactor

The radio frequency plasma reactor provides continuous deposition and, depending on the
geometry arrangement, avoids parasitic deposition on the chamber walls. *¢°

Description of the plasma polymerization conditions used in this reactor is given in point
4.1.2.ii. The respective labels, attributed to each system prepared, appear in Table 4.7. For
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easier presentation of the results and study the influence of the plasma polymerization
conditions on the coil coating properties, the results for each stage appear in different
sections.

Point 6.3.1 studies only the plasma activation step, where special attention is given to the
coil coating barrier properties degradation. The step occurs with the coil coating surface
directly exposed to the plasma activation conditions and degradation may occur. The coll
coating barrier properties and their variation due to the plasma activation conditions are
the properties analysed.

Then, appears the study of the systems submitted to the plasma polymerization using
stages 3 and 4. The EIS results appear in point 6.3.2 and 6.3.3, respectively for each
stage. In point 6.3.4 is the characterization tests, which appear together for the two stages
for easier comparison. Its content refers to the analysis of the systems barrier properties,
the structure of the plasma polymer film, the surface morphology, the composition and the
results of the surface colour reflection.

6.3.1. Plasma Activation Stage

The plasma activation step with oxygen gas, using the conditions described in Table 4.6,
consists in cleaning the surface of the coil coating to obtain adhesion enhancement
between the coil coating and the plasma polymer film, generated in the second step.
Formation of C-O bonds on the surface occurs during the step, as described in point 2.6.5.
46188 The labels attributed to each prepared system appear in Table 4.7.

i EIS Results

The impedance results, of the plasma activated U and E systems, obtained by the EIS
technique, permit to verify the influence of the plasma activation step on the coil coating
barrier properties. The specimens were placed either in P or G electrodes of the reactor.

Figure 6.19 shows the Bode plots with the impedance evolution during immersion in 0.5 M
NacCl solution for the plasma activated U systems, using the two electrodes locations in the
R plasma reactor. Two testing temperatures were used. Bode plots a present the results
for testing at ambient temperature and Bode plots b the results for testing at 45° C.

The impedance values after immersion (1 hour) are identical. Capacitive behaviour for the
full frequency range tested appears, with impedance values at low frequency higher than
100 Gohm cm?. This represents coating systems with high performance, *?*'%!% similar to
the unmodified U coil coating, shown in Figure 5.1.

Further immersion at ambient temperature, Bode plots a, shows the formation of a
resistive part at low frequencies, easier to see in phase angle plot. This behaviour
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suggests water and ions absorption by the system. After 20 days of immersion, the
resistive part is visible for system UR1hP,G. After 140 days (near 5 months) of immersion,
stronger decrease occurs for this same system. At this time, the low frequency impedance
shows near one order of magnitude decrease to 20 Gohm cm?.

The system UR1hP,4P also has low frequency impedance decrease, but the formation of
the resistive part takes longer immersion time. In this case, the degradation is slower and
only after 150 days of immersion is the value similar to the system UR1hP,G after only 20
days, just under 100 Gohm cm?. Impedance values of this magnitude represent coating
systems that still offer excellent barrier properties, #3125
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Figure 6.19 Impedance evolution during immersion for the U coil coating plasma activated in
the R plasma reactor: a. ambient temperature, systems UR1hP4G and UR1hP4P; and b. 45° C
temperature, systems 45UR1hP4G and 45UR1hP4P.

Testing of the R plasma activated systems at higher temperature appears in Bode plots b
of Figure 6.19. The tests at higher temperature accelerate the systems evolution gathering
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more information about the degradation process. *** The influence of the different
testing conditions is visible in the impedance response.

At higher temperature, the low frequency resistive part after 40 days in both systems is still
almost invisible. The low frequency impedance is still at 100 Gohm.cm?. Strong decrease
of performance occurs after 60 days for the system 45UR1hP,P, associated with low
frequency impedance value of 800 Mohm cm?. The system 45UR1hP,G also shows strong
degradation after 80 days but with higher impedance value at low frequency, 6 Gohm cm?.
The low frequency impedance value is still relatively high but the format of the phase angle
spectra suggests that water and ions is in contact with the metallic substrate.

After 110 days of immersion, both systems have coincident low frequency impedance
value, with three orders of magnitude decrease to 100 Mohm cm?. This represents similar
degree of degradation. For longer time of immersion, further degradation of the coated
systems is expected, 1211312

Thus, the higher temperature tests showed faster degradation occurred, as expected and
better differentiation among the systems evolution with time.

The impedance results for the E coil coating submitted to the plasma activation stage,
using the R plasma reactor, appear in Figure 6.20 as Bode plots and in Figure 6.21 as
Nyquist plots. The results refer to the two electrode locations of the R plasma reactor,
systems ER1hP,G and ER1hP,P, prepared with similar conditions. The Nyquist plot
representation is presented because in this case the evolution is easier to see with this
representation.

For the initial immersion (1 hour), the plasma activated E systems have low frequency
impedance value higher than 10 Gohm cm? but already showing the low frequency
resistive part. This represents high performance systems but already showing some
degradation. **#**'% Thjs impedance value is similar to the value obtained for unmodified
E coil coating, shown in Figure 5.2.

During immersion, the systems have decrease of low frequency impedance value, similar
to the unmodified E coil coating. This evolution appears dependent of the electrode used.

The system ER1hP,P, plots b, has a decrease of the low frequency impedance smaller
than unmodified E coil coating, reaching 3 Gohm cm? after 200 days of immersion, one
order of magnitude decrease. The system ER1hP,G, plots a, on the other hand, shows
much faster degradation and after 12 days of immersion, already shows similar low
frequency impedance value to system ER1hP,P after the 200 days of immersion, 3 Gohm
cm?. After 17 days, the decrease is more accentuated and the low frequency reaches 1
Gohm cm?.

After the 17 days of immersion, in the Nyquist plot of Figure 6.21, formation of a quasi-
complete semi-circle appears for the system ER1hP,G, which reinforces that water and
ions have direct contact with the metallic substrate. The unmodified E coil coating also
forms quasi-complete semi circle, but took 130 days of immersion testing to form it,
Nyquist plot of Figure 5.2. 1111312

134



phase angle / degrees

ERIhP G: ER1hP P:
={7=1 hour —O—; zca)u;
== 2 hours Y

1 day 4 days
= 3days =7 200dare

12 days 4

17 days

. 5

10> 100 1 10 10°
frequency / Hz

10" 1 10 10° 10

frequency / Hz

* 10° 10

Figure 6.20 Bode plots with the impedance evolution during immersion tests at ambient
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Figure 6.21 Nyquist plots with the impedance evolution during immersion tests at ambient
temperature of E coil coating plasma activated in R plasma reactor: a. ER1hP4G; and b.
ER1hP4P systems. Legend colours are similar to Bode plots of Figure 6.20.
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« Numerical Fitting of EIS Data

The numerical fitted values offer quantitative information about the systems evolution
during immersion. The results obtained reflect the behaviour of the plasma activated
systems during immersion and are related with the degradation processes occurring in the
systems. 32;39;40

The estimated parameters C.a and Ry, Obtained for the plasma activated U and E
systems, appear in the Figure 6.22. The plasma activated E systems show two time
constants, similar to unmodified E coil coating. This process appears at high frequencies
and corresponds to detours from ideal behaviour during the measurements. 3477182 |n
this case, the b equivalent circuit of Figure 5.3 is used. Further description of the
procedure appears in point 5.2.1. For plasma activated U systems equivalent circuit a, in
the same figure, is used, correspondent to the only process occurring.

Figure 6.22a shows that the systems 45UR1hP,G and 45UR1hP4P, tested at higher
temperature, have higher C. parameter, since the increase of testing temperature
increases the speed of the absorption process. The values have a continuous increase
trend during immersion. These values are lower than for the plasma activated E systems,
Figure 6.22b. The systems UR1hP,G and UR1hP4P, tested at ambient temperature, have
the lowest values (although higher than unmodified U coil coating), with similar variation to
unmodified U coil coating until 60 days of immersion. After that period, both start to show
similar increase trend of the C..4 values of the systems tested at higher temperature.

The C.y4 values of the system UR1hP4P are the second lowest, only U coil coating shows
lower values. The system 45UR1hP4P has practically identical evolution to the 45U coil
coating. For both testing temperatures, higher C.5 vValues appear for the plasma activation
performed in the G electrode, systems UR1hP,G and 45UR1hP,4G than for the systems at
P electrode. This suggests higher influence of the plasma activation stage performed in G
electrode.

The Ry Values for the plasma activated U systems, Figure 6.22c, are initially identical for
both testing temperatures, except the system UR1hP,G, which has Ry, value identical to
the value of 45U coil coating. The plasma activated U systems tested at 45° C have a drop
of Rpor Values after 40 days of immersion. The drop relates with the verified degradation of
the barrier properties and is similar for both systems 45UR1hP,G and 45UR1hP4P. From
this point, with further immersion, they show very strong decrease. After 60 days of
immersion for the systems 45UR1hP,G and 80 days for the system 45UR1hP,P, four
orders of magnitude decrease occur.

For the plasma activated E systems, both plasma activation locations have strong initial
increase of Cga during immersion but the values are lower than for the unmodified E coil
coating, Figure 6.22b. During immersion, the values continue to increase, but remain
always lower than for the unmodified E coil coating. Initially ER1hP,G system has higher
instability initially, but during immersion, the value is lower than for the system ER1hP4P.

136



The Ry, values for the plasma activated E systems appear in Figure 6.22d. The values are
near one order of magnitude lower than for plasma activate U systems, similar to
unmodified coil coatings shown in Figure 5.5. The values are also dependent of the reactor
location for the plasma activation. Plasma activation performed in the P electrode, system
ER1hP,P, has similar Ry, values to unmodified E coil coating, but with higher initial
instability. The system activated using the G electrode, system ER1hP,G, shows Ry
values one more order of magnitude lower, associated with continues decrease during
immersion. This represents, in principle, poorer performance after the plasma activation
using the G electrode location.

The plasma polymerized E systems have lower C..; parameter that is attributed to slower
water absorption rate than for the unmodified E coil coating, suggesting that the
degradation during immersion is smaller. However, the Ry, evolution suggests better
performance for the unmodified E coil coating, which is backed up by the impedance
results. *2°%*° These two parameters show inverse results. This was already noticed after
the plasma activation (stage 1) of the U coil coating, point 6.2.1.i, and was attributed to the
surface modification of the coil coating. Similar process must occur here.
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Figure 6.22 Evolution of: a., b. Ceoar; and c., d. Rper parameters for the plasma activated U and
E systems, prepared using the two electrode locations. The Ccoar graphs have different scale
adapted to the different magnitude of the results.
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« Water Uptake Estimation

The value of the capacitance of the coating systems permits to estimate the water uptake
rate using the empirical relation of Brasher and Kingsbury. **® The calculations of the water
uptake use eq. 3.13, following the procedure described in section 3.1.4. The water uptake
plots, for plasma activated U and E systems using the R plasma reactor, are in Figure
6.23, where the unmodified systems also appear for reference.

All the systems, unmodified coil coatings and plasma activated, have similar very fast
water uptake for initial immersion periods. This is characteristic behaviour of the organic
coatings. 2?82 The water saturation level reached is, however, dependent of the coil
coating used. The plasma activated U systems show about half water saturation level
compared with plasma activated E systems. The saturation level also shows differences
associated with the electrode used in the R plasma reactor.

For the plasma activated U systems, slightly higher saturation level than U coil coating is
verified, being the UR1hP4P the system with the highest saturation level. During
immersion, the saturation levels remain stable at that value.

The plasma activated E systems water uptake presents continuous increase trend. The
absorption rate decreases after 3 to 4 days of immersion, when they reach the water
saturation plateau. This saturation level is just above for ER1hP,G system, and slightly
lower for ER1hP 4P system, when compared with the unmodified E coil coating.

The higher amount of absorbed water suggests higher degree of degradation, since for
starting of corrosion processes water is necessary at the metal coating interface. 2128129
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Figure 6.23 Water uptake plot for the plasma activated E and U systems, prepared using the R
plasma reactor.
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The plasma activation stage performed in the P electrode of the R plasma reactor using E
systems shows improvement of the systems barrier properties. On the other hand, similar
procedure but using G electrode shows faster degradation. When the U system is used,
both electrodes lead to degradation of the barrier properties.

These results presented suggest that higher influence during the plasma activation step on
the coil coating barrier properties occurs in the G electrode location. The surface
characterization helps to understand the degradation process.

ii. Surface Characterization

The plasma activation stage introduces variation on the surface morphology of the caill
coating. AFM was used to study the surface variation for the plasma activated U systems
while SEM was used for the plasma activated E systems. The use of these techniques
permits to observe the different features, as done in point 5.3 for the unmodified coil
coatings.

The surface morphology results of Figure 6.24, for the U coil coating submitted to the
plasma activation stage in the R plasma reactor, have the R, and h parameters obtained
from the AFM images, calculated using the procedure indicated in point 4.2.5. EDS permits
to obtain the surface composition for the same systems. Quantification of the elements
content is in the Figure 6.25, with the values in at. %.

The images present similar surface morphology after the plasma activation step performed
in the two electrode locations of the R plasma reactor, but different from the unmodified U
coil coating of Figure 5.7. The R, and h values corroborate the surface variation, showing
negative Ry values. These negative values suggest the formation of surface pores due to
the conditions used during the plasma activation step. The surface variation is a little
higher in the G electrode location.

ho

Figure 6.24 Surface morphology AFM 1x1 um images for the plasma activated U systems
using R plasma reactor, systems: a. UR1hP4P; and b. UR1hP 4G. The values in nm of Ry and h
appear in the respective image.
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The surface composition, EDS spectra of Figure 6.25, shows the presence of fluorine and
chlorine elements. The elements content variation after the plasma activation step is
dependent of the reactor electrode location, using as reference the content values of the
unmodified U coil coating of point 5.3.

For the system UR1hP4P a decrease of fluorine and chlorine elements proportion occurs,
while for the system UR1hP,G only the chlorine element content changes. These
variations suggest that the influence on the system UR1hP,P is stronger. However, the
EDS technique degree of uncertainty is relatively high, especially for low elemental weight
elements like fluorine, and the variation of content verified is low.
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Figure 6.25 Composition and element content quantification of U coil coating after the plasma
activation step, quantification values in at.%.

The SEM micrographs of Figure 6.26 show the respective surface morphology, for the
systems ER1hP,G and ER1hP4P before testing. The surface composition obtained with
EDS for the same systems appears in Figure 6.27. The quantification of the elements
content appears in the table of the same figure, values in at. %.

In both micrographs appear small pores in the surface. These ones result from the
influence of the plasma activation stage. Surface pores also are visible for the plasma
activated U systems (negative Rg). The titanium based particles continue to appear in
both systems, circles with 300 nm diameter, showing no variation compared with
unmodified E coil coating.
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Modified Coil Coating

Figure 6.26 Surface morphology SEM micrographs for the plasma activated E systems using R
plasma reactor, systems: a. ER1hP4P; and b. ER1hP4G.

The EDS spectrum of Figure 6.27 for the plasma activated E systems shows the presence
of oxygen, aluminium, silicon and titanium elements. The elements proportion remains
almost constant, compared with the composition of the unmodified E coil coating shown in
Figure 5.9. Between the two systems ER1hP,G and ER1hP4P, no significant variation of

elements content is also noticed.
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Figure 6.27 Composition and element content quantification of the plasma activated E systems
using the R plasma reactor, quantification values in at. %.
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« Evolution of the Surface Properties

The influence of the step of plasma activation on the systems stability during immersion
tests using 0.5 M NaCl solution was analysed. The AFM images with the surface
morphology evolution for the plasma activated U systems, after different times of
immersion appear in Figure 6.28.

The surface morphology evolution during immersion of the plasma activated U systems is
similar for both locations of R plasma reactor, P and G electrodes. Only the R, and h
parameters variation permit to differentiate the evolution.

The system UR1hP,G, image a, shows negative Ry until 30 days of immersion. This
suggests that the pores are still present in the surface until this time of immersion. After 60
days of immersion, the Rg changes, becoming positive, suggesting disappearing of the
surface pores. For the system UR1hP,P, image b, the Rg changes more rapidly and after
30 days is already positive. A possible reason for disappearing of the surface pores is
some swelling process related with the water uptake by the coating, leading to stabilization
of the surface.
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Figure 6.28 Surface morphology AFM 1x1 um images for the evolution during immersion tests
of the plasma activated U systems using R plasma reactor, systems: a. UR1hP4G; and b.
UR1hP4P. The values in nm of Ra and h are in the respective image.

142



The elemental composition evolution during immersion was collected for the plasma
activated U systems prepared in the R plasma reactor using the two electrode location, G
and P. The correspondent element content calculated is shown in Table 6.2.

The composition does not change substantially during the immersion tests and there is no
noticeable variation between the two electrode locations.

Table 6.2 Elements content evolution during immersion of the plasma activated U systems,
values in at. %.

time UR1hP4G URLhP4P
(days) fluorine  chlorine fluorine  chlorine
0 56 2.7 49 2.6
7 54 3.0 58 2.8
30 42 3.0 45 2.9

For the plasma activated E systems, the SEM micrographs show the evolution of the
surface morphology during immersion. The micrographs are shown in Figure 6.29, in the
next page. The elemental composition evolution during immersion for the same systems,
collected using EDS, appears in Table 6.3. The images show that the surface morphology
evolution is dependent of the plasma reactor electrode location used.

The system ER1hP4P, Figure 6.29b, has higher signs of surface degradation already
noticed after 7 days of immersion with the variation of the existing surface pores. Their
walls become less sharp and deposits form in the edges. The system ER1hP,G also
shows degradation, Figure 6.29a. After 7 days of immersion, the smooth surface
disappears, but at lower extent than for the system ER1hP,P.

Table 6.3 Elements content evolution during immersion of plasma activated E systems, values

in at. %.
time ER1hP4G ER1hP4P
(days) aluminium silicon titanium aluminium silicon titanium
0 1.0 3.3 22 0.9 3.3 25
7 1.0 3.6 27 1.0 3.4 24
30 0.9 3.2 27 1.0 3.6 26
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Section 6

Figure 6.29 Surface morphology images, obtained with SEM, showing the surface evolution
during immersion of the plasma activated E systems using R plasma reactor, systems: a.
ER1hP4G; and b. ER1hP 4P.
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After longer immersion, 30 and 60 days, both systems show signs of surface cracks and,
in addition, some areas show partial removal of a surface layer. The system ER1hP4P
shows only scratch like surface features, while ER1hP,G has complete parts of the
surface layer detached and deposited in adjacent areas of the defect.

The elemental analysis of the plasma activated E systems, Table 6.3, shows that the
elements content variation during immersion is negligible in both electrode locations. The
elements maintain constant content, similar to unmodified E coil coating, Figure 5.9.

The surface morphology results show that plasma activation performed in the G electrode
leads to higher influence to the coil coating properties. However, the variation noticed is
almost negligible. This occurs in the two coil coatings used, corroborating the impedance
results.

6.3.2. Plasma Deposition Stage

In the R plasma reactor, the plasma deposition used HMDSO with oxygen carrier gas as
precursor mixture. In this point, appear the results for the systems treated with the three
steps performed in sequence, plasma activation, plasma deposition and plasma
stabilization (stage 3). The procedure is described with more detail in point 4.1.2.ii. The
process was performed using the two coil coatings, U and E coil coatings, at the two
electrode locations of the R plasma reactor. The labels attributed to the systems prepared
appear in Table 4.7.

The EIS results in 0.5 M NaCl performed at ambient temperature for the systems prepared
using the stage 3 appear in Figure 6.30.

After immersion (1 hour), the systems UR3ePsG and UR3ePsP show pure capacitive
behaviour for the full frequency range tested. The low frequency impedance values are
higher than 100 Gohm cm?, which is identical to the values obtained for unmodified U coil
coating shown in point 5.2. Impedance values of this magnitude represent coating systems
with high barrier effect against the absorption of water and ions, from the testing solution.
1Z13125 The evolution of the systems is dependent of the electrode used for the plasma
polymerization.

The phase angle plots of the system UR3ePsG, Figure 6.30a, shows a small low frequency
resistive part after 30 days of immersion. After 110 days (near 4 months), the resistive part
is further developed with low frequency impedance decreasing to under 100 Gohm cm?,
This is attributed to degradation of the system barrier properties related with the absorption
of water and ions from the testing environment. The low frequency impedance continues to
decrease and after 130 days (more than 4 months), two orders of magnitude decrease is
obtained, to 3 Gohm cm?. Further immersion, until 190 days (6 months) show further
degradation, with low frequency impedance value just above 1 Gohm cm?.
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Values of this magnitude represent paint systems that still confer barrier effect, protecting
the underlying metal from the aggressive environment. However, the curve format
suggests that the metallic substrate is in contact with the testing solution. #3125

For the system UR3ePsP, Figure 6.30b, the degradation of the barrier properties starts
sooner. After 30 days of immersion, the low frequency impedance value is already similar
to the value obtained for the system UR3ePsG after 110 days of immersion, also showing
the low frequency resistive part. At 70 days, the low frequency impedance value is lower
than 1 Gohm cm?, only reached after 190 days for the system UR3ePsG. The curve format
at this time already suggests that water and ions are in contact with the metallic substrate.

The low frequency impedance of the system UR3ePsP continues to decrease, reaching
lower values than for system UR3ePsG. After 120 days (4 months) of immersion, the value
is three orders of magnitude lower than initially, just above 100 Mohm cm?. This behaviour
corresponds to strong degradation of the system barrier properties. #1312
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Figure 6.30 Bode plots with evolution of impedance during immersion for the systems: a.
UR3ePsG; and b. UR3ePsP.
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Similar plasma polymerization process, stage 3, was performed with the E coil coating.
The impedance results for these systems, measured during immersion, appear in Figure
6.31b.

The system ER3ePsG immediately after immersion (1 hour) shows low frequency
impedance value higher than 10 Gohm cm?, similar to unmodified E coil coating in Figure
5.2, with capacitive behaviour for the full frequency range tested. Values of this magnitude
together with the capacitive behaviour are representative of coating systems with high
barrier properties. **#**¥% Similar to unmodified E coil coating this value is one order of
magnitude lower than for U coil coating, point 5.2.

Low frequency resistive part appears during immersion for this system, ER3ePsG. After 14
days of immersion, the resistive part is already visible, easier to see in the phase angle
plot. The low frequency impedance value at this time of immersion is still near the 10
Gohm cm?. Further immersion leads to continuous degradation and after 150 days (5
months) of immersion the low frequency impedance value is close to 1 Gohm cm? This
corresponds to one order of magnitude decrease but suggests, together with the curve
format, that the barrier effect is still high. %1325

This low frequency impedance value obtained after the 150 days of immersion for the
system ER3ePsG is higher than for E coil coating after 130 days of immersion, Figure 5.2.
This is an indication that the system performance increased with the plasma
polymerization procedure performed in the G electrode location.

The system ER3ePsP, Figure 6.31a, shows after immersion (1 hour) the low frequency
resistive part with low frequency impedance value of 1 Gohm cm?, one order of magnitude
lower when compared with unmodified E coil coating. This already corresponds to coating
systems with lower barrier properties.

During immersion, the low frequency impedance of the system ER3ePsP shows very fast
decrease and after 9 hours of immersion is already near 100 Mohm cm?, associated with
the formation of a second time constant at low frequency. After 16 days of immersion,
further decrease of the low frequency impedance values occurs, reaching less than 100
Mohm cm?.

The low frequency impedance value and the second time constant imply that the paint
system suffers strong degradation during the plasma polymerization and does not offer
good barrier properties against the environment anymore. This degradation suggests that
the metallic substrate is in direct contact with water and aggressive ions with corrosion
already occurring. #1312

The coil coating systems used have a zinc layer, which when exposed to the aggressive
environment still protects the underlying metal by cathodic protection process. The
cathodic protection of the zinc layer initially forms only slow white corrosion products, even
in the most aggressive environments. This behaviour prevents the impedance value of the
system ER3ePsP of decreasing faster. 1512113
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Figure 6.31 Bode plots with the impedance values obtained during the immersion tests of the
systems: a. ER3ePsP; and b. ER3ePsG.

6.3.3.

In this point, appear the results for the systems treated with the plasma deposition step
followed by the plasma stabilization step, label 4. The plasma activation step did not take
place. The procedure occurred in the two coil coatings, U and E coil coatings, at the two
electrode locations of the R plasma reactor. The labels attributed to the prepared systems

appear in Table 4.7.

The impedance spectra using the two electrode locations of the R plasma reactor appear
in Figure 6.32 and Figure 6.33. The figures have the results obtained during the immersion
tests with 0.5 M NaCl, performed at 45° C for the U systems and at ambient temperature
for the E systems. The results for the plasma polymerized U systems refer only to
measurements at 45 °C due to logistic problems during the ambient temperature

measurements.
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The systems 45UR4iP 4P and 45UR4iP,G have initially (1 hour), pure capacitive behaviour
for the full frequency range tested, Figure 6.32. The behaviour is identical to unmodified U
coil coating shown in Figure 5.1. The initial low frequency impedance is higher than 100
Gohm cm?, corresponding to undamaged and high performance paint systems with
excellent barrier properties. 11113122

The immersion tests at 45° C accelerate the systems degradation and the capacitive
behaviour disappears shortly after the beginning of the immersion tests. *"**"* A relation
between the degradation of the barrier properties and the electrode location can be
observed.
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Figure 6.32 Bode plots for immersion tests at 45° C of R plasma polymerization using U coil
coating, systems: a. 45UR4iP4P; and b. 45UR4iP 4G.

The system 45UR4iP,P, Figure 6.32a, shows a resistive part at low frequency after 5 days
of immersion, with a slight decrease of low frequency impedance value to less than 100
Gohm cm?. After two more days of testing, 7 days in total, the low frequency resistive part
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is associated with stronger decrease of the low frequency impedance value of more than
one order of magnitude, reaching 6 Gohm cm?. Increase of the immersion time continues
to register continuous degradation and after 40 days of immersion, another order of
magnitude decrease occurs, reaching 300 Mohm cm?.

After 40 days of immersion, the curve format for the system 45UR4iP 4P suggests that the
water is reaching the metallic substrate. From this point on, strong degradation occurs and
after 75 days of immersion, the decrease of the low frequency impedance value reaches 3
Mohm cm?. This is a decrease of four orders of magnitude, relatively to the initial value,
representing strong degradation.

The evolution of the system 45UR4iP,G, Figure 6.32b, shows similar behaviour during the
tests, but the system resistance to immersion is higher than for 45UR4iP 4P system. Slower
degradation of the barrier properties takes place. In this case, after 15 days of testing the
initial capacitive behaviour is still apparent for full frequency range tested, with low
frequency impedance value comparable with the 45UR4iP4P system after only 5 days of
immersion, value just under the 100 Gohm cm?. Only after 30 days of immersion does the
resistive part clearly appears, together with low frequency impedance value showing one
order of magnitude decrease. The low frequency impedance reaches 10 Gohm cm?, which
is similar to system 45UR4iP4P after 7 days of immersion only. Further immersion also
leads to an increase of the resistive part, but always later than for the 45UR4iP 4P system.
After 80 days of immersion the low frequency impedance value reaches 10 Mohm cm?,
three orders of magnitude lower than the initial value, however, this is still one order of
magnitude higher than for the 45UR4iP,P system after 75 days of immersion. The curve
format suggests that the water is in contact with the metallic substrate.

The Bode plots for the systems prepared using similar plasma polymerization process,
stage 4 but with the E coil coating appear in Figure 6.33. The results refer to the systems
prepared in the two electrode locations of the plasma reactor. In this case, the tests were
performed at ambient temperature.

The two R plasma reactor locations at initial immersion (1 hour line), show similar low
frequency impedance value, higher than 10 Gohm cm?, which is also comparable with
unmodified E coil coating of Figure 5.2. The value is lower when compared with U
systems, as already shown in Figure 5.1. Capacitive behaviour for full frequency range
occurs for the system ER4iP,G. This is representative of coating systems with high barrier
properties. The system ERA4iP,P already show signs of the resistive part but the low
frequency impedance, value is also representative of good coating system, 211312

The system ER4iP4P, Figure 6.33a, shows faster decrease of performance during the
immersion tests, which corresponds to lower stability under immersion. After 1 day of
immersion, the low frequency impedance is near 10 Gohm cm?. After 9 days of immersion
tests, the low frequency impedance decreases three orders of magnitude to 50 Mohm cm?.
The curve format and the low frequency impedance results suggest that the water have
reached the metallic substrate, with degradation of the coating barrier properties.

The system ERA4iP,G, Figure 6.33b, also shows degradation of the barrier properties
during immersion. The full capacitive behaviour is lost after 2 days of immersion, showing
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the low frequency resistive part. However, only after 55 days of immersion the low
frequency impedance value is identical to the value of system ER4iP,P after 1 day of
immersion, near 10 Gohm cm?. After 70 days of immersion, the low frequency impedance
decreases further reaching 3 Gohm cm?, one order of magnitude decrease.
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Figure 6.33 Bode plots obtained during the immersion tests for the systems: a. ER4iP4P; and
b. ER4iP4G.

6.3.4. Characterization of the Systems Obtained in Stages 3 and 4

Further characterization of the systems prepared using the plasma polymerization stages 3
and 4 will be carried out jointly in order to make comparisons easier.
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i. Numerical Fitting of EIS Data

The numerical fitting of the impedance results offers quantitative information about the
systems evolution during immersion. The results reflect the behaviour during immersion of
the systems prepared using the stages 3 and 4, with the conditions described in Table 4.7.
The extracted parameters are related with the degradation processes occurring.

The estimated parameters C... and Ry, Obtained using equivalent circuits for the plasma
activated U and E systems are in the Figure 6.34. The plasma polymerized E systems
show two time constants, similar to unmodified E coil coating. In this case, the equivalent
circuit b of Figure 5.3 is used. The high frequency process corresponds to experimental
arrangement interferences. ""® Further explanation of the procedure appears in point
5.2.1. The low frequency represents the coating degradation due to water and ions
absorption. For plasma polymerized U systems equivalent circuit a is used, correspondent
to the only process occurring. The parameters evolution during immersion is dependent of
the testing temperature, coil coating used, stage and electrode location.

For the U systems, the unmodified U coil coating shows the lowest C..4 values, followed
by the 45U coil coating, Figure 6.34a. These have C.y values always lower than the
plasma polymerized systems.

The plasma polymerized U systems tested at higher temperature, systems 45UR4iP,G
and 45UR4iP4P, have the highest C.. values during immersion. This is the result of
increase of the degradation rate observed when the temperature of testing is increased.
For these two systems, the highest C.. appears for the system prepared in the P
electrode location. The systems UR3ePsG and UR3ePsP have slower initial increase of
Ceoat Value than the previous systems, but again, the plasma polymerization using the P
electrode shows higher C.q4 value.

The Ry values for the plasma polymerized U systems have identical value initially, but
during immersion also reflect the testing conditions used, Figure 6.34c.

The systems 45UR4iP,P and 45UR4iP,G show a strong decrease of R, parameter
immediately from the beginning of the immersion tests. This occurs due to higher
degradation rate related with the higher testing temperature used. The systems UR3ePsP
and UR3ePsG show smaller decrease, which occurs after longer immersion period. The
Rpor decrease has relation with the paint degradation and respective decrease of barrier
effect with consequent water and ions absorption. 32124174

For the stages 3 and 4, higher and faster degradation occurs when the P electrode
location is used during the plasma polymerization.

For the plasma polymerized E systems, the C.., values are higher, Figure 6.34b, and the
behaviour during immersion is more unstable than similar procedure for plasma
polymerized U systems. The Cg values have initially strong increase followed by
instability. The values are close to the value obtained for the unmodified E coil coating.

The Ry values obtained for the plasma polymerized E systems appear in Figure 6.34d.
The evolution during immersion is dependent of the reactor location. The initial values
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confirm the increased performance of the ER3ePsG system and only after 60 days of
immersion does the Ry, values decrease and become similar to unmodified E coil coating.
This suggests increase of performance after the plasma polymerization procedure leading
to better barrier properties during immersion. The system ER4iP,G R, values are similar
to unmodified E coil coating initially, but during immersion show faster decrease than
ER3ePsG. This behaviour suggests faster degradation of the system barrier properties.
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Figure 6.34 Evolution of the estimated parameters for the R plasma polymerization using U
and E systems: a., ¢. Ccoa Values; and b., d. Rpor values. The Ccoar graphs have different scales
adapted to the respective magnitude of the results.

The fitting results obtained for the R plasma polymerized E system using the P electrode,
systems ER3ePsP and ER4iP,P, do not appear in Figure 6.34 since they have very poor
performance associated with very fast degradation of the barrier properties. The respective
estimated parameters have very unstable behaviour with very fast increase of C., and
decrease of Ry,. The Bode plots for these systems have a visible second time constant at
low frequencies. The impedance value and the curve format of these Bode plots suggest
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that active corrosion processes are occurring at the metal/paint interface. The E systems
showed another high frequency process, previously described in point 5.2.1. This process
moves even to higher frequencies when the low frequency time constant correspondent to
the corrosion process appears, becoming outside the measured frequency range and
disappearing from the spectra showed in Figure 6.31a.

ii. Water Uptake

The value of the capacitance of the coating systems permits to estimate the water uptake
rate with the empirical relation of Brasher and Kingsbury, *?® using eq. 3.13 by following the
procedure described in point 3.1.4. The water uptake plots for both E and U coil coatings,
submitted to stages 3 and 4 using the two electrode locations, appear in Figure 6.35.

The water uptake and the saturation level reached are dependent of the stage used during
the R plasma polymerization. The specimen location in the plasma reactor also influences
the outcome. Similar very fast initial water uptake is observed for all the systems,
characteristic behaviour of organic coatings. #2812

The system UR3ePsP has much higher water saturation level than all the other U plasma
polymerized systems, suggesting that initially this system already has stronger
degradation. The impedance data for this system also shows stronger and faster
degradation during immersion, corroborating the stronger influence of the process.

The system UR3ePsG has better performance and the saturation level obtained is very
close to the U coil coating. These results agree with the verified higher barrier properties
for the UR3ePsG system.
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Figure 6.35 Water uptake plot for the plasma polymerized E and U systems using the R
plasma reactor stage 3 and 4.
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Similar water saturation level, also similar to U coil coating, appears for the systems
UR4iP4P and URA4iP,G. Initially, the system UR4iP,P has even lower saturation level than
U coil coating. However, after 4 days of immersion the saturation level increases to
identical values.

The R plasma polymerized systems using the E coil coating have higher saturation level.
The values are near the double of the values obtained for the plasma polymerized U
systems. They also show a continuous raising trend during immersion. The absorption rate
decreases after 3 to 4 days of immersion and the value becomes more constant. This
value is similar to the value obtained for the UR3ePsP system.

The system ER4iP,G shows slightly lower saturation level, while the ER3ePsG system
shows coincident values with the unmodified E coil coating.

The water uptake values obtained for the systems prepared in the P electrode with E coll
coating do not appear since they have very poor performance and unreliable results.

It is important to observe that during the plasma activation stage a relation between the
impedance response and the location of the specimen inside the R plasma reactor was
verified, point 6.3.1.i. The results suggested that the plasma activation performed in the G
electrode have poorer performance than in the P electrode, i.e. the plasma activation step
has higher influence on the U coil coating barrier properties when performed in the G
electrode location. This also suggests that the differences of performance now verified
(after the deposition of the plasma polymer film) show an inverse result. The systems with
better performance are the ones prepared in the G electrode. These differences show that
the film deposited on the activated surface can affect the performance of the whole
system.

For the two stages (3 and 4) performed in the R plasma reactor, the systems showing
higher performance are the ones prepared in the G electrode. This is noticed for the two
coil coatings, E and U systems.

However, the system ER3ePsG is the only system showing increase of performance,
where the degradation occurs later than for the unmodified E coil coating. The plasma
polymer films characterization results help to understand the degradation process
involved.

iii. Structure

The plasma polymer films prepared in the R plasma reactor are silicon based that has
enough elemental weight to provide contrast when imaged by TEM technique. However,
the low thickness of the plasma polymer films prepared in the R plasma reactor brought
difficulties to the TEM preparation and respective imaging. The different composition of
the coil coating and of the plasma polymer film, which are visible under the transmission
electron beam, are another reason for higher difficulties in the imaging process of the
plasma polymerized E systems, since these areas have different molecular weight and
thus different contrast levels.
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The plasma polymerized E and U systems, showing acceptable TEM results appear in the
micrographs of Figure 6.36, systems UR4iP4P and ER3ePsG. The preparation follows the
procedure described in point 4.2.4. The other systems prepared in the R plasma reactor,
following the same preparation procedure and submitted to TEM imaging, yielded
micrographs that do not have good quality. These make impossible to gather reliable
information.

The plasma polymer films generated are uniform, thin, compact and amorphous with
thickness under 100 nm, without visible particles. Major differences between E and U
plasma polymerized systems are noticed, which is related with the different structure of the
coil coating used.

For the plasma polymerized U systems, micrograph a, only the plasma polymer film has
enough contrast to be imaged, the U coil coating and the mounting resin are both
transparent under the electron beam since they are carbon based components. In this
case, the grey band crossing the micrograph represents the plasma polymer film. The gold
layer deposited on the film surface, used to facilitate the imaging procedure, appears as
small black dots.

For the plasma polymerized E systems, micrograph b, more information is available. The
mounting resin used is the same and is transparent under TEM imaging. This is
represented by the white region in the left side of the micrograph. The plasma polymer film
is the gray zone labelled next to the E coil coating with the respective titanium based
particles. The E coil coating shows internal pores. Each region is labelled. The different
regions have different composition, confirmed by high resolution EDS. The pores found for
the E coil coating are potential pathways for water and ions penetration during the
immersion tests, which will lead to degradation of the metallic substrate.

plasma
polymer

200nm

Figure 6.36 TEM micrographs of the plasma polymer films prepared in the R plasma reactor,
systems: a. UR4iP4P; and b. ER3ePsG.

156



Modified Coil Coating

iv. Surface Characterization

The study of the new layer formed recurred to AFM for plasma polymerized U systems and
SEM for the plasma polymerized E systems, in order to better observe the different visible
features, similar to what was shown in point 5.3 for the unmodified coil coatings.

The surface morphology of the systems prepared by the plasma polymerization process
with the stages 3 and 4 using the R plasma reactor before any testing, obtained using
AFM, appears in Figure 6.37. The surface R, and h parameters, calculated from the
images using the procedure described in point 4.2.5, are in the respective images.

Similar particulate surface morphology appears for all the prepared systems, however, the
surface morphology parameters are dependent of the stage used. The particle size is
dependent on the electrode used, but also related with the stage used during the plasma
polymerization.

The system UR3ePsG, image a, shows the smallest surface particles, near 50 nm
diameter, while the system UR3ePsP, image b, has the biggest particles, around 100 nm.
The R, and h parameters have higher variation in the system UR3ePsP, compared with
unmodified U coil coating in Figure 5.7.

The two systems UR4iP,G and UR4iP4P, in image ¢ and d respectively, have similar
particle size of 80 nm. The surface morphology, as showed from R, and h parameters,
does not change markedly although variations are found according to the electrode
location used.

Figure 6.37 AFM 4x4 um images with the surface morphology for the systems: a. UR3ePsG; b.
UR3ePsP; c. UR4iP4G; and d. UR4iP 4P. The values in nm of Ra and h are in the respective
image.

EDS allowed to obtain the surface composition of the plasma polymerized systems
prepared in R plasma reactor using the U coil coating, the results appear in Figure 6.38. In
the table is the elements quantification for the systems prepared using the two electrode
locations, values in at. %.
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With the exception of the silicon element, the elements obtained remain unchanged after
the plasma polymerization of the U systems using the R plasma reactor, compared with
the unmodified U coil coating. The silicon element arises only from the plasma polymer
layer. Different silicon content appears for the systems prepared in P and G electrode
location. The content for the systems prepared in P electrode, systems UR3ePsP and
URA4iP4P, is higher than for the systems prepared in G electrode, systems UR3ePsG and
UR4iP4G. In the system UR3ePsG, the fluorine element obtained is also different, showing
increase of the content.
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Figure 6.38 Surface composition spectra of the R plasma polymerized U systems,
quantification values in at. %.

The surface particle size and the content of the fluorine element show association with the
plasma layer thickness. Similar effect was observed for the M plasma reactor, where a
direct relation between surface particle size, the thickness of the plasma polymer layer and
the decrease of fluorine content is noticed, point 6.2.2.ii.

The system UR3ePsG shows the lowest particle size and the highest content of fluorine
element. This suggests that the plasma polymer layer generated is the thinner.

The other R plasma polymerized systems all have lower content of fluorine element than
unmodified U coil coating. The quantification of the fluorine element yields similar value for
the three systems. This suggests thicker plasma polymer films, which are able to mask the
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underneath fluorine signal. These three systems have surface particles with bigger size,
which corroborates the higher thickness of the plasma polymer layer.

The systems UR4iP,G and UR4iP,P show 80 nm particles, suggesting identical thickness.
The TEM image a of Figure 6.36 shows thickness of 80 nm for the system URA4iP4P,
corroborating the thickness value. The particles of the system UR3ePsP are bigger near
100 nm, suggesting thickness of 100 nm for the plasma polymer layer.

The surface morphology of the plasma polymer film deposited in the E coil coating using
the R plasma reactor was obtained with SEM technique. In Figure 6.39 are the SEM
micrographs for the systems prepared using the two stages, before any immersion test.
The surface morphology for the plasma polymerized E systems shows some differences
dependent of the stage used and the two electrode locations of the R plasma reactor, P
and G.

The system ER3ePsG completely covers the surface pores of the E coil coating. In the
system ER3ePsP, variation of the E coil coating surface morphology occurs, forming
surface agglomerates, but without covering the surface pores. In both these systems the
titanium based particles, which are visible in the SEM micrographs, remain unchanged
compared with the unmodified E coil coating of Figure 5.8.

The systems ER4iP,G and ER4iP4P also have some variation of the surface morphology.
The variation is higher in the G electrode, but in both systems, the surface pores are still
present and the titanium based particles unchanged.

Figure 6.39 Surface morphology of the R plasma polymerized E systems: a. ER3ePsG; b.
ER3ePsP; c. ER4iP4G; and d. ER4iP 4P.
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With EDS was possible to obtain the surface composition for the plasma polymerized E
system. The results are in Figure 6.40. In the table are the content for the representative
elements of the systems prepared using the two electrode locations of the R plasma
reactor.

The constituent elements found for the unmodified E coil coating, Figure 5.9, are also
present in the plasma polymerized E systems. An increase of silicon content occurs for all
the systems. The increase is bigger for the systems ER3ePsP and ER4iP,P, prepared at P
electrode, compared with ER3ePsG and ER4iP,G systems, prepared at the G electrode.

This increase of silicon content is similar to the increase verified for the plasma
polymerized U systems. For this was necessary to subtract the silicon content obtained for
the unmodified E coil coating alone (3 % shown in Figure 5.9) to the values obtained here.
The variation calculated is 0.6 to 0.7 % increase of silicon content for the plasma
polymerized E systems prepared in the P electrode and 0.4 to 0.5 % for G electrode.
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Figure 6.40 Surface composition of the plasma polymerized E systems performed in the R
plasma reactor, quantification values in at. %.
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« Evolution of the Surface Properties

The surface morphology evolution determined by AFM, for the plasma polymerized U
systems using the R plasma reactor, was performed doing measurements after different
immersion periods. The images of Figure 6.41 present the evolution of the surface
morphology of the plasma polymer film. The R, and h values permit to follow the evolution
for each system.

The two systems UR3ePsG and UR3ePsP, images a and b respectively, show similar
surface morphology during immersion. The initial particulate surface morphology remains
constant during long immersion periods and after 90 days of immersion continues to be
present. The R, and h values also show similar behaviour and remain without significant
variation from initial values.

Between these two systems, the system UR3ePsG, G electrode system, has higher
stability of the R, and h parameters, which suggests higher stability of the surface
morphology during the immersion tests.

The systems UR4iP,G and UR4iP4P, images ¢ and d respectively, have stronger variation
of the surface morphology. The particulate surface morphology disappears during
immersion and negative Rg values are obtained. The negative Ry values appear after 7
days for the system UR4iP,P and after 30 days for UR4iP,G. This suggests faster
degradation for the system UR4iP4P.

The composition evolution, of the R plasma polymerized U systems submitted to
immersion tests, appears in Table 6.4. The table shows the element quantification results
for the systems prepared in the two electrode locations of the R plasma reactor using the
two stages. Of particular interest is the silicon content, which is the representative element
of the plasma polymer layer. The fluorine element also has importance, since it is masked
by the silicon based plasma polymer layer, meaning that an increase of fluorine element
content represents a decrease of the masking effect and suggests dissolution of the
plasma polymer layer.

The evolution of the composition is dependent of the electrode used for the plasma
polymerization. The systems UR3ePsP and UR4iP,P maintain the content of the silicon
and fluorine elements nearly constant during immersion.

The system UR4iP,G shows decrease of the silicon content and increase of fluorine
content. The values show vestigial sign of silicon after 7 days of immersion. These results
suggest complete and fast dissolution of the plasma polymer film in the system UR4iP,G.
The system UR3ePsG shows a reduction to half of the silicon element but only after 60
days of immersion. These results suggest only partial dissolution of the plasma polymer
film for the system UR3ePsG.

Thus, higher variation of the composition occurs when the plasma polymerization takes
place in the G electrode, while the systems in the P electrode keep the composition more
constant.
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Section 6

R, 1.2, with R, -0.09

Figure 6.41 AFM 1x1 um images of the surface morphology evolution during immersion for
the plasma polymerized U systems using the R plasma reactor: a. UR3ePsG; b. UR3ePsP; c.
UR4iP4G; and d. UR4iP4P. The values in nm of R, and h appear in the respective image.
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Table 6.4 Composition evolution during immersion tests for the plasma polymerized U systems,
values in at. %.

time UR3ePsG UR3ePsP UR4iP 4G UR4iP4P

(days) fluorine  silicon fluorine  silicon fluorine  silicon fluorine  silicon
0 69 0.4 47 0.6 47 0.4 46 0.7
7 54 0.3 44 0.6 56 0.05 53 0.7
30 48 0.4 46 0.7 56 0.04 50 0.5
60 55 0.2 45 0.7 58 0.04 51 0.6

The SEM micrographs of Figure 6.42, in the next two pages, show the surface morphology
evolution with immersion of the plasma polymerized E systems, prepared using the two
electrode locations during immersion.

Important surface variation is verified for the system ER3ePsG, image a. The initial
completely covered surface pores reappear after 7 days of immersion. Further immersion
shows unchanged surface pores until 60 days of immersion.

The surface morphology evolution of the system ER3ePsP is different, image b. Here, the
surface agglomeration remains, but in some areas cracks appear together with parts
showing surface layer removal.

The systems ER4iP,G and ER4iP,P, show surface degradation and formation of surface
deposits for the first system, image c, while in the second, image d, surface degradation is
also seen but without the formation of surface deposits. In these two systems, no cracks or
areas with surface layer removal appear.

The surface composition evolution during immersion, obtained by EDS, of the plasma
polymerized E systems using the R plasma reactor appears in Table 6.5.

During immersion, the systems ER3ePsG, ER3ePsP and ER4iP,G have a continuous
decrease trend of the silicon element content. This suggests dissolution of the plasma
polymer film. After 60 days of immersion the silicon content for these three systems is
similar to the silicon content of unmodified E coil coating, shown in Figure 5.9. This
suggests complete dissolution of the plasma polymer film. Only the system ERA4iP,P
maintains constant content of the silicon element during similar immersion period.

The surface results show that the plasma polymer film with the higher stability is the
system UR3ePsP, for U coil coating, and system ER4iP,P for E coil coating. Both these
systems show higher resistance to the immersion tests. However, these systems show the
lowest barrier properties. This suggests that the formed plasma polymer film does not
balance the negative influence of the plasma polymerization when the process is
performed in the P electrode location.

The systems UR3ePsG and ER3ePsG show the best barrier properties, although the
plasma polymer film suffers some degradation during immersion. These results suggest
that the systems prepared in the G electrode location balance the plasma polymerization
influence, sustaining their stability during long immersion periods.
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Figure 6.42 Surface morphology evolution during immersion tests for plasma polymerization of
E systems using the R plasma reactor: a. ER3ePsG; b. ER3ePsP; c. ER4iP4G; and d. ER4iP 4P.
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Modified Coil Coating

Figure 6.42 (cont.) Surface morphology evolution during immersion of plasma polymerized E
systems using the R plasma reactor: a. ER3ePsG; b. ER3ePsP; ¢c. ER4iP 4G; and d. ER4iP 4P.
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Table 6.5 Composition evolution during immersion of the plasma polymerized E systems
prepared in the R plasma reactor using the two electrode locations, values in at. %.

time ER3ePsG ER3ePsP
(days) aluminium silicon titanium aluminium silicon titanium
1.0 3.6 26 0.9 4.1 21
1.0 3.4 25 0.8 3.7 23
30 1.0 34 25 0.9 3.7 21
60 0.9 2.9 20 0.8 2.7 26
time ER4iP4G ER4iP4P
(days) aluminium silicon titanium aluminium silicon titanium
0 1.0 3.5 24 1.2 4.1 21
1.0 34 25 0.9 3.9 22
30 0.9 3.9 24 0.9 3.9 23
60 0.8 2.6 28 0.8 3.8 24

The tests on the plasma activated systems, presented in point 6.3.1, showed that stronger
influence on the coil coating occurred when activation (stage 1) takes place in the G
electrode, showing faster degradation during immersion. However, after the plasma
deposition step, these systems (the systems plasma polymerized in the G electrode) have
the best performance. These results suggest that the plasma polymerization performed in
the G electrode location following the plasma activation step generates a plasma polymer
film that has the best properties, revealing to be the electrode location showing the best
results.

V. Colour Coordinates

The CIE surface (x,y) reflection colour coordinates were measured for the plasma
polymerized systems prepared in the R plasma reactor, Figure 6.43. The results obtained
were compared with the CIE (Xx,y) colour coordinate of the respective unmodified coll
coating used.

Only one CIE lab 1931 diagram with only one mark appears for the systems prepared in
the R plasma reactor. This occurs since no variation of colour coordinates was obtained
during the immersion tests, either for the different stage performed or for the two electrode
location of the R plasma reactor. The colour coordinate appears in the centre of the CIE
lab 1931 diagram, the white area, which is similar to the colour coordinate obtained for the
unmodified E and U coil coatings.

The result has relation with the thickness of the plasma polymer film generated, which for
these systems appears always lower than the minimal thickness necessary to induce
interference with the systems colour, contrary to the M plasma polymerized U systems.
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Figure 6.43 CIE chromaticity diagram (1931) coordinate for 2° standard observer showing the
(x,y) reflection colour coordinate for the plasma polymerized systems using the R plasma
reactor.

6.4. Hollow Cathode Plasma Reactor

Although the H plasma reactor design permits continuous plasma polymerization process,
for the sample preparation used in this work, performed in DOC facilities, the plasma
polymerization used the static deposition arrangement. In this case, the set-up consists of
two parallel metal substrates that form the hollow cathode. The advantage of the static
deposition is to use a smaller size sample that allows fast exchange of samples and thus
easier and faster coating development.

The plasma polymerization conditions used for the H plasma reactor are described in point
4.1.2.iii with the label used in Table 4.8.

6.4.1. EIS Results

The plasma polymerized system was tested using 0.5 M NaCl. The EIS results for the
UH2kPs system appear in Figure 6.44.

After immersion (1 hour), pure capacitive behaviour appears, with low frequency
impedance value higher than 100 Gohm cm®. The low frequency impedance value is
comparable with the unmodified U coil coating of Figure 5.1, and representative of
undamaged and defect free coating system that provide high protection to the metallic
Substrate. 112;113;125
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The results show a decrease of the low frequency impedance after 8 days of immersion,
together with the appearing of a low frequency resistive part. Increase of immersion time
presents a noticeable drop of the low frequency impedance value and after 40 days of
immersion one order of magnitude decrease appears, reaching 10 Gohm cm? The curve
format suggests that the water is in contact with the metallic substrate. #3122

Further increase of immersion time, 140 days (more than 4 months of immersion) does not
show appreciable variation of the low frequency impedance value or of the curve format,
suggesting constant performance during this period.
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Figure 6.44 Impedance values evolution during immersion for the system UH2kPs.

i. Numerical Fitting of EIS Data

The fitting was done using the electric circuit a of Figure 5.3, where Ry is the electrolyte
resistance, Cq the coating capacitance and R, the pore resistance.

In Figure 6.45 are the C... and Ry parameters evolution during immersion for the system
UHZ2kPs. The unmodified U coil coating results previously obtained serve as reference.

The initial instability of the system due to the fast processes occurring, surface pores and
defects’ filling up with water and ions, is higher for the system UH2kP¢ than for unmodified
U coil coating. The coating capacitance, C.q, IS initially lower. However, after 15 days of
immersion strong increase occurs, reaching identical value to the unmodified U coil
coating. Further immersion does not show appreciable variation and the C.. values
remain unchanged.

The Ry, value initially is unstable, rising and approaching the values of unmodified U coil
coating. After 4 and until 10 days of immersion, accentuated decrease occurs attributed to
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water and ions absorption, which are responsible by coating resistance decrease. Further
immersion continues to show decrease of R, value. The Ry, decrease shows relation
with the paint degradation and respective decrease of barrier effect, with consequent water
and ions absorption. 321 After 60 days of immersion, stabilization and even increase of
the Ryor value occurs.
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Figure 6.45 Evolution of Ccoar and Ryer parameters during immersion obtained by fitting the
impedance results for the system UH2kPs.

ii. Water Uptake

The variation of capacitance value permits the estimation of the system water uptake
following the relationship of Brasher and Kingsbury, *?® using equation 3.13 with the
procedure described in section 3.1.4. The results are in Figure 6.46.

The water uptake evolution for the system UH2kP4 appears different from previous plasma
polymerized systems. Initial periods of immersion still show the fast water ingress,
characteristic behaviour of organic coating systems. '%'%%129 However, the water
saturation level reached for the system UH2kPg is lower, even lower than for unmodified U
coil coating. This saturation level is unstable and shows continuous rising behaviour.

These results suggest that the UH2kPg system has better barrier effect than the
unmodified U coil coating. However, these water uptake results correspond only to the
initial immersion time. The EIS results showed that higher degradation of the barrier ability
during immersion for the system UH2kPs.
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Figure 6.46 Water uptake evolution during immersion obtained from capacitance
measurements, for the system UH2kPe.

6.4.2. Plasma Polymer Fim Characterization

i. Structure

The study of the structure of the plasma polymer film generated in the H plasma reactor
was obtained with TEM. The plasma polymerization used TMS monomer, which is silicon
based. This element has enough elemental weight for imaging by TEM following the
procedure described in point 4.2.4 for sample preparation. The cross section micrograph of
the plasma polymer film appears in Figure 6.47.

The structure of the plasma polymer film UH2kPg is homogenous and amorphous with
thickness of 410 nm showing particles with 60 nm diameter. In this case, the micrograph
suggests that the particles are cylinders, with the 60 nm of diameter, crossing the full
thickness of the plasma layer.

T ]

} \ particle

Figure 6.47 TEM cross-section micrograph of the system UH2kPs.
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ii. Surface Morphology

The AFM technique was used to study the system UH2kPgs surface morphology evolution
during immersion, of the plasma polymer layer generated in the H plasma reactor. The R,
and h values calculated from the images, using the procedure described in point 4.2.5,
appear in the respective images of Figure 6.48. The composition elemental quantification
of the systems, acquired using EDS during immersion, appears in Table 6.6, values at. %.

The surface morphology obtained after the plasma polymerization but before immersion,
appears in the Figure 6.48 with the label 0 days. The system shows particulate surface
morphology. The presence of negative Ry suggests the presence of pores, attributed to
the voids verified between the particles, which are visible in TEM micrograph of Figure
6.47. The surface granules diameter ranges from 40 to 70 nm, which agrees with the TEM
micrograph particle size (corresponds to the cylinders diameter).

The initial composition of the UH2kP4 system shows carbon, chlorine, fluorine, oxygen and
silicon elements. Similar to previous systems, the silicon arises only from the monomer
and is the representative element of the plasma polymer film. The fluorine element content
obtained is very low, when compared with the plasma polymer films prepared using the
other plasma reactors, Table 6.1 and Table 6.4. The plasma polymer film higher thickness
shows relation with this behaviour, since the noticed higher thickness leads to higher
masking effect of the fluorine element EDS signal. The composition quantification shows
higher silicon content than previous systems generated in the other plasma reactors, which
corroborates higher masking effect.

During immersion, the surface morphology continues to show particles, maintaining similar
diameter, however, the R, and h parameters show that some variation occurs. A decrease
of the values occurs during immersion and the Ry changes to positive values. The
composition results have a small decrease of fluorine element proportion after 7 days of
immersion, which then also remains constant for longer immersion. The silicon element
content is unchanged during immersion, Table 6.6.

Figure 6.48 AFM 1x1 pm images with the surface morphology evolution during immersion, for
the system UH2kPg, with the values in nm of R, and h.
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These results suggest that the plasma polymer film suffers modifications during immersion.
The variation of Ry values shows association with the surface voids, suggesting their
blocking during immersion. The fluorine decrease suggests that the masking effect of the
plasma polymer film increases during immersion and the constant silicon content is
indication that dissolution of the plasma polymer film does not occur.

The results show that variation of the system UH2kPg properties occurs during initial
immersion period, however after longer immersion period the surface morphology
stabilizes and remains constant.

Table 6.6 Surface composition evolution for the UH2kP¢ system, quantification values in at. %.

time UH2kPg
(days) fluorine silicon
0 29 3
7 21 3
30 21 3
60 22 3
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Section 7. Discussion

7.1. Introduction

Using the experimental results presented it is given here an overall analysis. The
conditions tested were the two coil coating systems used, the plasma reactor, the
combination of plasma polymerization steps, the reactor pressure, the plasma activation
gas and time and the precursor mixture. These variables could affect the coating systems
performance.

In this section, the correlation is made for each of the three plasma reactors. When the
plasma polymerization conditions are similar, the results were associated for the different
plasma reactors.
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The systems degradation is assessed through the low frequency part of the EIS spectra,
as described in point 3.1.3.iii, and one parameter to monitor the evolution of the
degradation is the modulus of impedance at 0.1 Hz (|Z]o.1 12), taken from the experimental
impedance measurements performed during immersion.

The unmodified coil coatings tested are very high performance paint systems and the initial
impedance response refers to the coating capacitance. In this case, the low frequency part
gquantifies the systems barrier properties. Only after very long testing period does a
resistive part appear that allows comparison of the level of coating degradation for the
systems under study.

The systems modified by the plasma polymerization process show in general faster
degradation in immersion. In these systems, the low frequency resistive part appears
earlier. The resistive part arises from the influence of the plasma polymerization process
on the barrier properties of the coil coating system that leads to an increase of water
uptake. During immersion further increase of the system resistive part occurs. This
increase is associated with decrease of the low frequency impedance value, which is
dependent of the plasma polymerization process parameters tested.

For initial stages of immersion, the |Z|o1y4, Value corresponds to the coating capacitance
that is influenced by the water and ions absorption. When higher degree of degradation
appears, and the resistive part is formed, the |Z|o.14, cOrresponds to the coating resistance.
Thus, |Z]oin, is @ good parameter to monitor the degradation and compare the
performance of the plasma polymerized systems.

In such high performance systems, testing procedures that accelerate the degradation are
necessary. These tests allow faster knowledge of the systems properties. Without such
accelerated tests, the time to obtain the results becomes unacceptably long. Long term
testing of the real performance is also important, permitting the relation between the
experimental laboratorial results with the real world behaviour, however, not feasible for
the PhD time frame. *®® One important point when performing accelerated tests is to verify
that the degradation mechanisms are unchanged due to the testing conditions used.

In this work, the conditions of testing employed did not show variation of the degradation
mechanism. Instead, increase of degradation rate occurs and important highlights
concerning the influence of the plasma polymerization parameters could be gathered.

One good example is the EIS results for the systems UM2eP, of Figure 6.7a and
45UM2gP, of Figure 6.9.

The system 45UM2gP. is tested at higher temperature and the plot format is identical to
the one obtained for the system UMZ2eP,. This suggests that these two systems have
similar degradation mechanism. The high temperature tests permitted faster screening of
the system performance, which was not possible at ambient temperature testing, system
UM2gP, shown in Figure 6.8b, allowing faster assessment of the system performance.
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7.2. Coil Coating

The Figure 7.1 shows the |Z|o1 1, evolution during immersion for the coil coatings without
any plasma treatment - unmodified coil coatings. The two coil coatings are industrial high
performance paints, showing high thickness, where strong variations of the properties due
to degradation, at least for the relatively short immersion period, are not expected.

The E coil coating has poorer performance and the |Z|y1 1, iS lower since the beginning of
the immersion tests, Figure 7.1. Immediately after immersion, the |Z|o1 1, IS under 4 Gohm
cm?. This is near one order of magnitude lower than for the U coil coating, which shows
|Z]o.1 vz higher than 10 Gohm cm?. Initial immersion shows a substantial drop of the |Z]|o.1 1
value to less than 2 Gohm cm?. This initial decrease of impedance occurs related with
initial absorption processes, filling up with electrolyte the surface pores and holidays
present in the coating system. These pores are formed during the coil coating application
and are visible in SEM images of Figure 5.8. The TEM image of Figure 6.36b shows that
the holidays also exist internally.

Reaction of the coating components with electrolyte occurs, forming surface deposits
during immersion, visible in the SEM images of Figure 5.8. These deposits can also occur
in the coating internal pores and pathways, blocking the access to further water and ions.
Dissolution of the internal deposits may also occur and the blocking effect lost.

The blocking/unblocking processes are responsible by some instability of the impedance
values with progress of immersion tests. This period corresponds to the |Z|o1 1, plateau
obtained until the 90 days of immersion, where the values are not exactly stable but,
instead, change slightly related with the blocking/unblocking processes. For longer
immersion period, the blocking effect starts to decrease and the water absorption
proceeds, leading to the steady decrease of the |Z|o1 . Value observed. The Bode plot
curve format of Figure 5.2 and the impedance value after 130 days of immersion suggest
that the metallic substrate is in direct contact with the testing solution. This has strong
effect in the impedance response, which after 130 days of immersion shows a |Z|o1 1,
value decrease of almost one order of magnitude, reaching 600 Mohm cm?. Nevertheless,
the system shows constant composition during immersion (Figure 5.9) suggesting that the
barrier properties decrease but the coating continues to be present, without corrosion of
the metallic substrate.

For the U coil coating, the |Z|o.1 1, €volution is an almost straight line at the 10 Gohm cm?
value during 300 days (10 months) of immersion, Figure 7.1. Acceleration of the U coll
coating degradation, obtained with the increase of the testing temperature to 45° C, 45U
line in Figure 7.1, shows small decrease of the |Z|o1 1, value for long immersion time. In
this case, the value starts to decrease after 160 days (5 months) of immersion and after
330 days (11 months) reaches 6 Gohm cm? The surface characterization results show
that the system has constant surface properties, with the AFM images of Figure 5.7
showing very small variation of the surface morphology during immersion together with
constant composition, shown in the table of Figure 5.9. These results are representative of
a stable U colil coating during the immersion tests.
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Figure 7.1 Evolution of the |Z|o.1 1, values during immersion tests for the unmodified E and U

The high anticorrosive protection found in U coil coating and lower protection (compared
with U coil coating) offered by the E coil coating appear from the barrier effect of the
coating, i.e. the paint capacity for delaying the aggressive species diffusion up to the
metal/paint interface. The proposed degradation mechanism appears schematically in

Figure 7.2.

In agreement with this scheme, it is assumed that the metal surface is effectively
maintained isolated from the 0.5 M NaCl testing solution during the immersion test period
for U system, scheme a. The pores and holidays of E coil coating decrease the barrier
effect permitting that water and ions reach the metal surface, scheme b. However, visual
inspection of the systems after the testing shows that neither of them shows destruction of
the coating. Both also show no signs of swelling or detached parts.
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Figure 7.2 Degradation mechanism scheme for the unmodified coil coatings; a. U; and b. E.



7.3. Plasma Activation

The results show that important degradation of the coil coating occurs during the plasma
activation step. The degradation is dependent of the plasma reactor and of the
correspondent operation conditions appearing evident influence on the coil coating
performance. The plasma activation step is used for cleaning and enhancement of the
adhesion of the plasma polymer film. However, if the influence on the coil coating is in too
high extent, degradation of the final performance of the systems occurs.

7.3.1. Activation Time and Carrier Gas

For the plasma activation stage performed in the M plasma reactor, the step duration and
the carrier gas used were maodified in order to test their influence in the coil coating barrier
properties. The |Z|o1 1, evolution of the plasma activated U systems using the M plasma
reactor appears in Figure 7.3.

During the tests of the M plasma activated systems, the system UM1dP; shows higher
water uptake, Figure 6.3, together with high C... values, Figure 6.2, suggesting high
degradation. This is in disagreement with the impedance results, Figure 6.1, and Rpo
behaviour, Figure 6.2, which suggest that the performance is maintained during
immersion. The |Z]o1 1, evolution also shows that the system has good behaviour, showing
values close to the unmodified U coil coating.
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Figure 7.3 |Z|o.1 1z evolution during immersion of the plasma activated systems using the M
plasma reactor.
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As said in the beginning of this section, in point 7.1, the surface characterization can
explain the results. During the plasma activation of the coil coating surface with argon,
system UM1dP,, hydrogen and low molecular weight compounds are removed from the
surface layers. *®*®® Since the coil coating is an organic base paint, these compounds are
low molecular weight hydrocarbon compounds. This removal is responsible by variation of
the surface morphology and by modification of the surface properties of the coil coating.
The AFM parameters confirm that variation of the surface morphology occurs, Figure 6.4d.
This variation of the surface properties may interfere with the C. values calculation,
leading to the higher values noticed, which also influences the water uptake calculation,
since the capacitance values are used to obtain the water uptake.

Upon contact with the testing solution new reactions may occur, changing once again the
surface properties of the system UM1dP;. This leads to further variation of the surface
morphology that is noticed in Figure 6.5d. In this system, water can fill surface defects
created but, since there are no complete pathways until the metallic surface, the ingress of
water and ions continues to be limited by the barrier effect of the paint, i.e. the U coll
coating barrier properties are not completely lost.

In Figure 7.4 is shown schematically the surface reactions that occur during the argon
plasma activation. In the degradation scheme, the degradation of the plasma activation
stage is represented as defects created in the coil coating surface.
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Figure 7.4 Degradation scheme of the plasma activation with argon, system UM1dP;.

The same procedure but using oxygen (systems UM1l1aP;, UM1bP; and UM1cP;), on the
other hand, leads to higher and faster decrease of performance, as shown by pore
resistance results of Figure 6.2. The |Z|o1 1, Shows that the degradation is continuous
decreasing since the beginning of the immersion.

In this case, the surface characterization shows different influence, suggesting the
formation of surface pores (negative Ry values), images a, b and c in Figure 6.4. During
immersion, the surface defects are maintained, images a, b and c in Figure 6.5. The
plasma activation with oxygen consists of an oxidative step, where removal of organic
components from the coating surface occurs. Surface enrichment with oxygen bonds is
also obtained. New surface oxygenated carbon functionalities formed change the surface
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interfacial properties. “*°® At the same time, pathways through the coating prolong the
pores formed in the surface during immersion. These facilitate the ingress of electrolyte.

The scheme of Figure 7.5 shows the proposed activation mechanism for the surface
reactions after oxygen plasma activation. In the scheme appear the pores and pathways
across the colil coating representing the plasma activation influence.
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Figure 7.5 Degradation mechanism scheme for plasma activation with oxygen of the U
systems.

The time of the plasma activation also has influence in the final properties. The results
show that longer plasma activation with oxygen leads to higher degradation and
consequently lower performance during immersion. This is clear in the |Z|o1 1, €volution
shown in Figure 7.3.

The results show that the two different gases produce different surface variation due to
different surface reactions. However, plasma activation with argon shows milder influence,
and consequently the destruction of the coil coating barrier effect is lower.

7.3.2. Electrode Location

The evolution of the |Z|o1 n, during immersion, for the R plasma activated E and U
systems, appears in Figure 7.6. For the U system, where comparison is possible, the
values show that the process has quite lower influence on the barrier properties of the coll
coating than similar step performed using the M plasma reactor. Degradation still occurs in
the two E and U coil coatings used, dependent of the sample location inside the R plasma
reactor.

The plasma activation of the E coil coating shows that the system ER1hP,P has identical
|Z]o.1 vz Values to unmodified E coil coating. The system ER1hP,G shows higher influence
and during immersion has continuous faster decrease of |Z|o1 1, vValues. After 20 days of
immersion, the degradation is already very high, introducing interference to the EIS
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measurements and producing unreliable results. The SEM micrographs of Figure 6.29a
show new smaller surface pores after the plasma activation for the system ER1hP,G.
During immersion appear areas with complete removal of parts of the surface layer. For
the system ER1hP,P neither the smaller surface pores appear nor removal of parts from
the surface layer occurs. Only surface scratches features appear during immersion. The
numerical fitting of the impedance results show that the system ER1hP,P has evolution
during immersion similar to E coil coating, while the system ER1hP,G has stronger
decrease of performance during immersion, Figure 6.22d, in agreement with the |Z|o1 n.
evolution. In this second system, fast degradation occurs after 17 days of immersion. The
Bode plot of Figure 6.20 at this time of immersion shows impedance values and curve
format that suggest the existence of direct contact of water and ions with the metallic
substrate.
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Figure 7.6 |Z|o.1 . €volution during immersion of the plasma activated systems using
the R plasma reactor.

The decrease of performance shows relation with the influence of the oxygen on the
surface layers and with the presence of the surface pores of the E coil coating. Oxidation
of the surface layers occurs, forming oxygen functionalities and pores/pathways, which
decrease the barrier properties.

The degradation mechanism corresponds to the combination of the degradation
mechanism for the unmodified E coil coating (Figure 7.2b), where the surface pores are
the degradation factor, with the one for the plasma activation with oxygen (Figure 7.5),
where the surface defects created during the plasma activation with oxygen are the
degradation factor. The respective scheme showing the combination of these two
degradation mechanisms for the plasma activated E systems appears in Figure 7.7. The
plasma activation has stronger influence for the systems plasma activated in the G
electrode.
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Figure 7.7 Degradation mechanism scheme for R plasma activation of E systems with oxygen.

Plasma activated U systems in R plasma reactor required high temperature immersion to
produce detectable changes. At ambient temperature no variation of the properties occurs,
producing identical response to the U coil coating until 120 days of immersion test. Only
then, a small decrease of |Z|o.1 1, Values appears, Figure 7.6.

Until 30 days of testing at higher temperature, systems 45UR1hP,G and 45UR1hP,4P,
show coincident |Z|o1 1, evolution to unmodified U coil coating, Figure 7.6. Only after 40
days of immersion does a strong drop of |Z|o1 1, appears, attributed to system degradation.
The degradation continues and after 110 days of immersion at 45 °C, the |Z|o1 1, values
reach 3 Mohm cm? for the G electrode and 10 Mohm cm? for the P electrode. This is a
significant decrease of impedance, suggesting that active corrosion processes on the
metallic surface may soon appear.

The surface characterization of the systems UR1hP,G and UR1hP,P, AFM images of
Figure 6.28, show negative Ry, values, which are representative of the formation of surface
pores. The system UR1hP,G has stronger surface morphology variation during immersion,
showing also higher variation of the Ry parameter.

The decrease of performance shows relation with the influence of the oxygen on the
interfacial surface layers. The degradation mechanism is similar to the scheme of Figure
7.5, where oxygen functionalities are introduced in the surface. The degradation is
stronger again when the specimen is treated in the G electrode location, similar to the
plasma activated E systems.

7.4. Plasma Polymer Film Deposition

Evolution of the |Z|o1 w, for the plasma polymerized systems shows that the plasma
polymer film is able to annul the negative influence of the plasma activation step. The
respective protection offered during immersion depends on the experimental conditions
used during the plasma polymerization process. As a result, the performance of each
system during immersion can be associated with the experimental conditions, the plasma
polymerization steps and the coil coating to be treated.
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For the M plasma reactor the pressure reduction and the oxygen availability during the
process were tested. Both variables lead to variation of the systems performance.
Modification of the precursor mixture also adds important surface characteristics, which
influence the systems performance.

The R plasma reactor used always the same plasma polymerization experimental
conditions, however the systems performance is dependent of the stage and of the
electrode location used for the treatment. Both parameters influence the two coil coatings
used, U and E systems.

In the H plasma reactor, TMS and oxygen precursor mixture was used for the treatment. In
this case, the reactor was designed to test high rate continuous deposition, however, for
easier handling of the specimens, the static deposition set-up was used instead.

7.4.1. Pressure, Oxygen Availability and Monomer

For the M plasma reactor the |Z|o1 . evolution during immersion of the plasma
polymerized systems appears in Figure 7.8

The systems UM2eP, and UM2eP; were prepared using oxygen and HMDSO precursor
mixture, at two plasma polymerization pressures, P, and Ps;. Both systems show
continuous decrease of the |Z]o1 1, Values during immersion, with identical degradation
rate until 80 days of immersion. From this point, the degradation rate increases for the
system UM2eP, and after 100 days of immersion shows |Z]o1 1, values of 1 Gohm cm?.
The system UM2eP; maintains the initial decrease rate during immersion and after 140
days, the |Z|o.1 1, reaches 5 Gohm cm?.
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Figure 7.8 Evolution of the |Z|o.1 1, during immersion for the plasma polymerization performed
in M plasma reactor.
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The fitting procedure for these two systems, shown in Figure 6.10, corroborates the |Z|o.1 1,
results, showing continuous degradation during the immersion tests. The structure and
surface characterization results, shown in point 6.2.2.ii, clarify the mechanism responsible
by the degradation. The TEM micrographs a and b of Figure 6.12 show similar particulate
structure for these two systems, where are visible pathways between the particles
constituting the plasma polymer layer. These pathways offer direct access to water and
ions across the plasma polymer layer until the coil coating interface.

The AFM images of Figure 6.15a and b show that the plasma polymer layer is unstable
during immersion. Moreover, the EDS results of Table 6.1 show a decrease of silica
element proportion, which suggests dissolution of the plasma polymer layer during
immersion. The dissolution of the plasma polymer film leaves exposed the U coil coating,
which during the plasma activation step suffered degradation of their barrier properties.
Now, without the protection of the plasma polymer layer, strong degradation occurs, which
IS responsible by the system degradation and steady decrease of |Z|o1 1, Values.

These surface characterization results show that the system UM2eP, has always faster
and stronger variation of the parameters and that the system UMZ2eP; has higher
resistance to dissolution. This is attributed to the decrease of the plasma polymerization
pressure. According to this, the pressure used in the plasma polymerization has influence
on the properties of the plasma polymer film produced. The Figure 7.9 shows
schematically the proposed degradation mechanism for these two systems, UM2eP, and
UM2ePs3, prepared using HMDSO and oxygen precursor mixture.

The initial plasma activation step with oxygen leads to degradation of the coil coating, point
7.3.1. The plasma polymer film initially annuls this degradation, but during the immersion
tests, dissolution of the plasma polymer film occurs. As soon as the dissolution of the
plasma polymer film is complete, the degradation of the barrier properties increases,
decreasing the systems performance.

U coil — L -~ i =
coating _ — —_— -
Figure 7.9 Degradation mechanism of the M plasma polymerization with HMDSO and oxygen.

Replacing the oxygen carrier gas by argon, system UM2fP; prepared with HMDSO and
argon precursor mixture, shows significant increase of performance. The |Z|o1 n, plot
shows constant values during immersion, which keeps very close to the unmodified U coil
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coating, Figure 7.8. The characterization of the system shows that the structure of the
plasma polymer film is compact without voids or particles, TEM micrograph ¢ of Figure
6.12. Particulate surface morphology is obtained, as shown by the AFM image c of Figure
6.15. However, in this case, these particles are stable during immersion. Moreover, the
silica content of the film remains unchanged during immersion, EDS results of Table 6.1.
All together, these results suggest the formation of a stable and high performance system.
The numerical fitting results for the system UM2fP;, of Figure 6.10, also suggest high
stability of the system, showing values close to the unmodified U coil coating.

In Figure 7.10 is proposed the degradation scheme for the system UM2fP;. The plasma
polymer film formed is stable during immersion and the absence of pathways in the plasma
polymer layer limits the water ingress, decreasing the quantity of ions penetrating until the
coil coating matrix. On the other hand, the plasma activation step, in this case, used argon
that also has milder influence on the coil coating barrier properties, point 7.3.1. These two
factors contribute to the system higher performance. Another stability factor is the lower
plasma polymerization pressure, which also increases the systems performance.
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Figure 7.10 Degradation mechanism of the M plasma polymerized U system using HMDSO
and argon precursor mixture.

The addition of HDFD monomer to the HMDSO and argon precursor mixture, system
UM2gP,, as said before, forms a hydrophobic surface. ¥ The evolution of the |Z|o1 1,
values, in Figure 7.8, shows that the system has stable behaviour during immersion,
comparable to the performance of the unmodified U coil coating. The characterization of
this system shows that the plasma polymer film generated has compact structure without
visible particles or voids, but with higher thickness, TEM micrograph d of Figure 6.12. The
surface morphology results show that the plasma polymer film is stable during immersion
but not particulate, AFM images d of Figure 6.15. Instead, the surface morphology
suggests agglomeration of smaller particles. The plasma polymer stability during
immersion is corroborated by the EDS results of Table 6.1, where stable element content
is obtained. The proposed degradation scheme for this system is identical to the one in
Figure 7.10.

186



An important remark from the results is that the plasma polymerization procedure
performed in M plasma reactor could influence the coil coating, leading to degradation of
their barrier properties. From the tested experimental parameters, the pressure reduction
shows a small improvement of the systems performance. However, the replacement of
oxygen carrier gas by argon leads to higher increase of performance. This is verified with
the system UM2fP3, which shows similar performance to unmodified U coil coating. The
high performance is attributed to the combined effect of the pressure reduction with the
decrease of oxygen availability (argon replaced oxygen) during the plasma polymerization
process. The system UM2gP, also shows good performance during immersion, however
with lower barrier properties than system UM2efP;. This can be attributed to the higher
pressure used during the plasma polymerization.

7.4.2. Electrode Location and Steps Combination

The evolution of the |Z|o1 n, values for the systems prepared in the R plasma reactor
appears in Figure 7.11. The testing used the two coil coatings, E and U, both submitted to
the plasma polymerization process on the two electrode location of the R plasma reactor,
with oxygen and HMDSO precursor mixture.

The |Z]o1 . results for the plasma polymerization using the E coil coating shows initially
almost one order of magnitude shift when compared with the plasma polymerized U
systems. This is similar result to the unmodified coil coatings, point 7.2.

The plasma polymerized E systems using the P electrode, systems ER3ePsP and
ER4iP,P, have very fast decrease of performance, Figure 7.11b. After only a few days of
immersion, two orders of magnitude decrease of the |Z|o1 1, Values occurs, reaching 30
Mohm cm? The SEM images b and d of Figure 6.42, with the evolution of the surface
morphology, show the removal of parts of the surface and formation of surface cracks
during immersion. The EDS results corroborate the degradation and show variation of the
composition, Table 6.5, with decrease of the silicon element (smaller decrease for the
system ER4iP4P). These results suggest that the adhesion of the plasma polymer film to
the E coil coating is low, resulting in film detachment, which leaves the E coil coating
uncovered and exposed to the testing environment.

The plasma polymerization of the E systems using the G electrode, systems ER3ePsG and
ER4iP,G, have more stable behaviour during immersion, with evolution of |Z|o1 1, Values
similar to the unmodified E coil coating, Figure 7.11b. During initial 60 days of immersion,
the |Z|o1 n, value of system ER3ePsG is even higher than for unmodified E coil coating.
This is attributed to improvement of the system performance obtained with the deposition
of the plasma polymer layer. During further immersion, the values becomes lower but still
close to unmodified E coil coating, reaching 500 Mohm cm? after 120 days (4 months) of
immersion. The initial surface morphology of this system shows complete covering of the
surface pores, Figure 6.39a. This corroborates the increase of |Z|o1 4, value and respective
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increase of performance. The surface pores reappear after 7 days of immersion but
complete dissolution of the plasma polymer film is only noticed after 60 days of immersion,
EDS composition results of Table 6.5. This corroborates the |Z]o1 4, decrease behaviour,
which after 60 days of immersion becomes lower than the correspondent unmodified E coil
coating, following the plasma polymer film dissolution.

The system ER4iP,G maintains the |Z|o1 1, value similar to unmodified E coil coating,
reaching 1 Gohm cm? after 70 days of immersion, similar to the value of system ER3ePsG
at that time of immersion. The surface morphology evolution for the system appears in
Figure 6.42c. Here, surface deposits are formed after 60 days of immersion. The EDS
composition results of Table 6.5, show similar decrease of the silicon element content
during immersion to system ER3ePsG, suggesting dissolution of the plasma polymer film.
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Figure 7.11 Evolution of the |Z|o.1 n; values during immersion for the plasma polymerized
systems in R plasma reactor, using: a. U coil coating; and b. E coil coating.

All these systems, ER3ePsG, ER3ePsP, ER4iP,G and ERA4iP 4P, show surface degradation
and composition variation. The partial dissolution leaves the E coil coating surface more
prone to be reached by the testing environment. The systems ER3ePsG and ER3ePsP
were submitted to the plasma activation step, which also leads to degradation of the
barrier properties of the coil coating, as shown in point 7.3.2.

The general degradation mechanism is similar for all the plasma polymerized E systems
and appears schematically in Figure 7.12.

The two systems prepared in P electrode show higher degradation, much faster than for
unmodified E coil coating. The results show dissolution and detachment of surface layers
that opens the way for water and ions absorption until the coil coating interface. The E coll
coating pores are another degradation factor, increasing the degradation. The addition of
these two degradation processes leads to very fast degradation during immersion. To the
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behaviour of the system ER3ePsP, also adds the influence of the plasma activation step,
which increases further the degradation, as noticed in Figure 7.11b.

The degradation of the systems prepared in the G electrode show different evolution.
Partial dissolution of the plasma polymer film also occurs during testing but the
degradation rate is always slower than for the plasma polymerization performed in the P
electrode. The results suggest that the plasma polymer film prepared in the G electrode is
able to annul the influence of the plasma activation and the prepared systems maintain
similar performance to the unmodified E coil coating. Thus, the degradation mechanism is
similar to the one of Figure 7.12, but with slower degradation rate.
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Figure 7.12 Degradation mechanism for the plasma polymerized E systems in the R plasma
reactor using HMDSO and oxygen precursor mixture.

These systems show even slower degradation when the 3 stage is used (plasma
activation, plasma deposition and plasma stabilization). Both systems ER3ePsP and
ER3ePsG have better performance when compared with the systems ER4iPsP and
ER4iPsG (systems without the initial plasma activation step). This gives indication of the
necessity of the plasma activation step performed before the plasma deposition.

The results also suggest that the plasma polymerization performed in the P electrode has
stronger effect to the E coil coating barrier properties. The degradation must arise from the
plasma deposition step, since both systems ER3ePsP and ER4iPsP show similar
degradation, however the system ER4iP,P was not submitted to the plasma activation
step. In this electrode location, the plasma polymer film generated is not able to annul the
process influence. This has to be related with the higher influence of the polymerization
process on the coil coating barrier properties together with worse properties of the
generated plasma polymer film.

On the other hand, both systems submitted to the plasma polymerization in the G
electrode location show better performance, even for the system ER3ePsG, which E coll
coating barrier properties were affected during the plasma activation step, as shown in
point 7.3.2. In this electrode location, the plasma polymerization generates a plasma
polymer film that is able to annul the influence of the plasma activation step, showing also
good properties during immersion.
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Plasma polymerization of the U coil coating using the R plasma reactor introduces similar
alterations to the prepared systems. The process performed in the P electrode also shows
different performance, systems UR3ePsP and 45UR4iP,P, compared with G electrode
systems. The |Z|o1 v, Values, shown in Figure 7.11a, for these P electrode systems have
higher and faster decrease during the immersion tests. A decrease of 1.5 orders of
magnitude to 300 Mohm cm? after 120 days of immersion occurs for the system UR3ePsP,
while the system 45UR4iP,P has more than 3 orders of magnitude decrease to 3 Mohm
cm? after 75 days of immersion.

The TEM micrographs of the Figure 6.36 show that the plasma polymer films generated in
the R plasma reactor are homogenous and compact with low thickness, less than 100 nm.
The low thickness brought difficulties to the TEM preparation and respective imaging. For
that reason, extrapolation of the thickness was performed using the particle size measured
from the AFM results of Figure 6.37. The procedure appears described in page 125. It is
obtained higher thickness for the system UR3ePsP, followed by the systems UR4iP,G and
URA4iP 4P (which have similar thickness) and finally the system UR3ePsG.

The surface characterization results show that the systems properties during immersion
are also dependent of the stage used. The system UR3ePsP shows small surface
morphology variation, AFM image b of Figure 6.41b. Stronger variation is obtained for the
system URA4iP4P, Figure 6.41d, where negative Ry values appear after 7 days of
immersion. The EDS results of Table 6.4 show constant silicon content for both systems,
suggesting that the plasma polymer film continues to be present during immersion. These
results show that the plasma polymer film of the system UR4iP,P suffers degradation
during immersion, suggesting the formation of pathways until the coil coating interface,
while the system UR3ePsP seems to maintain constant surface properties.

The plasma polymerized U systems using the R plasma reactor and the G electrode have
different evolution of the |Z|o1 1, Figure 7.11a. The values for the system 45UR4iP,G,
tested at 45° C, show slow initial decrease followed by strong drop, reaching 30 Mohm cm?
after 80 days of immersion. The surface characterization of the system URA4iP,G suggests
that dissolution of the plasma polymer film occurs during the immersion tests. The EDS
composition evolution of Table 6.4 corroborates the dissolution of the plasma polymer film,
showing decrease of the silicon element content until vestigial values. The AFM images ¢
of Figure 6.41 show negative Ry after 30 days of immersion, which also suggests surface
degradation. The system UR3ePsG has different behaviour. In this case, the [Z|o1 n2
evolution follows the unmodified U coil coating until 50 days of immersion, showing then
slow decrease rate. After 190 days of immersion (more than 6 months) one order of
magnitude decrease to 3 Gohm cm? is obtained. The surface morphology of the plasma
polymer remains stable during immersion, Figure 6.41a. However, the EDS results of
Table 6.4 show a decrease of the silicon content to half the initial value, suggesting partial
dissolution of the plasma polymer film during immersion.

The degradation mechanism has some differences for the P and G electrode location,
since different processes occur. The scheme with the degradation mechanism for the
systems prepared in the G electrode location appears in Figure 7.13. The systems tested
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at higher temperature have acceleration of the degradation rate, but still show similar
degradation mechanism.

Decrease of the coil coating barrier properties occurs during the plasma polymerization
process performed on the G electrode location. Initially, the plasma polymer film formed is
able to annul this degradation and the systems have degradation rate identical to the
unmodified U coil coating. However, the plasma polymer film is unstable during immersion,
showing dissolution. After dissolution of the plasma polymer film, the systems degradation
rate increases, this leads to a decrease of performance compared with the unmodified U
coil coating.
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Figure 7.13 Degradation mechanism for the plasma polymerized U systems using the R
plasma reactor with HMDSO and oxygen precursor mixture.

The systems prepared in the P electrode location generate stable plasma polymer film,
which is corroborated by the surface characterization. However, these systems have weak
barrier properties, showing faster decrease of performance than similar systems prepared
in the G electrode. In the P electrode case, strong influence on the systems barrier
properties occurs during the plasma deposition step, leading to degradation of the coll
coating barrier properties. The deposited plasma polymer film is not able to annul this
degradation, even if the plasma polymer film does not suffer complete dissolution. The
degradation mechanism is similar to the scheme of Figure 7.13, but the degradation of the
plasma polymer film in this case is milder.

The first important remark is that the results show higher influence on the coil coating
barrier properties when the plasma activation step is performed in the G electrode.
However, the plasma deposition performed in the same G electrode location generates
systems that are able to annul the plasma activation influence. This occurs for both coil
coatings used, E and U systems. These results also suggest that the plasma activation is
important, introducing oxygenated species in the coil coating surface, “**®® which enhance
the adhesion of the plasma polymer film to the coil coating. The systems degradation only
starts after dissolution of the plasma polymer film.

The second important point is the combination of steps used. The systems showing better
performance are the ones prepared using the stage 3 (plasma activation, plasma

191



deposition and plasma stabilization), which corresponds to the complete plasma
polymerization process. This reinforces the necessity of the plasma activation step as
adhesion promoter.

The final plasma stabilization step is also of great importance. Testing of the systems
without the final stabilization showed fast degradation and film dissolution in both E and U
coil coatings. A resume of the results for these systems prepared without the final plasma
stabilization step is shown in the Appendix presented at the end on the work. The system
has fast dissolution of the plasma polymer film, Table ii, associated with strong variation of
the surface morphology, Figure i. These are both signs of bad behaviour of the plasma
polymerized systems during immersion.

7.4.3. TMS Monomer

The |Z|o1 1, values for the system UH2kPs, shown in Figure 7.14, have initial higher drop
than the other plasma polymerized systems, reaching 9 Gohm cm?. Stable behaviour then
follows this initial drop and the |Z|o; 4, value remains unchanged until 120 days of
immersion. After this immersion period, a second drop appears and the [Z|o1 1, Value
reaches 6 Gohm cm?,

1.2x10"

1.0x10"

8.0x10°

|2, ..,/ ohm cm?

6.0x10° o= UH2kP,
—== J coil coating

0 20 40 60 80 100 120 140 160
time / days

Figure 7.14 Evolution of |Z|o1 n, values for the system UH2kPg.

The system UH2kP¢ has high thickness with 380 nm, showing individualized particles with
pathways between them, TEM micrograph of Figure 6.47. This agrees with the particulate
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surface morphology obtained on the AFM images of Figure 6.48, where the negative R
can be attributed to the pathways. The particulate surface morphology is maintained
constant during the immersion tests, but the initial negative Rg, values change to positive.
The system composition also remains unchanged during immersion, Table 6.6. These
results suggest that the plasma polymer film formed is stable but with some surface
variation during immersion.

The Bode plot evolution of Figure 6.44 shows a clear decrease of performance after 40
days of immersion. This decrease corresponds to water and ions absorption leading to
coating degradation, which has influence on the impedance value. The Ry, parameter
reinforces that the system has a decrease of the initial barrier properties, showing strong
decrease, Figure 6.45. The water uptake of Figure 6.46, suggests, however, that the
system has even better performance than unmodified U coil coating, since the water
saturation level for initial periods of immersion is lower. The values of water uptake show
an increase tendency during further immersion. The data presented for the system
UH2kP¢ neither permits to obtain good explanation about the degradation mechanism nor
about the system behaviour. Contradictory impedance response and surface results
appear.

Formation of hydrophobic surface properties when using TMS monomer was previously
reported. '"%'®® With this information a proposal for the system UH2kPs contradictory
results follows. The plasma polymerization process performed in H plasma reactor
introduces degradation on the coil coating barrier properties. In this case, the plasma
polymer film is not able to completely annul this influence and, as a result, the low
frequency impedance values decrease initially. The hydrophobic nature of the plasma
polymer film can delay the absorption process, decreasing the amount of absorbed water,
which corresponds to the plateau verified on the |Z|o1 1, €volution. Increase of immersion
time decreases the hydrophobic nature of the surface and the absorption processes
follows the normal course, accelerating the coating degradation, correspondent to the
second drop of the |Z]p1 1, Values.

7.5. Reactor Comparison

The tested systems show that the plasma polymerization process has influence on the coll
coated systems used, namely on the barrier properties and on the morphology and
structure. Specific modifications of the parameters of each plasma reactor show lower
influence or form plasma polymer films that are able to better balance the degradation.
These experimental conditions are also responsible by the different systems surface
properties.

The plasma polymerized systems prepared with the same precursor mixture and using the
same coil coating are here discussed. The systems UM2eP3;, UR3ePsG and UR3ePsP use
HMDSO and oxygen precursor mixture but refer only to R and M plasma reactors. Since
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the idea is to compare all the three plasma reactors, the system UH2kPg is also analysed,
even if the system had been prepared with TMS and oxygen precursor mixture. The
system UM2fP;, prepared with HMDSO and argon, also appears, since this is one of the
systems with the best performance. The |Z|o1 1, evolution for these systems appears in
Figure 7.15. The system UR3ePsP was not included since has very poor performance with
very fast decrease of the impedance values during immersion.

The systems UM2eP; and UR3ePsG have during the initial 50 days of immersion slower
decrease of |Z|o1 w, values, followed by faster and continuous decrease. The system
UM2eP; after 140 days of immersion has practically the same |Z|o1 4, Value than system
UH2kP¢ after similar immersion time, near 6 Gohm cm? The system UR3ePsG shows
lower |Z|o1 v, Value than the other two systems for the same immersion time. After 200
days of immersion reaches 2 Gohm cm?, near one order of magnitude lower than initially.
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Figure 7.15 Evolution of |Z|o1 1 for the plasma polymerization performed using HMDSO or
TMS monomers: M vs. R vs. H plasma reactors.

These systems have different surface characteristics. The systems UR3ePsG and UM2fP,
have compact structure, Figure 6.36 and Figure 6.12c respectively. The first system shows
very low thickness, which was estimated using the AFM data of Figure 6.37a to be around
50 nm. The systems UM2eP3; and UH2kP¢ show particulate structure with voids between
the particles, TEM micrographs of Figure 6.12b and Figure 6.47 respectively. The first has
thickness of 170 nm, while the second of 380 nm.

Particulate surface morphology is obtained for all these systems after the plasma
polymerization procedure, together with similar silicon element content. During immersion,
the surface particles suffer degradation and the silicon element proportion decreases for
the systems UR3ePsG (AFM images a of Figure 6.41 and Table 6.4) and UM2eP; (AFM
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images b of Figure 6.15 and Table 6.1). The system UM2fP; maintains constant surface
parameters (AFM image c¢ of Figure 6.15 and Table 6.1). System UH2kPs behaves
differently. Maintains constant silicon content during immersion but the surface
morphology, which initially shows negative Ry values, maintains the particulate surface
however changes the Ry values to positive (Table 6.6 and AFM images of Figure 6.48).

The characterization results corroborate the |Z|o1 1, evolution, showing higher variation of
the parameters during immersion for the systems that have the higher degradation of the
barrier properties during immersion.

These results suggest that good systems with high corrosion protection behaviour can be
prepared, adding in the process important surface properties. ' The systems barrier
properties are controllable and dependent of the plasma polymerization parameters:
pressure, carrier gas, combination of steps and reactor electrode location. These variables
permit also to change the systems surface properties. The precursor mixture is another
important factor since specific surface properties directly depend of the chosen monomers.

It is important to highlight the influence of the plasma activation step. The highest influence
occurs for the M plasma reactor especially if using oxygen in the step. The plasma
activation performed in the R plasma reactor, also used oxygen gas, but the influence
appears dependent of the R plasma reactor electrode used, higher when using the G
electrode. The two systems UM2eP; and UR3ePsG, which show higher degradation during
the activation step, have similar behaviour and identical decrease of the barrier properties
during immersion, Figure 7.13. The decrease of performance in these systems only starts
when the dissolution of the plasma polymer layer is noticed and therefore shows relation
with the influence of the plasma activation step performed prior to the plasma deposition.

The system UH2kPs also shows similar degradation rate to the systems UM2eP; and
UR3ePsP. Here the degradation mechanism is different. In this case, the plasma polymer
layer remains stable during the immersion tests. Further tests would be necessary to fully
understand the degradation mechanism in this case.

Argon activation also influenced the barrier properties of the coil coating, however, with
lower degree. Moreover, the generated plasma polymer film using argon carrier gas is
compact and stable during immersion, exactly as intended with the process. The systems
stability is very high, maintaining long term protection during the immersion tests.

7.6. Estimation of Economical Aspects

To complement the study of the plasma polymer films deposited in the coil coating,
estimation of the economical aspects was carried out * to calculate the financial impact
caused by the introduction of the plasma polymerization process in the coil coating
production line.
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Estimation of economical aspects used the data generated from the hollow cathode
reactor, using basic calculations of the consumption of monomer, argon and oxygen gases
as well as electric power, derived from a series of high rate deposition experiments. The
highest rate observed was 60 nm s™ for a static deposition experiment on a silicon wafer,
using monomer flux of TMS at 625 sccm with argon and oxygen fluxes set to 500 sccm
and 5000 sccm, respectively. The power input is 2.5 kW.

The calculations on which the economical estimation is based are carried out using an
annual plant throughput of 200,000 tons of coil coated steel. The deposition system design
consists of five deposition loops, in order to achieve layer thickness of 150 nm, while
maintaining a constant plant speed compared to the current plant. In Table 7.1 and Table
7.2 appear the estimations considering the use of TMS and HMDSO as monomer gas.

Assumptions:
e The coating setup consists in the strip hollow cathode principle.

e The conversion of the monomer and its transfer as polymer film to the coil coating
is 100% (achieved with an optimised hollow cathode set-up).

e The coating thickness expected is 150 nm.

e The cost of TMS as monomer gas is € 100 per kg, and for HMDSO as alternative
gas is € 5 per kg.

e The investment cost is € 10,000,000, (depreciation: 10 years, therefore cost per
year is € 1,000,000).

e The consumption of gases and power increases linearly with the steel strip width.

e Production capacity of 200,000 tonnes per year is kept constant, therefore is
necessary the installation of five deposition loops.

From the tables, it is evident that the monomer cost plays the biggest role in these
calculations. This aspect becomes even more important since higher deposition rates
appear for HMDSO as monomer component.
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Table 7.1 Estimated cost for the plasma deposition step using TMS monomer.

running costs

monomer (TMS)

other gases (argon, oxygen)

electricity (generators)
electricity (vacuum pumps)

supplies (pump oil, lube, compressed air)

SUM running costs
investment costs
deposition equipment
plant modification
monomer storage facility
SUM investment costs
additional costs

special maintenance
research & development
SUM additional costs

total costs

quantity

26,600 sccm
234,000 sccm
106 kW
1100 kW

500 hours
0,5 man-year

costs per year

€ 11 100 000
€ 237 000

€ 40 500

€ 319 000

€ 50 000
€11 746 500

€1 000 000
€ 500 000
€ 500 000

€2 000 000

€ 35 000
€126 000
€161 000

€ 13 907 500

costs per ton

€ 55,50
€1.19
€0,20
€1,60
€0,25

€58,74

€5,00
€250
€250
€ 10,00

€0,18
€0,63
€0,81

€ 69,54

Table 7.2 Estimated cost for the plasma deposition step using HMDSO monomer.

running costs

monomer (HMDSO)

other gases (argon, oxygen)

electricity (generators)
electricity (vacuum pumps)

supplies (pump oil, lube, compressed air)

SUM running costs
investment costs
deposition equipment
plant modification
monomer storage facility
SUM investment costs
additional costs

special maintenance
research & development
SUM additional costs

total costs

guantity

7,655 sccm
43,380 sccrn
TTKW
1100 kW

500 hours
0,5 man-year

costs per year

€ 155 000
€ 27 000
€22 500
€ 240 000
€ 50 000
€ 494 500

€1 000 000
€ 500 000
€ 500 000

€ 2 000 000

€ 35000
€ 126 000
€161 000

€ 2 655500

costs per ton

€0,78
€0,14
€0,11
€1,20
€0,25
€241

€5,00
€250
€250
€ 10,00

€0,18
€0,63
€0,81

€13,28
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Section 8. Conclusions

The aim of the ECSC project 7210-PR/383, * in which this work was originated, was to
improve scratch resistance, clean easiness, anti-fingerprint properties and colour control of
coil coatings by the deposition of a thin plasma polymer film. The results presented in this
thesis deal with the influence of the plasma polymerization conditions on the coil coating
barrier properties that are related to paint degradation and at a latter stage corrosion of the
metallic substrate. Summary of the most important conclusions appears here.

Several techniques were used to study the plasma deposited film and obtain both the
surface and barrier properties of the coated systems.

- Electrochemical impedance spectroscopy assessed the coating capacitance (Ccoar)
and the coating pore resistance (Ry,). The coating water uptake was determined
from impedance measurements at constant frequency. All these parameters
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allowed the analysis of the systems’ performance in terms of their barrier
properties. These parameters showed good reproducibility and correlated well with
the systems’ degradation. The results permitted to study specific variations of the
plasma polymerization process and the influence of these on the coil coating
properties.

Transmission electron microscopy showed important details of the plasma polymer
layer revealing their structure and thickness variation due to modifications of the
plasma process parameters. The success of the technique was achieved after
development of a proper methodology for sample preparation.

Scanning electron microscopy showed the surface morphology of the systems
before and after the immersion tests. Only the polyester systems were analysed
since the electron beam energy destroyed the polyurethane systems.

For the polyurethane systems, atomic force microscopy was used to study the
systems surface morphology. The arithmetic roughness and the average height
permitted to quantify the surface variation during testing.

The surface elemental composition calculated from energy-dispersive x-ray
spectroscopy showed the representative elements of the plasma polymer film.
Their semi-quantification permitted to verify their stability during the tests.

CIE colour coordinates, obtained by surface reflection of the plasma polymerized
systems, were also analysed. The observed colour changes correlate with the
plasma polymerization conditions and with the film stability in the testing
environment.

Correlation of the surface morphology, composition data and structure information with
impedance results help to clarify the degradation mechanisms of the systems during
testing. This procedure showed how the plasma polymerization process influences the coill
coatings properties.

The plasma activation step proved to be important. This step was used to clean the
surface promoting the adhesion of the plasma polymer film to the coil coating. However,
simultaneously damage of the coil coating barrier properties arises since the coil coating
surface is directly exposed to the plasma conditions.
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Activation using the microwave plasma reactor leads to an increase of the surface
roughness influencing the barrier properties of the coil coating. The barrier
properties strongly decrease when the plasma activation uses oxygen, forming
surface oxygenated bonds. Plasma activation with argon leads to smaller variation
of these properties. In the latter one occurs abstraction of hydrogen atoms and
removal of low molecular weight species from the coil coating surface.

Activation using the radio frequency plasma reactor also increases the surface
roughness, but in much lower extent. The negative influence on the coil coating




barrier properties was particularly important when the specimens were treated in
the grounded electrode. For the specimens in the powered electrode, on the other
hand, no significant variation of the barrier properties occurs.

The activation step precedes the deposition of the plasma polymer film. The plasma
deposition step , when preformed correctly, is able to annul the negative influence of the
plasma activation stage. When this occurs, the coil coatings could gain improved surface
properties, like scratch resistance and surface hydrophobicity, maintaining the original
barrier properties.

For the microwave plasma reactor, two important process variables are mandatory
to increase the long term performance of the systems. The first is the use of
relatively lower pressure during plasma polymerization. This leads to the decrease
of the particle size and of the film thickness, which increases the film stability during
immersion. The second is the use of argon carrier gas rather than oxygen, since
smaller particles and thinner layers with compact structure are generated. These
conditions together lead to very high stability of the plasma polymerized systems
during immersion.

Plasma polymerization on the radio frequency plasma reactor using the grounded
electrode location generated thin, compact and stable plasma polymer films, which
maintain the original barrier properties. The use of the powered electrode location,
on the other hand, strongly influenced the protection properties. Here, stable
plasma polymer films were formed. However, lower barrier properties for all the
systems prepared in this electrode location were obtained.

Another important variable for the radio frequency plasma reactor is the
combination of steps during the process. The results show that the greatest
performance is achieved using the combination of plasma activation, plasma
deposition and plasma stabilization steps — stage 3. This gives always better
performance systems for both electrode locations, although the G electrode
location has better long term performance.

Plasma polymerization in hollow cathode plasma reactor simulates continuous
deposition. The generated plasma polymer film is thick, particulate and stable
during immersion. However, a negative influence on the protection properties of the
systems appears, decreasing their performance. Further testing would be
necessary to optimize this procedure.

With the present work it was shown that it is possible to carry out the plasma
polymerization process on coil coated metal without damaging the barrier properties of the
coating and without altering its colour. However, the experimental conditions should be
criteriously chosen.

203



Based on this it was possible in this ECSC project to deposit polymerized films that have
improved the scratch resistance and/or anti-fingerprint properties without diminishing the
weathering resistance. Nevertheless, that is out of this thesis scope.

The financial impact caused by the introduction of the plasma polymerization process on
the coil coating production line was analysed for the hollow cathode reactor. The results
suggest that the differences in cost for two of the monomers used depend mainly on the
chemicals (precursors) price, since the other costs are identical.
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Section 9. Future Work

Some suggestions for future work appear here in two groups. The first concerns work
started in the frame of this work but not completed. The second group presents proposals
considered the natural continuation of the present work.

« Work Started but Not Completed

- Surface Chemical Groups

The plasma polymer films have different surface chemical groups depending on the
precursor mixture and on the polymerization conditions. Most of the surface properties
show dependence of these chemical groups. Study of their evolution during immersion
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permits to verify the stability of the produced surface properties of the respective plasma
polymer layer when exposed to the testing conditions.

Several attempts performed to obtain information concerning the chemical surface groups
using infrared spectroscopy methods were performed. A first attempt used attenuated total
reflection infrared spectroscopy (ATR-IR), but problems with the intensity of the used
radiation limited the results obtained. High intensity led to overlapping peaks from the coil
coating with the peaks from the plasma polymer film, whereas lower intensity does not
gave enough information to resolve the plasma polymer film peaks.

Only by the end of PhD, Raman spectroscopy and infrared spectroscopy were tried
showing promising results and permitting to individualise the peaks attributed to the
plasma polymer film and to the coil coating. This work should continue.

— Exposure to High Temperature

EIS measurements with samples exposed to higher temperature, showed to be an
interesting way to accelerate the degradation rate of the systems, providing faster
screening of the performance. The correlation with results obtained at ambient
temperature can provide faster knowledge of the systems degradation. In the course of
this work, some problems of reproducibility were encountered and only one temperature
was investigated, 45° C. Continuation should include higher and lower temperatures, e.g.
30, 45 and 55° C. The possibility of introducing lower temperature than the environment is
also considered.

« Continuation of the Work

— Natural and Accelerated Weathering Tests

Many coil coatings serve in the outdoor. For this reason, the plasma polymer films
capability of increasing their weathering resistance is important. Natural exposition and
accelerated weathering of the systems should be used. Examples are different testing
environments, wet/dry immersion cycles, ultraviolet radiation and high temperature
immersion tests.

— Formability tests

Formability tests are an important aspect of the coil coating systems, since they are
formed to their final shape after the application of the coil coating. The influence of the
formability on the plasma polymerized systems is, therefore, a very important subject of
investigation.
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— Surface Properties

Contact angle measurements after the plasma polymerization process is another
interesting test to verify the systems surface properties. The contact angle evolution,
during weathering, permits to find relations between the surface nature, hydrophobicity and
the degradation processes.

— Composition

Auger electron spectroscopy and X-ray photoelectron spectroscopy would introduce
surface composition maps of the plasma polymer films surface. The composition evolution
during immersion can help to confirm the degradation mechanisms. These techniques
used with sputtering provide composition profile giving further characterization of the
plasma polymer films.
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Appendix - Activation and Deposition (R)

One more partial plasma polymerization treatment was used with the R plasma reactor, in
order to understand the influence of the plasma stabilization step. This was performed
using the sequence: plasma activation step and the plasma deposition step, i.e. plasma
polymerization procedure without the final stabilization step (stage 2 accordingly with Table
4.1). The procedure used similar conditions to the ones described in point 4.1.2.ii, however
the combination of time of the process, carrier gas employed and precursor mixture used
is not contemplated in the Table 4.2. For this reason was attributed the letter j to this new
combination. The pressure during the plasma polymerization corresponds to Ps, according
with Table 4.3.

For the deposition, the two P and G electrode locations were used but the treatment was
only performed on the U coil coating. A summary of the conditions used during the plasma
polymerization treatment with the respective label is shown in Table a.
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Table a Systems prepared at G and P electrode location of R plasma reactor, with the
respective label correspondence.

coil coatin stage recursor mixture pressure label
9 g P (mbar)
Polyurethane plasma . UR2jPsG
U deposition e ISR EnE B Ui 17 UR2jPsP

« Systems Characterization

The results for the systems treated with the sequence plasma activation and plasma
deposition (stage 2) are here analysed.

The value of the capacitance of the coating systems permits to estimate the water uptake
rate with the empirical relation of Brasher and Kingsbury, *?® using eq. 3.13 by following the
procedure described in point 3.1.4. The water uptake plots for the systems UR2jPsP and
UR2jPsG appear in Figure a. The systems UR3ePsP and UR3ePsG water uptake are also
in the same figure for comparison.

Similar very fast initial water uptake is observed for all the systems, characteristic
behaviour of organic coatings. **#'%12° The water uptake and the saturation level reached
are dependent of the stage used during the R plasma polymerization. The specimen

location in the plasma reactor also appears to have strong influence on the systems
behaviour.

0.06
—o—UR2jPP
—o—UR2jP,G
0.04
UR3eP.P
UR3eP,G

water uptake / %

0.02 —x==U coil coating

0.00 " 1 " 1 " 1 " 1 " 1

time / days

Figure a Water uptake plot for the plasma polymerized U systems using the R plasma reactor.
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The system UR2jPsP has higher water saturation level, even higher than system
UR3ePsP, suggesting that initially already has stronger degradation. The system UR2jPsG
has better performance but the saturation level obtained is still higher than for the system
UR3ePsG and unmodified U coil coating.

The Figure b, AFM images in page 222, shows the surface morphology evolution of the
same systems, UR2jPsG and UR2jPsP. After the plasma deposition, AFM images with the
label 0 days, particulate surface morphology is obtained, similar to the other plasma
polymerized systems using R plasma reactor, point 6.3.4. The particles present in the AFM
images have 50 nm diameter for the system UR2jPsG and 90 nm for the system UR2jP5P.
The EDS measurements performed for the same systems show the presence of the silicon
element, Table bError! Reference source not found. . This is the representative element
of the plasma polymer film.

Table b Composition evolution during the immersion tests of the systems UR2jPsG and

UR2jPsP.
time UR2jPsG UR2jPsP
(days) fluorine silicon fluorine silicon
0 49 0.3 55 0.7
7 50 0.2 55 0.1
30 43 0.2 45 0.1
60 59 0.1 47 0.1

During immersion, the surface morphology has some variation, showing a small variation
of the R, and h values. The silicon content has higher variation, showing content decrease
for both systems. The system UR2jPsG shows continuous decrease of the silicon content
until vestigial values, which are reached only after 60 days of immersion. The system
UR2jPsP shows a drop of the silicon content immediately after 7 days of immersion. These
results suggest that the plasma polymer film is removed during immersion

These results show that degradation of the produced systems occurred during the
immersion tests. It is also noticed a difference between the two electrodes location, being
the G location the one with slower degradation and thus better performance. Their
performance is, however, worse than the systems UR3ePsG and UR3ePsP.
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Appendix

Figure b AFM 1x1 ym images with the surface morphology evolution during immersion for the
systems a. UR2jPsP and b. UR2jPsG. The R, and h values in nm are in the correspondent
image.
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