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Abstract

Corrosion is a major oilfield flow assurance problem with coatings being commonly
used by industry as a barrier to electrochemically active species. In recent years,
studies on sol-gel materials have drawn an increased interest, gaining more
recognition as an alternative to conventional coatings due to many promising

properties.

In this project different sol-gel coatings were developed and studied in order to
optimize their physicochemical properties with particular attention to their corrosion
resistance. To evaluate the protective properties metal coupons (stainless steel and
carbon steel) coated with inorganic/hybrid, organic and hybrid/composite coatings
were subjected to a mildly corrosive environment at first. Then the focus of the
second batch was on non-functionalised inorganic/hybrid coatings and other
inorganic/hybrid coatings with the same sol-gel structure and composition but in
addition doped with a titanium precursor. The doped coatings were prepared by
hydrolysis of a titanium butoxide through the sol-gel process. The purpose of this
batch was to evaluate the advantages of titanium butoxide and the influence of its
concentration on its properties. In the final batch the focus was on the link between
parameters such as curing process and solvent used during the sol-gel mechanism
to the corrosion behaviour. The purpose was to investigate the effect of the solvent
as well as the curing process on the anti-corrosion properties of the different

coatings.

Several methods, chemical and mechanical, were used throughout the project to
identify and analyze the results obtained and improved the coatings. The EIS data
could be linked to the corrosion progress while being compared to the evolution of
spectra from FTIR data. The impedance spectroscopy also gave information on the
water intake. The substrate proved to have an influence on the adhesion of the
coating as opposition to the amount of precursor added. The doping with a titanium
precursor led to coatings with improved anti-corrosion properties but only within a
certain percentage range (between 0% and 6% but less than 10%). There seem to
be a limit to the amount of titanium allowing the anti-corrosive properties to protect
the substrate.
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Chapter I. Introduction

1.1lIntroduction and Background of the Research

Metallic materials are widely used in many industrial fields (e.g., automotive,
aeronautics, marine, petroleum industry, etc.) but can corrode when exposed to an
aggressive environment. Corrosion is one of the main contributors of material loss in
our society. Corrosion is partly responsible for about 25% of failures experienced in
the oil and gas production industry, while more than 50% of failures are associated
with sweet (presence of CO,) and sour (presence of H,S) corrosions in pipelines [1].
This major risk in oil and gas production requires the understanding of the failure
mechanism and procedures for assessment and control [2]. Fluid flowing from oil
and gas pipelines has a combination of chemicals such as (but not limited to) CO-,
H,S, organic acids, bacteria and water. These constituents are among the major

causes of corrosion in pipeline [2].

In some cases metals used for construction purposes are inadequate when exposed
to the atmosphere. With the help of a coating, a longer period of time is required for
corrosion to form on the substrate. Thus it is important that the coating material is
selected for an application in a specific environment. Actual studies are working on
the improvement and enhancement of the lifetime against corrosion and coatings

can help to manage corrosion.

Several methods are known to control corrosion [3]. The selection of the substrate is
important as the corrosion resistance of a metal depends on its corrosion behaviour
as well as the environment (chemical

chemical compounds which allow lessening the corrosion rate of a material when
added to a liquid or a gas. Protective coatings are well-known and used for
corrosion protection (e.g., sol-gel, epoxy resins) as they create a physical barrier

between the metallic substrate and the environment.

Inhibitors are sometimes used in addition to coatings in order to avoid corrosion but
they are not used in the current project and thus will not be developed. Other

common types of coatings used in oil and gas environment are shown in Table 1.1.

compos



Table 1.1 Main coatings used for corrosion protection [4, 5]
Type of

coating

Property Drawback

Can be damaged during

Corrosion protection/extension of | the assembly of fasteners
Fluoropolymer

component life in the field and high melt
viscosity
Corrosion resistant/ high impact Expensive and relatively
Epoxy . . L .
and chemical resistance brittle if epoxy phenolic
Sol-gel Scratching/abrasion resistance Porosity

and thermal stability

Polyurethane Chemical rfas.lstant( Water and Adhesion
humidity resistant

Sol-gel technologies were developed during the past 50 years as an alternative for
the preparation of glasses and ceramics at considerably lower temperatures. Sol-gel
synthesis becomes, however, much more interesting for highly advanced ceramic
materials [6-8]. Sol-gel coatings were created after the issue of chromate coatings,
proved as really effective for corrosion protection but it was discovered that
hexavalent chromium compound, the chemical most widely used in the immersion
bath process, is highly toxic. Sol-gel process generally consists of thin films
deposited on solid substrates from a liquid solution (sol) turning into a gel. These
thin films find their application for different fields such as modifying the reflectivity of

the substrateds surface, altering [Pt s

Design can also help to reduce corrosion problems, cost and time. Corrosion
generally occurs in cracks or fissures, spaces where the corrosive element becomes
more damaging. These areas can be eliminated or minimized in the design process
[3]. The use of coatings is particularly recommended in aggressive environment.
Ceramic films can be used to improve the resistance against high temperature
oxidation and corrosion of metals. Among the different ways of controlling corrosion,
the sol-gel process is a less expensive, simple and non-hazardous method for
processing ceramic coatings with control over the composition and the
microstructure [10]. A more generic approach to enhance corrosion resistance is to
apply protective films or coatings such as paint. Coatings are often used as a
protective layer over the metal substrate to prevent the substrate from oxidizing,
acting as a barrier, hindering the flow of current which is essential to link the areas
of anodic and cathodic activity on the substrate [11]. This mostly takes place if the
coating wets the surface of the substrate and then adheres well in the presence of

electrolyte and water. Coatings do not really stop oxygen sufficiently to make its

rigidi



concentration at the surface rate limiting, and they do not completely stop water
ingress into coatings. However, an efficient coating which acts as a barrier slows the
penetration of water and electrolyte while remaining in place at the substrate/coating

interface.

That is why the sol-gel process has been more and more used in the last decades. It
is essential not to forget the properties of both the substrate and coating as well as
the properties of the final combination. Therefore the choice of the substrate and of

the coating has a considerable interest and must be fully taken into consideration.

The close control of parameters of the soli gel reactions leads to the design of new
advanced materials with interesting properties for many applications. Materials with
different compositions can be easily obtained in the form of glasses, fibres, ceramic

powders and thin films [12].

There is an increasing technological need to protect metallic structures in
aggressive environments such as acidic or oxidizing environments. Metallic
materials are widely used in all kinds of industrial fields (i.e. automotive, aeronautics,
marine, petroleum industry) but can corrode in aggressive environments. Several
methods are known to control deterioration [6, 13]. In that regard, the protection of
metallic materials is one of the most promising applications of sol-gel coatings. The
close control of parameters of sol-gel reactions leads to the design of new advanced
materials with interesting properties for many applications. Sol-gel synthesis offers a

great potential for corrosion protection for advanced ceramic materials [6].

By means of a coating, a longer period of time is required for rust to form on the
substrate. Therefore it is important that the proper coating material be selected for

application in a specific environment.

For a coating to be effective, it must isolate the base material from the environment.
The service life of the coating depends on the thickness and the chemical properties
of the coating layer. To be effective, the coatingés d

that of the base metal or it must be maintained by some means [14].

Surface preparation, which includes cleaning and pre-treatment, is the most
important step in any coating operation. In order to have good adhesion, the
surfaces must be free from any lose particles or corrosion products. The choice of
cleaning method depends on the substrate and the size and shape of the object. To

improve coating adhesion, pre-treatments are applied after cleaning [14].



1.20bjectives of the Research

The aim of this study is to understand the structure-property relationships in order to
establish the link between the coating processing parameters, the sol-gel coating
compositions and corrosion behaviour. Different coatings from the sponsor company
EPG-AG were studied in order to evaluate this link between their properties:
hybrid/composites, organic and inorganic/hybrid silica sol-gel coatings, with or
without doping (titanium butoxide in the precursor) and with different curing
processes. This study also presents results for different types of coatings deposited
on different substrates. The properties of both the substrate and coating are studied

and corrosion as well as erosion-corrosion.
The main objectives are:

1 To study the coatings of this project, which are established coatings for
automotive applications, in order for them to be applied in another field.

1 To link the structure of the coatings to the properties in terms of corrosion
rates using surface characterisation techniques

1 To use impedance spectroscopy to probe the metal/coating interface,
understand the corrosion mechanism and investigate the corrosion
behaviour of the coating systems in a saline environment

1 To study the effect of several parameters; metal substrate, coating
composition, curing process and especially the use of titanium butoxide as a

dopant, on the corrosion behaviour of the coating systems.

1.3 Outline of the Thesis

This thesis is composed of nine chapters.

The second chapter includes Fundamental Theories, discussing the different types
of corrosion that can happen, electrochemical reactions and how electrochemical

corrosion methods work as well as the theory about the sol-gel process.

Chapter three, Literature Review, presents the subject area, its background and a
summary of the current research status. It is divided into sections relevant to our

subject; corrosion of coatings and the methods to evaluate this, the sol-gel coatings



literature around structure-property relationships and the general processing

parameters that may affect corrosion.

The fourth chapter is Experimental Procedures and Characterisation Techniques,
describing the different batches of samples, experimental techniques, methods and
procedures used in this study. The pre and post-test examination procedures are
also explained in this chapter. Experiments are carried out to assess the evolution of
the corrosion on different types of substrates with or without coatings. Further

characterisation of the materials is presented here.

Chapter five, Characterisation and Properties of the Coatings Prior to Corrosion
Tests, presents results about characterisation of the samples before immersion, the
samples being analysed before any experiment to obtain information on their
chemistry and properties. Several analytical methods are used to present their

properties.

The sixth chapter, Resistance to Corrosion and Erosion-Corrosion, presents the
experimental results of the electrochemical experiments performed on the samples.
The behaviour of the samples of the different batches are presented and explained
with the mean of impedance plots and equivalent circuits which can be used to fit

the data and thus give numerical values.

Chapter seven, Characterisation and Properties of the Coatings After Experiment,
presents the results of analyses done on the samples after the immersion
experiments and displays the evolution of the corrosion or of the coatings of those

same samples.

Chapter eight provides a detailed Discussion as a direct response to experimental
results. The principal sections in this chapter are the relation between the different
methods of experiments and analyses done on the samples and the links that can
be made between them. It sets out the major contribution from the thesis and links

the results from this thesis with the wider literature.

The Conclusions obtained from this study are then summarised in chapter nine.

Some concluding remarks are presented.



Chapter Il. Fundamental Theories

2.1 Presentation of the Chapter

This chapter introduces the principles of corrosion, the theory with the different types
of corrosion most likely to occur. Then the thermodynamics and kinetics are
explained to present the reactions of the mechanism. In a second part the sol-gel
process is presented with an explanation about the different stages and equations
and then the types of sol-gel coatings.

2.2 Theory of Corrosion

Corrosion can be described as the degradation of materials due to chemical or
electrochemical reactions with the environment, leading to deterioration of the metal
and its properties. The reactions can be chemical, electrochemical, physical or a
combination [3, 15, 16]. The materials can be metals, ceramics or polymers and the
environments can be agueous or hon aqueous, liquids or gases. However corrosion
is often referred to metallic materials and the current project is about protecting
pipelines in oil and gas industry. The aftermath of corrosion in oil and gas industry,
especially pipelines consists mainly of environmental damage, health and safety
risks, production shutdown, excessive repair and replacement costs [17]. It occurs
most of the time in the presence of hydrogen sulphide gas (H,S), which is qualified
as sour corrosion or in the presence of carbon dioxide gas (CO,), referred to as

sweet corrosion.

There are five primary methods of corrosion control: material selection, coatings,

inhibitors, cathodic protection and design [3].

Regarding the selection of materials and substrates, each metal and alloy has its
unigue corrosion resistance behaviour (for example high resistance for noble metals
or low corrosion resistance for active metals). Moreover, the environment in which
the metal is exposed has a strong influence on its corrosion resistance and depends
on the chemical composition, temperature, velocity etc. In oil and gas industry, an
acceptable rate of corrosion would usually be fixed and the purpose of the

experiment would be to equal the actual corrosion resistance of the material and the



corrosivity of the environment to the defined corrosion rate (or have a lower value)

[3].

The conductivity of a solution is a measure of its ability to transport current. A high
conductivity solution easily transports current, whereas a solution with low
conductivity transports current much less effectively. The conductivity is inversely

proportional to resistivity; that is, if conductivity increases, resistivity decreases.

Various solutions exhibit a wide range of conductivities. Seawater is a highly
conductive solution and has a very low resistance to transporting current (typical
value of conductivity is 5 S/m) [18]. Distilled water, on the other hand, is a very low-
conductivity solution and has a high resistance to the transport of current (typical
value of 5.5.10°° S/m) [18]. Distilled water, having a lower conductivity, is thus much

less corrosive than sea water [3].

In general, as the concentration of dissolved species in the solution increases, the
conductivity increases, and as the conductivity of the solution increases, the

corrosion of metals in that solution increases.

2.2.1 Presentation of Different Types of Corrosion

Corrosion can be divided into general corrosion (around 25% of the cases) and
localised corrosion. General corrosion is often measured with methodologies such
as weight loss, electrochemical or non-electrochemical techniques. The
determination of the severity and the extent of the localised corrosion involves the
use of inspection tools or even microscopic techniques. The main types of corrosion

encountered in oil and gas will be presented as seen in Figure 2.1 and Figure 2.2.

The corrosion rate can be deduced from the relation of the corrosivity of the

environment and the corrosion resistance of a material [3].
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Figure 2.1 Macroscopic versus microscopic forms of corrosion [19]
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Figure 2.2 Main types of corrosion damage [20, 21]



The metal substrate itself can behave in three different ways when immersed in an
environment: immune, active and passive [3]. Stainless steels are known for their
good corrosion resistance in many corrosive environments, but in the presence of
chloride ions are susceptible to localized corrosion [22]. Steels have different
behaviours depending on their nature. Under static conditions, stainless steels show
low corrosion rates as opposed to medium carbon steels that corrode at high rates.
This can be explained through the high chromium content which generates the
formation of a passive film that protects the metal against corrosion. While being in
an environment more aggressive (for example with the presence of solid particles),
the protective film of the stainless steels fails to keep its integrity which results in
increased corrosion rates but which are, still much lower than the rates of the

medium carbon steel [23].

The immune behaviour means that there is no reaction between the environment
and the metal hence no corrosion on the substrate. Metals known to display this
immunity are called noble metals (example: gold, silver and platinum). Immune
behaviour results from the metal being thermodynamically stable in the particular

environment; the corrosion reaction does not occur spontaneously [3].

The behaviour of a metal is described as active when it corrodes in the solution: the
metal dissolves in solution, producing non-protective corrosion products. Corrosion
or dissolution of the metal continues in this solution because the corrosion products
do not prevent subsequent corrosion. Active corrosion is characterized by high

weight loss of the metal [3].

The passive behaviour is when the metal reacts while or after being immersed in the
solution and the metal does corrode. However, an insoluble, protective corrosion
product film is formed. These corrosion products thus form a protective barrier on
the alloy surface and prevent the electrochemical interaction between the
environment and the metal [24, 25]. This thin protective film, also referred to as a
passive film, slows the reaction rate to very low levels. The corrosion resistance of
the metal in this case depends on the integrity of the protective film. However the

metal can regress to an active behaviour if the passive film is broken or dissolves

3].

Iron can be found in the states of immunity, passivity and corrosion on water
depending on the pH and the applied potential. Its different states are presented in
Figure 2.3.
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Figure 2.3 Pourbaix diagram of lron [2]

1 General/Uniform Corrosion

The most common form of corrosion in the oil and gas industry occurs when the
metal comes in contact with an agqueous environment and rusts. It can occur equally
or with equivalent intensity over the entire exposed surface causing a uniform mass
loss of the material. General corrosion is observed when the exposed metal (or
alloy) surface is entirely corroded in an environment because of a uniform
penetration and rate of the electrolyte. All metals are affected (although passive
materials are subjected to localized form of attack) [3, 25-30]. It usually is easier to
be measured (with methodologies such as weight loss, electrochemical or non
electrochemical techniques) and predicted, making important failure relatively rare.
In most cases it can be controlled by cathodic protection or use of coatings [3, 21,
26, 31, 32].
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1 Localized corrosion
Localized corrosion implies that specific parts of an exposed surface area corrode in
a suitable electrolyte, at much higher rate than over the rest of the surface. This
form of corrosion is more difficult to control than general corrosion. All metals are
affected, although passive materials, such as stainless steel or Ni-Cr alloys are
normally subjected to localized forms of attack. The susceptibility of metals to be
subjected to localized corrosion as well as its rate is linked to the quality of the
passive film [3, 25, 27-29].

9 Galvanic Corrosion
Galvanic corrosion occurs when a metal or alloy is electrically coupled to another
metal or conducting non-metal in the same electrolyte, two dissimilar materials being
in direct electrical contact in a corrosive environment. The two metals, which have
different potentials in a conducting electrode, result in the more anodic metal being
the one subjected to galvanic corrosion. In this case, in opposition to the other forms
of corrosion where the anodic and cathodic sites are separated, the anode and the
cathode exist on the same surface. This type of corrosion can be encountered on
surfaces where the chemical composition is not homogeneous and it the basis for

sacrificial cathodic protection systems [3, 25, 27-29].

Knowledge of the galvanic series of metals/alloys is important in preventing galvanic
corrosion attack. Figure 2.5 lists and arranges the pure metals according to their

relative potentials in a given environment.

Galvanic Corrosion

Attack{L

™ \“““m_ - < .
More Noble Less Noble
(Cathodic) (Anodic)

Figure 2.4 lllustration of galvanic corrosion [33]
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Figure 2.5 Galvanic series of metals and alloys [34]

1 Pitting Corrosion
Pitting corrosion is an extremely localized corrosion mechanism that causes
destructive pits, which attack areas of metal surfaces where there are surface
scratches, an emerging dislocation or a compositional heterogeneity. Pits can either
be isolated from each other or close together. Pitting occurs when one area of a
metal becomes anodic or when highly localized changes in the corrosive
environment in contact with the metal, for example pits or crevices, cause
accelerated localized attack. It is a local dissolution, leading to the formation of pits
in passivated metals or alloys exposed to electrolytes containing aggressive anions.
It is aggravated with increasing temperatures. Pits are generally small and often

remain undetected. The pit part becomes the anode while the intact surface
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becomes the cathode of the electrochemical cell [3, 25, 27-29]. Pits can be of

different shapes, as presented in Figure 2.6.

Elliptical Vertical grain attack

Subsurface Undercutting

Horizontal grain attack

Figure 2.6 Common pit shapes [35]

T CO.,/ sweet corrosion
Carbon dioxide is an important corrosion factor in oil and gas production
environments. Carbon dioxide dissolves in water to form a weak acidic oxide which

reacts with iron. This type of corrosi

It is responsible for most types of general corrosion in oil and gas pipelines. The
characteristics of CO, corrosion of carbon and low alloy steel are much more
complex than for other weak acids primarily because of the semi-protective nature of
corrosion products formed on the steel surface. These products include FeCO; and
Fes0,4, and undissolved Fe;C in some cases. Velocity may disrupt the protective
nature of the corrosion products via a mechanical erosive effect or via a mass
transfer effect involving dissolved iron ions. The oil and gas industry is currently
using a wide selection of corrosion resistant alloys to solve the difficult corrosion
problems associated with corrosive downhole environments. The applicability of
each alloy depends upon the severity of the environment and the strength

requirements [36, 37].

The corrosiveness of the water saturated CO, environments is dependent upon the

CO,-partial pressure (pCO,), water composition, temperature, flow conditions and
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presence of hydrocarbon liquids. Weight loss, pitting and crevice corrosion are the
primary concerns in these environments. CO, corrosion has been successfully
mitigated by use of effective corrosion inhibition programs or corrosion resistant

alloys depending on the severity of the environment.

Many deep wells have encountered oil and gas with high levels of CO, in the gas
phase. The CO, is readily adsorbed in any water present, which reduces the pH and
increases corrosivity. The relative effect on pH depends on the partial pressure of
CO,, temperature, and the presence of buffers in the water phase. In oil wells, the
pH of the water is often buffered by bicarbonates available from the produced water,
which is produced along with the oil. By contrast, any water present in gas wells is
most likely a result of water condensation from the water saturated gas phase. In

this case buffers are not available to modify the pH [36].

The corrosion process depends on two main aspects: thermodynamics and kinetics.
The study of thermodynamics indicates the spontaneous direction of the corrosion
reaction, predicting the possibility of corrosion. Kinetic calculations quantify the

corrosion rate and gives information about the degradation of metals.

Figure 2.7 shows the distribution of the types of corrosion encountered by a

company:

Crevice

General

Intergranular
Fatigue Embrittlement

Figure 2.7 Example of distribution of corrosion types [38]



15

1 Erosion
When a solid particle impacts a surface, it can scar the surface. The structures of
these defects depend on many parameters including surface material, particle size,
and impact angle. The mechanism of erosion changes depending on the ductility of
the surface. The erosive particles can cause high degradation rates of the material

as they can damage a stable passive film on the surface of the material [1, 39, 40].

Mechanical erosion and electrochemical corrosion are in nature two different
mechanisms of material loss in erosioni corrosion. The former is a result of various
mechanical forces produced by fluid and the latter is produced by electrochemical

dissolution. They are normally controlled by very different parameters [41].

2.2.2 Thermodynamics of Corrosion

A metal submerged in an electrolyte is called an electrode. The metal and
electrolyte together are electrically neutral, and no measurable external current

flows to or from an electrode in the absence of an external applied voltage.

Corrosion is an electrochemical process involving mass transfer and charge transfer

which require the presence of four key elements to occur:

1 a cathode, metal or another electronic conductor, whose surface provides
sites for the environment to react [42]
an anode, the corroding metal
a metallic conductor, electrical connection between the cathode and anode
to allow the flow of electrons between them [42]

1 an electrolyte in contact with both the cathode and anode providing a path

for ionic conduction [42]

The cell is composed of an anode and a cathode connected through the electrolyte
and through the metal. As all natural phenomena, corrosion will occur
spontaneously it is thermodynamically favourable; this is described by the
thermodynamics of the corrosion reaction in which every element tries to minimize

its energy state.

In order to ensure electroneutrality, charge transfer half reactions take place in

opposing direction, are usually in separated spaces and happening at different
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electrodes which are immersed in the solution in a cell [43]. Corrosion is a loss of
material due to the electrochemical interaction with the environment. The
electrochemical reactions involve electron transfer which means that one of the
most effective corrosion control technique is to electrically isolate the anode from the
cathode [31, 44].

The electrodes are connected via ionic transport by conducting route both located in
the solution, as well as externally so that charge can be transported. The electrolytic
path in Figure 2.8 enables the transportation of the metal ions from the anode to the
cathode. When this occurs, a reduction reaction takes place as shown in Equation
(2.1). The electrons required by this reaction are produced by the reaction of
oxidation at anodic area and provided via the metallic path, as shown in the figure
as well, before being consumed at the cathodic sites [45-47]. This is achieved
through reducible species in the electrolyte adsorbing onto the metal surface and
removing the electrons. When all four elements are present the developed
measured potential is called the free potential or E¢, [32]. Corrosion is often
described chemically as the dissolution of the anode due to an oxidation process by
which a metallic ion leaves the metal surface into the electrolyte (solution). The
metal surface is charged by the excess electrons as presented in Equation (2.2) and
Equation (2.3).

- TA O -

¢« cAo 2.1)
/ ¢/ TA ol (2.2a)
I t(  tAoc¢(/ (2.2b)

With M being the symbol for metal and n the valency of the metal.

Reduction described in Equation (2.2a) happens in neutral or alkaline conditions

while (2.2b) happens in acidic conditions.

So. A 2.3)



17

As shown in Equation (2.1) the solution contains other species that could go through
the reduction process instead of the metal ion on the anode. The pH is what dictates
which reaction will be more likely to occur such as the hydrogen evolution in acidic
conditions or the hydroxide creation in basic environments. In the case of corrosion
of metal components, both anodic and cathodic reactions occur on the surface of a

single component at the same time [2].

anode cathode
Fe ->Fe**+ 2e 2H,0+0,+4e > 40H
Fe** + 2H,0->Fe(OH), + 2H*

Figure 2.8 Schematic of the corrosion mechanisms for iron [48]

The cathode does not normally corrode. Cathodic reactions are possible depending
on which reducible species are present in the solution and strongly depend on the

pH of the solution.

The electrode reactions are heterogeneous and take place in the interfacial region
between the electrode and the solution. It corresponds to the region where charge
distribution differs from that of the bulk phases. At each electrode, charge separation
can be represented by a capacitance and the difficulty of charge transfer by a
resistance [2, 49]. Regarding the nature of the electrode reactions, they are
heterogeneous and take place in the interfacial region between electrode and
solution, the region where charge distribution differs from that of the bulk phases.
The electrode process is affected by the structure of this region. The corrosion
current is thus formed by the flow of electrons between the corroding anode and to
the cathode. The global rate of metal dissolution is influenced by the formation of
corrosion products, their solubility in the electrolyte and the formation of passive
films [2, 16].

In the case of experiments, most electrochemical accelerated tests use a three-

electrode system as presented in Figure 2.9.

A potentiostat is used to control the potential of the working electrode versus a

stable reference electrode submerged in an electrolyte. The external current only
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flows between the working electrode and the counter electrode (or auxiliary
electrode) [31].

Potentiostat

* ®)

Electrolyte

Figure 2.9 Three-electrode cell

The working electrode (WE) is the material to be tested.
The reference electrode (RE) has a stable and known potential.

The counter electrode (CE) ensures that the current does not run through the

reference electrode.

The basis of electrochemical accelerated test techniques is to change the potential
of the working electrode and monitoring the current which is produced as a function
of time or potential through the three-electrode system. Some of these techniques
are: Linear Polarisation Resistance, Tafel Plot, Potentiodynamic Scanning, Cyclic
Polarisation and Electrochemical Impedance Spectroscopy (EIS) or AC Impedance
which will be studied here. Other methods are used in the electrochemical area but

have to be applied on the metal itself without any coating.

Uncertainties or errors in measurement can be minimised by taking data when the
test electrode is at steady state, correcting uncompensated solution resistance,
using appropriate scan rate to collect data, choosing correct test electrode data,

counter electrode area, etc. [30].

Electrochemical impedance is usually measured by applying an AC potential, not
DC voltage, to an electrochemical cell and by measuring the current through the
cell. The difference between AC and DC voltage is that a given DC voltage has a
constant magnitude, and its polarity is either anodic or cathodic. An AC voltage

cycles from peak anodic to peak cathodic amplitudes [30].
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For the AC impedance, a small-amplitude sinusoidal potential perturbation is applied
to the working electrode at a number of separated frequencies. Each frequency
produces values of resistance and capacitance which can provide information on the
corrosion behaviour and its rates but also an insight into the corrosion rate-
controlling mechanisms at the material surface within an electrolyte (especially in
the presence of material coating) [1, 50]. This method allows the creation of
guantitative data that connects to the quality of a coating on a metal substrate. EIS
is a very sensitive method which detects the condition of a coated metal. Thus, the
response can express the changes in the coating before any visible damage occurs.
However this method is not an absolute measurement. In order to monitor and
measure the quality of the coating, the process while measuring EIS must be stress
induced. It also will allow the estimation of a coating failure rate. EIS itself is a non-
destructive measurement, so it can be used to track the evolution of the coated

sample. In most cases, it is possible to identify the cause of coating failure [51].

For the cell itself and the measurements of the impedance, assimilation to electrical

circuits is needed, but first the electrical double-layer needs to be explained.

When a metal is submerged in an electrolyte, its metal ions leave the structure and
their electrons behind in the metal. Water molecules next surround metal ions and
the hydrated ions are free to move away from the metal. The surplus of electrons
cause a negative charge on the metal surface which attracts positively charged
metal ions [30]. The water layer around ions prevents most of them from making
direct contact with excess surface electrons and thus being reduced to metal atoms.
Positive ions in the electrolyte are also attracted to the negatively charged metal
surface. Then the electrolyte layer adjacent to an electrode surface contains water
molecules, ions from the metal and bulk electrolyte, and has a different chemical
composition than the bulk electrolyte. The negatively charged surface of a metal and
the adjacent electrolyte layer are collectively referred to as the Electrical Double
Layer (EDL) [15, 30].
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Figure 2.10 Electric double layer [15]

The EDL, as presented in Figure 2.10, separates the metal surface and the solution.
It behaves as a capacitor, which means that there is a rise in potential across the
interface, between the metal and the test solution. The metal also resists
transferring excess electrons to the electrochemically active ions, which in addition

allows the EDL to behave as a resistor [30].

Figure 2.11 presents a simple electrical circuit which can be used to represent the

properties of the EDL:

Rs Cedl
Ve 1 |
Ret

Figure 2.11 Equivalent circuit model

Ceq is a capacitor (F). It represents the capacitive behaviour of the EDL

Ry is the charge-t r ansf er resistance (q) and

resistance
Rsis the solution resistance (q).

The thermodynamics of corrosion are influenced by the chemical and
electrochemical processes of the surface and interfacial energy of the material [26-
29]. Most pure metals are active and try to react with elements from the
environment. Metals are unstable and can corrode when the opportunity is given.
They try to lower their energy by spontaneously reacting to form solutions or
compounds with greater stability [42]. According to thermodynamic laws, a strong

tendency for high energy states to revert to low energy states also applies to the
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metal/environment relation. For these metals to go back to their natural state, they
have to possess a negative Gibbs free energy ((-qpG) whi ch is the <chan
energy of the metal and environment combination brought about by corrosion [42].
The energy must be negative in the case of a spontaneous reaction. For corrosion
reactions to take place spontaneously, the thermodynamics of the system must be
favourable. In order to determine if a reaction is thermodynamically favourable, the

equation of Gibbs free energy is considered:

.. A
y ¥y 324b——ro (2.4)

Where: a is the chemical activity of products and reactants
®G: Gibbs free)Yenergy (kJ. mol
op G’: standard free energy of the cell (kJ.mol™)

R: ideal gas constant (J.mol™.K™)

T: temperature (K)

F: Faradayés &onstant (C. mol

I f oG has a positive value, then energy wil
place.

However, if oG has a negat usspontareouslye , t hen t h

When it comes to the EDL, the potential which cross it is presented in Equation
(2.5).

y T &% (2.5)

With: @G: Gibbs f)assaiatedwithrthg gxydp-keductiomoefuation
n: number of electrons exchanged

F: Far eodst@nt @smol?)
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E: potential difference between the two half cells at non-standard conditions (V)

Even after the formation of the EDL metal atoms continue to leave the metal
network meaning that corroding metals are not at equilibrium. In order to re-organize
the original conditions of the EDL, more metal atoms are leaving the lattice, which is
caused by electrochemically active species diffusing from the bulk electrolyte to the
metal surface and discharge the EDL at the point on the metal surface where
electrons are removed. As long as the electrochemically active species diffuse to the
metal surface and remove electrons, the EDL is considered to be on a stable state

and the corrosion reaction proceeds in the forward direction [30].

Physically separating two oppositely charged planes produces an electrical
capacitor. Consequently, charge (metal ions and electrons) separation gives an EDL
capacitor-like behaviour. A metal also resists transferring its excess electrons to
electrochemically active species. Consequently, the EDL has both capacitive and
resistive properties and these properties are similar to those for a simple electrical
circuit composed of a capacitor and resistor in parallel. An electrical potential can
also be produced by the charge separation in an EDL. This potential can be
measured as a difference between two metal electrodes, or a metal and reference
electrode [30].

If the oxidized and reduced species involved in an electrode reaction are in
equilibrium at the electrode surface, the Nernst equation can be applied. The
electrode reaction is known as a reversible reaction since it obeys the condition of
thermodynamic reversibility. The Nernst equation mathematically relates EDL

composition to electrical potential:

24 A
% %J A—é N SE— (2.6)
I A
Where: a is the chemical activity of products and reactants
E: measured potential (V)

E®: potential at standard conditions (V)

R, T, n and F represent the same parameters as in Equation (2.4)
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Chemical activity is equal to activity coeff
moles/litre. So Nernstd equation can be rewr
24 .«
%%Jmllri (2.7)

This equation shows that the potential is determined by concentrations of both metal

ions and electrochemically active species in the electrical double layer [30].

The major factor in corrosion is the environment in which the metal is studied [48].
To present a summary of the thermodynamics of a metal and its associated species
in such environment, potential i pH diagrams can be used (also known as Pourbaix
diagrams as presented in Figure 2.3). They do not define the kinetics of the
corrosion reaction but the thermodynamics prediction of corrosion reaction can be
drawn from these diagrams [48] which are based on the Nernst equation. They
relate the corrosion and electrochemical behaviour of most metals in their given
environment. The potential and the pH of these diagrams are the most important
variables that govern the behaviour of metals in their environment, indicating how
they react at a particular potential and pH condition. It shows which reaction will
occur and which products will form during any reaction at the potential-pH condition
[25].

2.2.3 Kinetics of Corrosion

Thermodynamics describe the tendency of a system to corrode but do not give
information about the speed of the corrosion reaction. Kinetics of the corrosion

reaction when considered, give information about which reactions can occur [48].
A chemical process can be simplified as:
Reactants Y Products

where an activation barrier (activated complex) created during the reaction process
is to be overcome before the formation of the products [39]. From the
thermodynamic point of view, this activation barrier has a higher energy level

compared to the readigmetl2d as presented in
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Activation complex

Reactant

v

Reaction coordinate

Figure 2.12 Energy profile adapted [52]

As it can be seen, a difference of energy (activation energy qpG) exists between the
initial position and the activation complex. This energy determines the rate of a

chemical reaction.

For a corrosion reaction,t he corrosion ra8.e 3 is defined i

O EA (2.8)

With: c¢: concentration of reactants (mol)

k: constant of reaction derived from Arrhenius equation presented in (2.9)

e g0 (2.9)

With k: rate constant

A: pre-exponential factor

o G: activation energy (J)

R and T have been defined in Equation (2.4)

The rate of the reaction partly depends on the activation energy. A higher activation

energy decreases the reaction rate.
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The Nernst equation studied in the precedent part does not express a relationship
for electrical current. Electrical current is important because corrosion current can be
converted into a rate of metal penetration by corrosion. The current flowing during
any corrosion reaction is related to the corroding area and is referred to as the
corrosion current density. At equilibrium, the sum of the anodic and cathodic
currentsiszeroand t he deviation from this equilibri
the symbol for overpotential. The overpotential is the difference the equilibrium

potential and the resultant potential.

The polarisation includes three components that can be defined as:

s s E?2 (2.10)
with dap: activation polarisation
dcp: concentration polarisation
i: current (A) or (A.cm™)
R: resistance (YY)

iR element (called Ohmic drop) describes the polarization as a result of the applied

current

The activation polarisation describes the charge transfer Kkinetics in the
electrochemical processes. It is predominant at small polarisation currents or
voltages [3, 44]. It is a manifestation of the relative changes in the activation
energies for dissolution and deposition, when equilibrium is disturbed and refers to
the situation where some steps in a corrosion reaction control the rate of charge or

electron flow.

The concentration polarisation describes the constraints of mass transport
connected to electrochemical processes. It is prevailing for large polarisation
currents or potentials [44]. It refers to the situation when the progress of an
electrode reaction is determined by restrictions either in the rate of supply of

reactants or in the rate of removal of products.
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The Butler-Volmer equation relates electrical current to changes in metal potential
caused by an external power source and is used as a representation of the

polarised surface:

EE A A (2.11)

R, T, n and F represent the same parameters as in Equation (2.4)

i: external current density flowing to or from an electrode because of an applied

potential (A.cm)
icorr: COrrosion current density that occurs when the electrode is at its OCP
U: charge transfer barrier havi®Hhg values tha

d: test electrode overpotenti al and differei

potential (V)

A - is for anodic current while A is for cathodic current

The concentrations of species at the interface depend on the mass transport of
these species from bulk solution, often described by the mass transfer coefficient kg.
A reversible reaction corresponds to the case where the kinetics of the electrode
reaction is much faster than the transport. The kinetics is expressed by a standard
rate constant, Ko, which is the rat e Sothe giteromforawhen E

reversible reaction is ky>>kg.

By contrast, an irreversible reaction is one where the electrode reaction cannot be
reversed. A high Kkinetic barrier has to be overcome, which is achieved by

application of the overpotential and in this case ky,<<kj.

Some reactions, known as quasi-reversible, present an intermediate behaviour
between reversible and irreversible reactions. This is due to the overpotential having
a rather limited value, leading to extra potential reactions which can be reversed.
The potential-dependent expression for the rate constant of an electrode reaction is,

for a reduction:
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EOEA——— (2.12)

And for an oxidation:

= = Aiz (2.13)

In these equations U, and U, are the cathodic and anodic charge transfer coefficients

and are a measure of the symmetry of the activation.

The result of those equations is shown in Figure 2.13. This figure represents the
densities of anodic current and cathodic current as well as the resulting current
density. The current is composed of the two currents, anodic and cathodic, and for
an overpotenti al d=0 both currents have the

resulting current being null.

Anodic current

i>0
. (1-a)Fn/RT i=ia+ i
a=ipe
r//
~ T - Overpotential
f'|<0 /,—-"- ‘ n)ﬂ
// n=0
i = - e-uFm‘RT
i<0

Cathodic current

Figure 2.13 Curves of current density as a function of overpotential [21]
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2.2.4 Factors Affecting Corrosion

The corrosion can be affected or stimulated depending on some conditions of the

environments itself.

1 pH of the environment and water chemistry
Depending on the location of pipelines, the composition of water present in oil and
gas industry installations differ (for example fresh water or seawater [21]) and can
vary from very simple to more complex with numerous species [53]. The main
component of seawater is sodium chloride. When increasing its concentration, the
corrosion rate tends to increase as well. Divalent ions such as iron ions, in certain
conditions, can react with carbonate species when these are present in the system
to form corrosion products. The presence of dissolved gas (H,S or CO, for instance)

or the presence of acetic acid would also start corrosion on the metal [53].

The pH of the environment would influence the composition of the water leading to
influence the electrochemical reactions [54]. An increase of the pH would lead to a

reduction of the corrosion rate due to the formation of protective layers.

T Temperature
Temperature is a crucial parameter influencing the evolution of corrosion and its rate
[54, 55]. When the pH is low, precipitation processes are limited and the corrosion
rate tends to increase with the temperature [53]. In some studies [54, 56] the
temperature was observed to influence the concentration of iron ions, a decrease in
its value for an increase in temperature. Kermani [54] also showed in his study that
the corrosion rate increases with temperature but at low temperatures (<70°C).
Above 90°C, the general corrosion rate decreases (intermediate temperatures being
between 70°C and 90°C) which can be due to the formation of protective corrosion

product.

1 Microstructure
The composition of steel and its microstructure are part of the factors affecting the
corrosion [54]. This parameter also concerns alloys which are not homogeneous

and often composed of at least two different phases but not studied in this project.

The corrosion on coatings will be fully developed in Chapter Il (Part 3.3. Corrosion

of a Coated Sample).
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2.3 Sol-gel Process

The sol-gel process can be defined as a chemical synthesis method initially used for
the preparation of inorganic materials such as glasses and ceramics [57] or as a
colloidal route used to synthesize ceramics with an intermediate stage including a
sol and/or a gel state [6]. It allows a production of equilibrium compositions to be
done using simple, non vacuum methods, which are generally less expensive than

methods which require a vacuum [58].

The sol-gel process concerns the development of inorganic networks through the
formation of a colloidal suspension (sol) and gelation of this sol to form a network in
a continuous liquid phase (gel) [59]. A sol is a colloidal suspension of solid particles
in a liquid, while an aerosol is a colloidal suspension of particles in a gas and an
emulsion is a suspension of liquid droplets in another liquid. Those three kinds of
colloids can be used to make ceramics by generating polymers or particles. Those
solid particles are denser than the surrounding liquid in order to have the forces
responsible of dispersion greater than gravity so the sol can exist. The size of the
particles is between 2nm and 0.2um [60]. The sol-gel method is complex. The
difficulty of its chemistry is due to the metal and the double role of water (as ligand
and solvent in the case of aqueous solution). There is also a certain number of
parameter to take into account as they have to be fully controlled, such as reaction
parameters: hydrolysis and condensation rate of the metal oxide precursors, pH,
temperature, method of mixing, rate of oxidation, nature and concentration of the
anions. Figure 2.14 allows the explanation of the sol-gel process step by step by first
defining colloids and polymers, then the gel-point of gelation and the drying as well

as the final post-processing treatments.

Coatings act as barriers and their protective properties generally improve with the
increase of their film thickness (without imperfections); or in the case where they are
applied in multiple layers. Coatings can act to release inhibitor materials that
passivate the substrate or block the corrosion reactions. Some coatings use soluble
organic inhibitors, but these often leach out the film too rapidly to give long term

protection.

In the case of a coating developed with a metal pigment more electroactive than the
substrate it is deposited on, then the coating can provides cathodic protection to this

substrate. This type of coating provides protection for damaged areas.
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However, because the metal pigments can be oxidized by atmospheric exposure,
they should be kept through an overcoat of the coating [57].

The sol-gel process is similar to the process for creating polymeric materials, and
more precisely an oxide macromolecular network will be created during the
hydrolysis and condensation steps defined in a few pages. The interest in gels is not
only associated to their physicochemical properties but also and especially to the
important opportunities of the colloidal state in the field of the development of
materials.

PRECURSORS

CHEMISTRY SOLUTION

SOL

1. FORMATION
Colloidal pamcle s polymer macromolecules
+ liquid + liquid
GEL POINT
2. GELATION

COLLOIDAL GEL VPOLYMERIC GEL
DRYING

8® =~ 7 &

Powder Fibers Coatings  Monoliths pores

3. DRYING/AGING

SINTERING
CERAMIC

Figure 2.14 Simplified chart of sol-gel processes [6]

All the products that can be obtained from this process are shown in Figure 2.15.
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Figure 2.15 Various products which can be obtained through sol-gel process
[61]

The most important advantages of soli gel process are: low equipment costs, low
processing temperature (thus the degradation of involved elements such as organic
inhibitors due to the temperature is minimized), good homogeneity, use of
compounds that do not introduce impurities into the final product as initial
substances t hus ma k-free gchnology.didegeradvantaged makeva s t e
the soli gel process one of the most appropriate technologies for preparation of thin,
nanostructured films. Soli gel technology has been significantly improved in the past
20 years [22]. The sol-gel process has been an effective way for applying hard,
corrosion resistant, erosion resistant ceramic coatings such as Al,O3, TiO,, SiO,,
ZrO,, which are mostly used as functional sensor films and membranes [62] and
corrosion resistant films on structural components [63]. The main cost of this
process comes from the need of high sintering temperature. However it is relatively
lower than other methods, for example plasma sprayed, CVD (Chemical Vapor
Deposition) and PVD (Physical Vapor Deposition) coating processes [64]. Although
the sol-gel coatings provide many advantages and are promising materials having
high strength characteristics, they have low crack properties at the same time (they
tend to crack if their thicknesses are more than several microns). This is one of the
major factors hindering the wide-scale applications of these materials in various
areas [65]. The crack resistance properties can be improved by suitable coating
preparation and deposition, which are the main factors used to control the quality,
property and characteristic of the coatings. Unlike most ceramic coating techniques,
sol-gel coatings are applied as low viscosity solutions and thus can be used to

smooth over rough surfaces.
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2.3.1 Nanoparticles and Colloids

Colloids are a combination of solids in liquid or liquid in liquid, all of these containing
distinct particles dispersed to various degrees in a liquid medium. The colloids have
properties depending on the size of the particles. The particles are larger than
atomic dimensions but small enough to exhibit Brownian motion. Nanoparticles are
particles between 1nm and 100nm in size. A colloid is a suspension in which the
dispersed phase is so small that gravitational forces are negligible and interactions
are dominated by short-ranges forces, such as Van der Waals attraction and
surfaces charges. Industrial products such as inks, paints, reinforced plastics can be
considered as mixtures of colloidal components. A particle is defined as a small
object that behaves as a whole unit with respect to its transport and properties [66].
The nanoparticles are usually used in the sol-gel field for the nanoscale powders
application. The colloidal dispersions are constituted of charged particles dispersed
in an electrolyte solution. The simplest definition is that it is a two-phase system
where one phase (the dispersed phase
cont i nuo u sas ifustatedein Fig)re 2.16. At least one of the dimensions of
the dispersed phase lies between 10 A (1 nm) and 10 000 A (1 mm) [6, 67].

O continuous phase

Gr [ dispersed phase

Figure 2.16 Schematic representation of a colloidal dispersion

Consequently, colloidal particles are generally much larger than the molecules of the

dispersion medium.

In many practical cases, the system may be rather more complex. There may be
more than one type of dispersed phase present, and any of the phases (dispersed
or continuous) may be multi-component. Usually, there is a definite difference
between the dispersed phase and the dispersion medium; network colloids excepted
since in this case both phases consist of interpenetrating networks on the colloidal

scale. Gels are a typical example [68]. Particles are localized objects, rigid and

b)



33

compact. Their size and charge are significantly greater than those of the ions
present in the electrolyte. Immersed in water, the particles will behave like polyions.
In order to respect the electroneutrality, the charge of the polyions is exactly
compensated by the presence of ions of opposite charge, which are called counter-
ions. In the case where salt is added to the dispersion, there will also be free ions
without direct interaction with the particles. These ions are called co-ions and take in
all the ions of the same sign as well as colloidal particles. There are two types of
species: colloidal particles of huge size compared to an ion, surrounded by counter
ions responsible for the electric neutrality and free ions i.e. not associated to
colloidal particles. In a practical way, an operation of separation through
centrifugation, ultrafiltration or osmotic compression allows the isolation of the
dispersive environment, providing access to the concentration of free ions in
equilibrium with the dispersion. A colloidal dispersion is separated in two phases: an

electrolyte solution and a concentrated dispersion [6, 59, 67].

An important aspect of the study of colloidal dispersions is the understanding of their
stability. There are several types of systems: suspensions (solidi liquid dispersions),
emulsions (liquidi liquid dispersions) and foams (gasi liquid dispersions). The colloid
stability of these systems depends on the equilibrium of interaction forces such as

Van der Waals attraction, double-layer repulsion and steric interaction [69].

The solid particles in the colloidal precursors can be metals, metal oxides, metal
oxy-hydroxides, or other insoluble compounds. The degree of aggregation or
flocculation of the colloidal precursor can be adjusted to vary the pore size and the

drying characteristics of the resulting gel [70].

2.3.2 Sol

Sol-gel coatings can be used as barrier coatings to prevent corrosion and to
suppress the cathodic reaction by limiting the diffusion of the electrolyte, oxygen and
water and chloride ions to the coating/metal interface [71]. It also limits the transport

of electrons off the metal interface.
Sol-gel formation occurs in four stages:

1. Hydrolysis
2. Condensation and polymerization of monomers to form chains and particles
3. Growth of the particles
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4. Formation of networks from clusters of polymers; those networks extend

throughout the liquid medium resulting in thickening which forms a gel.

In fact both the hydrolysis and condensation reactions occur simultaneously once

the hydrolysis reaction has been initiated [57].

The first step of the sol-gel process consists in selecting the precursors of the
wanted materials. It is the chemical reactant that, by its chemistry, leads the reaction
towards the formation of either colloidal particles or polymeric gels. It contains the
cation M present in the final gel [6]. There are different categories of precursors:
metal alkoxides, metal salts, any other solution containing metal complexes,
inorganic or metal-organic according to Brinker and Sherer [59]. In the case where
the future material is composed of several components, different precursors can be
combined which lead to others reactions therefore different products. This allowed
the creation of a new type of sol-gel coatings: organic-inorganic hybrids coatings.
The choice of the solvent (water or organic liquid) also depends on the choice of the
precursor [6] and can even have an influence on the final thickness of the coating
[72].

Metal alkoxides and metal salts are more used because they react readily with
water. Metal alkoxides (M(OR), where R is an alkyl group) are commonly employed
as high purity solution precursors in the sol-gel process. Many metal alkoxides can
be made to react with water through a series of hydrolysis and condensation steps
to yield largely amorphous metal oxide or oxy-hydroxide gels. Such reactions have
been used to cast shapes, spin fibers and deposit coatings. The volatile alcohol
produced by the hydrolysis is easily removed during processing [70]. The most
widely used metal alkoxides are the alkoxysilanes. When alkoxides are used as the
starting materials, the formation of ceramic coatings is based on hydrolysis and
condensation, as shown in Equation (2.14) to Equation (2.16) [59]. In the first
reaction, an alkoxide and water are placed in a mutual solvent and a suitable
catalyst is added. Hydrolysis of the metal alkoxide bond (M-OR) results in the
formation of a metal hydroxyl bond (M-OH), as shown in Equation (2.14) by
replacing the alkoxide ligands with hydroxyl ligands:

12 (1P 20 - (21 ( (2.14)
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In the next step is shown the condensation reaction involving the hydroxyl ligand

and an alkoxide ligand:

2/ - 1 ( 21 -P 2/ - | - 2] 2/ ( (2.15)

or between two hydroxyl ligands,

21 - 1 ( (1 - 21 (2.16)
P 2/ - | -2/ (/1 (

An example with silica is shown in Figure 2.17.

Hydrolysis
ke 4 pon  Twdmlbsis _JSi_DH +  ROH
Reesterification

Water
Condensation | |
= —§i—0—58i— t HOH
Hydrolysis |

—8i—oH t+ —S8i—O0H

Alcohel

| | i
—Si—0H + —Si—OR Comdensation & o0— 8i— + ROH

Alcohelysis

Figure 2.17 General reaction scheme for the sol-gel process with silica
[73].

In the case of aqueous or organic solvents, the precursors are hydrolysed and
condensed and then form inorganic polymers composed of M-O-M bonds [73]. For
inorganic precursors (salts), hydrolysis proceeds by the removal of a proton from an

aquo ion to form a hydroxo (-OH) or oxo (=0O) ligand [70, 74].

This results as the formation of a metal-oxygen-metal bridge, which is the centre of
the oxide ceramic structure. In solution, the rates, extents and even the mechanisms
of the reactions shown in the precedent equations are profoundly affected by the

electro- negativity of the metal, size of the alkyl ligand on the metal, solution pH,
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type and concentration of solvent, concentration of water, temperature, and
pressure. Each, in turn, can affect the course of structure (hence property)
development in the gels and ceramic materials made from this point. This multitude
of variables provides the great flexibility in material structure and properties which
can be achieved with sol-gel processing. For example, depending on the quantity of
water and catalyst, hydrolysis can either be fulfilled (all OR groups replaced by OH)
or stop while the metal is only partially hydrolyzed [59].

Stabilization due to electrostatic repulsion is due to formation of a double layer at the
particle. The surface of a particle is covered by ionic groups, which determines the
surface potential. Counter ions in the solution will cover this layer, shielding the rest
of the solution from the surface charges. For hydroxides the surface potential will be
determined by reactions with the ions hydrogen H* and hydroxide OH™ . Thus, the
surface potential is pH dependent and it is proved with the previous Equation (2.14)
to Equation (2.16).

- (I - 1 (1 (2.17)

-1 ( 9- [ (2.18)

For hydrous oxides, the charge-determining ions are H" and OH" (Equation (2.17)
and Equation (2.18)). Those ions organize the charge on the particles by the
protonation or deprotonation of the MOH bonds on the surfaces of the particles [59].
The ability with which protons are added or removed from the oxide depends on the

metal atom.

The kinetics of hydrolysis and condensation can be influenced by many parameters.
Moreover, the systems are more complex than represented by the simplified
equations presented before. Many species are present in the solution and hydrolysis
and polycondensation occur at the same time. The important parameters are
temperature, nature and concentration of electrolyte (acid, base), nature of the
solvent, and type of alkoxide precursor [59, 75, 76] .

As the pH modifies the kinetics and the mechanisms of the reaction, Figure 2.18 to

Figure 2.21 presented both cases of acidic and basic pH [59].
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Figure 2.18 Hydrolysis in an acidic environment [59]
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Figure 2.19 Condensation in acidic environment [59]

Then for a basic environment:

ro RO RO OR OR OR
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/ | \
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Figure 2.20 Hydrolysis in a basic environment [59]
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slow

Figure 2.21 Condensation in a basic environment [59]
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2.3.3 Gelation, Aging and Drying

After the polymerization, another step takes place: the gelation. A gel is a solid
phase of interconnected particles containing liquid [77]. If the solid network is made
of colloidal sol particles the gel is said to be colloidal. If the solid network is made of
sub-colloidal chemical units then the gel is polymeric. The gel comes into being
when the homogeneous dispersion known as sol becomes solid. This process,
gelation, prevents the development of heterogeneities within the material. The sol
can be transformed into a colloidal (or polymeric) gel by going through what is called
a gel-point. It is at this point that the sol suddenly changes from a viscous liquid to a
solid phase called gel. The monomers are able to form bonds and each are capable
of making more than one, the size of the resulting molecule which can be then
formed is in theory limitless. If this molecule reaches macroscopic dimension so that
it is able to develop itself all over the solution, the substance is said to be a gel
which means that the gel point is the time at which the last bond of the large
molecule is formed, completing it. A gel can be described as a substance that
contains a solid frame, itself enclosing a liquid phase [59]. The continuity of the solid
structure gives elasticity to the gel. Gels can also be formed from particulate sols.
Attractive and dispersive forces make them agglomerate and form a network [6, 59].
The gelation step makes the gel process irreversible. The gelation process may be

reversible if other interactions are involved.

According to the kind of precursor chosen, the time of preparation of sol-gel coating
can take up to a few days: indeed, if it is a silicon alkoxide, which is not sensitive to
hydrolysis, gelation can take place within several days; but it can be enhanced by

catalysis [78].

Aging is the process of change in structure and properties after gelation and would
result in further condensation reaction and consequently the formation of a stronger
network, which would resist the capillary force and prevent the formation of a dense
sol-gel coating. Aging a gel before drying it helps to strengthen the network which
will allow reducing the risk of cracks. When a gel is maintained in its pore liquid, its
structure and properties continue to change long after the gel-point [75].

Aging was found to have a significant influence on the corrosion protection of the
sol-gel coatings. Chou [79] studied the effect of aging on coatings and information
from passivation. The differences obtained between the passivation region and
passivation current density indicated that a coating from aged sols is less effective in

corrosion protection than a coating from fresh sols. One possible explanation is that



39

the coatings made from a fresh sol had low porosity and/or a larger thickness than
those of the coatings from an aged sol. It is unlikely to obtain thicker coatings made
from fresh sol, since the viscosity of a sol increases with the aging time due to the
continued condensation reaction. Aging led to an extended condensation reaction,
which resulted in the growth of larger silica polymers and the formation of a stronger
gel network [79].

Three processes can occur separately or simultaneously during aging of the silica

gels: polycondensation, syneresis and coarsening [75]:

Polycondensation reactions continue to occur within the gel network as long as
adjacent silanols are close enough to react. This increases the connectivity of the

network and its fractal dimension (as explained earlier in 2.3.2 Sol).

Syneresis is the spontaneous shrinkage of the gel and resulting expulsion of liquid
from the pores. In the case of alcoholic gel system, the shrinkage of the gel network
is usually associated to the formation of new connection of silicon-oxygen-silica
bonds through condensation reaction [75]. The syneresis contraction rate increases
with concentration of silica in the sol and with temperature. When organic solvents
are present they may form hydrogen bonds with the silanol groups which prevent

condensation and slow syneresis [75].

Coarsening is the irreversible decrease in surface area through dissolution and
reprecipitation processes. It is due to selective dissolution and precipitation with the
gel network. Time, temperature and pH are variables that can effectively alter the

aging process [75].

Finally, after the different steps, the final one is the drying. The process of drying of
a porous material can be divided into several stages. The material starts by being
reduced by an amount equal to the volume of liquid that evaporates and the liquid-
vapor interface remains at the exterior surface of the body. The second part begins
when the body is too solid to shrink anymore and the liquid retreats into the interior,
leaving air-filled pores near the surface. Evaporation continues to take place as a
continuous liquid film flows to the exterior, even as air invades the pores. Eventually,
the liguid becomes isolated into pockets and drying can proceed only by evaporation
of the liquid within the body and diffusion of the vapor to the outside. Drying
produces a pressure gradient in the liquid phase of a gel, which leads to differential

shrinkage of the network [59]. The most obvious characteristic of a dried gel is its
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porosity. This aspect provides gels with properties that cannot be obtained with

conventional ceramics [59].

There are several types of drying which lead to several types of gel. A xerogel is the
brittle solid obtained when the gel is dried by evaporation under normal condition.
This increases the capillary pressure that causes shrinkage of the gel network [6].
The xerogel is often reduced in volume by a factor of 5 to 10 compared to the
original wet gel. If the wet gel is dried under supercritical condition, there is no
interface between liquid and vapor, so there is no capillary pressure and relatively
little shrinkage [59]. This process is called supercritical (or hypercritical) drying and
the product is an aerogel. This is mostly air, having volume fraction of solid as low
as ~ 1% [59]. Most gels are amorphous (non-crystalline), even after drying, but

many crystallize when heated.

Depending on the connection between the liquid and the solid network, there can be
different types of gel. An hydrogel (or aquagel) is a gel where the liquid is mostly
composed of water. If the liquid phase is largely composed of an alcohol then the

gel is an alcogel [6].
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Chapter Ill. Literature Review

3.1 Presentation of the Chapter

This chapter introduces the literature review about different types of coatings:
organic, inorganic and hybrid with a focus on silica sol-gel coatings and their
physical and mechanical properties. Methods of application are presented before
introducing the corrosion of the coated samples and the method of impedance

chosen to be studied.

3.2 Organic, Inorganic and Hybrid Coatings: Definitions,
Properties and Methods of Application

In aggressive environments, the coating must be an efficient barrier to prevent the
diffusion of species and it has to withstand severe conditions. There are several
important properties for sol-gel coatings in this field: a good adhesion between the
coating and the substrate, chemical and heat resistance as well as chemical
inertness and low permeability. It has been reported that soli gel coatings have been
successfully applied to improve corrosion and wear resistance in metals [80, 81].
Cracks in coatings help the penetration of corrosive material into the material.
Therefore, the thermal expansion coefficients of the coating material and the
material to be coated need to be similar to prevent crack formation during the heat

treatment.

One of the main limitations of sol-gel coatings concerns their thickness, which can
lead to the failure of the coating when too large [82]. Indeed, in the case of sol-gel
coatings, a thicker coating does not mean a better protection. Greater thickness
should establish an efficient physical barrier against steel corrosion, thus making it
more difficult for the electrolyte to access the substrate surface. The degree of
cracking depends on the type of coating, its composition and the heat treatment
procedure [82, 83].

Thicker coatings (for example those which can be obtained at high temperature
process) are more susceptible to the developments of cracks and lack of uniformity.
This can be harmful regarding the corrosion protection if these cracks reach the
substrate [84, 85]. Coatings obtained from gels subjected to the action of ultrasound

and from aged gels are less susceptible to cracking [59]. Cracks in coatings being in
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service in aggressive water media are particularly harmful. Cracks which appear
during high temperature oxidation are less dangerous [83]. An undesirable aspect of
the coatings produced by the soli gel technique is their brittleness and lack of

elasticity: under plastic deformation they crack easily and delaminate [86].

3.2.1 Precursors

The structure of the precursor can influence the structure of the deposited film [87].
There are mainly two types of precursors: silicates and non-silicates [59]. The
transition metal alkoxides, especially Ti and Zr, are used as molecular precursors to
glasses and ceramics [59]. These systems can be differentiated from silicates by a
more important chemical reactivity resulting from the lower electronegativity of the
metal and its ability to display several coordination states. This means that
coordination expansion occurs spontaneously upon reaction with water or other

nucleophilic reagents [6, 59].

The possible structures of the solution precursors range from weakly branched

polymeric species to uniform particles that may or may not be aggregated [59].

There can be nanoparticles (for example TiO, nanoparticles) or microparticles within
the sol-gel matrix. Microparticles have been used to improve the mechanical
properties (including scratch-resistance, abrasion resistance etc.) [88-92].
Nanopatrticles have other advantages for coatings materials such as better adhesion
and decreasing coating thickness. The particles combine the matrix by enhancing
the reactions of active surface groups of these particles and the sol-gel functional

groups [88].

3.2.2 Organic Coatings

Organic coatings have been used for a long time to protect metals against corrosion
in atmospheric conditions. The primary function of organic coatings in corrosion
protection is to isolate the metal from the corrosive environment. In addition to
forming a barrier layer to stifle corrosion, the organic coating can contain corrosion
inhibitors [3].

The main advantages of organic systems are that they are mechanically flexible and

tough, but have poor abrasion and thermal resistance. Organic coatings have been
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used for a long time to protect metals against corrosion in atmospheric conditions or
for the protection of structures against marine corrosion. Organic components in sol-
gel films lead to improved corrosion protection properties due to formation of thicker
crack-free films compared to the inorganic ones, their thickness being able to reach
as high as several hundreds of micrometers. The use of these components is limited
by their thermal weakness and by their mechanical properties which, although
superior to those of polymers, are not as good as those of ceramics [83]. Moreover,
the organic component leads to the decrease of wear resistance and mechanical
properties of the soli gel coatings in hybrid coatings for example [93, 94]. The main
constituents responsible for the creation of well-adhering adhering film (membrane)

are organic compounds: polymers, oligomers, monomers, or mixtures [95].
The types of organic coatings can be summarized as follow [95]:

Primers: adhesion to the substrate, corrosion protection
Topcoats, with high resistance to external factors, such as: enamel and
paints

1 Adhesive cements: materials with a suitable consistency coatings used for
surfacing

1 Resins: epoxy, polyamides, siliconesé@

The epoxy resins will be of particular interest for this project. The organic coatings
do not go through the sol-gel process and are thus not called organic sol-gel

coatings but organic coatings.

3.2.3 Inorganic Sol-Gel Coatings

Historically, the first type of soli gel pre-treatments are inorganic oxide sol-gel
derived films. Inorganic soli gel coatings for corrosion protection of different metallic
substrates were developed and investigated in several works [96-98]. The soli gel
derived inorganic coatings which are prepared using low temperature for the drying
stage usually present better barrier properties against wet corrosion than fired sol-
gel films, due to the formation of less defective layers [72, 99, 100]. However, the
barrier properties of these coatings are not faultless and efficient enough to obtain a
good protection against corrosive species. This can be due to the formation of non-

compact coatings with high amount of micropores. On the other hand inorganic sol-
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gel coatings provide a good adhesion layer between metallic substrate and organic
coatings [96, 101].

When the sol-gel process was first created, hydrolysable precursors were used
which lead to the development of pure inorganic coatings. These coatings had to be
cured necessarily at higher temperatures close to 600°C-1000°C [102]. Moreover,
these coatings were quite thin with thicknesses ranging from few hundreds of
nanometres to a maximum of 1um [103]. Coatings were hard and able to provide
good wear and corrosion resistance, in addition to other specific properties
depending on the precursors employed. However, coatings could be deposited only
on high melting metal or alloys, glass, and ceramics [78]. The coatings were brittle,

limiting the application segment of the novel process.

Inorganic systems have excellent abrasion resistance and high density, but are
brittle and require high processing temperatures. Inorganic sols not only strengthen
adhesion on metal substrate, but also improve comprehensive performances of

polymer [12].

There are different types of inorganic coatings such as [104]:

1 Hydraulic cement used to coat pipes inside and out, especially those buried
under sea water

1 Ceramics and glass, used in the same principle as hydraulic cement but with
the purpose of conferring resistance to heat or attack by hot, high velocity
gases

1 Chromate filming

3.2.4 Hybrid Sol-Gel Coatings

Hybrid films combine properties of the organic polymeric material and properties of
the ceramic. The sol-gel processing not only allows for materials to have any oxide
composition, but it also permits the production of new hybrid organic-inorganic
materials which do not exist naturally. It was to overcome the limitation of pure
inorganic soli gel coatings [57]. Hybrid coatings can be prepared over a continuous
compositional range from almost organic to almost inorganic [63]. The properties of
these coatings can be changed regularly to form an optimum coating [105]. The
inorganic components provide enhanced mechanical properties such as the

increase of scratch resistance, durability and adhesion to the metal substrate [66,
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72]. The organic component increases density, flexibility, and functional compatibility
with organic paint systems [106]. Hybrid coatings can be divided in two categories.
First the organic molecules or polymers are embedded in an inorganic matrix [103].
The inorganic network is generated as a result of hydrolysis and condensation while
the organic compound that is added occupies the pores in the inorganic network.
The interactions between the two parts are regulated by hydrogen bonding and van
der Waals forces. The second category consists of organic and inorganic

components which are strongly linked through iono-covalent bonds [103].

An advantage of the organically modified soli gel systems is the possibility to
prepare thick, crack-free coatings [107]. Montemor [108] described in a review
different functional coatings and especially siloxane-modified epoxy coatings
deposited on steel [109-112] which significantly improve their properties. This type

of hybrid coating is of particular interest for this project.

Hybrid coatings can easily form a thicker layer in micrometer scale without cracks
while the temperature needed for the curing process is much lower. The polymer
soli gel network can be strengthened by the distribution of inorganic particles in the
hybrid matrix. Moreover the hybrid soli gel system has much more flexibility in
adaptation of anti-corrosion additives, such as inhibitors, pigments, etc., so the
overall corrosion protection ability of the soli gel system can be considerably
improved [57, 113].

Hybrid coatings thus have the advantages and properties of both inorganic and

organic components.

The synthesis of hybrids can be performed by mixing an inorganic sol with an
organic phase and carrying out the sol hydrolysis and condensation reactions in the
presence of a preformed organic polymer [105, 107]. Such composites usually
cannot provide effective long term stability during weathering. The precursors with
already covalent or complex bonded organic groups are used for synthesis of the
hybrid soli gel systems in the second class of hybrids. Strong chemical bonds form
between organic and inorganic parts in the final hybrid materials [72, 114]. Figure
3.1 presents a limited selection of the precursors, organo(alkoxy)silanes and metal

alkoxides for sol-gel derived hybrid materials.

Inorganic sols in hybrid coatings increase the adhesion to the substrate by forming
chemical bonds between metals and hybrid coatings but also improve the

performances of polymer in the coatings. Regarding the corrosion protection of the
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metallic substrate, the organic constituents of the hybrid coatings are selected to
repel water, to form dense thick films and reduce the porosity of the coating [12,
115].
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Figure 3.1 Organo(alkoxy)silanes and metal alkoxides serving as precursors for sol-
gel derived hybrid materials [57, 116]

In a review written by Figueira et. Al [117] it was demonstrated that the most used
precursors for metal substrates are TEOS, GPTMS and MAPTS.

3.2.5 Silica

In this project, most of the samples are silica inorganic/hybrid sol-gel coatings. Due
to their chemical and thermal durability, silica (SiO,) coatings are of interest for
protection of metals against oxidation and acid corrosion at temperatures T >300°C
[100]. They are a rapidly expanding technology due to their main advantages [118].

Silicon alkoxides are not very sensitive to hydrolysis. Gelation may take place within
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several days when pure water is added. Therefore hydrolysis and condensation

rates of silicon alkoxides are currently enhanced by acid or base catalysis [74, 119].

However, the protective function of these coatings is limited by lack of adhesion
between coating and metal and crack formation during the thermal densification at
temperatures around 500°C [100, 120]. To improve the adhesion of films on a metal
surface, prior to ceramic deposition the metal surface should be treated. As a result
of this treatment, a bond between the substrate and the ceramic coating is formed
[120]. The physical, chemical and mechanical properties of ceramic films formed on
metallic surfaces are dependent on the physical and chemical properties of the gel
precursor solutions. They are also dependent on the parameters of the dipping
process, the drying and densification processes. The protective ability of the coating
can be influenced by a change in one of the parameters of the process which in turn
can modify the physical and chemical properties of the gel precursor solution or
dipping process [121]. The corrosion protection accorded by the sol-gel coatings is
affected by the coating thickness. Although those coatings provide many

advantages, they tend to crack if their thickness is more than several microns [122].

Generally, ceramics and ceramic coatings with good passivity, low conductivity
(some with silica alumina or magnesia components have an electrical conductivity at
room temperature as low as 10" i 10 ¢ cm™) or insulating properties and good
tribological properties show good corrosion resistance in aggressive media.
Therefore, ceramics oxide films and coatings like TiO,, Al,Os, ZrO,, SiO,, etc. can

be applied on metals to improve their surface properties [81, 123].

Since silane sols offer very good adhesion performance together with high
environmental compatibility, silane pre-treatments are also widely used as adhesion
promoters for organic coated metals to replace the traditional metal surface pre-
treatment (for example chromate conversion coating), which are considered toxic

and hazardous to the environment [12].

The use of organofunctional silanes can improve the mechanical properties and
adhesion to specific organic paint systems in comparison to soli gel materials based
on non-functional organosilanes [124]. Monomeric silicon chemicals are known as
silanes. A silane that contains at least one carbon-silicon bond (Si-C) structure is
known as an organosilane [125], Figure 3.2 presents the structure of an

organosilane based layer [126].
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Figure 3.2 Structure of organosilane based layer [126]

Hybrid coatings ormosils (organically modified silicates) are organic-inorganic hybrid
solids in which the organic component may be chemically bound to a silica matrix.
The structure of the silica network is partially similar to inorganic silicate glasses and

it can be modified by the presence of organic groups [127] .

Organic molecules can be added within the silica matrix by incorporating organic
molecules with the silicon alkoxide precursors in a common solvent. Hydrolysis and
condensation then lead to the formation of a silica network around the organic
components that remains physically trapped within the glass [78]. However the
reactivity of both organic and inorganic precursors is usually quite different and
phase separation tends to occur unless chemical bonds link organic and inorganic
species [74] .

When the hydrolysis and polycondensation of an organometallic precursor take
place at the same time, a silica gel may be produced by the formation of an
interconnected 3-D network or it can be constructed by network growth from several
colloidal particles. A gel is defined as dried when the physically adsorbed water is
completely evacuated. This occurs between 100 and 180 °C [76]. The condensation
reaction continues to take place because of the large concentration of silanol (SiOH)
groups in a newly formed gel. As the hydroxyls are lost during aging, new bonds are

formed creating more cross-linked structures [75].

An example of the mechanism with silica is shown in Figure 3.3:
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Figure 3.3 Reactions in silica gel formation [128]

3.2.6 Properties

Cracks are easy to form due to this internal stress if the film formation conditions are
not carefully controlled [57]. That is why both mechanical and physical properties of
the coatings must be studied. The evolution of corrosion and its rate depend on the

coating and its properties.

This section presents the main properties which can be studied.

3.2.6.1 Mechanical Properties

The mechanical properties important for the durability of the coatings are [129]:

1 Elasticity: ability of a coating material to resist changes in its volume
or shape under mechanical stress due to increase in internal energy.
It can be calculated with the help of Young modulus (Pa or N.m?)
Hardness: resistance of a material to local deformation (Pa)
Bending and tensile strengths (Pa): stresses corresponding to
maximum loads that a coating may withstand in tests for bending and

tension
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1 Impact strength: characterizes the resistance of the coating material
to dynamic impact [129]

For thick coatings, it is sometimes possible to detach the coating from the substrate
and to measure properties such as the elastic modulus and the fracture toughness
by carrying out mechanical tests [130]. However, it is usually impossible to
dissociate the coating [131]. Consequently, a clear way to measure the mechanical
properties of the coating is to deform it on a very small scale. A useful way to
accomplish this is by indentation testing on a nanometer scale, commonly referred
to as nano-indentation [130, 132, 133]. However large indentation will not solely
represent the mechanical properties of the coating but the properties of the coating
in addition of the properties of the substrate. Hence, these techniques have become
the most widely used techniques for measuring the mechanical properties of thin
coatings, although a complete methodology to determine the full set of relevant

mechanical properties is still lacking [131].

The indentation is carried out into a coating of thickness t, which is adherent to a
substrate. In the case of a thin coating, however, the response will be a combination
of both coating and substrate behaviour [131]. This means that the parameters
obtained are actually a combination of the properties of the coating and the
substrate which means that the coating properties will dominate for shallow

indentation depths, and the substrate will dominate for deeper indentations [131].

The hardness is traditionally measured by performing an indentation at a certain
indentation load, removing the load and optically examining the surface to determine
the area of the plastic residual imprint. The hardness is then defined as the ratio of

the maximum indentation load and the measured area [131].

In modern nano-indentation, the definition of hardness is somewhat different. In this
case, the area used in the definition of hardness is actually the projected contact
area at maximum load, which is not necessarily equal to the area of the final

residual imprint.

3.2.6.2 Physical Properties

The physical properties that are known to be important are [129]:
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1 Density: ratio of the body mass m to the volume of its compact
nonporous matrix Vg: gud = M/Vg (kg.m™)

9 Porosity: ratio of the entire pore volume to the total volume of a
porous body

1 Permeability of liquids: characterizes the mass of the liquid flowing
through the coating in a time unit depending on the pressure
differential across the coating (D or pm?) [129]

1 Thermal conductivity: characterized by the amount of heat transferred
in unit time through a unit area of a unit of length thick plate with the
temperature different of 1 degree between its surfaces (W.m™*.K™)
Thickness (m)

Roughness [129]

Use of the passive metal as a substrate should provide higher corrosion resistance
to the coating system compared to an active metal. This is due to a passive oxide
film formed on the passive metal might act as a barrier layer to retard a contact
between an electrolyte and the metal substrate, and therefore, reduce the corrosion

rate of the coating system.

The surface can be prepared or pre-treated in order to be corrosion-protected. This
is a crucial step in the coating preparation. The coatings have to adhere to the
substrate so the surfaces must be free from any soils, corrosion products and lose
particulates. The choice of cleaning method depends on the substrate and the size
and shape of the object. To improve coating adhesion, pre-treatments are applied

after cleaning [14].

A mechanical bond is built when the surface of a substrate has pores, holes and
cavities into which the coating spreads and solidifies The removal of the coating is
made more difficult if the substrate has undercut areas that are filled with cured

coating [14].

Adhesion of coatings to the substrate and the interlayer adhesion between separate
coating layers are the main parameters describing the barrier and protective
properties of coatings. The loss of adhesion also means the loss of a protective
function of a coating. The known adhesion tests are mostly destructive and suffer
from the insufficient sensitivity and accuracy according to Piens and De
Deurwaerder [134]. The traditional mechanical tests are straightforward but the

information they provide can be more considered as qualitative information about
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the adhesion of coatings and its changes with the time of exposure [135]. In
application, the adhesion of coatings undergoes standing fluctuations, depending on
the conditions of the environmental, which can change. One of the main causes of
adhesion loss is the water uptake, the water entering into the interface or interlayer
region. This causes the lowering of the polymer adhesion. Destructive methods are
difficult to quantify such time-dependent adhesion changes. Water diffusion into
organic coatings has been studied extensively with electrochemical impedance
spectroscopy (EIS) [136, 137].

Scratch testing is a simple and rapid method of characterizing coatings but the
results obtained are influenced by various factors such as coating thickness,
substrate mechanical properties, interfacial bond strength and test conditions such
as scratch speed, load and indenter tip radius [103]. Figure 3.4 presents a

schematic of an indenter scratching a sample. The onset load for coating cracking is

referred to as the critical | oad. There are
critical l oaddé is the |l oad at which the irs
of the coating. This will be the parameter studied in this project. The second critical

l oad Lc2, Gupper critical | oadd r-effptheesent s

coating from the substrate surface occurs [103, 138]. With this method the adhesion

strength is not measured directly but by its performance.

Normal load

Figure 3.4 Schematic showing an indenter scratching a sample [103]

3.2.7 Methods of Application

A sol-gel coating can be applied to a metal substrate through various techniques,

such as dip-coating and spin-coating, spraying and electrodeposition, which are all



53

methods used by the company sponsor. Depending on the used technique, after the
coating deposition, there is a substantial volume contraction and internal stress

accumulation due to the large amount of evaporation of solvents and water [57] .

However, the conventional methods for depositing soli gel films on metals, i.e., dip-

coating, spin-coating and spraying are mainly suitable for flat surfaces [139] .

To achieve uniform, defect-free deposition, the substrate must be free of dust and
other particles and it must be uniformly wetting to the sol-gel solution. The most
common application is to deposit the film on a substrate that is completely wetting to
the solution [78] .

9 Dip coating
Sol-gel dip coating forms when the substrate is immersed in the liquid solution and
then removed at a designated speed under controlled temperature and atmospheric
conditions. During this process the initial layer of coating bonds to the surface of the
substrate while a boundary layer divides the liquid and the outer layer flows back
into the pool of solution. The layer thickness is dependent upon the speed the
substrate is withdrawn from the solution. It should be understood that the thicker the
coating the longer it will take to age and dry due to increasing porosity levels [99,
140, 141]. Dip coating has major advantages, such as ending in homogeneous
coatings with simple thickness control. Some drawbacks of this technique are
resultant drain lines and special caution during the drying stage that is needed to

obtain homogeneous, crack free materials [141].
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Figure 3.5 Schematic representing the dip-coating process [142, 143]
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1 Spin coating
Spin coating is characteristically used on flat substrates or small disks since the
physics of application limits the coating uniformity but it is not a very economical
method. The process is such that the solution is put in one location, typically the
center of the substrate and then the substrate is spun at high speeds letting the
centrifugal force created spread the coating on the surfaces. This process is mainly
used for thin coatings. The higher the rotational speed the thinner the coating

becomes [80, 144, 145]. There are four key stages in spin coating:

Deposition of the coating fluid onto the substrate

2. Aggressive fluid expulsion from the substrate surface by the rotational
motion
Gradual fluid thinning

4. Coating thinning by solvent evaporation

===

Deposition Spinning Drying

Figure 3.6 Schematic representing the spin-coating process [142]

1 Spray coating
A more uniform and smoother surface can be obtained with spray painting rather
than with brushing or rolling because the latter methods tend to leave brush or
stipple marks and irregular thickness [14]. The most common methods of spray
painting are conventional and airless [14]. Spraying is accomplished by atomising a
sol with compressed air through a spray gun. Spray coating with sol-gel is much
simpler than plasma spray since one can use an air gun at room temperature to
deposit layers of the liquid solution. The final microstructure is not dependent on the

spray angle.
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Figure 3.7 Schematic representing the spray-coating process [146]

1 Electrodeposition
Electrodeposition technique offers relatively thick homogeneous defect-free hybrid
coatings in comparison to dip or spin coating techniques [12]. Electrodeposition is a
combination of two processes, electrophoresis and deposition. The electrophoresis
involves the motion of charged particles in a stable suspension under an electric
field, while the deposition is the result of the impact of these particles against the
electrode of opposite sign [147]. This process allows obtaining coatings onto

complex shaped substrates of any electrical nature [148].

Power Supply
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—

~Magnetic stirrer \
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Figure 3.8 Schematic of electrodeposition [149]
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3.3 Corrosion of a Coated Sample

In order to protect the metals and enhance their resistance, coatings can be applied.
The nature of the coatings depends on the aggressivity and the conditions of the

environment.

Most coatings degrade with time, resulting in complex behaviour. Water can
permeate all coatings to some extent [14]. Corrosion of coated materials occurs only
after the adhesion between the coating and the substrate is broken due to water or
oxygen permeation and the electrochemical reactions ensuing within the water thin
layer. Hence, corrosion of the coated metals is effectively prevented when these
reactions are limited. After a certain amount of time, water penetrates into the
coating and forms a new liquid/metal interface under the coating. Corrosion
phenomena can occur at this new interface. The analysis of the early stages of
corrosion is challenging. The majority of coatings are applied on external surfaces to
protect the metal from natural atmospheric corrosion and atmospheric pollution. On
some occasions, coatings are applied internally in vessels for corrosion resistance.
To be effective, the durability of the coating must be greater than that of the base
metal or it must be maintained by some means [14]. For corrosion to take place on a
metal surface under a coating, it is necessary for an electrochemical double layer to
be established. For this to take place, it is necessary for the adhesion between the
substrate and coating to be broken. This permits a separate thin water layer to form
as the interface from water that permeated the coating. Water and oxygen
permeation are required for corrosion, so transport of water, oxygen and ion through
the coatings is also important to better understand the corrosion that occurs under
the coatings [150]. Although an improved adhesive property is one of the main
functionality of sol-gel coatings, the combination of barrier and active protective
effectiveness may lead to an improved anti-corrosion performance of the sol-gel
films [151].

Leidheiser [150] reviewed several different types of corrosion underneath organic
coatings: wet adhesion, blistering, cathodic delamination, anodic undermining and

filiform corrosion, any of which may be related to the others.

First of all, wet adhesion happens when the adhesion between the coating and the
substrate is affected after water molecules have reached the substrate/ coating

interface.
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Blistering means the formation of bubbles under or within the interface
coating/interface because of osmotic pressure, considered as the most important
mechanism responsible for blister formation and volume expansion due to the

swelling caused by water absorption. A schematic is presented in Figure 3.9.

Figure 3.9 Schematic of mechanism and evolution of blistering [152]

Cathodic delamination is a corrosion reaction occurring spontaneously in seawater
on cathodically polarized surface thus destroying polymer/metal bonds. When
cathodic protection is applied to a coated metal, loss of adhesion between the
substrate and the coating takes place. Figure 3.10 presents the situation with an

ideal schematic.

Fe’*
. Delamination front
Na
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Figure 3.10 Idealized schematic of cathodic delamination [153]

An anodic dissolution of the substrate metal leads to a loss of adhesion resulting in
anodic undermining. Coating defects may cause anodic undermining, but in most
cases it is associated with a corrosion-sensitive site under the coating, such as a
particle from a cleaning or blasting procedure, or a site on the metal surface with

potentially increased corrosion activity [14].
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Filiform corrosion is a special form of corrosion on coated metals. Metals with water-
permeability coatings or films and defects in the coating may undergo a type of
corrosion resulting in numerous meandering thread-like filaments of corrosion

beneath the coatings or films [14, 150].

Since the corrosion performance of the coating systems depends on both the
coating and substrate properties, metal composition becomes a critical aspect to
provide a high quality surface for ceramic coatings [154]. As for the substrate, it
seems clear that the use of passive metals should provide higher corrosion
resistance, such as 316L stainless steel used as one of the substrates in this
research. However, the difficulties which might occur in case of using such materials
as protective coatings for the steel base result from the fact that in most cases they
have high electrochemical potentials in aqueous solutions. They belong to cathodic
coatings and may perform their tasks provided that the coating would have no
pores, cracks and would physically prevent penetration of the agueous medium to
the steel substrate [145]. The substrate roughness was proven to have a great
influence on the corrosion behaviour of the coating system. The rougher the
substrate, the more subject to corrosion it will be. It is due to the stress from the heat
treatment and the following cooling [155]. When the stainless steel is protected by
the conversion layer, no effect on the structure is observed after immersion in pure
water and there is no modification of the coating composition either. When it is
tested in NaCl, the formation of a rust coloured precipitate on the surface and inside
the pores of the conversion layer appears. An important loss of mass equivalent up
to 30% can be observed [156]. With the results of impedance measurements,
corrosion can be represented by means of resistive and capacitive elements, giving
an electrical circuit. Figure 3.11 presents an example of equivalent circuit related to

a corroded coating:

sol-gel layer with defect  substrate
\ ’\

\
\
R,\ |'CPE

e

R.

soigel layer
Figure 3.11 Equivalent circuit for a defected coating [114]
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3.4 Impedance: Corrosion Studied with Electrochemical
Impedance Spectroscopy

EIS allows the measurement of two phenomena: (1) the deterioration of the coating
caused by exposure to an electrolyte and (2) the increase in corrosion rate of the
underlying substrate due to the deterioration of the coating and subsequent attack
by the electrolyte. The particularity of EIS is that an AC voltage of varying frequency
is applied to the sample. The capacitance of a metal electrode in contact with an
electrolyte is important information for any electrochemical system. As the organic
coating deteriorates with time during exposure to an electrolyte, EIS can track
changes in the capacitance of the coating. The capacitance will change as the
coating swells or absorbs water, for example [51, 157]. In addition, the changes in
the porosity of the coating can be measured. EIS is also able to simultaneously track
the corrosion rate of the substrate (when metallic). This corrosion rate usually
increases as the protective coating fails, allowing a connection between the

electrolyte and the substrate [51].

The solution resistance is often an important parameter in the impedance of an
electrochemical cell. A three electrode potentiostat compensates for the solution

resistance between the counter and reference electrodes.

The impedance of a pure resistor is noted as R and the impedance of an inductor is

presented in Equation (3.3):

oy

(3.3)

Capacitors in EIS experiments often do not behave ideally. Instead, they act like a
Constant Phase Element (CPE) as defined in Equation (3.4). At O C B) afodic
and cathodic current are equal and the external current i=0 A.cm, no current flows
to or from the electrode [30].

The impedance of a capacitor can be expressed as Equation (3.4) [157]:

(3.4)

and
©

With Yq: capacitance (F)

Z: I mpedance (YY)
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In the case of the purely capacitive coating or perfect coating system, the metal
substrate is covered with an undamaged coating which has generally high
impedance. The electrical equivalent circuit model used to analyse the impedance
response of this ideal system is presented in Figure 3.12, including a resistor due

primarily to an electrolyte (Rs) and the coating capacitance (C,) in series.

R

| —
L

C
I
I

Figure 3.12 Purely Capacitive Coating [157]

The model includes a resistor (mainly due to the electrolyte) and the coating
capacitance in series.

There are three different forms of presenting the potential and current values
registered during an EIS experiment: one Nyquist plot and two Bode plots. The
Nyquist plot shows the imaginary part of the impedance on the Y-axis with regard to
the real part of that impedance on the X-axis at each excitation frequency. On the
plot presented in Figure 3.13 and for a better understanding of the plot the Y-axis is
negative. One Bode plot relates the impedance module to the frequency while the
other links the phase shift to the frequency (Figure 3.13).
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Figure 3.13 Typical Nyquist Plot (a) and Bode plots : Bode magnitude (b) Bode
phase (c) for an ideal coating [157]
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The value of the capacitance cannot be determined from the Nyquist Plot. It can be
determined by a curve fit or from an examination of the data points. The intersection

of the curve with the real axis gives an estimate value of the solution resistance.

The example for the Nyquist plot for an ideal coating system is illustrated in Figure
3.13, which is the behaviour of a purely capacitive coating. The intercept of the
curve with the real axis gives an estimate of R (solution resistance). The Nyquist
plot shows no change in the range of frequency, the resistance of the coating is thus
unchanged. The same data are shown in a Bode Plot in Figure 3.13b). The
capacitance can be estimated from the graph but the solution resistance value does

not appear on the chart.

In the case of an actual tested coating, at high frequencies the impedance response
is almost entirely created by the Ohmic or the solution resistance Rs as shown in
Figure 3.14. The Nyquist plot format makes it easy to see the effects of the Ohmic
resistance. At the lowest frequencies, the impedance response approximates a
resistance as well but it corresponds to Rs + Rp,, R, being the polarization resistance
[157, 158](Figure 3.14 (a)). The solution resistance is the potential drop between the
reference electrode and the working electrode of an electrochemical cell. The
polarization resistance (R;) is the transition resistance between the electrodes and
the electrolyte. An electrode is known as being polarized when its potential is forced
away from its value at open circuit or corrosion potential. As a result of the
electrochemical reactions that it generates at the electrode surface, the polarization
of an electrode causes current to flow. An electrical double layer exists on the
interface between a metal surface and its surrounding electrolyte. This double layer
is formed as ions from the solution hold on the electrode surface and form a layer
balancing the electrode charge [15, 42, 43, 52]. The polarization resistance can also
be described as the corrosion rate of the metal substrate beneath the coating is
described by the polarization resistance. For a metal in the absence of a coating, the
corrosion rate can be determined from the polarization resistance. The polarization
resistance is inversely proportional to the corrosion rate. A typical polarization
resistance for a bare metal is 5000q . ¢’mR, must be normalized because it is

electrode area dependent [51].

The second Bode plot Figure 3.14 (c) schematizes the phase angle shift between
the applied AC potential and the registered AC current. On the Bode magnitude plot
at low frequencies Rs + R, can also be obtained as log(Rs+R;) can be read from the

low frequency horizontal plateau. At intermediate frequencies, the impedance
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spectrum should be a straight line with a slope of -1, indicating a presence of a

capacitor in the equivalent circuit Figure 3.15.

The Bode phase plot (Figure 3.14 (c)) shows that the phase angle is nearly zero at
the high and low frequency regions, where the behaviour of the cell is resistor-like.
At intermediate frequencies, the inflection is observed due to the existence of the
capacitor. In the Bode phase plot, the more the peak of each response is close to -
90°, the stronger the capacitive response. An ideal capacitance would be when the
peaks reach -90°. In general, the Bode diagrams provide clearer information of the
frequency-dependent behaviour of the electrochemical system than the Nyquist plot,
in which frequency values are implicit [51, 157].
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Figure 3.14 Nyquist plot for a real system (a) Bode plot for a real system: Bode
magnitude (b) Bode phase (c)[157]
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Figure 3.15 Equivalent circuit for a real system (Randles equivalent circuit) [157]

C is parallel to R, due to the charge transfer reaction.

A constant phase element (CPE) is usually used instead of the ideal capacitor C

because the CPE takes into account the non-ideal value of the slopes in the plots.

The AC impedance technique, although having some disadvantages, has become
an effective method in the study of corrosion protection and is accepted as a
standard technique for the analysis of corrosion and coatings [159] and the study of

the relationship between the corrosion behaviour and the coating properties.

The research group of Van Westing [160-163] provided several works about AC test
on coatings, especially epoxy coatings. According to their studies, the Nyquist plots
of the impedance spectra obtained indicated no change during the exposure to
saline water. However, information about the evolution of dielectric properties of the
coatings could be obtained with the equivalent circuits and the use of the CPE. It
was thus possible to detect localised loss of adhesion and the start of corrosion
process at the coating/substrate interface. They also found that water uptake has an

influence on the values of CPE.

Studies of AC impedance on ceramic coatings [145, 155] are fewer and can
sometimes present different results for a same measurement: there can be
inconsistency between the results in Nyquist and Bode plot. Masalski [145]
presented Bode diagrams showing no significant change in the impedance spectra
throughout the experiment, which was correlated to the visible results that there was
no coating decomposition detected. The impedance response for the Nyquist plot
showed to vary with the immersion time and flatten due to the frequency dispersion,
suggesting the presence of more than one time constant. The changes in the
impedance spectra with time indicate that the electrochemical properties of the film

vary with the time of exposure.

In the case of corrosion taking place, it is assumed that an area of the coating has
been delaminated on the metal side of the pore and that a cavity filled with the

electrolyte solution has developed. This electrolyte solution can be very different
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than the bulk solution outside of the coating. The interface between this cavity of
solution and the bare metal is associated to a double-layer capacitance in parallel
with a kinetically controlled charge-transfer reaction [157]. When using EIS to test a
coating, the data curve is fit to a certain type of model. The fit returns estimates for
the model parameters, such as the pore resistance and the double layer
capacitance. Then these parameters are used to evaluate the degree to which the
coating has failed [157]. The resistance of the coating changes during exposure due
to the penetration of electrolyte into the micropores of the coating. Upon immersion,
the pore resistance can be very high (>1010q) and wusually decreases:s
exposure to the electrolyte. However, it is not unusual for Ry to increase after long
exposure times. The increase in its value is usually associated to corrosion products

from the metal substrate blocking the pores [51].

The coating resistance R, represents the ease with which ions can move into and
out of the physical channel of the pores of the coating. For a failed coating the allure
of the circuit is shown in Figure 3.16 while the curves of this system are shown in
Figure 3.17. For the interpretation of the electrochemical behaviour of a system from
the EIS data, an appropriate physical model of the electrochemical reactions

occurring can be used [52, 164].
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Figure 3.16 Equivalent circuit for a failed system [157]

This equivalent circuit model is the simplest model used to analyze the impedance
response of a coating with defects. After some time of the contact between the
coated substrate and the electrolyte has been made, water and ions penetrate into

the coating and form a new electrolyte/metal substrate interface under the coating
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where corrosion can occur. The circuit contains two time constants, indicating two
processes take place in the investigated frequency range. The first time constant in
the high frequency region is responsible for the response of the coating, consisting
of the coating capacitance (C.) and the coating resistance (R.). The second time
constant at low frequencies is used to model the interfacial process occurred at the
interface between pores or delaminated coating areas filled with an electrolyte and
the metal substrate. The latter time constant contains of the double layer
capacitance (Ceq) in parallel with the kinetic controlled polarization resistance (R;) or
charge transfer resistance (R) [15, 42, 43, 52].

The coating is not the only feature of the sample that gives rise to a capacitance.
There is a charge on the metal electrode and a charge in the electrolyte that are
separated by the metal electrolyte interface. Since this interface is commonly known
as the fAdoubl e | ayer 0 arndmpresented m Figuee2i @ ,nhec a |
capacitance is called the Double Layer Capacitance and abbreviated Cgq. This
capacitance has a much higher value, so the C of even a small element will be

apparent in the EIS response.

A coating that is adhering strongly to the metal surface acts as a barrier so that
there is no metal-electrolyte contact. Coy can sometimes be related to delamination
of the coating. This element must be normalized because it is electrode area

dependent.
The value of C. cannot be determined directly from the Nyquist plot.

Due to coating degradation and diffusion of water and ions from the solution, the
equivalent circuit will change from system under activation control (Figure 3.17) to

system under diffusion control (Figure 3.19).

t

h
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Figure 3.17 Nyquist plot (a) and Bode plots for a failed coating system (b) Bode
magnitude and (c) Bode phase [157]

The electrochemical process at the coating/substrate interface is represented by a
Warburg (W) element instead of R,Ceq. In this case, the diffusion process is
suggested to be a rate-determining step, indicating that the electrical behaviour of
the coating/metal interface is dominated by the Warburg element. The Warburg
diffusion elementis a common diffusion circuit element that can be used to model

semi-infinite linear diffusion. It is a CPE with a constant phase of 45° [51, 157, 165].

Rq |

Figure 3.18 Equivalent circuit for a failed coating system [157]



67

0 (e i

Figure 3.19 Nyquist plot of a failed coating [157]

When the curves are complete semi-circles, the corrosion phenomenon can be
explained with the help of a Randles equivalent circuit, which is a capacitor parallel

to a resistance.

The capacitor represents the double electrochemical layer while the resistance is
the charge transfer resistance (R). The value of the resistance R; is the second
intersection of the semi-circle with the real axis of the Nyquist diagram. The first
intersection is the value if the solution resistance. When the curves obtained are not
semi-circles, the Randles circuit cannot be assimilated and a more complex
electrical circuit must be used. Those plots show that the visual results can be
compared to the impedance results as the plots have the allure corresponding to

their degree of corrosion [51].

Figure 3.20 presents the equivalent circuit which will be used for the fitting of the
data obtained. A constant phase element (CPE) is used instead of an ideal
capacitor; since the conditions and the results obtained are not as ideal as the
theory is (slopes of the curves in the Bode impedance plot are not equal to 1). The
equivalent circuit is defined as follow: Rg represents the electrolyte (or solution)
resistance, Rpoe IS the pore resistance, CPE. the coating capacitance, CPEy
considers the presence of a double layer between the metal surface and the
electrolyte, and R is related to the charge transfer resistance of the metal and can
be known as corrosion resistance [166]. The presence of the coating as an added
layer is supposed to increase the values of the resistance and impedance measured

of the samples in order to protect the substrate from the corrosion.
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This equivalent circuit has been used in several research works to model the

behaviour of stainless steel in various conditions of the corrosive electrolyte [167-

169].

Figure 3.20 Equivalent circuit used to fit EIS data

Figure 3.21 displays an example of the data fitting. The same procedure and

equivalent circuit are used for all coating formulations and plots presented.

102 ro ol Ll ool Ll ol L1111l
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10" 10° 10° 10° 10° 10°* 10°
Frequency (Hz)

Figure 3.21 Fitting of Bode plots

Errors are coming from the uncertainties of the software. Some constants (such as
Rs as the value can be determined with the Nyquist plot) have to be fixed in order to
have a decent fitting. If not fixed, the software decides on a more suitable fit but with

a R value which differs of several orders of magnitude from the actual value.
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Some authors have correlated the coating capacitance to the water uptake [170,
171], meaning that an increase in the value of coating capacitance would lead to
more water uptake for the sol-gel coatings thus a degradation of the coating.
Samples displaying little change in their CPE. values indicate a significant

improvement in the protective performance of their coatings.

R is linked to the corrosion. As the substrate comes in contact with the solution (or
electrolyte), the electrochemical reactions occur, leading to the start of corrosion and

formation of corrosion products.

A decrease in Ry value means an increase of damaged and formation of corrosion
product. This can be associated to the addition of titanium precursor, as studies
have reported that the doping with titanium enhanced the corrosion protection of

coatings.

3.5 Conclusions and Scope of Study

The corrosion of various systems, including coatings particularly relevant to this
study, has been described in this chapter. Corrosion is a major problem in sectors
using materials in aggressive environments. One major method to ensure its
protection is to protect it with a physical barrier known as a coating, especially sol-

gel coatings.

This study aims to provide experimental data and a better understanding on the
evolution of corrosion on coatings, especially inorganic/hybrid sol-gel coatings, the
influence of certain parameters on these coatings performance as well as protective

properties.

It also aims to help in the comprehension of the possible processes of corrosion and

degradation that can happen:

Dissolution of coating and if that makes the chemistry of said coating change
Water uptake during the immersion, does it change the coating and does it
increase the internal stress?

1 Water penetration, does it affect the substrate?

Firstly the experiments made on the samples will be to develop a definite
methodology for the project. Then the focus will be on inorganic/hybrid sol-gel

coatings especially the last batch. The inorganic/hybrid sol-gel used will contain
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different amounts of titanium butoxide. The hypothesis is that the addition of this
element will increase the corrosion resistance properties. One atom of titanium
would replace one atom of silicon in the sol-gel network at some positions during the

process and thus strengthen the network.

The identification of the behaviour of the coatings in aggressive environment and the
methodologies will support the development of knowledge about the selection of

materials and manufacture.

This work is to contribute to the development of sol-gel coatings technologies for the

protection of steel infrastructure, particularly in oil and gas industry.



71

Chapter IV. Experimental Procedures and Characterisation
Techniques

4.1 Introduction and Chapter Overview

This chapter outlines, presents and discusses the materials and coatings used
throughout the study as well as the different experimental procedures and methods
of analysis which are used in this research project. The differences between the
batches of samples are introduced. Static corrosion tests were performed through
Electrochemical Impedance Spectroscopy (EIS). Surface analyses were carried out
prior to the experiment then after the immersion studies. Methods comprise Fourier-
Transform Infrared Spectroscopy (FTIR), Scanning Electron Microscopy (SEM) and
Energy Dispersive X-ray Spectroscopy (EDX) as well as nano-hardness and
adhesion test. This includes mechanical as well as chemical surface analysis

techniques and imaging techniques to study surface properties.

4.2 Substrates and Samples Used for this Study

Several materials were used as substrates and were analysed in this study: carbon
steel X65, A1008Qpanel steel (cold rolled steel sheet), stainless steel 316L and 304.
The compositions are presented in Table 4.1 to Table 4.4. Those metals were
coated with different types of coatings throughout the project: organic,
inorganic/hybrid and hybrid/composites coatings. In the first batch, the samples for
conducting experiments were disks of either X65 or 316L steel with a diameter of
25mm and a thickness of 3mm. For the second and third batch, samples were
100mm by 100mm stainless steel sheets with a thickness of 1mm. They were cut
accordingly to the experiment: square samples of 50mm by 50mm for the
electrochemical measurement and 15mm by 15mm for the immersion samples
which were used for the FTIR, SEM/EDX, and scratch test studies. From the second
batch onwards, the substrate was 304 stainless steel due to technical issues. All the
inorganic/hybrid and hybrid/composites samples had a coating thickness between 3
and 11pym while the organic samples from the first batch had a thickness between
60 and 80um. The thickness was measured with the ellipsometry thickness
measurement method. A summary of the different experiments done on the samples
is presented in Figure 4.1. The purpose of these experiments was to analyse the

samples received so they would be improved for oil and gas conditions, then to
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study the influence of titanium on the corrosion resistance of the coatings, as well as
the influence of the percentage of titanium. Then the influence of the solvent used

during sol-gel process and the conditions of curing process itself were investigated.

Table 4.1 Composition of X65 carbon steel [172]
X65 Carbon Steel
Iron | Carbon|Manganese | Phosphorus | Sulfur | Titanium | Silicon | Nickel |Nitrogen

8.00- | 0.10%
12.00%| max

balance | 0.26% 1.40% 0.03% 0.03 | 0.04% |0.45%

Table 4.2 Composition of 316L stainless steel [173]

316L Stainless Steel

Iron | Carbon | Manganese | Phosphorus | Sulfur | Silicon | Chromium | Nickel | Molybden

0.0010 18.00-
0 0 0 0 0
balance | 0.030% 1.84% 0.021% % max 0.44% 20.00% 12.30% | 2.470

Table 4.3 Composition of A1008Qpanel [174, 175]

A 1008 Q-PanelSteel
Iron Carbon Manganese | Phosphorus Copper Sulfur

balance 0.08% 0.6% max | 0.035% max 0.2% min 0.04%

Table 4.4 Composition of 304 stainless steel [176, 177]
304 Stainless Steel

Iron | Carbon|Manganese | Phosphorus | Sulfur | Silicon | Chromium | Nickel | Nitrogen
0.03
0.045% 18.00- 8.00- | 0.10%
0, 0 0 0
balance | 0.08% | 2.00% max max mﬁx 0.75% 20.00% |12.00%| max

The samples of the first batch were a combination of either X65 carbon steel or
316L stainless steel substrates, with inorganic/hybrid coatings (5 different systems),
organic coatings (2 different systems) or hybrid/composites coatings (2 different
systems). They were disc coupons with a diameter of 25mm and a thickness of
3mm. A summary is presented in Table 4.5 to Table 4 7. This first batch included
several systems of inorganic/hybrid, organic and hybrid/composites silica sol-gel

coatings. No information has been given about the curing process or pre-treatment.

The samples of the first batch were deposited on the substrate with the spray-
coating method while the samples from Batch 2 and Batch 3 were deposited through

spin coating.
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Little information is known about the samples from Batch 1 due to confidential

requirement.

Batch 1
Organic (2), inorganic (5),
hybrid (2) systems
X65/316L

N

Surface analysis Immersive experiment

SEM/EDX, FTIR, EIS static
Scratch test corrosion test

Little to no relation between Batch 1 and Batch 2/3
Batch 2
Inorganic (Y%ew/wTi), hybrid
systems
304, A1008Qpanel

Surface analysis Immersive sx\geriment Surface analysis after experiment

SEM/EDX, FTIR, EIS static
Scratch test, corrosion test SEM/EDX, FTIR

Erosion test

Batch 3
Inorganic (%w/wTi,
solvent, curing process)

Surface analysis

Immersive experiment Surface analysis after experiment
SEM/EDX EIS static
FTIR, Scratch test, FIB-SEM, [ corrosion test ] [ SEM/EDX, FTIR ]

Nano-indentation

Figure 4.1 Summary of the batches of samples and experiments done (Inorganic:
inorganic/hybrid; hybrid: hybrid/composites)

The samples are labelled according to the nature of their coating first (I for
inorganic/hybrid, H for Hybrid/composites and O for Organic) then the batch of the
sample (B1 for Batch 1, B2 for Batch 2 and B3 for Batch 3) then the changing
parameters (from one batch to another). The formulation (1, 2, 3, 4 or 5 depending
on the system of sol-gel coating for the first batch, 0%, 1.4%, 2.8%, 5.6% or 11%
depending on the amount of titanium precursor for Batch 2 and Batch 3). In last the
changing parameter for each batch: substrate (X65 or 316L for Batch 1, 304 or
A1008Qp for Batch 2), pre-treatment (No when the samples has not been pre-
treated, Yes when the sample has been pre-treated); solvent and curing process for
Batch 3 (Mix when a mixture is used as a solvent, Ip when isopropanol is used; N,
or Air depending on the curing process). 0% to 11.3% for the second batch is the

system/percentage of precursor added to the sample; 304/A1008Qp is the
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substrate. Batch 2 used two different substrates, A1008Qpanel and 304 stainless

steel

Mix/lp for the third batch depends on the solvent used while N,/Air depends on the

curing process.

Table 4.5 Inorganic/hybrid samples of the first batch

Average
Sample Material | Pre-treatment | thickness | Nature of coating
(Lm)
| No 3.9
1B1,1,X65,No X65
l,1,1,x65,ves Yes 3.6 Inorganic/hybrid
l,81,1,316L,N0 No 3.9 system 1
l,81,1,316L, ves Yes 3.7
l,B1,2,316L,No No 5.9 Inorganic/hybrid
l,B1,2,316L,Yes Yes 6.6 system 2
e1.3316LNo 216 No 4.1 Inorganic/hybrid
16L
l,1,3,316LYes Yes 3.6 system 3
l,81,4,316LNo No 4.9 Inorganic/hybrid
l,B1,4316L,Yes Yes 4.8 system 4
l,81,5,316L.No No 3.9 Inorganic/hybrid
l,81,5,316L,N0 Yes 4.6 system 5
Table 4 6 Organic samples of the first batch
Average
Sample Material | Pre-treatment | thickness | Nature of coating
(Lm)
O,B1,1,x65,No No 10.3
X65
O,B1,1,x65,ves Yes 12.7 .
organic system 1
O,B1,1,316LN0 No 8.5
316L
O,B1,1,316L,ves Yes 8.4
O,B1,2,x65,No No 67.2
X65
O,B1,2,x65,ves Yes 69.2 .
organic system 2
O,B1,2,316L,No No 69.0
316L
O,B1,2,316L,ves Yes 79.5
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Table 4 7 Hybrid/composites samples of the first batch

Average
Sample Material | Pre-treatment | thickness | Nature of coating
(km)
H,B1,1.x65.No No 7.0
X65
Hip1.1.x65.ves Yes 5.8 Hybrid/composites
H,g1,1,316LNo No 5.2 system 1
316L
H,B1,1,316L Yes Yes 55
H,B1,2.x65.No No 9.3
X65
Hie1.2.x65.ves Yes 11.0 Hybrid/composites
H.,B1,2,316L,No No 12.4 system 2
316L
H,B1,2,316L Yes Yes 9.5

The samples of the second batch were a combination of sol-gel coatings, with an
undoped inorganic/hybrid coating, alkaline hydrolysed MTEOS / TEOS. In addition
alkaline hydrolysed MTEOS/ TEOS coatings doped with different percentages of
titanium butoxide: 0%w/w, 1.4%w/w, 2.8%w/w, 5.6%w/w, and 11.3%w/w and
hybrid/composites coatings GPTES/ Epoxy resin were also studied. The substrate
was either A1008Qpanel or 304 stainless steel. The summary is presented in Table

4.8. Coatings were deposited on sheet coupons with a dimension of 10x10x0.1cm.

Table 4.8 Summary of the samples of the second batch

Sample Coating type Substrate
| Inorganic Coating, Alkaline hydrolysed MTEOS/TEOS + 304
1B2,1.4%,304 Ti(IV)-(1.4%w/w)
| Inorganic Coating, Alkaline hydrolysed MTEOS/TEOS + 304
B2,2.8%.304 Ti(IV)-(2.8%w/w)
| Inorganic Coating, Alkaline hydrolysed MTEOS/TEOS + 304
'B2,5.6%,304 Ti(IV)-(5.6%w/w)
| Inorganic Coating, Alkaline hydrolysed MTEOS/TEOS + 304
'B2,11.3%,304 Ti(IV)-(11.3%w/w)
Inorganic Coating, Alkaline hydrolysed MTEOS/TEOS
l,82,09%,304 304
l,82,006,A10080p Inorganic Coating, Alkaline hydrolysed MTEOS/TEOS A}DOaOnSeIQ-
H,82,0%, 304 Hybrid Coating, GPTES/Epoxy Resin 304

The samples of the third batch were inorganic coatings, alkaline hydrolysed
MTEQOS/ TEOS deposited on 304 stainless steel doped with different percentages of
titanium butoxide: 0%w/w, 1.4%w/w, 2.8%w/w, 5.6%w/w, and 11.3%w/w. Moreover
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there were different solvents used for the sol-gel preparation (mixture EtOH, IpOH
and BuOH or isopropanol) and different curing processes (N, or Air) as presented in
Table 4.9, leading to different final compositions of the coatings. The coatings were
deposited on sheet coupons with a dimension of 10x10x0.1cm. This batch was a
continuation of the second batch with a change in parameters such as solvent and

curing process to see their influence on the evolution of corrosion.

Table 4.9 Summary of the samples of the third batch

Sample

Coating type

I 1B3,0%,Mix,N2

Solvent mixture (EtOH,lpOH,BuOH) cured at 500°C - N,

I 1B3,1.4%,Mix,N2

Solvent mixture (EtOH,IpOH,BuOH) with Ti 1.4% w/w precursor
cured at 500°C - N,

I 1B3,2.8%,Mix,N2

Solvent mixture (EtOH,IpOH,BuOH) with Ti 2.8% w/w precursor
cured at 500°C - N,

I 1B3,5.6%,Mix,N2

Solvent mixture (EtOH,lpOH,BuOH) with Ti 5.6% w/w precursor
cured at 500°C - N,

I 1B3,11.3%,Mix,N2

Solvent mixture (EtOH,IpOH,BuOH) with Ti 11.3% w/w precursor
cured at 500°C - N,

I 1B3,0%, Mix,Air

Solvent mixture (EtOH,IpOH,BuOH) cured at 500°C i Air

I 1B3,1.4%,Mix,Air

Solvent mixture (EtOH,IpOH,BuOH) with Ti 1.4% w/w precursor
cured at 500°C - Air

I 1B3,2.8%,Mix,Air

Solvent mixture (EtOH,lpOH,BuOH) with Ti 2.8% w/w precursor
cured at 500°C - Air

I 1B3,5.6%,Mix,Air

Solvent mixture (EtOH,IpOH,BuOH) with Ti 5.6% w/w precursor
cured at 500°C - Air

I 1B3,11.3%, Mix, Air

Solvent mixture (EtOH,IpOH,BuOH) with Ti 11.3% w/w precursor
cured at 500°C - Air

I1B3,0%,Ip,N2

Isopropanol as solvent cured at 500°C - N,

I 1B3,1.4%,Ip,N2

Isopropanol as solvent with Ti 1.4% w/w precursor cured at 500°C

- N2
| Isopropanol as solvent with Ti 2.8% w/w precursor cured at 500°C
1B3,2.8%,Ip,N2 -N,
Isopropanol as solvent with Ti 5.6% w/w precursor cured at 500°C
I!B3,5.6%,|D,N2 - N2
| Isopropanol as solvent with Ti 11.3% w/w precursor cured at
1B3,11.3%,Ip,N2 500°C - N2
Isopropanol as solvent cured at 500°C 1 Air
IvB3,O%,Ip,Air
| Isopropanol as solvent with Ti 1.4% w/w precursor cured at 500°C
1B3,1.4%, Ip,Air - Air
Isopropanol as solvent with Ti 2.8% w/w precursor cured at 500°C
I’BB,Z.B%,Ip,Air _ A".
| Isopropanol as solvent with Ti 5.6% w/w precursor cured at 500°C
1B3,5.6%,Ip,Air _ Air

I 1B3,11.3%, Ip,Air

Isopropanol as solvent with Ti 11.3% w/w precursor cured at
500°C - Air




77

Table 4.10 Average thickness of samples from Batch 2 and Batch 3

Sample Average thickness (um)
l,82,1.49%,304 3.3
l,82,2.89%,304 3.1
l,B2,5.69%,304 2.9
l,B2,11.3%,304 3.6

l,B2,0%,304 3.8

|,B2,09%,A10080p 4.0
H,B2,0%, 304 2.5
|, 83,09, Mix,N2 3.6

l,B3,1.4%,Mix,N2 3.3

l,B3,2.8%,Mix,N2 3.6

l,83,5.6%,Mix,N2 3.2

l,83,11.3% Mix,N2 3.6
|, 83,09, Mix,Air 3.4

|,83,1.49%,Mix Air 3.0

|,83,2.89%,Mix Air 3.5

|,B3,5.69%,Mix Air 3.5

l,83,11.3%,Mix Air 3.8
|,83,09,1p,N2 5.3
l,B3,1.4%,Ip,N2 5.0
l,B3,2.8%,Ip,N2 3.6
l,83,5.6%,Ip,N2 3.6

l,83,11.3%,Ip,N2 3.2
|,83,09%,Ip,Air 4.7
|,83,1.4%,Ip,Air 4.8
l,83,2.8%,Ip,Air 4.1
|,B3,5.6%,Ip,Air 3.7

l,83,11.3%, Ip,Air 3.6

4.3 Brine Used for the Research

During the study the samples were immersed in a brine of 3.5%w/w NaCl solution
(from sodium chloride obtained from Merck, 99.5% purity) to simulate a corrosive
environment. The samples were cleaned with distilled water and acetone before
being immersed in the brine. The environment was sealed and saturated with
bubbling CO, before any electrochemical measurement (for Batches 2 and 3). The

temperature for the first batch was 60°C then for the next batches was 25°C.
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4.4 Experimental Method for Static Corrosion Tests

The corrosion study of the coated systems can be done by Direct Current DC
techniques or Alternating Current AC impedance techniques. The corrosion is
measured by electrochemistry mostly because of the sensitivity of the modern
electronics equipment which allows the detection of corrosion product on substrates
before it is even visible to the eye. Electrochemical corrosion measurements use the
electrochemical nature of metallic corrosion. An external power source is used to
apply a voltage to a metal specimen submerged in an electrolyte. The electrical
current which can be measured is due to the applied voltage which forces the metal-

electrolyte interface to go further its steady conditions [30].

The corrosion characteristics of the batch of coatings deposited on X65 carbon
steel, on 304 and 316L stainless steel substrates were studied by electrochemical
methods. Electrochemical corrosion tests were conducted in order to analyse the
rate of corrosion. EIS is a method to examine anti corrosion protective coatings. It is
a well-developed branch of AC theory that describes the response of a circuit to an

alternating current or voltage as a function of frequency.

One of the main attributes of AC impedance tests in coating evaluation is the ability
to translate the data into a physical equivalent circuit or electrical model. This way,
passive elements such as resistors, inductors and capacitors are used to represent
the electro-chemical process and provide a way of modelling and discussing the

corrosion process [157].

Since EIS is best suited for high-impedance interfaces, it is particularly applicable for
the elevation of organic coatings on steel. As EIS measurements do not damage nor
perturb the system, they are useful in long time tests. Moreover, they allow the

monitoring of the gradual change of the coating-metal system over time.

The batches of samples were composed of three kinds of coatings
(hybrid/composites, inorganic/hybrid and organic) and of three types of metal
substrates (carbon steel X65, stainless steel 304 and stainless steel 316L).
Electrochemical measurements were performed on the samples under relatively
aggressive environmental conditions, consisting of an aqueous, air exposed, sodium
chloride (3.5% NaCl) solution at 60°C for thirty days for the first batch then 25°C for
30 days for Batch 2 and Batch 3. The integrity of the coatings was evaluated visually

and through EIS. EIS measurements do not disturb the system while the
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measurements are taken. The resistance of the solution is shown as well as the
resistance of the coatings. Only the coated surfaces of the samples were in contact
with the electrolyte as the other surfaces were in the sample holder and sealed with
O-rings in order to prevent premature corrosion along the edge of the substrates; or
a PVC tube was sealed on the sample to prevent any leak of the brine as presented
in Figure 4.2. The number of samples studied for each type of combination

substrate/coating was three.

Lid
b)
PVC tube
<0
Edge bent for EIS Electrolyte
& Cgted side
A\ |
Sample

Figure 4.2 Setup for the samples of a) Batch 1 b) Batch 2 and Batch 3

The working electrode is the sample which corrosion rate is being measured.
Nowadays, both the reference electrode and the counter-electrode are included in a
single oxydo-reduction electrode readily available such as silver-silver chloride or
saturated calomel electrode. AC impedance data are obtained using an Ivium-n-stat
multi-channel electrochemical analyser connected to a computer for recording the
results. A small sinusoidal voltage perturbation (x10mV) is applied to the system
over a frequency range from 20 kHz to 0.1Hz. Impedance data were collected at
regular intervals from initial immersion up to 30 days of exposure. Impedance data
are represented in two types of diagrams, which are the Nyquist plot and the Bode
plots including Bode phase and Bode magnitude plots. The graphs of the imaginary
values as a function of the real values (Nyquist plot) are plotted (all the units of the
axes ar’eThe X-aximgives us information about the polarization resistance.
All the Bode plots have a logarithmic x-axis [157]. With the aim of comparing
corrosion susceptibility of the coated samples in comparison with the uncoated
metal, impedance spectra have been recorded and presented in this part and Zview
modelling software (version 3.5d by Scribner Associates, Inc) is used to fit the

experimental data with electrical equivalent circuits.

The aim of this experiment was to screen the resistance of the coatings regarding

the corrosion in a relatively aggressive environment. Firstly to evaluate coatings of
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the first batch to reduce the amount of samples studied then for the other batches to
have the order of magnitude of the resistance of the coatings and its evolution

during the immersion.

4.5 Surface Analysis

The morphology and composition of the coatings and corrosion products were
analysed with several methods: Fourier-Transform Infrared Spectroscopy (FTIR),
Scanning Electron Microscopy (SEM) and Energy Dispersive X-Ray Spectroscopy
(EDX), these non-destructive methods allowed to assess the evolution of the
coatings during the experiment. Destructive methods are also used to analyse the
coatings: nano-indentation, scratch test, and erosion. The number of samples
examined for each type of combination substrate/coating was two for these

methods.

4.5.1 Fourier-Transform Infrared Spectroscopy (FTIR)

Infra-red spectroscopy measures the infra-red intensity adsorbed versus the
wavelength of the light. Fourier-Transform Infrared Spectroscopy is used to analyse
the species and functional groups on the surface of the coatings. Analyses were
performed by FTIR with a PerkinElmer Spectrum 100 FTIR with Universal ATR
accessory fitted, used to obtain chemical information about the surface of the
sample. FTIR spectra were recorded between 600cm™ and 4000 cm™ and collected
using 20 scans at 8cm™ resolution. The spectrometer was coupled with an imaging
system which permitted optical images of the surface to be collected. Its schematics

are presented in Figure 4.3.

Figure 4.3 Schematics of FTIR Spectrometer [178]
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There are expected peaks which can be found in Table 4.11 and Table 4.12 [179-
182] with the possibilities of the groups which can be attributed to the peaks present

in the spectra.

Table 4.11 Assignment of FTIR bands [109, 179-183]

Wavenuinber Group Group
(cm ) possibility 1 possibility 2
3400 -O-H (stretching)
o | e
2920-2950 -C-H (stretching) -C-H, (stretching)
2400 -C-0,

1600-1630 C=C (stretching)
Aromatic rings

1582 (stretching)
1400 -C-H (stretching)
1200-1240 -C-O- (stretching) | -Si-O-Si (stretching)
1080 C-O-C (stretching)
1080-1050 SHFO-SI SIO-CH,
(stretching) (stretching)
. . Si-C-H
940-850 - Si-OH (stretching) I 3
(deformation)
750-780 -Si-O (stretching) Si-O-C (stretching)

Table 4.12 Assignment of FTIR bands with titanium [184, 185]

Wavenumber I I
(Cm-l) Group possibility 1 Group possibility 2
2400 Ti-O (deformation)
950-920 Ti-O-Si (stretching)
800 Ti-O-C (stretching) Ti-O-Ti (stretching)
600 Ti-O-Ti (stretching)

4.5.2 Scanning Electron Microscopy (SEM)

While optical microscopy is the simplest and least expensive small-scale materials
characterization technique, optical microscopy is limited in its resolution by the
wavelength of light [186]. The visible light used in optical microscopes has
wavelengths varying between 400 and 700 nm [187]. A scanning electron

microscope (SEM) uses electrons rather than light to generate images and the
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resolution of an SEM is therefore limited by the wavelength of electrons, which at
the standard energy of 5keV is only 0.55 nm [187]. With the presence of other
limiting factors, again such as lens aberration, the ultimate resolution power of a
5keV SEM is on the order of a few nanometers [187]. SEM has been used
throughout the study to examine and obtain images of the morphology of the surface
at different days of immersion of coated samples. The surface of the samples to be
examined was scanned with an electron beam; the reflected beam of electrons was
collected then displayed at the same scanning rate. The image on the screen
represented the surface of the specimen. The surface must be electrically
conductive. SEM was carried out on the samples using a Carl Zeiss EVO MA15
SEM to assess coverage and topography of corrosion product. All images were
collected at an accelerating voltage of 20kV and at a working distance of about

8mm.

The setup is presented in Figure 4.4,

Vacuum

Ge— N
Chamber

Anode

Condenser
Lens

_ Electron
Condenser o Beam

Lens

Objective
Lens

Figure 4.4 SEM setup [188]
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4.5.3 Energy Dispersive X-Ray Spectroscopy (EDX)

Energy Dispersive X-Ray Spectroscopy has been used to identify and quantify the
elemental composition of the surface of the coatings. EDX spectra were obtained
using AZTEC software with t lhasudedtawyepfythegd mod e
composition of the coating and the interlayer structure as well as calculating the
percentage of titanium for the different types of doped samples. The EDX gives
sigma values with the quantification, but only for the wt%. The errors are normally
larger than this, because of the sample not being perfect (flat and perfectly
horizontal, homogeneous throughout the interaction volume, not charging, no
overlapping peaks etc.). It has a limit of detection of around 0.1%, depending on
element, and a limit of quantification of about 0.5%. Unfortunately, quantification and
errors on the EDX is very complicated when done properly, which is why we say it is

a semi-quantitative technique.

The schematic of this method is presented in Figure 4.5.
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Figure 4.5 Schematic of EDX [189]

4.5.4 Nano-Hardness Measurements

The nano indentation of the coatings was also studied to assess the hardness of the
coatings. Surface hardness valueswere o bt ai ned using a Nanotest

produced by Micro Materials Ltd Wrexham, UK. The extremely small force and
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displacement resolutions possible with the machine, which are as low as 3 nN and
0.001 nm, respectively, are combined with very large ranges of applied forces (0 i
500 mN) and displacements (0-50 um or more) [190]. The experiments were
performed at a constant loading and unloading rate equal to 0.01mN/s.The test
apparatus was in an enclosed, temperature regulated box to ensure no fluctuations
due to heating or cooling processes. The Nanotest platform software suite and micro
capture camera were used to obtain, analyse the data and measure the penetration
depth of the calibrated diamond indenter as a function of the applied load during a
cycle. Following the experimental Oliver and Pharr method [191] a diamond tipped
probe with a Berkovich indenter of 130° was employed for testing. All samples were
mounted to the holder using a high strength adhesive. A schematic of this method is

presented in Figure 4.6.

loading

Load, P

unloading

Displacement, h

Figure 4.6 Schematic of the indentation data as typically obtained from the
experiment. Adapted from [192]. P represents load, h represents displacement and
S represents the elastic unloading stiffness.

4.5.5 Adhesion Test (Scratch Test)

In order for two or more materials to perform as one material, as a composite, there
needs to be an adhesive bond between these materials that allows them to deform
as one. The adhesive, the adhesive bond, and the materials must be able to

withstand external stresses and strains to perform as a composite.
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Adhesion is an important property of thin coatings, but is also difficult to assess.
Scratch testing can be used to assess coating adhesion which leads to information
given on adhesive failure. In the scratch testing of thin coatings, the usual procedure
is to move the scratch tip to which is applied an increasing load across the coated
surface until, at a defined load called the critical load, a clear and distinct failure
appears or the film is detached from the substrate [193]. The critical loads of the
coatings depend on several parameters such as the material properties of the
coating and the substrate, the adhesive strength of the coating to the substrate, the
coating thickness, the loading rate and the indenter geometry [194]. It is usually
determined by visual examination of the scratch track, using a microscope [193].
The position of the crack is found and the corresponding load is obtained by direct
observation. Interfacial adhesion plays a crucial role in the structural stability,
performance and the reliability of coating-substrate systems. High adhesion strength
can avoid delamination and cracking of the coating when exposed to stresses [195].
From determining a critical load at which the coating delaminates from the substrate,
an assessment of the coating adhesion can be made [196]. The critical loads can be
compared for various coatings as a measure of the adhesion and different stages of
adhesion can be identified in the scratch track [197]. If the critical load leads to a
defined failure, this represents the loss of coating-substrate adhesion and the critical
load can be used as a qualitative measure of the adhesion of the system [198].
However, it is well known that a range of possible failure modes can occur and only
some of these are dependent on adhesion [198]. Scratch testing can give useful
information about the adhesion of coatings, provided that careful identification of the

failure mode is carried out [199].

The scratch tests in this project are mainly used for testing the adhesion strength of
coatings. These critical loads can be used to compare the scratch resistance of
various materials; a material with a higher critical load would be considered to have

a higher scratch resistance.

The adhesion was the first property to be studied as a surface mechanical property
with scratch resistance of the coating by the mean of a Scratch Tester Millenium 200
as presented in Figure 4.7 and Figure 4.8. A Rockwell diamond indenter with a tip

radius of 200um was used to scratch the samples.
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Figure 4.7 Representation of scratch test [200]

Figure 4.8 Image of the tip over the scratches of a tested sample [201]

This is an automatic instrument which enables the measurement of mechanical
strength adhesion and intrinsic cohesion of coatings. The scratch test method
consists of scratching the surface with a diamond tip while applying on it a constant
or progressive load. To ensure proper alignment in the system, the sample is moved
under the stationary indenter (diamond tip). When the scratch is finished, the sample
moves under the video system to examine the different kind of damage done by the
tip and to correlate it with the load applied [202]. With the help of two magnified
lenses, the critical load (as defined in theory and in Figure 3.4) is determined

visually, which means that the value is approximate, not accurate.

This method allows the comparison of different coatings, substrates, coating

thicknesses and preparation of surfaces before coating and scratching resistance of
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bulk materials. The tip must be wiped after each test with ethanol or methanol (any
alcohol), not with acetone. During the scratch test the indenter and the specimen
surface are involved and interact with each other, the result depending also on the
environmental conditions. Therefore, scratch tests should be carried out under
similar environmental conditions when comparing the results for different specimen.
The scratch segments of the tests were done with a progressive load scratch in
which the load increased with scratch distance. The range of the value which was
applied on the sample is for standard tests from 0 to 20N then 10N (decided after
some results showing the highest critical load around 5N). It was adapted from the
international standard values from ASTM C1624-05 (2015) with 10 mm/min for the
speed and 100N/min for the loading speed. The scratch length was 5.0 mm. The
average value of the critical load for the adhesion of a coating was about 10N. The
critical load is the maximum value reached before the failure or delamination of the
coating which means the limit of the adhesion [198, 203, 204].

Figure 4.9 presents the principle of this test:

Cohesive failure ’ )
Adhesive Failure

chipping & cracking

delamination

Layer

Substrate

Figure 4.9 Principle of scratch-test [203]

Once the scratch is done and once the sample was wiped with a dry tissue to avoid
the presence of powders, magnified lenses were used (x50 and/or x200) which

allow the examination of the scratch and the deformation made on the coating.

4.5.6 Erosion Test

Erosion and erosion-corrosion properties of the coatings were investigated.
Measurement of the resistance of the coatings to sand erosion was undertaken
using a submerged impinging jet. The submerged impinging jet reservoir was filled
with 50-litres of tap water and 1000mg/L of sand that was re-circulated through a
dual nozzle arrangement onto the flat specimens at an angle of 90°, positioned 5mm

from the exit of the nozzle. Spherical sand particles were used with an average
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particle dia met er of 250 ¢ m.s sphrigesl with aifrogen i(No) muringdhe
test and for a minimum of 12 hours prior to starting the test, to reduce the dissolved
oxygen concentration in the solution to below 50ppb. Tests were conducted at a flow

velocity of 15m/s and a temperature of 25°C. The mass of the samples was

measur ed before and after t he test us i

representation of the set up can be found in Figure 4.10.

Erodent feeder
Silica Sand
High pressure air

ErodentNozzle

Conveyor belt system

Specimen
Specimen holder

Erodent sand collector

Figure 4.10 Representation of the erosion test setup [205]

4.5.7 Salt Spray Test

The salt spray test, as defined by ASTM B117, is one of the most used widely tests
to evaluate corrosion protection of coatings on metals. It is an accelerated corrosion
test trying to duplicate in laboratory the corrosion performance that a product would
endure. The test offers many advantages, including standardized protocols for
conducting the exposure and evaluating the results and procedural simplicity [206].
However it is criticized for its lack of reproducibility from one test chamber to
another, failure to predict service performance and its inability to provide a
gquantitative measure of corrosion damage easily [206]. The schematic of a set up of

a salt spray chamber is presented in Figure 4.11.

ng
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Figure 4.11 Representation of a salt spray chamber [207]
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Chapter V. Characterisation and Properties of the Coatings
Prior to Corrosion Tests

5.1 Introduction and Chapter Overview

Coatings technology is fundamentally dependent upon good adhesion between the
coating and the substrate, and in many cases adhesion is the limiting factor for the
wider application of the technology [208, 209]. The mechanical properties of the
coatings play a crucial role in the reliability of the products to which they are applied.
If a coating fails, or experiences substantial deformation, its function may be
deteriorated.

This chapter first presents the results of different analyses made on the surface of
the samples from the first batch: Energy Dispersive X-ray Spectroscopy (EDX),
Fourier-Transform Infrared Spectroscopy (FTIR), as well as results from analyses of
mechanical properties of the samples such as adhesion. The first batch was
composed of several systems (inorganic/hybrid, organic and hybrid/composites)
deposited on either carbon steel X65 or 316L stainless steel. The purpose of the
experiments was to screen those samples. The second part focuses on the samples
from the second batch (alkaline hydrolysed MTEOS (methyltriethoxysilane) / TEOS
(tetraethoxysilane), inorganic/hybrid coating on different substrates (A1008Qpanel
or 304 stainless steel), alkaline hydrolysed MTEOS/ TEOS. In addition, coatings
doped with different percentages of titanium butoxide: 0%, 1.4%w/w, 2.8%w/w,
5.6%w/w, and 11.3%w/w or hybrid coatings GPTES/ Epoxy resin) are studied.
Results from analyses made on the surface of the samples as well with FTIR are
presented while the adhesion was evaluated through scratch tests. The third part
presents the third batch (inorganic coatings, alkaline hydrolysed MTEOS/ TEOS
deposited on 304 stainless steel doped with different percentages of titanium
butoxide: 0%wi/w, 1.4%w/w, 2.8%w/w, 5.6%w/w, and 11.3%w/w as well as different
use of solvent for the sol-gel preparation (mixture of ethanol, isopropanol, butanol;
or isopropanol). Also, different curing processes (in N, or in air) are evaluated.
These changes were made in order to increase the protective properties of the
coatings. The results presented are from Scanning Electron Microscopy (SEM),
EDX, adhesion and hardness in order to define the influence of the addition of

different types of precursor in the coatings.
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5.2 Surface Analyses of the First Batch: Series of Coatings with
Different Formulations

5.2.1 Energy Dispersive X-ray Spectroscopy (EDX) on Inorganic/Hybrid,
Organic and Hybrid/Composites Systems from the First Batch

EDX was used as an analytical technique for the elemental quantification of
samples. It was used on the samples of the study to obtain information on their
elemental composition. Batch 1 included 5 inorganic/hybrid systems, 2 organic
systems and 2 hybrid/composites systems on either carbon steel X65 or 316L
stainless steel. All these systems were alkaline hydrolysed MTEOS / TEOS with
addition of polymers for the organic systems. Figure 5.1 presents the graph obtained
from the results calculated through EDX, which was used on the different systems
all deposited on stainless steel 316L in order to have only the parameter of the
nature of the coating changing. It was supposed that since the coatings systems are
the same regardless of the substrate and that it was before any experiment, the
composition of the coatings would be the same and thus only one type of substrate
was chosen. Three different points on two different samples were measured and

analysed.

The graph shows that for all the coating systems but one (organic system 2 with an
average value of 0.065%), silicon is the most or second most present element on
the surface of the samples. Carbon is present at a high percentage for both organic
and hybrid/composites systems while oxygen has a constant presence for all

systems.

Due to the penetration range of X-rays and backscattered electrons the iron and
chromium detected for inorganic/hybrid and hybrid/composites coatings originate
from the substrate when coatings are a few um thick [210] which means that the

coatings where iron is detected before any experiment are thinner.

As presented in Figure 5.1 and as expected, the percentages of carbon for the
inorganic/hybrid systems are low compared to the organic systems. Considering that
the hybrid/composites systems contain both compositions of organic and

inorganic/hybrid coatings, their percentage of carbon and oxygen is relatively high.

It would be expected that the amount of silicon detected would be low for the

organic samples since they are not supposed to contain as it is what makes the
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inorganic/hybrid sol-gel coating. Organic system 1 presents a 60% amount of silicon

while it is close to 0% for organic system 2.

I norganic 1
100 - Il Inorganic 2

[ Inorganic 3
I Inorganic 4
50 [ J]Inorganic 5
I Organic 1
[ Organic 2
I Hybrid 1
s 60 ~ [ ]Hybrid 2
=
X
40 -
20 A
04
c 0 Si Fe
Element

Figure 5.1 Weight percentage of C, O, Si and Fe elements for the different coating
systems of Batch 1

The amount of iron as a function of the thickness is presented in Figure 5.2. Since
these measurements were made before any experiment, there should be a really
low amount of iron detected. The hybrid/composites system 1 presents an amount

of about 12% which is high since the sample was not tested yet.
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Figure 5.2 Percentage of iron as a function of thickness for the coatings of Batch 1

5.2.2 Fourier-Transform Infrared Spectroscopy on Inorganic/Hybrid,
Organic and Hybrid/Composites Systems from the First Batch

The results obtained from FTIR analyses on non-tested samples are presented in
Figure 5.3 to Figure 5.5 . The FTIR spectra were all taken in the wavenumber range
of 600-4000 cm™. The spectra of inorganic/hybrid systems are similar to one another
and are close to the spectra of hybrid/composites systems. Some differences can be

due to the differences in the sol-gel process.

Figure 5.3 presents the FTIR spectra of all 5 different inorganic/hybrid systems. It
appears that the coatings have the main functional groups in common (Si-C and Si-
O-Si). However C-O bond and C-H stretching vibrations are also detected for most
of them and Si-OH for only two of them [181] correspond to residual Si-OH due to
incomplete condensation. It seems that the inorganic/hybrid systems 2 to 5 contain
little silanol groups which could be due to incomplete reaction during the sol-gel

process.

Figure 5.4 presents the FTIR spectra of the organic systems. They both present
functional groups from pure epoxy coatings such as aromatic rings at 1582 and
3056cm™. Some of their peaks are at the same position than the silicon peaks from
inorganic/hybrid coatings and this cannot be excluded since silicon was detected
through SEM.
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Figure 5.5 presents the FTIR spectra for the hybrid/composites systems, it shows
group Si-O-Si from the inorganic/hybrid system but these peaks (1070-1080cm™)
are close in value to the aromatic peaks value and thus can be superimposed or
shifted. The hybrid/composites samples have a more complex structure as it can be

seen in Figure 5.5.
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Figure 5.3 FTIR analysis of a) inorganic/hybrid system 1; b) inorganic/hybrid system
2; ¢) inorganic/hybrid system 3; d) inorganic/hybrid system 4; e) inorganic/hybrid
system 5
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Figure 5.5 FTIR analysis of a) hybrid/composites system 1 b) hybrid/composites
system 2

Some samples, for example inorganic /hybrid system 1, organic system 2 and both
hybrid/composites systems present the 7 OH stretching bond from water. This could

come from the curing process.

When the samples presented close to no i OH bonds it means that the condensation
process was close to completion with the available silanol groups. Further hydrolysis

and condensation could occur if there are residual alkoxy groups..
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5.2.3 Critical Load on Inorganic/Hybrid, Organic and Hybrid/Composites
Systems from the First Batch

This part presents the results of the scratch tests, thus giving information about the
adhesion of the coatings on the substrates. Depending on the nature of the coating,
the samples presented different types of failure and different critical loads. This load,
also labelled as L., has been proposed as a quantitative value to evaluate the
adhesion of the coating [211]. The results can be divided in three types of failure:
cracking, ductile and ripping as presented in Figure 5.6. Table 5.1 presents the
different type of failures obtained while Table 5.2 presents the values of the critical
loads obtained for the samples of Batch 1. Figure 5.7 to Figure 5.9 present the

appearance of all the systems.

e

Ductile Ripping &

I,Bl,l,316L,Yes I,Bl,2,316L,Yes I;Bl,l,X65,N0

Figure 5.6 Different types of failure observed a) cracking b) ductile ¢) ripping

Table 5.1 Summary of the types of failure for Batch 1

Cracking Ductile Ripping
I »B1,1,316L,No I »B1,1,X65,Yes I »B1,1,X65,No
I »B1,1,316L,Yes I »B1,2,316L,No
I »B1,3,316L,No I »B1,2,316L,Yes
I »B1,3,316L,Yes I »B1,5,316L,No
I »B1,4,316L,No I »B1,5,316L,Yes
I »B1,4,316L,Yes O,B1.1|X65|No
H 1B1,1,X65,No OaBl|1,X65,Yes

H »B1,1,316L,No

OaBl,l,BlGL,NO

H »B1,1,316L,Yes

OsBl,l,316L,Yes

H 1B1,2,X65,No

OsBl,Z,X65,NO

H;Bl,2,X65,YeS

O »B1,2,X65,Yes

H »B1,2,316L,No

O1Bl,2,316L,N0

H »B1,2,316L,Yes

O;Bl,2,316L.Yes

Only one sample had a ripping type of failure (and was from an inorganic/hybrid
system) while all the samples from the organic systems had a ductile type of failure
and the hybrid/composites systems presented a cracking type of failure. The
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inorganic/hybrid systems (except for l,z11xe5n0) had either a cracking or ductile
failure. The pre-treatment had little effect on the type of failure as compared in this
table.

The hybrid/composites systems exhibit performance closer to the inorganic/hybrid
systems than organic in this experiment, even though it contains high quantity of

carbon material.

Table 5.2 Critical loads obtained for the samples of Batch 1

Sample Critical load (N)
l,B1,1,x65,No 1.42
l,B1,1,x65,ves 1.91
l,81,1,316L.No 3.32
l,81,1,316L,ves 5.49
l,81,2,316L,N0 1.92
l,81,2,316L,ves 4.83
l,81,3,316L,N0 2.01
l,81,3,316L,es 1.76
l,81,4,316L,N0 3.87
l,81,4,316L,ves 4.59
l,81,5,316L,N0 4.59
l,81,5,316L.No 2.8
O,B1,1,x65,No 0.39
O,B1,1,x65,ves 0.33
O,B1,1,316L,N0 0.89
O,B1,1,316L,ves 0.38
O,B1,2,x65,N0 51
O,B1,2,x65,ves 4.5
O,B1,2,316L,N0 4.5
O,B1,2,316L,ves 4.0
H,B1,1,x65,No 5.39
H,B1,1,316L,N0 5.34
H,B1,1,316L ves 5.13
H,B1,2,x65,No 5.46
H,B1,2,x65,ves 8.03
H,B1,2,316L.N0 8.61
H,B1,2,316L ves 7.81
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I:Bl,l,XSS,NO IlBl,l,316L,NO

I »B1,1,316L,Yes

IaBl,2,316L,YeS

I:Bl,3,316L,YeS

I:Bl,4,316L,N0 I!Bl,4,316L,Yes

I,Bl,5,316L,N0 IaBl,5,316L,Yes

Figure 5.7 Appearance of the scratch tracks for the inorganic coating systems of
Batch 1
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O,Bl,l,XGS,No O:Bl,l,XBS,Yes c)1Bl,1,316L,N0

O:Bl,l,SlGL,Yes

OlBl,Z,XGS,NO O’Bl,Z,XGS,Yes 0151,2,316L,N0

OaBl,2,316L,Yes

Figure 5.8 Appearance of the scratch tracks for the organic coating systems of
Batch 1
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H 1B1,2,X65,No HlBl,2,316L,NO

H;Bl,2,316L,Yes

Figure 5.9 Appearance of the scratch tracks for the hybrid/composites coating
systems of Batchl

Figure 5.10 to Figure 5.13 summarise the values obtained for the critical loads of the
samples of the first batch. For the inorganic/hybrid coatings (except system 1), the
coatings did not adhere on the X65 carbon steel (with or without pre-treatment); the
samples were not sent by the company so there can only be a presentation of the
results on 316L stainless steel. This means that the inorganic/hybrid coatings of this
batch had a low, even non-existent adhesion on carbon steel X65. The adhesion
appeared to be low for the inorganic/hybrid coating systems as the critical load
values are below 5N. The substrate could be seen almost as soon as the scratch
begins. As for the organic coatings, it seems like the samples from the same
systems have a similar value of critical load and that the scratch had the same effect
and ended in the same failure for both systems, regardless of the substrate. The
critical load of the organic system 1 is extremely low (less than 1N) while the critical
load for organic system 2 is higher (between 3N and 5N).

Hybrid/composites systems have the highest value of critical load (between 5N and
9N) compared to the other types of coatings studied. Unlike the inorganic/hybrid and
organic coatings, the substrate cannot be seen on the surface of the sample after
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the scratch. It is expected since they have advantages of both types as presented in
Chapter Il1.
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Figure 5.10 Critical loads as a function of the average thickness of the
inorganic/hybrid samples of Batch 1 without pre-treatment
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Figure 5.11 Critical loads as a function of the average thickness of the
inorganic/hybrid samples of Batch 1 with pre-treatment
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Figure 5.12 Critical loads as a function of the average thickness of the organic
samples of Batch 1
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Figure 5.13 Critical loads as a function of the average thickness of the
hybrid/composites samples of Batch 1
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5.2.3.1 Inorganic/Hybrid Samples

As presented in Figure 5.7, Figure 5.10 and Figure 5.11, the samples I,g1 1 x65N0s
l,81.1.x65.ves: |,B1,1,316L.N0 @Nd |,811316Lves @re all coated with an inorganic/hybrid sol-gel

system 1 but it is clear that the results of scratch-tests are all different.

While comparing both samples of the inorganic/hybrid system 1, the result of the
scratch test seems different; as on X65 the coating looks like it is ripped off the
substrate while on the 316L stainless steel it is more like a crack. The critical load
for l,g11xesno IS 1.4N while for l,g113160.n0 it IS 3.3N. In this case of both coated
samples without pre-treatment it is a value which can be characterized as low but
the value of the 316L-inorganic 1 combination is greater compared to the value of
X65-inorganic 1. The combination 316L-inorganic/hybrid system 1 with pre-
treatment has also a higher critical load value compared to the combination of X65-
inorganic/hybrid system 1 with pre-treatment. Moreover, the results with the
stainless steel as a substrate have a higher value of the critical load compared to

the coatings on carbon steel.

In Figure 5.7 the adhesion of the sample Il,g11x65n0 SEEMS poOOr and the coating
could be torn off from the substrate. Its critical load value is really low (1.4N), as well
as for the sample |,g1 1 x65,ves (1.9N). Scratch marks make the coating look really soft
and with poor adhesion. For this one, the substrate can be seen. The results on X65
show that the adhesion of the coating on the substrate is not very strong and that it
can easily be removed while it can be seen in the results for 316L that even if it is
the same coating, it does not have the same effect on the substrate. From Figure
5.7 it can be seen that cracks are formed on I,g;1 316180 (Critical load of 3.3N) and
81,1316 ves (Critical load value of 5.5N) and the substrate is not easily seen under the

coating.

The sample 1511316, ves Nas a stronger adhesion. Its critical load value is the highest
of the samples and more than 5N, which for this first batch, is considered in the top

half of the critical load values.

For inorganic/hybrid systems 2 to 5 there are only results of coatings on 316L
stainless steel as there was no adhesion at all on the samples on carbon steel so no

measurements could be made.

In this case (Figure 5.7), the samples |,1 2 3161n0 @Nd |,51.2,3161 ves Which are both from

the inorganic/hybrid system 2 have the same visual result (ductile failure) but the
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values of their critical load are different: 1.9N for |,g1 23161 n0 @Nd 4.5N fOr 1,51 2 3161 ves-
l,81,2316Lves SEEMS tO Strongly adhere to the substrate. The substrate can also be

seen once the coating has been removed for both samples.

Figure 5.7 presents both samples I,g13316.n0 (Critical load value of 2.0N) and
81,3316 ves (Critical load value of 1.8) from the inorganic/hybrid system 3 but having
approximately the same result (cracking failure) and critical load. The failure in both

cases is more of a delamination.

Both samples I,1.43161.n0 @Nd 1,81.4.316L.ves &re from the inorganic/hybrid system 4 and
also have approximately the same results, visually as well as for the critical load:
3.9N for l,51.4316..n0 @Nd 4.6N for 1,1 4 3161 ves @nd both having cracking as failure. The
failure here shows that the coatings are harder and that the critical load values are

higher than the precedent samples.

Both samples, I,g153161.n0 @Nd 1,515316.ves @re from the inorganic/hybrid system 5.
The sample 1,51 5316180 @S @ higher value of critical load (4.59N compared to 2.80N
for l,s15316.ves) While both samples look like having a soft coating and a ductile
failure. The substrate can be seen for both samples shortly after the start of the
failure. In this case, the sample on X65 carbon steel substrate has a higher value of
critical load compared to the sample on 316L stainless steel.

For the critical loads of inorganic/hybrid systems, the pre-treatment seems to have

an impact on the scratch resistance as the values can have up to 2N of difference.

5.2.3.2 Organic Samples

The four samples, O,g11,x65N0r O,81,1,x65vess Os1,1,316080 NA O,5113161,ves from the
organic system 1 have the lowest values of the critical load according to Figure 5.12,
which means a really poor adhesion and Figure 5.8 also shows the presence of the
substrate. O,g11x65Nn0 NAS a critical load value of 0.4N, O,g;1x65ves Nas a value of
0.3N, O,g1,1.316Ln0 has a value of 0.9N and O,g; 13161 ves has a value of 0.4N. The four

samples have the same type of failure: ductile failure.

As shown in Figure 5.8, the substrate has no influence on the adhesion as the

coating is too soft to be properly scratched.

The samples O,g12x65N0: O.B1.2,x65.vesy O,81,2.3160N00 O,B1,2,316L,ves, are from the same

organic system 2 and have a higher critical load value compared to the other
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organic system. The critical load values are respectively 5.1N, 4.5N, 4.8N and 4.5N.
There is a clear distinction between the two organic systems. Organic system 1
presents a low critical load for a low thickness while organic system 2 has a higher
critical load (about 5 times compared to system 1) for a thickness about 7 times
greater. The substrate is not being shown in any of the pictures. The results from
Figure 5.8 are similar and appear as a ductile failure while their critical load values
are comparable regardless of the substrate. For applications requiring greater

scratch resistance, thicker coatings of this type would be more appropriate.

5.2.3.3 Hybrid/Composites Samples

The samples H,g11xes5n0 (Critical load value of 5.4N), H,s113161n0 (Critical load value
of 5.3N) and H,1 1 3161 ves (Critical load value of 5.1N) are from the hybrid/composites
system 1 have a high value of critical load as shown in Figure 5.13, but the failures
seem to be both delamination and crack of the coating. All of those samples have a

cracking-like failure (Figure 5.9). The results presented are visually comparable.

The samples H,g12xe5n0 (Critical load value of 5.5N), H,g12x65.ves (Critical load value
of 8.0N), H,g1 2316080 (8.6N) and H,g1 2316 ves (7.8N) are from the hybrid/composites
system 2. These samples have a high critical load value (Figure 5.13), especially
H,s123161.80 Which present the highest value of all. In these cases, the failure seems

like a crack of the coating (Figure 5.9).

The pre-treatment seems to have little effect on the hybrid/composites systems.

5.3 Surface Analyses of the Second Batch

The second batch consisted of three types of coatings, hybrid/composites sol-gel
coatings, undoped inorganic/hybrid sol-gel coating and inorganic/hybrid coating with

titanium precursor doping deposited on either stainless steel 304 or A1008Qpanel.
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5.3.1 FTIR on Sample Coated with Undoped Sol-Gel Inorganic/Hybrid
Coating and on Sample Coated with Inorganic/Hybrid Sol-Gel Coating
Doped with Titanium Precursor

This part presents the results obtained from FTIR analyses, on intact samples
before any experiment is performed. The FTIR spectra were all taken in the range
wavenumber of 4000 to 600cm™. All the inorganic/hybrid sol-gel coatings were
prepared with the same bases and have similar functional groups detected through
FTIR to form a general structure, with addition of different peaks according to the

type of doping or additives.

Figure 5.14 presents the spectrum for the inorganic/hybrid sol-gel coatings without

any doping (0%) and the different percentages of doping before any immersion.

The most important bands appear at 1070-1080cm™, which corresponds to the Sii
Oi Si asymmetric stretching vibration [180]. The absorption bands observed at
around 2950cm™ and 1400cm™ stem from stretching and bending vibrations of Ci H
bonds respectively [179, 212]. The absorption bands observed at around 750cm™
could be ascribed to Si-O groups [213]. The sample is at Day 0 and has not been
tested yet, thus the O-H bonds detected such as the peak at 1600cm™ [181] can
correspond to residual Si-OH due to incomplete condensation or from water from

the curing step of process.

The presence of Si-O-Si groups in the FTIR results confirms that the condensation

reactions have been properly produced [214].

The results for the spectra of doped samples are not totally conclusive and
additional characterisation is needed as it analyses only the surface. The samples
present a shifting of peak at about 1000 cm™ or as a peak it can be assigned to Ti-
O-Si and another peak at 800 cm™ for Ti-O-Ti [212]. No peak can be clearly
associated to the Ti-OH group, suggesting that the condensation occurred

immediately after the hydrolysis after the titanium precursor [212].
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Figure 5.14 FTIR spectra of inorganic/hybrid sol-gel coating samples of Batch 2 with
different percentages of titanium precursor before the experiment: a) 0%w/w; b)
1.4%wi/w; c) 2.8%w/w; d) 5.6%w/w; e) 11.3%w/w

The structure of the undoped inorganic/hybrid sol-gel coating (0%w/w of titanium
precursor) is the base of the other coatings such as the doped coatings as well as
the samples from the third batch which includes samples whose solvent used during
the process are isopropanol or the mixture, samples cured in N, or in air. Before any
experiment, there are no additional peaks for those samples compared to the
undoped inorganic/hybrid sol-gel coating used as a reference and presented in
Figure 5.14.

Besides the high number of peaks, the spectra showed different intensities,
sharpness and some shifts in peaks, highlighting an admitted limitation encountered
during FTIR analysis: the more molecules there are, the more difficult it is to assess

which peaks correspond to a certain molecule. This is due to the fact that there can
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be interferences between the different components [215]. In addition, broad peaks
can be due to the presence of specific bonds such as the O-H bond, or the presence
of two component presenting stiff bonds vibrating in the same region [216].

Therefore, the results from FTIR analysis have to be considered with caution.

5.3.2 Adhesion of Second Batch

Samples from Batch 2 deposited on 304 stainless steel were analysed. The samples
were too reflective for the pictures to be shown but all presented a cracking failure.
Table 5.3 presents the results of these samples and the critical loads obtained. One

sample of each category was chosen.

Table 5.3 Critical loads for Batch 2

Sample Critical load (N)
Hybrid/composites coating 09+05
Undoped inorganic/hybrid coating 3.1+05
Inorganic/hybrid coating with 2.8%w/w Ti precursor 4505

In this batch, the hybrid/composites coating has a really low value of critical load
compared to the first batch with a value of less than 1N whereas hybrid/composites
coatings are supposed to have a higher critical load compared to the other coatings.
The addition of titanium to this coating seems to have an influence on the adhesion
or strength of the sol-gel coating since the value of the critical load for the undoped
coating is about 3N and there is a slight increase with the addition of precursor to
about 4.5N. Visually, the substrate cannot be seen on the surface of the samples

and the failures look like cracks.

5.4 Surface Analyses of the Third Batch

The third batch consisted of undoped inorganic/hybrid sol-gel coatings and
inorganic/hybrid coatings with titanium precursor doping deposited on stainless steel
304.
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5.4.1 Scanning Electron Microscopy / Energy Dispersive X-Ray
Spectroscopy (SEM and EDX)

This part focuses on the third batch of coating (see Chapter 1V) and the differences
between the samples with different formulations and solvents used and curing
process. All coatings were inorganic/hybrid sol-gel coatings with 0%w/w, 1.4%w/w,
2.8%w/w, 5.6%w/w or 11.3%w/w of doping with titanium precursor with either

isopropanol or solvent mixture as solvent and air or N, used in the curing process.

For the sol-gel coatings which were cured in air, there was presence of cracks on
their surface, with the main cracked samples being the ones with 11.3%w/w of
titanium butoxide in the system. These samples, even before immersion, were

weakened. Some examples are shown in Figure 5.15.

Figure 5.15 SEM image before immersion a) sample with isopropanol as solvent
cured in air (I,s311.3%.p,4ir) b) Sample with mixture as solvent cured in N,
(1,83,11.3%,Mix,N2)

Cracks can be seen through these SEM images and prove that the substrates are

not properly covered. Those samples contain 11.3%w/w of titanium butoxide.

Both undoped inorganic/hybrid coatings with the mixture as solvent (l,s3,0% mixn2 @Nd
83,006 Mix.Ar) ShOW asperities on their surface before immersion. This is presented in
Figure 5.16. Cracks can be seen before the experiment, which can lead the sample

to be more inclined to corrosion.

™ Cerman

m = = 1
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Width = 4889 mm

Figure 5.16 SEM image before immersion a) sample cured in air (1,583,006 mixn2) D)
sample cured in N3 (1,83,09% mixAir)
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5.4.2 Composition of the Samples Determined with EDX

Figure 5.17 to Figure 5.21 present the average value of silicon, iron and titanium
measured through EDX for the samples of the third batch. Measurements were
taken before any experiments to have a more accurate value of the percentage of
the chemical elements. The focus is to show the differences in the measured values

depending on the curing process or solvent used.
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Figure 5.17 Average amount of silicon and iron according to EDX for non-doped
samples of Batch 3
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Figure 5.18 Average amount of silicon, titanium and iron according to EDX for
1.4%w/w titanium butoxide samples from Batch 3
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Figure 5.19 Average amount of silicon, titanium and iron according to EDX for
2.8%wi/w titanium butoxide samples from Batch 3
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Figure 5.20 Average amount of silicon, titanium and iron according to EDX for
5.6%wi/w titanium butoxide samples from Batch 3
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Figure 5.21 Average amount of silicon, titanium and iron according to EDX for
11.3%w/w titanium butoxide samples from Batch 3
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Depending on the curing process and the solvent used during the sol-gel method,
the concentration of the silicon and titanium elements are different for samples
which are supposed to have the same concentration of titanium precursor.
Especially for samples with a doped value from 2.8%w/w to 11.3%w/w the
percentage of titanium present and measured is lower for the samples with
isopropanol as a solvent and the gap between the systems with different solvents

increase with the amount of titanium.

Figure 5.22 presents a summary of the ratio Ti/Si for the samples of the third batch.
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Figure 5.22 Ratio Ti/Si for the samples with different formulations of Batch 3

Thus, there is considerable potential between the input (target) formulation and the
final coating composition. It was not possible to accurately determine this difference.
For the nomenclature the percentage of precursor added was therefore kept
although this does not correspond exactly to what the sample contains. The higher
the concentration of titanium added, the bigger the difference is for the percentage
of titanium measured between the samples with different solvents. Less titanium is
present for samples with isopropanol as a solvent compared to samples with the
mixture as solvent.

Figure 5.23 and Figure 5.24 present the amount of iron detected as a function of

thickness. The thicknesses are similar to the thickness of the inorganic/hybrid
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coatings from the other batches: close to 5um. The amount of iron detected is below
5% for all samples, even for the samples with 11.3%w/w of precursor which showed

cracks on their surface as presented in Figure 5.15.
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Figure 5.23 Weight percentage of iron detected for Batch 3 as a function of
thickness for the samples with the mixture as solvant
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Figure 5.24 Weight percentage of iron detected for Batch 3 as a function of
thickness for the samples with isopropanol as solvent

5.4.3 Cross-Section of Sample Doped with 11.3%w/w of Titanium
Precursor and Analysis with EDX

A cross section of one of the samples doped with 11.3w/w% of titanium precursor
with the mixture as solvent and cured in N (I,5311.30% mixn2) WaS studied through SEM
and EDX in order to have information about the dispersion of silicon and titanium
elements in the coating as shown in Figure 5.25 (which also shows the thickness of
the coating) and Figure 5.26. The sample with the highest percentage of titanium
was chosen in order to have more information about the dispersion of this element

throughout the coating.
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Figure 5.25 SEM image of the cross section of the doped sample with 11.3w/w% of
titanium precursor, mixture as solvent and cured in N (1,83 11.3% mix N2)
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Figure 5.26 EDX mapping of the cross section of I,3 11306, mix N2
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These EDX results show that the titanium and silicon elements are homogeneously

distributed throughout the whole coating, from the surface to the interface.

1 Coating thickness

Focused lon Beam (FIB) was used to study the surface morphology of samples
doped with titanium in order to investigate the thickness of the coatings. The images
were obtained with the SEM mode. The analyses were made on samples before any
immersion or contact with an aggressive environment. FIB etching was used to
allow cross-sectional images of the film to be taken.

Viewing the films in this manner enabled measurements of their thickness to be

taken. The results of the samples analysed are presented in Figure 5.27.

Figure 5.27 FIB images of samples I,g31.49% mix N2 |,83,5.69%Mmix N2 |,83,11.30 Mix,n2 frOM
Batch 3

Thicknesses displayed:

- 1.4%wi/w: 2.28um, 2.29um, 2.35um, 2.32um, 2.22um, 2.54pum, 2.26um
- 5.6%w/w: 4.38um, 4.79um, 4.66um, 5.23um, 4.48um

-11.3%wiw: 2.47um, 2.47um, 2.38um, 2.98um, 3.01um, 3.68um
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These pictures show that the coatings containing 1.4%w/w and 5.6%w/w seem
homogeneous but not very rough as the surface of the coatings appears really
smooth. For the sample with 1.4%w/w precursor, the coating appears to measure
between 2.22um and 2.54um. The sample with 5.6%w/w precursor has a coating
measuring between 4.38um and 5.23um. The interface of the 11.3%w/w sample
shows part of a really thin coating which could be a link to corrosion and it is not
homogeneous compared to the other coatings. The thickness of this layer appeared
to vary across the surface between 2.38um and 3.68um but one part on the right

end seems to be barely coated and the thickness would be lower than 1um.

5.4.4 Adhesion of Third Batch

The third batch consisted of inorganic/hybrid sol-gel coatings and inorganic/hybrid

coatings with titanium precursor doping on stainless steel.

The scratch results of the samples with no doping are presented in Figure 5.28.
Figure 5.31 presents the values of the critical loads for this batch. All values are low
and between 1N and 6N. The values are similar than the results obtained for the first

batch for similar thicknesses of coating.

Start of spallation

Figure 5.28 Scratch test result on a) sample cured in N; (1,300 mixn2) D) SAMple
cured in air (1,300 mix ar) from Batch 3.

Both samples have an undoped inorganic/hybrid sol-gel coating. The difference
between those two samples is the curing process: in N for 1,g3 00 mixn2 @nd in air for
83,006 Mixair- 1HiS dOes not seem to have an impact on the hardness of the coating as
both critical load values are close to each other: about 2N and the failures look
similar as well in the form of cracking. The critical load is determined with the

beginning of the visible cracks.
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Figure 5.29 presents the result for the sample doped with 2.8%w/w of titanium

butoxide.

Figure 5.29 Scratch test result on a) sample with isopropanol as solvent, cured in
air (1,e3.2.8%,1p,ar) b) sample with mixture as solvent cured in N (I,53,2.8%,mixn2) C)
sample with mixture as solvent cured in air (1,53 2.8 mix.ar) from Batch 3.

The differences between those samples are the curing process for two of them: in
N, for I,32.80%mixn2 @Nd in air for 1,32 8% mixair, While |,53280%,1p.ar Was cured in air but
has isopropanol as a solvent and I,s32.80% mixn2 @ND 1,832.8% mixar NAVE @ mixture of
ethanol, isopropanol and butanol as a solvent. All three of these samples have a

titanium precursor concentration of 2.8%w/w.

Here the samples cured with air have a lower value of critical load, close to 2N while
the sample cured in N, has a value of 5N. Visually, the scratch marks are different:
the surface of 1,g32.80mixn2 100ks like a crack while the surfaces of |,g3 2 8%,ipar @and
l,83.2.80% mixair I00K more like delamination and crack at the same time. Except for
l,83.2.80% mixn2, the values of critical load are lower than for the sample without any

doping. The failure of the three samples seems to be craking.

The results for the samples doped with 5.6%w/w of titanium precursor can be seen
in Figure 5.30.
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Figure 5.30 Scratch test result on a) sample with isopropanol as solvent
(I,B3,5.60.1p.n2) D) sample with mixture as solvent (I,g35.6%,mixn2) from Batch 3.

The difference between those two samples is the composition of the solvent used:
isopropanol for l,gss6m0,pn2 @nd a mixture of ethanol, isopropanol and butanol for
l,835.600Mixn2- BOth samples have been doped with a titanium precursor and a
concentration of 5.6%w/w. Here the samples have a similar scratch mark on the
surface with a low critical load value: less than 2N for both samples which are lower
values than for the samples without doping. As we can see from the pictures, all the
samples (despite the reflectivity) are subjected to cracking failure and the critical

load value is determined as the starting point of the visible cracks.

Table 5.4 Critical loads for Batch 3

Sample Critical load (N)
l,83,0%,Mix,N2 20+05
l,83,006,Mix,Air 21+05
l,83,2.8%,Ip,Air 1.8+0.5

l,83,2.89%,Mix,N2 5.0+0.5
l,83,2.89%, Mix, Air 2.0+05
l,83,5.69%,Ip,N2 1.6+05
l,83,5.69%,Mix,N2 1.2+05
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Figure 5.31 Critical loads as a function of the average thickness of samples from
Batch 3

5.5 Hardness of Coatings from Batch 3 Containing Different
Amounts of Titanium Precursor

The nano-indentation was used to assess the hardness of the coatings and the
influence of the addition of titanium precursor on its value for the samples from
Batch 3 with 0%w/w (undoped), 2.8%w/w, 5.6%w/w and 11.3%w/w..

The focus was put on the coatings doped with titanium butoxide and the undoped
coating as they seem to have better properties and suggest being more appropriate

for the optimization.

The indentation depth should be less than one tenth of the coating thickness in
order to measure the properties of the coating without significant interference of the
substrate [131]. Other effects that can influence the results are cracking and
delamination of the coating, occurring in response to the indentation stress [131],
[217]

The results for the samples are presented in Figure 5.32 .

The reduced elastic modulus (Young modulus) can be deduced from indentation

experiments. It is a combination of the moduli of the coating and substrate, with the
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substrate having an increasing influence for larger loads, since the elastically
deformed volume underneath the indenter will then increasingly penetrate into the
substrate [131]. As in the case of the modulus, the combined responses of the
coating and the substrate are actually measured when determining the hardness of
thin coatings using indentation. This is caused by the fact that plastically deformed
volume under the indenter extends into the substrate when the load (and hence the

displacement) reaches a certain level.
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Figure 5.32 Young's modulus and hardness values for different percentages of
added precursor of Batch 3: 1,g3 0%, mix,n2, |,83,2.8% MixN2, 1:83,5.69% MixN2 1:83,11.3%,Mix N2

The values of the hardness seem to barely change with the percentage of precursor

added, the values being between 2.50GPa and 2.75GPa. The values of the Young6 s

modulus are increasing with the percentage of titanium butoxide added but there is

a limit to this evolution as the values for both samples with less than 5%w/w are

similar, as well as for both samples with more than 5%w/w have values close to

each other. However the gap between the samples with less than 5%w/w and the

samples with more than 5%w/w is important. The val ues of the Youn:¢
obtained are comparable to the value for silicon which are 130-185GPa [218-220].

The trend for the samples with presence of precursor is similar for both properties
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where the addition of titanium butoxide leads to an increase in the value of the

modulus.

The ratio of hardness to Youngébés modul
presented in Figure 5.33 . A material with a low brittleness is more inclined to deform
than fracture.
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Figure 5.33 Brittleness index H/E for samples of Batch 3 (1,300 mixN2, 1183,2.8% Mix N2,
IaBS,S.B%,Mi)«NZ IaB3,11.3°/o.Mix,N2)

The addition of precursor seems to contribute to decreasing values of brittleness

index, with the sample with no precursor added (0%) having the highest value.

The addition of titanium butoxide as precursor leads to coatings which are less
brittle until a threshold is reached when the percentage is more than 5%w/w but

there does not seem to be an influence on the hardness.

The addition of titanium precursor makes the coating stiffer while having little or no

influence on the hardness.

us

I_
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5.7 Summary of Chapter V

In this chapter, the coatings are characterised through different methods and

mechanical properties are studied.

The FTIR spectra show that the nature of the coating (inorganic/hybrid,
hybrid/composites or organic) change the spectra obtained, the hybrid/composites
samples presenting a relation between the two spectra of organic and
inorganic/hybrid as it is composed of those two coatings. The inorganic/hybrid
systems 2 to 5 contain very little silanols, which would mean that they are either

highly condensed or incompletely reacted.

However the addition of doping element and/or change in solvent or curing process
barely affects the structure of the functional groups detected on the surface of the

samples.

The scratch test results showed that depending on the substrate, the presence of
pre-treatment in some cases and the nature of the coating, the value of critical load
could be influenced. The types of failure observed in the test depend critically on the
properties of both the substrate and coatings. If the coating is softer than the
substrate, considerable plastic deformation occurs within it and the scratch test
critical load may be defined as the load at which the coating is scraped off exposing
the substrate [211]. However it was not easy to determine when this occurs and
guantification of the failure mode is difficult [199]. For a hard coating on a softer
substrate, spallation and buckling failure modes result from interfacial detachment
but a range of other cracks and deformed regions can be observed [198].
Depending on the nature of the coating, pre-treatment may have an influence.
Systems on 316L stainless steel generally perform better than the same systems
deposited on X65 carbon steel.

The addition of doping precursor also has an influence on the adhesion of the
coating. For a same coating, different types of failures could be obtained as well as
depending on the curing process. For Batch 1 the critical load of hybrid/composites
samples was higher than for inorganic/hybrid and organic coatings which is in
agreement with their properties but that was not the case for the hybrid/composites
sample of Batch 2 which had a really low value of critical load (the

hybrid/composites coatings as stated in Chapter IV, are different).
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Through the SEM and EDX fluctuations on the surface of samples could be seen, as
one hybrid/composites sample from Batch 1 presented a high percentage of iron
before any experiment and the SEM showed that its surface was very variable. This
is correlated to the results with the FIB-SEM presenting an inconstancy in the
coatingdbés t hedokamaa sulibteafe.0SEM tesults also showed that
the addition of precursor doped with Titanium butoxide has an effect such as a high
guantity creates cracks in the coating, rendering it not suitable for industrial
application. The solvent or the curing process used has an influence on the
percentage of titanium or silicon actually present in the coating, making its value

decreasing depending on these conditions.

The nanoindentation tests of the coatings showed that the hardness of the coating is
barely influenced by the concentration of the doping precursor but that it is a
parameter to be considered regarding the Young6 smodulus and the stiffness of the

sample.
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Chapter VI. Resistance to Corrosion and Erosion-Corrosion

6.1 Introduction and Chapter Overview

This chapter presents corrosion results from experiments to assess the behaviour

and corrosion resistance of the samples from Batch 1, 2 and 3.

For the first batch several parameters are highlighted: effect of the nature of the
coating (inorganic/hybrid, organic or hybrid/composites), effect of the substrate
(carbon steel X65 or 316L stainless steel) and the effect of time while comparing the
visual and Open Circuit Potential (OCP) results obtained throughout the experiment.
Electrochemical Impedance Spectroscopy (EIS) results for one sample of each type
from this batch are presented. The main aim was to understand, in broad terms, the
nature of the coatings, to assess what techniques are best to understand their
characteristics (mechanical and chemical) and the links between these and the

corrosion behaviour.

The results of the second batch present the effect of the substrate (stainless steel
304 or A1008Qpanel), the effect of percentage of precursor added and the effect of
time. EIS data for all coatings from Day 0 to Day 30 of experiment are presented
then comparison is made between the samples with the help of the corrosion
resistance R and the capacitance phase element from the coating CPE, which is

linked to the water uptake.

For the third batch, EIS results of samples deposited on 304 stainless steel from
Day 0 to Day 30 for the effect of percentage of precursor added (0%wi/w, 2.8%w/w
and 5.6%w/w), solvent, curing process are presented with comparison of R, and
CPE.. Then are presented surface morphologies of samples from this batch tested

through salt spray.

The last part of this chapter presents erosion results and total weight loss for bare
stainless steel and samples from Batch 3 with 0%w/w, 1.4%w/w, 5.6%w/w and
11.3%w/w of titanium precursor: lgzowmixnz |3 1awmixnz  |Bssewmixnz and

I 1B3,11.3%,Mix,N2-

For the first batch, relatively aggressive environmental conditions were applied in

order to do a screening of the performance in arduous environments. The objective
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was to assess the penetration of liquid through the coating and to focus on the

samples which would present the least damage:

1 aqueous, air exposed solution

1 sodium chloride (3.5% NaCl) solution
1 60°C

T time of immersion of 30 days

For the second and third batches:

CO, saturated environment

25°C

1
1 sodium chloride (3.5% NaCl) solution
1
1 time of immersion of 30 days

The focus of this chapter is about understanding the extent of corrosion, the time for
water to penetrate through the coatings and the changes that can be observed
during 30 days of immersion for the different types of samples. The EIS
measurements help to provide an insight into the corrosion mechanism occurring at
the interface of the sample. An equivalent circuit can be developed with these
results, representing the coating through different elements. The last part presents
the results of erosion test on the coatings doped with titanium precursor to evaluate

the influence of its percentage.

6.2 EIS Results of the First Batch: Inorganic/Hybrid, Organic and
Hybrid/Composites Coatings

6.2.1 Surface Morphology of the Samples After Immersion

Several samples coated with different systems were studied: inorganic/hybrid,

organic and hybrid/composites.

Figure 6.1 to Figure 6.3 present the appearances of the inorganic/hybrid, organic
and hybrid/composites samples of the first batch after 30 days of immersion in
3.5%w/w NaCl brine. Next to the name is also written the day of failure, stated as
the measured impedance being lower than the impedance of the substrate or could
not be measured at all, of the samples studied. Some samples display evident signs

of a damaged coating or a corroded substrate.
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l,e15316LN0 Day: 13 lsiixesno Day: 15 l,81.3.316L,N0 Day: 21

6.25mm
[

l,81,2,316L,yes Day: 30 l,g1,3316L ves Day: 30 l,81.4316L.80 Day: 30

l,B1,4,316L,yes Day: 30  |,g15316L,ves Day: 30

Figure 6.1 Appearance of the inorganic/hybrid samples from Batchl after 30 days
of immersion. The Day indicates the day of failure for each sample.

O,B1,1.x65ves Day: 8

O,B1,1,316L.N0 Day: 9 O,B1,2,x65,ves Day: 30 O,B12316L,80 Day: 30

Figure 6.2 Appearance of the organic samples from Batch 1 after 30 days of
immersion. The Day indicates the day of failure for each sample.



130

H,g1,1.x65yves Day: 3 H,g1,1,xe5,n0 Day: 3

H,g1,1,316Ln0 Day: 14

H,g1,2316L,80 Day: 21

Figure 6.3 Appearance of the hybrid/composites samples from Batch 1 after 30
days of immersion. The Day indicates the day of failure for each sample.

6.2.2 Impedance Results for the First Batch

The Open Circuit Potential (OCP) values measured are shown as a function of time

in Figure 6.4 which presents the evolution for each type of coating system.

The values of OCP measured for the bare substrate in the conditions of this
experiment are: -0.204V + 0.050 for 316L stainless steel and -0.500V + 0.050 for
X65 carbon steel.
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—=— |,B1,1,X65,No
—«— |,B1,2,316L,Yes
—a— |,B1,3,316L,No
+— 1,B1,4,316L,No
—e— |,B1,4,316L,Yes
—<— 1,B1,5,316L,No

i

Time (Day)

—a— 0,B1,1,X65,Yes
—+— 0,B1,1,316L,No
—a— 0,B1,1,316L,Yes
v 0,B1,2,X65,Yes
+— 0,B1,2,316L,No
—4— 0,B1,2,316L,Yes

<)
1.0

0.8 4

0.6+

0.4+

OCP(V)

0.2 4

0.0 4

5 10 15 20 25 30
Time (Day)
—=—H,B1,1,316L,No
+— H,B1,1,316L,Yes
—a— H,B1,2,316L,No
i

Time (Day)

Figure 6.4 OCP as a function of time for the samples of the first batch a)
inorganic/hybrid systems b) organic c¢) hybrid/composites
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Except for |g11 xe5n0, the other samples from the inorganic/hybrid systems have an
evolution of OCP leading to the value of the OCP of their bare substrates. For the
organic systems, except for the samples O,g;13161,ves @Nd O,p1.2316L ves the organic
coated samples have their OCP values tending to the values of the bare substrates
as well. Regarding the hybrid/composites systems, H g; 131680 @Nd H g1 2316080 hAVE
this evolution but that is not the case for H gy 13161 ves WhOSe value is closer to OV.
When comparing the detected day of failure, the samples with Day 30 (last day of
experiment) are among the samples with the OCP value being close to their
s ub st wvaue, exgept for O,p123161-

The inorganic/hybrid systems change slightly with time while for the

hybrid/composites systems the decrease is important.

The EIS results for one sample, O,g1.23160n0 &€ presented in the following part. The
sample barely showed signs of corrosion after the immersion. Figure 6.5 presents
the surface topography of the sample after immersion. Figure 6.6 present the
Nyquist plot, Figure 6.7 shows an enlargement of the plots to see the performance
of the coating after the first day (from Day 5 to Day 30) then Figure 6.8 presents the
Bode plots.

Figure 6.5 Appearance of sample O,g; 23161 N0 &fter the immersion test.
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Figure 6.6 Nyquist plot for the sample O,g1 2316180 OVEr the 30 days of immersion

This sample visually showed little corrosion after the experiment and managed to
maintain a high value of impedance throughout the duration of the experiment as

well as defined semi-circle shaped curves.

-300000
1stday
Sthday
50?\0.:_,
15thday
20thday
30thday
-200000 |
E
(=)
£
S Diffusion tail at low frequencies
N
-100000 |
o L A | L | 1
0 100000 200000 300000

Z (ohm.cm?)

Figure 6.7 Nyquist plot of sample O,g12 316180 from Day 5 to Day 30 of immersion
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12| (Ohm.cm?)
&

107 10° 107 108 10° 10¢ 107

Frequency (Hz) 3.,;:;

10theday
15thday
20thay
Ithday

Clear decrease in phase angle

-75 l b)
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Freauency (Hz)

Figure 6.8 Bode plots a) impedance b) phase shift for the sample O, 2316180 OVEr
30 days of immersion

The values are decreasing with time but the appearance of the curves is still the
same with the shape of semi-circles. A capacitive behaviour is present on all Nyquist
plots from the start up to the end of immersion. This can be defined from the shape
of semicircle displayed in all impedance spectra. However the Bode phase shift plot
presents a clear decrease in its phase angle. The values seem to decrease with
time. The overall appearance of the curves has not changed much. Depressed
semi-circles are obtained which indicate only one time constant occurring in the
system. The bigger the diameter of the circle, the bigger the coating resistance. The
capacitive behaviour possibly relates to a high corrosion-resistant film formed on the
surface of the uncoated stainless steel [169]. The capacitive response of the film
tends to decrease at longer immersion time (> Day 5), suggesting a passive film
dissolution, as seen from a declining slope of the response after Day 5 in the
Nyquist diagram. However, the response seems to reach a stable condition after

Day 10, indicated by an unchanged behaviour from Day 10 to 30.

The diffusion tail at low frequencies represents the diffusion controlled corrosion
process taking place at the substrate. Compared to the curve of the first day, the

following ones tend to rise slightly at the end of the measurement.
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Generally, coatings with resistance over 10%q . ¢ are considered as providing good
corrosion protection, while those with resistance under 10°q . & mrovide poor

corrosion protection [221].

6.2.3 Summary of the First Batch

After the immersion some samples showed little corrosion (Figure 6.1) such as the
sample O,g1 2316080 @Nd O,p12x65ves While the other samples presented different
degrees of damage: slight corrosion on |l,g15316Lves, 18123161 vess |,B1.4,316L ves:
l,1.4316LN0s  11B1,3.316L,ves; MOre corrosion on l,g;s3160.n0 OF @ppearing as pitting
corrosion on l,g1 3316080 @Nd H,g123160.80- SOMeE samples appear to have no coating
left on their surface and a deeply corroded substrate such as H,g; 23161 ves: |:81.1,x65,Nos
OlBl,l,XGS,YES! HaBl,l,X65,No’ HaBl,l,XGS,YeS and HyBl,Z,XGSL,No- HyBl,1,316L,Yes, HaBl,l,316L,No:
O,s11316L.N0 @ppear to have their coating delaminated while O,g11316.ves @nd

0,81.1.x65 N0 DOth have a delaminated coating and a corroded substrate.

During this experiment some samples start early to present signs of corrosion after a
few days. All the hybrid/composites sol-gel coatings belong to the category of
damaged samples. They present poor results both visually and electrochemically.
The coating is damaged before the end of the immersion (Day 3 for H,s1 1 xe5 ves:
H,g1,1x65.,80 @ND H,g12x65n0 » DAY 14 for H,g1 1 3161,80, DAY 16 fOr H 1,2 3161 ves, Day 20

for H,g1,2,3161,ves @aNd Day 21 for H,g1 2 3161 No-

Overall, the samples which are the most corroded and damaged are the ones with a
carbon steel X65 substrate which has significantly less resistance to corrosion than
stainless steel. For the same coating, the X65 sample is more damaged than the
316L sample: as an example shown in Figure 6.1, the sample O,z; 1 3161 no IS ShOwN
with a totally delaminated coating but the sample O,g1 1 x65ves haS NO coating at all
and the metal is deeply corroded. This experiment is needed to compare the diverse
levels of corrosion on the different samples coated with systems of coatings. The
coatings, apart from I g1 1 xe5n0, O,B1,1,316L,ves: O,B1,2,316L,ves ANA H 11316 ves SEE their
OCP value tending to the one of their substrate throughout the experiment. This is
also the case for samples with a high day of failure which means that the OCP

measured is c¢closer to the value of t he

It is thus sensible to use EIS to understand the evolution of corrosion.

subst
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6.3 EIS Results of the Second Batch: Inorganic/Hybrid Sol-Gel
Coatings, Undoped or Doped With Titanium Precursor

This batch contained samples on metal sheets (100mm x 100mm x 1mm) as
opposed to the coupons received for Batch 1. The samples here have all been

through the same pre-treatment process.

6.3.1 EIS on Uncoated Stainless Steel

Figure 6.9 to Figure 6.11 present the Nyquist and Bode plots for 304 stainless steel

(uncoated sample):

These results will be used as a reference for coated samples in the discussion part

in order to assess the ability of the coating to prevent the penetration of corrosive

species.
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——Day5
Day 10
Day 15
—— Day 20
— —— Day 30
£
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N

0o bH——<e———r———w—r—v+—+—7r——r+—1
00 20E5 40E5 6.0E5 8.0E5 1.0E6 12E6 1.4E6

Z (ohm.cm?)

Figure 6.9 Nyquist plot for bare 304 stainless steel over 30 days of immersion
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Figure 6.10 Bode impedance plot for bare 304 stainless steel over 30 days of
immersion
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Figure 6.11 Bode phase shift plot for bare 304 stainless steel over 30 days of
immersion

The Nyquist plot presents the spectra from Day 1 to Day 30 (end of immersion) of
the bare substrate. The Bode plots show that even during the immersion period, the

shape of the impedance response remains almost the same with time, which
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suggests a stable structure of the passive film [169]. In the Bode phase shift plot it
can be seen that the plots reach a value close to 80-85°, which means a capacitive
response of the passive film from the substrate. The fact that it is not exactly equal
to 90° implies that this film does not behave like an ideal capacitor and thus its value
changing during the experiment means that the coating is affected by the

environment.

Figure 6.12 shows the equivalent circuit used to model and to fit the bare substrate
and its data. This equivalent circuit has been used in several research works to
model the behaviour of stainless steel in various conditions of the corrosive
electrolyte [167-169].

Rs CPEf
AYA >
Ri

Figure 6.12 Equivalent circuit corresponding to the EIS spectra of uncoated
stainless steel after exposure to 3.5%NacCl

Evolution of Rf and CPE; as a function of time is presented in Figure 6.13 and Figure
6.14.

1E+08
. 1E+07
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©
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@ ]
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= 1E+06 4 \
] i_‘————ji
4 _—\—_\__\_
]
1E+05 T T T T T T T T T T T T T
5 10 15 20 25 30
Time (Day)

Figure 6.13 Ry as a function of time during the experiment for bare 304 stainless
steel over 30 days of immersion
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Figure 6.14 CPE; as a function of time during the experiment for bare 304 stainless
steel over 30 days of immersion

As it can be seen in Figure 6.13 and Figure 6.14, R; decreases with time while CPE;
also decreases with time but slightly and could be considered as constant as its
values stay between 1.10°F/cm and 3.10°F/cm throughout the immersion. A
decrease in resistance implies the presence of damage with time on the surface of

the sample.

6.3.2 EIS on Silica Inorganic/Hybrid Sol-Gel Coated Samples

For the second batch the same silica inorganic/hybrid sol-gel coating was deposited
on two different substrates: A1008 steel Qpanel and 304 stainless steel. Figure 6.15
to Figure 6.17 present the Nyquist and Bode plots for a sample coated with an
undoped inorganic/hybrid sol-gel coating on A1008Qpanel substrate. Their values

are being compared in Figure 6.23 and Figure 6.24.
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Figure 6.15 Nyquist plot of inorganic/hybrid sol-gel coating on A1008Qpanel over
30 days of immersion (l,2,0%,a10080p)
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Figure 6.16 Bode impedance plot of inorganic/hybrid sol-gel coating on
A1008Qpanel over 30 days of immersion (l,s2,0%,a10080p)
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Figure 6.17 Bode phase shift plot of inorganic/hybrid sol-gel coating on
A1008Qpanel over 30 days of immersion (l,s2,09%,a1008ap)

An important decrease of the impedance response in the Bode impedance plot for
the whole frequency range can be witnessed for the curve of Day 1. This can be due
to a fast diffusion or penetration of electrolytes in the coating. This is also supported
with the Nyquist plots, showing a dropping in the values after the first day. The
response from the Bode phase diagram in Figure 6.17 shows a decrease of peak
height as increasing exposure, indicating an increase of corrosion rate of the metal
(or metal dissolution) as a function of immersion time. Moreover, a shift of the peak
toward higher frequency (about 15 Hz) is also detected from Day 5 to 10, suggesting
a more dominant effect of the corrosion products formation on the carbon steel
surface [169]. The effect of corrosion products formation is less pronounced at
prolonged immersion as it can be seen that the peak of the response at Day 15 and
20 moves back towards the same frequency region as Day 1 (~1 Hz) as shown in
Figure 6.17. The phase angle drastically decreased from -60° at the initial exposure
to 20° within the first days of immersion and remained in the same region during the
rest of the experiment. This can be due to the loss in dielectric properties of the

coating as water and electrochemically active species diffuse through the coating.

Figure 6.18 to Figure 6.20 present the Nyquist and Bode plots for a sample coated

with an undoped inorganic/hybrid sol-gel coating on 304 stainless steel substrate.
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Figure 6.18 Nyquist plot of inorganic/hybrid sol-gel coating on 304 stainless steel
over 30 days of immersion (I,s2,00.304)
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Figure 6.19 Bode impedance plot of inorganic/hybrid sol-gel coating on 304
stainless steel over 30 days of immersion (l,s2,00,304)
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Figure 6.20 Bode phase shift plot of inorganic/hybrid sol-gel coating on 304
stainless steel over 30 days of immersion (l,s2,00,304)

The results obtained for the coating deposited on stainless steel show a higher
resistance to corrosion, as the value of the impedance for the first day is about 107q
cm? and stays in this order of magnitude throughout the immersion. From Day 5
onwards, the shape of the Nyquist and Bode plots are similar which can be
associated to a similar behaviour [61]. The presence of broad semicircles indicates
that more than one time constant is taking place in the system, which is also shown
in the Bode phase plot. The impedance responses obtained for Day 1 to Day 15 can
be considered as higher than the other responses and hint to a strong capacitive
behaviour, also present in the values of the angles close to 90° as shown in the

Bode phase plot.

The two samples had the same inorganic/hybrid sol-gel coating but deposited on
different substrates. From these results it can be seen that the sample deposited on
304 stainless steel has a higher value for the impedance results and showed almost
no sign of corrosion while the same coating but on A1008Qpanel is more corroded.
Those results being poorer, the focus was made on the coatings on 304 steel as the
system as a whole (coating + substrate) was evaluated in order to be optimized. As
the coatings deposited were the same and only the substrate differed, the difference
in resistance values between the two systems seemed to display a contrast in their

properties, even permeation or porosity of the coating.
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Figure 6.21 presents the equivalent circuit for coated stainless steel before

exposure.
CPE,
vy
R, 7/
—ANA— —
'A%
R..

Figure 6.21 Equivalent circuit for coated steel before exposure

Figure 6.22 presents the equivalent circuit for the coated steel once the exposure to

the saline solution has begun.

Figure 6.22 Equivalent circuit for coated steel after exposure to 3.5% NaCl solution
Day 1 to Day 30

This agrees with data published in literature [222] that R values are generally higher
for a coated metal compared to an uncoated metal, tested in the same electrolyte
(Order of magnitude 10" i 10%q for bare substrate, 10%-10%q for coated sample). Its
variation can be correlated to the coating degradation level. A decrease in R value
with time of immersion indicates a deterioration in the ability of the coating to protect

the substrate.

Comparisons of both the evolution of Ry and CPE. as a function of time for the

same coating on different substrates are presented in Figure 6.23 and Figure 6.24 .
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Figure 6.23 Comparison of R, as a function of time for 1,209, a10080p @Nd 1,82,006,304
over 30 days of immersion

Figure 6.24 Comparison of CPE, as a function of time for 1,2 09, a1008qp and
,82,00,304 OVer 30 days of immersion

The resistances of both samples decrease with time which indicate a damage in the

coating or corrosion of the substrate. Both resistances follow the same pattern but

















































































































































































































































































