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ABSTRACT

Considerable attention has been given by the industries and researchers to
develop the organic coating systems because of their importance in protecting and
maintaining the integrity of the internal surfaces of oil and gas pipelines against corrosive
solutions. Oil and natural gas pipelines mostly encounter both corrosion and wear
degradations. The current study focuses on the development of coating systems by
incorporating various types and amounts of fillers that are improving its barrier function to
ward off the internal pipeline surfaces from the corrosive constituents. Simultaneously,
fillers enhance the mechanical property of the coating systems that are capable of
resisting a physical wear damage. The coating systems ranged in thickness and with

micro to nano-size fillers.

The pin-ball wear process, with two loads (100 N and 200 N), were applied on the
VXUIDFHV RI WKH FRDWLQJ V\VWHPV 7KH KDUGQHWKBQG U
coated surfaces were characterized. The effect of the wear process with different loads
were evaluated by employing a three dimensions (3D)-image profile-meter. A simulation
of the sweet (COz2) and sour (CO2 and H2S) environments, with 2000 ppm CI- ions, pH 4,
at (60 °C and 1 bar), and (100 °C and 100 bar), respectively, used in the oil and gas
industry were used to immerse and evaluate the coating systems. The coating system
surface topographies, after the exposure to corrosive solutions, were evaluated by the 3-
D profile-meter, stereoscope and scanning electron microscopy (SEM). The intentional
defects imposed on the coating systems were exposed to corrosive solutions and their
performance were periodically studied by the electrochemical impedance spectroscopy
(EIS) technique. The electrochemical actions and coating system degradations due to the
exposure to the corrosive solution were studied by the equivalent circuit models. The
calculated EIS parameters were used to understand the interactions between the coating

systems and corrosive solution.

The effect of the high-load wear process was not considerable on the coating

systems with significant amount of fillers. The coating systems with high amount of



conductive and non-conductive fillers significantly showed high impedance in both the
intact coating case and the highest coating resistance in case of the surface with
intentional defects. No critical impact of the harsh environment with high pressure and
temperature was observed on the powder phenolic Novolac coating system with defects.
The harsh corrosive environment (sour), with high pressure and temperature, had a
significant impact on most of the coating systems with defects and, specifically, the
coating system that had carbon nanotube fillers. Protection and degradation mechanisms
of the coating systems have been proposed.
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CHAPTER 1: INTRODUCTION

The low alloy carbon steel pipelines are extensively used to transport oil and
natural gas in the oil and gas industries applications. These pipelines transfer internally
massive amounts of oil or natural gas along with other constituents that the pipelines are
sensitive to these constituents. These corrosive constituents might be in the sweet
condition that has fractions of carbon dioxide (CO2), in the sour condition that has
hydrogen sulfide (H2S) or both of them could be present. In addition, other corrosive
elements may be involved, such as chloride ions (CI) and hydrogen protons (H*) which
affect the acidity of the environment. However, protective film can be formed on the steel
surface at ambient conditions. For example, in the presence of CO2, iron carbonate
(FeCO3) may form and in the presence of HzS, iron sulfide (FeS) may form internally on
the pipeline surfaces [1]. This film shields the pipeline internally from further degradations.
However, this corrosion product film is considered thermodynamically stable only at high
pressure and elevated temperatures and with very low levels of corrosive constituents in

the oil and/or gas fluid [2].

The breakdown of the formed FeCOz and/or FeS film due to the conditions inside
the pipeline are considered the major cause of the localized corrosion [3]. The instability
of these films is attributed to the environmental parameters such as alteration in the flow
regime, CI- concentration and the solid particle presence. Specifically, in the case of FeS
formation, CI ions affect its initial formation stages by hindering uniform growth [2].
Therefore, the CI- ions will enhance the localized corrosion and the pipeline will suffer
from degradation and material loss. Hence, a stable protective barrier is needed to save
the pipeline internally from the corrosive solution.

Organic coatings have gained attention from both of industries and researchers to
seek the best performance coating system as barrier between the corrosive solution and
the internal pipeline surfaces. The attempts have been focused on improving and
developing a better coating systems for the internal pipeline application [4]. The coating

system should protect the pipeline internally from the aggressive conditions such as



corrosive constituents and solid particles. The main important constituent of the coating
system is the existence of the fillers and often the coating system performance rely on
the type of fillers present in the coating matrix [5] 48]. Additions of the fillers such as Al20s,
TiO2 and Fe20s to the coating system formulation improve significantly the coating system
performance in the corrosive solution [6], [8] #10]. These fillers perform as sealers by
filing the void present in the coating system and enhancing corrosion protection.
Moreover, these fillers will make the coating system more durable which will enable
coating system to sufficiently resist the physical damage like wear.

The purpose of the present research project is to give a full scope of the
performance of various coating systems with dissimilar type and amount of fillers in
different corrosive environments are present in the gas productions industries.
Mechanical properties of the coating systems will also be studied. The coating systems
ability to withstand aggressive conditions will be measured and assessed. The objectives

have been established to address the following fundamental questions:

f Can the coating systems with different amount of fillers achieve corrosion
protection and sufficient adhesion and wear resistance?

f Can the coating systems with different types of intentionally created defects be
assessed with Electrochemical Impedance Spectroscopy (EIS)?

f Can a mechanistic (electrochemical) model be proposed for the coating system
protection and degradation mechanism (s)?

f Can coating systems be assessed with EIS results to suggest modification to the
coating design?



CHAPTER 2: LITERATURE SURVEY

2.1 Metal Polarization

All metals have the affinity or desirability to polarize at some extent of its potential
with related to the surrounding potential. Based on the severity of the external potential
imposed on these metals, i.e., outside source of voltage, the charge transfer occurred
across the metal-electrolyte interface. Some of the metals require high voltage applied to

polarize it and the other at very negative voltage the metal will polarized quickly.

2.1.1 Ideal Polarized Metal

Any metal that shows no charge transfer across the its surface and the surrounding
environment regardless of the potential imposed by external source is called an ideal
polarized metal (IPM) [11]. However, there is no such metal on reality to act as IPM over
the whole range potential applied and resisting the solution potential. Some metals in
solution can nearly approach the behavior of the IPM over limited potential though. A
mercury (Hg), for instance, in contact with de-aerated potassium chloride (KCI) electrolyte
reaches the behavior of the IPM over 2V wide. However, at enough positive potential, the
mercury can oxidize in a charge transfer reaction (Equation 2.1):

S
*CE%?H\—t*C6%6I-EA7\ =Pl Et&v SR@0*"'; (21)
and at very negative potentials K* can be reduced (Equation 2.2):
->E*CE K\ -: *C; =P1 FtasR®O0O*'; (2.2)

The charge transfer reactions considered not significant in the potential variation
between these reactions processes. For example, from the thermodynamic point of view
that reduction of water (Equation 2.3) is possible but it only could happen at very low rate
at mercury surface. Therefore, Faradic current which flows in the metal-electrolyte
interface is attributed to the charge transfer reaction[11].



S
*6l EA\ —*gE 1% (2:3)
t

2.1.2 Polarizable Metal

The polarizable metal or electrode like iron at which the charge transfer can occur
across the metal surface-solution interface is called polarizable electrode (Equation 2.4).
This phenomenon could happen with large scale of electrode potential starting from very
negative external voltages imposed all the way to the positive ones[12].

(AE t*g1 \ (Al*cEt*> EtK (2.4)

On the other hand, the oxidation or charge reaction at the iron surface could
increase rapidly when the solution became more acidic. The charges of the electrode
surface = solution interface and charge transfer across this interface create electrical

double layer or capacitor like.

2.2 Double layer (Capacitor) and the Electrode Charge

When the electrode or the metal is immersed in solution and there is no
interchange of the charge at the interface with solution, then the electrode = solution
interface is analogous to the one of electrical circuit element called capacitor as shown in

Figure 2.1a. This phenomenon is governed by (Equation 2.5) [11], [13]:

_3 L % (2.5)

where, Q is the charged store in the capacitor (Coulombs, C), E is the potential across

the capacitor (volts, V) and C is the capacitance (farads, F).

However, if the electrode starts polarizing with solution, this case means that its
potential is not at equilibrium state anymore and the excess charges at the outer of its
surface begin to interact with electrolyte at the interface region. The electrode zsolution

interface consists of three layers as shown in Figure 2.1a. The closest layer to the



electrode surface is called inner Helmholtz plane (IHP) or the compact layer [11], [13],
[14]. The IHP layer contains the solvent molecules and other ionic species that are
considered as specifically adsorbed species. The second layer comes right after IHP and
it is called outer Helmholtz plane (OHP) or the diffuse layer where the solvated ions can

approach the electrode in distance of approximately 1 nm [15].
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Figure 2.1: Electrical double layer of the electrode-solution interface and the potential

across this interface. a) interface region (layers).compact layer (Inner Helmholtz Plane

(IHP)), diffuse layer (Outer Helmoltz Plane(OHP)) and diffusion layer. b) The potential
profile of the double layer formed on the electrode surface charged negatively.



The third layer in the interface region is called the diffusion layer where the interaction of
the solvated ions with polarized electrode includes just the long range electrostatic forces.
Meaning, their interactions is not relay on the chemical properties of the ions. These ions
in the diffusion layer are called nonspecifically absorbed. In the interface region, the
variation of the potential occurs linearly at IHO and OHP with distance from the electrode
surface as shown in Figure 2.1b.

The derivation from the solution of the Poisson equation depicts the space charge
capacitance (Cd) in the double layer (Equation 2.6):

GAZ TR 2.6

where, zi is the charge of each ionic species, F is the force, ci is the concentration of the
LRQLF VSHPBPLHY 00DUH WKH SHUPLWWLYLW\ RI WKH

respectively, R is the gas constant and T is the temperature.

2.2.1 Mass Transport

The electrode reaction rate is usually controlled by the rate of processes or the
forces that occur at the interface [16]. These processes include the mass transport or
transfer through convection, diffusion and migration or mobility of the charges to the
electrode surface as shown in Figure 2.2. These process are considered to be forces and
they are rely on the presence or absence of the electric field and the follow conditions.
The concentration (c) and velocity (v) of the species moving give flux (J) regime of these
processes (Equation 2.7):

L ?R 2.7)

where velocity is defined as in (Equation 2.8):

RL/K>EHEPUYKN?A :(; (2.8)
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The force can be defined in this case by the chemical potential (1) of the species

over arrange of distance (x) as in (Equation 2.9):

( L%i (2.9)

For the planar diffusion (D) WKH IOX[ FDQ EH GHVFULEHG E\ XVLQ
(Equation 2.10) and this quantity is measurable [15], [17], [18], [16]:

@7 (2.10)
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When there is a variation of the species concentration with the time, i.e., chloride
ions concentration, the accumulation of the species happens as they travel over the
GLVWDQFH [ ,Q WKLV F D ¥aH be)dpplied (Eqiatidh R.QLEB[16],017], [19]:
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Figure 2.2: Transport process at the electrochemical of the electrode - solution
interface.



2.3 Corrosion Aspects

Different metals and alloys are available around the world. These metals and/or
alloys could be from the category of ferrous alloys, non-ferrous or pure metals. The
metallic materials have been produced heavily by the industry since the last century.
These alloys materials have been shaped and structured to serve the industries in wide
variety of usage. For example, the ferrous alloys are manufactured in the form of vessels,
supporting structures, and most importantly in shape of pipelines to transport or carry the
fluid from one place to another. However, these fluids, i.e., oil or gas, in the most case do
not move by itself inside the pipeline but they carry along with corrosive constituents (CI-
, H*, etc.). In addition to this corrosive environment, elevated temperature and pressure
make the environment inside the pipe even more aggressive to the internal surfaces of
the pipeline. Thus, the pipeline will be under a destruction mode due to the harsh

environment.

As proved by the laboratory experiments and practices that there is no metal
completely corrosion resistant but there are some that may be close to achieve that
situation [20]. The deterioration of metals may be caused by chemical or electrochemical
reaction between the metal and its environment (s) or it might occur physically by erosion
and wear. In some cases, both of physical and electrochemical actions interact as
synergetic process where the corrosion enhances erosion through preferential dissolution
or erosion may enhance the corrosion by the removal the passive film [21]. All
manufactured metals corrode to some degree in the corrosive environment in different
form of corrosion. The corrosion can occurred in the following types but not limited to [20],
[22], [12]:

A. Uniform Corrosion
Uniform corrosion occurs when there is chemical attack (e.g. acid solution)
evenly on the metal surface. This type of attack cause the metal loss and make
a passive film. This passive film is considered a protective film and it can be

quickly formed based on the acidity and conditions of the environment.



. Intergranular Corrosion

This type of corrosion takes place on adjacent to the grain boundaries of the
metal which results in the loss of the strength and ductility of the attacked
metal. Therefore, this attack causing a quick failure to metal structure.

. Galvanic Corrosion

This form of corrosion is known also as dissimilar metal corrosions. In the case
of coupled two different metals such as copper coupled with carbon steel and
in wet environment, the electrochemical action will take place. This case will

cause the carbon steel to undergo corrosion process.

. Pitting

Pitting is a type of localized corrosion where it happens when the corrosion
rate in some areas is greater than in others. This type of corrosion will be
concentrated on the metal surface to create a shallow or deep pits. These pits

are considered the initiator of the crack or rupture.

. Erosion Corrosion

This type of corrosion occurs in combination with the electrochemical reaction
and the movement of solid materials like sand in the fluid against the metal
surface. This synergetic process continuously removes or damages the
protective or passive layer on the metals and therefore metal loss will occur

unexpectedly leading to the metal failure.

. Stress Corrosion Cracking

Stress corrosion cracking (SSC) is a form of environmental assisted cracking.
SSC occurs more often in brittle metals in the corrosive environment under
tensile stress. The rate of propagation can vary depending on the stress level,

corrosive solution (e.g. pH level, Cl- concentration, etc.) and the temperature.

10



G. Filiform Corrosion
Filiform corrosion is known as localized type of corrosion. Filiform corrosion
occurs under coating in places where the temperature close to the room
temperature with humidity around 75 pct. The mechanism for this type of
corrosion occurs due to the water and oxygen migration from the electrolyte

site to the metal +coating interface.

2.3.1 Corrosion Cell

The corrosion occurs usually by the main two reactions. The first reaction is the
anodic reaction where the steel or metal undergoes into dissolution process [23]. In this
case, the steel is under material loss as shown in Figure 2.3. This reaction is situated
primarily at the steel surface at the area of steel-solution interface. In this region, the steel
reacts with surrounding solution and this reaction gives a ferrous ions with release of two
electrons [24]. The pH at anode area ranges between 5 and 6.5 [23].This reaction

followed with various reactions in different zone as shown in Figure 2.3.

Electrolyte
H* + OH- —~ H,0

T T, s T~ s DO s erifismie, s il D

Cathode Area \Anode Area

Figure 2.3: Anodic reaction [23].
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Besides the anodic reaction, there is a second reaction which completes the corrosion
cell. This reaction is better known as cathodic reaction. This reaction is considered less
in complexity with comparing to the anodic reaction but it still very important in regulating
the rate of the corrosion that occurs at the anodic site [24]. The anodic reaction though
cannot go at higher rate than the analogous electrons that can be consumed or reacted
via the cathodic reaction. Essentially, the cathodic reaction neutralizes the electrons that
are dissociated from the steel as iron atom goes to the solution. The neutralization
reaction can be seen in Figure 2.4. The neutralization reactions involve the hydrogen ions
react with electrons to make hydrogen in gas state. It also involve of two protons react
with two electrons with oxygen to make water molecule. This water molecule could react
further with oxygen and available electrons to yield hydroxyl group as in Figure 2.4. The
zones that are shown in Figure 2.4 are the same zones in the anodic reaction as in Figure
2.3.

Electrolyte
H* + OH- -~ H,0

Alkaline Surface
H, (Gas) Excess OH- iy
Zone ||

+1/202 Catholyte \
OH~- H‘ H* JOH- H* H* OH OH" 2H2°+02 HO_H‘ o

Zone |
— Anolyte
A__ ‘ — - Electron Flow — e e

Cathode Area

Figure 2.4: Cathodic reaction [23].

2.4 Corrosion in Industry

Based on the application, metals corrode and the industries may be affected by

the results of the corrosion. The industries which suffer heavily from the corrosion issues

12



have great deal of materials loss which has economic impact. Therefore great impact on
people and environment will occur due to the loss of the containment in case of gas or oil
release due to corrosion. In oilfield, the presence of carbon dioxide (CO2), hydrogen
sulfide (H2S), high level of the chloride concentration and pH are considered the major
contributors to initiation and progression of different types of corrosion of equipment and
pipelines [16], [25], [26]. Having the metals exposed to the high corrosive environment

may lead to unexpectedly equipment failure[27].

The corrosion issues and the selection of the equipment (pipelines) materials are
very significant in terms of capital expenditures (CAPEX) and operating expenditure
(OPEX) [28]. The oilfield practices would rather use the low alloy carbon steel to carry out
the oil or gas but not the corrosion resistance alloys (CRAs) because of the high cost.
The existence of the acid gas or oil affect severely the internal surfaces of carbon steel
[29]. The industry intend to control the corrosive constituents by injecting chemicals or
inhibitors to avoid using the CRAs. However, these inhibitors may lead the carbon steels
pipeline to corrode in higher rate when inadequate mixing happened[28].

2.4.1 Carbon Dioxide Corrosion

Most of the structured equipment specifically pipelines in the industries are made
of steels and these pipelines play a crucial role in the production and transportation of the
gas and oil. In fact, many kinds of carbon steel are used in the gas and oil productions
depending upon the practice, the protective film that the steel pipeline could provide in
sweet or sour environment and the use of another protective means such as corrosion
inhibitors [30]. Under sweet conditions that has partial pressure of CO2 and less content
of H2S, iron carbonate (FeCOs) film can form on the internal surface of the steel at high
temperatures provided that the super saturation of iron carbonate in the bulk is sufficiently
high [24]. At high-temperature and pressure, CO2 corrosion scales formed provided better

stability and protection than those formed at lower conditions [30]. The following reactions
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(Equation 2.12 - Equation 2.15 ) show how the carbonates in the sweet corrosion

environment take place [24], [31]. For the chemical reactions of CO2 environment,

6- %0\ 6 5 (2.12)

6 f% E g1\ *c%1 (2.13)
*6%1 \ PE*%{ (2.14)
*037 \ FE%1°? (2.15)

The presence of carbon dioxide increases the rate of corrosion of Fe by increasing
the rate of the hydrogen evolution reaction because this gas acidifies the aqueous
solution. The cathodic reactions occurring on the surface of the steel are pH dependent
[29],[31] as in (Equation 2.16 *Equation 2.18):

t*> EtR\ L* Ov (2.16)
t*s%1 E tA\ Et*%1 v D*O x (2.17)
t*% 1’ E tA \ g Et%1®° L* P x (2.18)

The following reaction is the anodic reaction [31] (Equation 2.19),
(A\ (R ELtR (2.19)
Therefore for a given pH, the presence of carbon dioxide drives the steel to higher

corrosion rate than the rate in the strong acid. The insoluble corrosion product is FeCOs3
formed by reaction of Fe?* with CO3% [31], [32].
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However, high super saturation of FeCO3s cannot be successful protection all the
time for the internal surface of the pipeline steel because of the stability of the formed iron
carbonate depends on the flow regime and the chloride concertation. In addition, the
adherence of the iron carbonates film to the surface of the pipeline steel can vary very

much based on the type carbon steels [33].

2.4.2 Hydrogen Sulfide Effect

The presence of hydrogen sulfide (H2S) in CO2 environment is not favored by the
oilfield practices where low concentration of Hz2S shifts the sweet environment to sour and
then affect the steel integrity directly by severe corrosion reaction as in (Equation 2.20).
Based on the amount of this solute, H2S affects the CO2 corrosion mechanisms and
changes the properties of the corrosion product film, i. e., FeCOs, on the steel surface
[34]. The H2S existence in the CO2 environment accelerates the corrosion rate of the
carbon steel. In addition, the pH of the solution can be greatly affected by the high
concentration of H2S. Specifically, at low pH level (< pH 5), H2S affects the carbon steel
significantly in terms of corrosion [35]. The H2S is responsible for a several forms of
corrosions in which directly involves in hydrogen embrittlement and the cracks

mechanisms of that occur carbon steel [36].

(ACQE *65 \ (A5 :0;4E * (2.20)

Several H2S corrosion mechanisms were proposed by the investigators. These
mechanisms involve H2S diffusion to the low carbon steel surface; forming Mackinawite
layer as result of H2S reactions with steel; then this layer could dissolve to Fe(HS) and
HS ; then Fe(HS) moves away from the steel/solution interface; after that another H2S
diffuses again into steel/solution for more reaction with steel [16]. As the exposure to H2S
evolve with high temperature, the Mackinawite layer grow fast on the steel surface. Sun
and Nesic assumed that in the H2S environment, thin and porous Mackinawite layers

coexist on the steel/solution interface. In this case, the corrosion rate of the steel is under
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mass transfer control, not under the electrochemical reaction or chemical kinetic control
as shown in Figure 2.5. Temperature and pressure (low ranges), flow and mechanical
process (wear, erosion) significantly affect the stability of the formed film on the steel
surface [34].

The low carbon steel pipelines work efficiently for long period of time in non-
corrosive environment and this situation is good for CAPEX but not in the extreme
environment such as high partial pressure of CO2 and H2S along with variation in
temperature, microstructure and chlorides concentrations as aforementioned [37].
Internal corrosion of the steel takes place in this kind of environment and therefore reduce
the life time of the steel and/or the steel crack due to its susceptibility to the aggressive
species which are in the gas and oil stream [36]. In turns these aggressive conditions
have an impact on the steel structures and thus on OPEX during the operations to control
the corrosion processes. Inhibitors can play a role on the corrosion resistance but do not
stop it but rather reduce the internal corrosion of the steel and they also have significant
effect on OPEX which increase the operational cost. In addition, pigs are used frequently
for measurements or cleaning of the pipeline in the oil and gas productions and this case
add more cost on OPEX. In this situation, the protection by the inhibitors or FeCOs film is

removed due to the services.

2.4.3 Wear and Erosion - Corrosion

The movement of the particles along with corrosive constituents is described as
erosion - corrosion where the erosion occurs by physical or mechanical wear, (e.g. sand
in oil or gas) and corrosion occurs by the electrochemical reactions with targeted steel.
This synergetic process removes the protective layer or the corrosion product, i.e., iron
carbonate and/ or iron sulfide, in progressive mode [20], [38], [39]. Thus, erosion -
corrosion significantly affect the steel surface since it enhances greatly the material loss.
Li and et al. showed that the weight loss increased linearly as the time of the erosion-
corrosion exposure evolved as shown in Figure 2.6. This synergetic process effects can

lead to spalling supported by the intergranular deterioration or brittle fracture assisted by
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the oxidative wear [40]. Boundary layer effects that are directly engaged for energy
absorption during the wear attack and specifically the attacks under low angles [41].

Figure 2.5: Hydrogen sulfide corrosion process [16].

Factors such as high temperature noticeably reduce the corrosion resistance of the
exposed steel to erosion corrosion environment. Mesa and et al. examined various types
of steels in the erosion - corrosion condition at high temperature [41]. They found that the
temperature greatly effects the performance of the materials and reduced their
electrochemical corrosion resistance as shown in Figure 2.7. Other factor that promotes
corrosion rate of the steel attributed to the erosion *corrosion process is the velocity of
the fluid. Fanaiming and et al. found that the corrosion rate of the stainless steel increases
as the flow velocity of impinging machine increased [40].
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Figure 2.6: Weight loss as function of corrosion-erosion time for type 316L stainless
steel and type N8O superalloy at 30° impinging angle [38].
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Figure 2.7: Polarization resistance (Rp) with temperature change [41].
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2.4.4 Fundamentals of Electrochemical Reactions and Thermodynamics

The steel immediately reacts upon contact with corrosive electrolyte (e.g. carbonic
acid). This reaction involves electrons transferred from the steel surface to the solution at
the interface region. This action is called electrochemical reaction. The redox reactions

(reduction and oxidation) take place in this case as shown in (Equations 2.21and 2.22)
[24]:

(A:Q \ (X EtK KT (2.21)
t*> EtR \ *4 (2.22)

In the aforementioned equations, the corrosion process takes place where the
steel starts losing its weight or dissolution which will form corrosion product such as rust
in the shape of iron oxide (Fe203). The metal loss occurred in the convenient conditions
(pressure, temperature, etc.) since its atoms are more likely thermodynamically to jump

the complex peak of free energy curve as shown in Figure 2.8 [12], [13], [42].

Free Energy, AG

Reaction Coordinate

Figure 2.8: Schematic showing the free energies involved in the forward and backward
jumps of the reactions that converts A and B into products C and D [42].
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Mishra and et al. have developed a predictive model for the steel in CO2 containing
environment and assumed that the reaction chemical reaction-controlled process [42].
From Figure 2.8 of an activation energy zcontrolled reaction, two reaction can be defined:

Forward (Equation 2.23) and backward (Equation 2.24) reactions.

R L BA’TZLI (2.23)
R L geA’-’%EléA (2.24)

where, v is the number of atoms that have frequency to jump the activation barrier
(complex peak) in forward direction and the vp is the backward direction; vo is the
vibrational frequency of the atom which means the number of times/second atom
approaches the barrier. Ea is the activation free energy; 'G is the thermodynamic Gibbs

free energy; T is the absolute temperature and R is the ideal gas constant.

The vret is the subtraction of the forward and backward frequencies jump (Vnet = Vi
-Vb). In the condition of [X| <|'Gu| <|Y], the vretbecomes an Arrhenius equation (Equation

2.25) and can be plotted after the correction or rearranging (Equation 2.26) Figure 2.9.

~ - o K; 5J . %U .
ZRp, LZREZ>» sFPRI2E-FL (2.25)
G G6

4 ; ; %xU
7» POt 5 7 ElE L (2.26)
K0 G G6
s F AP

where, Kk is the Boltzmann constant; 'S* is the entropy change and 'H* is the enthalpy

change.

The concept of the rate can be defined as Rate = A vnetor In (Rate) = In (A) + In

(vnet); where A is the correction for the flux and this can be illustrated as in Figure 2.9 but
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with Y intercept which is In (A) in the rate equation. The rate accounts for any of

atomic/second, weight loss/second or even charge/second, etc. however each A or flux

has its own A coefficient.
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Figure 2.9: Corrected Arrhenius plot for the chemical reaction.

Electrochemical reactions take place with 'G = dG. This dG can be defined as in

(Equation 2.27). Where the dWex is the change of the external work; V is the volume
associated with pressure change (P); S is the entropy associated with change in
temperature (T) and the last term is the chemical potential (p) incorporates species

concentration (n) involved in the chemical reaction.

@) LFQIEB@2F5@6 E @l a (2.27)

When the reaction occurs in the isobaric and isothermal system, then the second

and the third terms in (Equation 2.27) have no effect; so they can be ignored. Therefore,
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the dG equals only the change of the external work and the chemical potential of the
species. In this case, dG can be defined as the derivation of a standard state which

incorporates the chemical potential of the species as in (Equation 2.28).

A=0,.. 2.28
¢)L¢)aE4GZ->——gaa (2.28)
—a@00ca

where, 'G° is the change of free energy at the standard state; a is the activity or the
concentration of the reactants and products species powered by the coefficient (c) of the

species in the reaction equation.

At the standard state of the electrochemical reaction, pressure and temperature,

"GP can be described as in (Equation 2.29),

A=9, . .
(',)aL46Z aaa,51 (2.29)

A= a@OOga

In the state of electrochemical reaction, number of electrons (n) are exchanged in
the redox reaction case. This case will evolve a potential, E° at standard state as in the

following (Equation 2.30) [11]. where F is Faraday constant,
SR L R(? (2.30)

The difference between of the free energies change ('G - 'G°) described the
transition state of the free energy from standard to nonstandard state. However, this
difference does not equal to zero. The effort or the work needed to transfer the charge
and get it exchanged through the electrochemical reactions is basically equal to the
change of the Gibbs free energy. Substituting (Equation 2.30) into (Equation 2.28) at the
isobaric and isothermal condition yields Nernst equation (Equation 2.31). This equation
describes the physical chemistry of the electrochemical reaction and predicts the potential

that is attributed to the electrochemical reaction.
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L rap3fs A—gaax,? (2.31)
J( A=%go606¢a

2.4.5 Aspects of Corrosion Protection by Organic Coating

Organic coatings or paints are the common polymer materials applied on the
metallic substrates to perform the following functions: (1) protect the targeted metal from
its corrosive environment (basically the coating operates as physical barrier); (2) impact
erosion and/or wear resistance from any physical or mechanical impact; (3) provide an
electrical insulation. In the oilfield practices, coatings are applied heavily to the pipeline
systems to protect the low alloy steels from the harsh environment and allow them to
operate then longer. The coating system application generally needs some or all of the
following steps: (a) substrate surface preparation which take off most of the
contaminations; (b) blasting which increases the surface roughness and improves the
adhesion; (c) primer that is usually a thin layer that binds the organic coating with metallic
substrate; (d) application of the topcoat which acts as physical barrier; (e) heat treatment
or curing and/ or finishing coats, this step targets the unreacted chain (s) in the coating
system as Figure 2.10A [43], [44], [45], [46], [47]. Figure 2.10B illustrates the steps of
thermal spray process of the coating application on the targeted substrate.

2.4.5.1 Coating Composite

Polymer coating composite represents not only the organic polymer chain but it
also consists of binders, distribution of fillers, pigments, additives and solvents. These
constituents make the coating system very dense, cross-linked, they also lower the
permeability of water and other corrosive ions and reduce the viscosity for allowing a

homogenous mixing [14], [49].
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Figure 2.10: Schematic of typical thermal spray. A) coating structure. B) application
process of the coating [48].

F Binder

Binder polymer incorporates all other components in the polymeric phase to make
the matrix of the coating. This polymer that has comparatively low molecular weight,
regulates the essential chemical and physical properties of the coating [14]. The fillers, in
the size of about 40 £50 um in the powder coating, have to have binder before curing
process [50]. Binder play an important role in the corrosion protection by releasing the
active pigments that are involved in the coating system when the coating is physically
damaged [14]. Some of the solution ions such as hydroxyl ions affect the coating binder

function in which allow the water molecules transport thought the coating matrix [51].
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F Additives

The additives are another important agents to the organic coating system. Rarely
polymers solidify by their own without additives and are considered ready for the
application (e.g. polystyrene). However, usually the polymers materials become sold with
one or various kinds of additives. These additives dispersed evenly thorough the coating
to achieve better solidification [52], [47]. Each additive material possess a distinctive
function. For example thixotropic agent govern the coating viscosity [49]. Surfactants
group is another additive agent and it is used for controlling the coating surface energy.

Inaccurate coating formation with additive may abate the coating properties [49].

F Fillers

Fillers materials play an important role in the coating system. The presence of the
fillers along with organic coating matrix enhance the characteristics of the coating [52].
Fillers enhance the physical impact property of the organic coating system such as
abrasion and wear resistance. In addition, they lower the effect of the internal stresses in
the coating system. Fillers seal the voids or intrinsic pore in the coating system during the
application. This feature improve the barrier property by blocking or stopping the water
and oxygen permeation through the coating [45], [53].

The size and the shape of the fillers significantly affect the performance of the
coating system [54]. The fillers size usually range from few microns to nano scale.
Kalenda noticed that the small zinc particles improve the anticorrosion property of the
coating. Also, he found that the shape of the fillers considerably affects the coating
hardness. The nano-size titanium material enhance the corrosion performance of the
epoxy coating and depicts high ionic resistance transport [52]. Nano-alumina powder
promotes corrosion resistance of the alkyd based waterborne coating [5]. Dhoke and
Khanna suggested that the enhancement of the corrosion resistance property of the

coating is due to the filler size.
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The type of the filler plays an important role in affecting the mechanical properties
of the coating. Mirabedini and Kiamanesh showed the effect of various kind of filler on
<RXQJTV PRG XeOsHe/stizigytd of the polyester coating as presented in Figure
2.11. The volume fraction of the particles also plays an important role. Increasing the
amount of the fillers (e.g. titanium dioxide, TiOz) in the coating system, improves the
adhesion strength as well as the mechanical interlocking [55].
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Figure 2.11: Stress-strain curves of powder coating films containing wt.pct. various
micro and nano-sized particles [56].
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F Cross-linking

The polymer organic coating can be cross linked by heat where the linear polymers
flow based on the heat given and get crossed linked as shown in Figure 2.10. The cross
linking process is highly affected by the curing temperature and time [47]. The cross-link
form a very strong network among the coating system. A very dense cross-linked coating
system enhances its mechanical behavior [57]. These material are better known as
thermoset polymer coating.

Figure 2.12: Schematic of the polymer transition to cross-linked () [57].

F Phenol-Formaldehyde Resin

Novolac material results from the reaction of phenol function group and
formaldehyde resin including either base or acid catalyst. The formaldehyde considered
to be a very reactive with phenolic group and after curing process very good
establishment of cross-linked material can be gained [58]. The reaction between the two
compounds is known as condensation reaction. Figure 2.13 shows the basic structure of
the Novolac. This compound is considered to be very stable chemically and thermally
once it cross-linked. The cured Novolac coating become more solid which may become

more fragile when exposed to the high impact [59].
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Figure 2.13: Nolovac basic structure (cross-linked) [60].

F Epoxy Resin

The diglycidyl ether of the bisphenol is the crucial monomers in the epoxy
chemistry as shown in Figure 2.14. The straight forward method to polymerize the epoxies
is to react them with primary or secondary amines group. Other epoxies may have more
complex than diglycidyl ether of the bisphenol and longer linear structure [57]. The
epoxies in general considered to be the very important kind of the thermosetting coating
polymers. It demonstrates high tensile strength, good dimensional stability and corrosion

resistance feature.

2.4.6 Organic Coating Delamination Mechanisms

Corrosion underneath the organic coating system occurs basically in two

mechanisms. These mechanisms are anodic and cathodic delamination or degradations.
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Figure 2.14: The generalized structure of: (a) epoxy F and (b) epoxy Novaolac
monomers [61].

(b) Epoxy Novolac

2.4.6.1 Anodic Delamination

Anodic delamination process occurs underneath the intact or defected coating at
the steel site which cause the steel to undergo dissolution [62], [63]. When the intact
coating system is exposed to corrosive solution, after certain time the oxygen atoms with
water molecule will begin to diffuse within the coating system and eventually reach the
coating-substrate interface as shown in Figure 2.15A. This situation takes place where
the coating does not adhere properly to the substrate. At this region, all the corrosive
constituents are present and ready to react with the substrate at the anode site. At the
anodic site the electrochemical double layer will be created due to the reaction between
the substrate and corrosive species like oxygen atoms as shown in Figure 2.15B. This
step is considered to be the initiation of creating a blister [64]. Consequently, corrosion
product (iron oxide) will form and precipitate underneath the coating. Iron oxide layer

slows down the oxygen transport to the substrate surface. This step yields a separation
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of the anodic and cathodic regions as in Figure 2.15C. The blister will grow (on anodic

site) and become noticeable.

2.4.6.2 Cathodic Delamination

The cathodic delamination occurs beneath the coating system due to the corrosion
products that separate the coating from the substrate. The cathodic reaction at the
coating-substrate interface significantly affects the coating adherence to the substrate
where the dis-bonding takes place [65]. The cathodic reaction yields hydroxyl ions which
are considered to be damaging to the coating-substrate bonds [66], [67] as in Equation
2.32. A cathodic delamination process is attributed to the high pH 10 -14 that was
produced from the cathodic reaction [63], [65]. Henry and et al. suggested that
concentrated alkaline environment may attack the oxide layer at the coating-steel
interface or may attack the coating matrix [65]. If the attack begins first on the oxide layer,
a dissolution of the oxide subsequently will occur which leads to break down of the coating
and substrate bonding. This case lifts up the coating from the substrate as in Figure
2.15D.

16 E t*¢1 E VA\ v 1*7 (2.32)

In the case of the inorganic layer applied on the substrate before the top organic
coating, galvanic reaction may occur due to the diffusion of the oxygen and water
molecules through to the coating-inorganic layer interface. The galvanic species are
governed by the electrical properties of the oxide layer which is at coating-steel interface
[14]. Thus, any change on the steel potential creates a subsequent change in the
electrical properties and indeed in the rate of the oxygen reduction as shown in Figure
2.16. The solution pH will become more alkaline as oxygen reduction process continues
and this will preserve the oxide layer on the steel [65]. During the reduction process,
intermediate radicles (e.g. OH") will form [67], [68]. These radicals are the main cause of

the oxide layer destruction and this will lead to further steel dissolution.
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Figure 2.15: Schematical representation of blistering and delamination mechanisms for
a coated steel substrate [62].
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Figure 2.16: Principle corrosion model explaining the formation of a galvanic element.
Upper part: cross section through a metal polymer interface with a defect in the polymer
coating. Central part: overview of the polarisation curves at the defect (left side), the
intact interface (right side) and the situation after galvanic coupling of the parts (lower
graph) [14].
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2.5 Measurement and Analytical Techniques

A brief discussion of the methods and techniques used to study the coated steel

performance in the corrosive environment.

2.5.1 Corrosion Measurements

The corrosion of the coated steel is still an electrochemical type of corrosion. Thus,
the protective coating system performance can be evaluated with electrochemical
techniques to measure for example the coating resistance, charge transfer resistance,
etc. The charge resistance is related inversely to the corrosion current density. In this
work, open circuit potential (OCP) and electrochemical impedance spectroscopy (EIS)
are used to evaluate coated steel panels.

2.5.1.1 Open Circuit Potential

The open circuit potential (OCP) measures the potential of the steel in the solution
with respect to reference electrode. As soon as the steel or the coated steel (working
electrode) is put in the corrosive environment, the surface of the working electrode adjusts
its potential to the surrounding environment. This situation may be reached after passing
a few steps of adsorption, hydration and some of the electrode form corrosion product
film. This film may protect the steel from further corroding. A potential change with time
can be observed when the potential of the working electrode is determined with the
respect to the existing reference electrode. Usually the potential of the working electrode
varies in a few hours but then it became unlikely to change and reached the steady state
status. In this situation, the electrode reached its equilibrium. This potential is now called
corrosion potential (Ecorr) or OCP. For this particular working electrode, this OCP tells that
the potential above it, the electrode tends to corrode (anodic), however, the potential

below it the electrode be in the cathodic regime and these reactions were explained in
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the previous chapter. In addition, this OCP can be used as reference for other

measurement like EIS technique.

2.5.1.2 Electrochemical Impedance Spectroscopy

Electrochemical impedance spectroscopy (EIS) is a method to measure or assess
the charge flow between the surface of working electrode and its interface layer as
function of excitation frequency. This charge might flow in various paths at different rates.
The electrode charges or electrons flow to the environment is attributed to the dissolution
or the corrosion process takes place at the electrode surface. As mentioned in previous
sections, the corrosion is considered an electrochemical reaction in nature. The flow of
the electrons (electric current, I) and the electrode potential (E) lead to the resistance (R).
Thisrelationde VFULEHG WKH 2KP{V /A3)ZThéEXdridjdorRdal governs the
redox reaction and therefore the rate of this redox reaction can be assessed by measuring
the electrical current. The relation between driving force (E) and the reaction rate (i) is
non-linear as in (Equation 2.33) which is called Tafel equation. Impedance uses the linear
relationship but Equation 2.34 shows non-linear relationship. In the finite practice, the
effect of the non-linear considered to be very subtle. Thus, the impedance the linear

relationship can be used in non-linear case as in Equation 2.34 [69], [70].

. (2.33)
+
aly¢
E L,EREl (2.34)

where, iandic DUH WKH FXUUHQW GHQVLW\ DQG H[FKDQJH FXUUHQV
VIPPHWU\ IDFWRU Q LV QXPEHU Rl WKH HOHFWHRRYHUQYRC
SRWHQWLDO ) LV WKH )DUDGD\TV FRQVWDQW 5 DQG 7 ZHUH
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In the case of the corrosion cell, the electrochemical reaction is governed by either
the solution resistance (Rs), charge transfer at the working electrode zsolution interface,
mass transport from the bulk solution to the interface region or might be all of these
behaviors. In this case, EIS able to characterize the flow of the charges from the electrode
and it can give information about the electrode z*solution interface, interfacial reactions,
coating resistance and coating degradations. The most important feature of this technique
is providing the equivalent circuit model and this model can be related closely to the real
corroding system [71]. Thus, this model provides the protection and/ or the degradation
mechanism of the coated steel in the corrosive environment [72] 474].

F Measurement Principle

The application of a sinusoidal potential (Et) on the corrosion cell by EIS technique
yields response to it in the form the AC current. This current can be evaluated by using
the sum of the sinusoidal functions with amplitude potential (Eo) Equation 2.35:

‘oL "ae<efiP (2.35)
and the definition of the angular frequency ( f):
ALteB (2.36)

In case of a linear system, the response to the above relationship will be a
sinusoidal current as described in Equation 2.37 with the amplitude current (lo) and phase
angle shift (n):

£ L |ecefiPET; (2.37)

Figure 2.17 describes the relationship between Equations 2.36 and 2.37 in the
linear relationship case. Then this case can be illustrated in Figure 2.18.
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The impedance (Z) is comparable to the electrical resistance. This means that this
impedance in the AC system is equivalent to the electrical resistance of the direct current
(DC). Thus, impedance can be described as a function of the angular frequency as in
Equation 2.38:

AR VARV

Figure 2.17: Sinusoidal current response of applied sinusoidal potential in linear
relationship.
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Figure 2.18: Approximation of a linear I-E relation by the use of a Small amplitude
potential perturbation in a non-linear system [49].
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<AL L % (2.38)

o(oﬁ 2
<efIPE T;

7KH DERYH HTXDWLRQ H[SUHVVHV D FRPSOHNXVEQBGRQHMH NI

relation:
AY i L ... %9 EF ece:]; (2.39)

By substituting Equation 2.39 into all mentioned relations above, the following can

obtained:
for the potential: (2.40)
oL JAY 6
for the response current:
L gAY ¥ (2.41)
for the impedance relation:
<:fi; L gAY (2.42)

The representations of the Equations 2.39 +2.42 are shown in Figure 2.19 as
complex quantity meaning that they consist of real quantity which is still in phase and
imaginary (j) quantity that is considered out phase quantity.

From above derivations and relations, impedance functions can be described as:

a resistor (R),
<L 4 (2.43)
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an inductor (L),

<arfi; L FA. (2.44)
a capacitance (C),
<:A; Ls FA% (2.45)
ImagTary V(o)

Imaginar
ey Z(w)

Real

Figure 2.19: Out-of-phase crurrent and voltage vectors (top) and impedance vector
(bottom) [75].
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These parameters can be obtained from the EIS spectra or graphs. Some of them
are not frequency dependent. The EIS graphs are better known as Nyquist plot and Bode
plot. Nyquist plot presents the spectrum in terms of complex plane of the impedance.
Figure 2.20 shows the spectrum obtained from the EIS measurement and representing
one time constant. The impedance in the Nyquist plot can be showed as vector of the
length |Z|. The phase angle is in between the |Z| and x-axis. From this plot, the system
mechanism and/or the kinetic behavior of the system can be predicted by fitting this
spectrum with equivalent circuit. On the other hand, Bode plot consists of two plots as
shown in Figure 2.21. These plots again represent on time constant condition. The Bode

plots tell how the modulus impedance and the phase angle vary as function of the

frequency.
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Figure 2.20: Nyquist plot with one time constant [76].

The time constant (i) is involved in EIS and considered to be a very important
parameter (Equation 2.46). This parameter is associated with all equivalent circuit models

that own R and C. The reciprocal of time constant presents the circular frequency, fig
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i L4% (2.46)
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Figure 2.21: Bode plots with one time constant [76].

In simple system, as soon as sinusoidal potential is applied through only a
resistance, then the impedance only found to be resisting at all range of frequencies. The
current which follows 2KPYV ODZ SDVVHV WKH UHVLVWDQFH
frequency, thus the resistance equal impedance as shown in Table 2-1. The impedance
on the Nyquist plot located on the real impedance. However, on the Bode plot, the
impedance can be found on the modulus axis (y-axis) which is again not a function of the

frequency.
In case of the capacitor on these plots. When the same sinusoidal potential

crosses only capacitor, based Equation 2.45 the impedance will be on the imaginary
situation. The representation of this impedance can be seen as vertical line on the Nyquist
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plot and this impedance goes to infinity if the frequency decreases. On the other hand,
this capacitance impedance can be seen as diagonal line with slope -1 as shown in Table
2-1.

The application of the same potential to the connected of the resistor and capacitor

in series as in Table 2-1, in this situation the impedance will be as follow:

(2.47)

:le_n
X

<i;L4E

This equation tells that this situation exists in a conductive solution because of the
impedance can have a response of resistance and capacitance. The current flow through
the system is limited by the resistance at high frequency whereas at low frequency this
current will be limited by the capacitor. The real and imaginary parts considered to be

. . . . ~ 5 .
equal and in this case is called circular frequency, fig L = 1./Thls frequency correlates the
4

resistive and capacitive behavior and is incorporated with phase angle of -45°.

In the case of connecting the resistor and capacitor in parallel situation and the potential
is crossing them as in Table 2-1, then the total impedance will be,

S S
— L—E FR% (2.48)
<A; 4
. 4 fi 4°% (2.49)
i; L - F + -
s E:n49% s E:f4 %
(Equation 2.1 33) becomes as < L = H where,
~ 4 (2.50)

<Mook SERZ - T
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A 4°% (2.51)
“hiaodes s -7

Rearranging Equations 2.50 and 2.51,

4 46 2.52
:_t;GleFTp E 5 (2:52)

This equation is better known as circle equation where its radius and center are R/2 and
(R/2, 0), respectively. Now, the representation in Table 2-1 of the resistor connected in
parallel with capacitor, can be shown as semicircle in the Nyquist plot. However, in the
Bode plot, this connection of the resistor and capacitor presented the impedance
resistance as horizontal line pointed to modulus axis (y-axis) and the impedance

capacitance as diagonal line with slope of closely to -1.

In case of the electrochemical cell, other components of R and C are possible to
be included based on the behavior of the system. This addition changes the response of
the impedance and the phase angle. Then, in case of close to ideal electrode behavior
the total impedance with two time constants of the charge-transfer resistance (Rct) and

double layer capacitance (Coi) in addition to the solution resistance (Rs),

3 6
<:A; L 4,.E 406 == Ndsc %0 (2.53)
’ ®7 s Eiﬁ%g/%fiﬁ S E;ﬁ408/92[-36

F Electrochemical Cell and EIS measurement
The EIS measurement of the performance of coating system on steel in a typical
electrochemical cell is performed with the aid of a potentiostat as shown in Figure 2.22.

This electrochemical cell composed of working electrode (WE) which is coated steel,
counter electrode (Cont. E.), reference electrode (Ref.) and solution.
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Table 2-1: Electrical elements, their corresponding symbols representation [75].

Element Symbol Nyquist Plot Bode Plot
1Z] @
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Once the sinusoidal potential perturbation is crossed between the WE and CE, the
EIS measurement takes place of the coating system performance and the impedance
spectra is collected. Markedly, the impedance spectra shape varies as the time of the
exposure increases and this case is attributed to the coating system. At the beginning of

the exposure, the intact coating system shows a very capacitive behavior [73], [77], [78].

Potentiostat
Ref. Cont. W.E.

Y

I ¢ S
H,0
Cl-

== AN,

Figure 2.22: Typical electrochemical cell.

The Nyquist plot represents this behavior when the arc goes sharply close to the
imaginary axis as shown in Figure 2.19. However, in the Bode plot shows only diagonal
line with slope of -1 for modulus impedance versus the logarithmic frequency and the
phase angle shows the line near the 90°. As the time of the exposure increases, the
coating system will absorb the solution (water uptake) and the representation on the
Nyquist plot will be as near as semi-circle and commonly the diameter of this semi-circle

decreases and the same occurs to the Bode plot illustration as shown in Figure 19. This
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decreased on the impedance response indicates the coating resistance decreases
meaning the coating system is in degradations process. This electrochemical system now
can be fitted to the equivalent circuit model which is shown in Figure 2.23 in top left of the

Nyquist plot.
z log|Z|
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Figure 2.23: Typical Nyquist plot (top left) and Bode plot (top right) for coating in the first
stage of degradation. In the bottom, Nyquist plot (left) and Bode plot (right) for a
defective coating under activation control [49].
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This one time constant circuit model shows the solution resistance (Re), coating
capacitance (Cc) and the coating resistance (Rc). The coating capacitance can be

calculated using,

% L %Y (2.54)

where, A is the total area of the coating sample, ™™ LV WKH GLHOHFWULF FRQVWD
coating, ™'is the vacuum permittivity (8.854X1012F/m) and d is the thickness of the
coating.

The Bode plot on the top right of Figure 2.23 shows two break point

frequencies B ¢, o= J @ g Band can be calculated by,

S (2.55)

r ay, L————
%aagzl ta é‘%

The location of the R, s,depends on the magnitudes of the components. Also, the

estimation of the coating system degradations can be assessed with the break point

frequency that written as [73], [79],

#y - #, (2.56)

where, Bis the break-point frequency, #x is the delaminated area and € is the specific

resistivity of the coating in the delaminated area.

As the coating system continues to degrade or it has intrinsic defect, the Nyquist
plot will show another semi-circle at the low frequency part which tells more about
reactions process at the coating-solution interface as in Figure 2.23 (bottom-left).

Similarly, Bode plot in this case will show phase angles peaks and two capacitances
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associate on the modulus part of the plot beside the third resistance which is charger-
transfer resistance (Rct). Now two time constants circuit model can fit this spectrum and

include the additional parameters as shown in Figure 2.23 (bottom left).

2.5.2 Mechanical Characterization

Mechanical characterization of the internal organic coating is essential to ensure
that the organic coating systems are ready to absorb and resist any physical attack and
also to evaluate the integrity of the coating. This physical attack (known as erosion) could
come from small sand particles or rocks that are driven with the fluid. For this purpose,
the following tribology techniques were used in this study to measure the tribological

properties of the coatings.

2.5.2.1 Wear

In many oil and gas applications, the organic coating surface is exposed to various
types of physical destruction. Wear process is one of the coating damage. Wear occurs
when an object with its load slides and moves or rolls against the coating surface. This
wear process may damage the coating system and thus coating system will lose its
integrity with service time. The wear technique provides some of the tribological
parameters such as friction coefficient to understand how the particular coating resist

such wear. Usually the wear and friction processes take place at the same time [80].

The rate of receding of the coating surface is attributed to wear is known as %zas

defined in Figure 2.24. This rate can depend on two factors. The first one is the tribology
conditions (wear, erosion, etc.) to which the coating surface is exposed and the second
is the response or reaction of the coating system to these conditions [81]. Despite the rate

of the wear depending on the all forms of tribological conditions, with well-defined system
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parameters of the wear measurement can be altered to treat the other parameters
contributions as independent [80]. With that all being said, the following equation can be

written,

T . (2.57)
IB ONG:N;

®l®

where, O:N &—.Os,e;edepicts the influence parameters causing wear at the point on the
coating surface which is defined via the position of vector (r). This parameter shows the
. . . . R@aUcU 7
severity of mechanical load applied on the coating surface. GN @m I 10)
is the response of the coating system at that point. The wear resistance of the coating

system on the same conditions can be described as the reciprocal of G81].

Figure 2.24: Schematic illustration of the recession of the specimen surface during a
wear test, in which it is subjected to abrasionorerosiRQ ZLWK WULEROR[BL]FDO LQW

Under sliding conditions, several models for the wear were proposed by
researchers but the simplest model was proposed by Rabinowicz [81]. He suggested that
the volume lost from the object surface per unit sliding is linearly proportional to the normal

load:
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MLG O (2.58)

Rearranging Equations 2.57 and 2.58 will yield

T 70 (2.59)
5 C%

NS

where, 7 is the relative sliding velocity and #is area of contact between sliding surface
and sliding velocity. When the Equation 2.59 is compared to Equation 2.57, this

comparison will give the following,

OL7 2 (2.60)

where, 2is the nominal contact pressure : 2 L;Q;.

If the wear process on the coating surface is uneven, the mass loss at the initial
coating penetration will incorporate the total contributions from both the coating materials
and substrate as described in Figure 2.25. Explaining the results in this case will be
difficult except if the wear rate between the coating system and substrate is well known
[82].

2.5.2.2 Nano indentation

In general, the indentation measurement is used to assess the penetration resistance of
the coating system and the hardness of the materials. The geometry of the indenter for
this type of test is well known. This indenter is applied to the coating surface with specified
load which makes an indent in the coating system. The depth of penetration can be used
as indication or measurement of the coating system resistance. This type of indentation
process is characterized as indentation hardness which is meant to be the load divided
by the affected area [83].
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In the last three decades, more sophisticated testing instrument which is called
continuously recording indentation technique (CRIT) has been utilized to assess the
coating systems surfaces without contributions from the substrate. This technique has
capability to examine the mechanical properties at very shallow contact. Considerably,
these kind of tests enable very accurate control for both the loading and displacement
within the test as shown in Figure 2.26. CRIT tester performs the loading with applying
force as low as micro-Newton while the indenter makes a depth in nano-scale.

mass
loss

coated substrate

/ _ = coating alone

~\

time
Figure 2.25: Comparison of the response of a coated specimen, and an uncoated

substrate, to an abrasive wear test. The coating is penetrated unevenly and the sub-
sequent mass loss contains contributions from both substrate and coating [81].
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- Load - displacement curve (2 F |J

Considerably, mechanical information could be taken from load +displacement
response. This curve reveals the variations in response conferred via coatings system
when the load increased to the maximum [83], [84], [85]. The load zdisplacement curve
depends strongly on the properties of the coating system, the indenter size of contact
which is directly related to the coating thickness and surface roughness, and the substrate
[85].

100
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60

Load (mN)

40

20

0 200 400 600 800 1x10°
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Figure 2.26: Load displacement curves for fused silica at 5, 10 and 100 mN peak loads.
The excellent overlap of the loading curves shows the uniformity of properties and
smooth surface possible with this material [83].
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Figure 2.27a shows how the plastic deformation takes place on both coating and
substrate when the load is applied on coated substrate system that consists of hard
coating system on a softer substrate. In some cases the substrate reveals pile-up that is
attributed to its high level of work hardening and some of the coating system may detach
[83]. On the other hand, when the soft coating is applied on the hard substrate and
exposed to the loading process, the coating system may extrude since it is in between
hard substrate and a rigid indenter as in Figure 2.27b. Figure 2.28 illustrates a significant
effect of the substrate properties on the 2 F Uresponse curve. As can be noticed the

curve alters when the NbN coating is exposed to the same load nano-indentation.

SINK-IN PILE-UP
(@ — Through-thickness cracks
g S Iy \\\)(._,n’_ B
R ' N
Coating flexure ™~ _—~" Coating detachment

Su bstratérplasticity

/2 \

e = NaT AV___/"’
& __— Extrusion
~__ Coating plasticty _—— *7\
o « Coatin

Substrate plasticity  /  getachment

Figure 2.27: Processes occurring in the nanoindentation testing of a coated system: (a)
hard coating on a soft substrate and (b) soft coating on a hard substrate [83].
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Figure 2.28: High load nanoindentation tests of 4 um NbN coatings on soft (type 304
stainless steel) and hard (ASP23) steel substrates [83].

- +DUGQHVV DQG <RXQJfV PRGXOXV

Oliver and Pharr have developed analysis method that is commonly used to get
WKH KDUGQHVYV DQG W K[E6[<RXQtdlpehdrRiGocanx® obtained by the
sum of the plastic depth which is the contact depth, U and the elastic depth, U that is
considered to be the elastic flexure of the coating surface within the loading process.

Therefore, the total penetration depth, Ucan be written as [83],

UL JE @ (2.61)
Equation (2.61) can be re-written as follow,

(2.62)

y 2
L ‘(::E
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where, Yis a constant that relies on the indenter geometry, 2is the indenter load and 5
means the slope of the unloading curve at the maximum state. The hardness, *, can be

now written as [86], [87],

2 (2.63)

where, #L tvawgfor the ideal Berkovich indenter [83].

From the slope of the unloading curve as in Figure 2. <RXQJTV PRGXOXV FDC
PHDVXUHG E\ XVLQJ WKH PRGLILHG HTX[B8|.LTR&reRtiosRH G GRQ TV

can be written as,

ot
5L OBz 's¥# (2.64)
72

where, ' 3describes the contact modulus that can be obtained frRP WKH <RXQJTV PRGX(
and PoissRQ TV UDWLR R lofWhK tdstlniaiéridlQ c&rHoe obtained by the following

equation,

_sLsF gREsF R (2.65)

"4 ‘a U
where, Uis the constant by the Joslin and Oliver which accounts for the derivations from
the ideal Sneddon performance and is predicted at finite element [83]. Another constant
was introduced in Equation 2.1 48 which is U This constant was used to correct Berkovich
indenter value [89]. 'y =J @ refertothe <RXQJYV PRGXOXV Radndd#abing QGHQ W
materials, respectively. Ry=J@QDRUH 3RLVVRQYV UDWLR IRU WKH LQGH

respectively.
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2.5.2.3 Micro-scratch

Another surface engineering tool that can characterize the coating systems is the
micro-scratch technique. This technique can further help to measure the friction force and
the adhesion strength of the coating to the substrate. Despite the complexity of the scratch
process, several models have been developed for this process. In 1950, Heaven
developed method to measure the adhesion through scratch test [90], [91]. In 1960,
Benjamin and Weaver proposed a quantitative factor that is the critical load, .gto
measure the coating adhesion [91]. A concept of the energy-based criterion was
introduced by Laugier for the scratch test [92]. Nowadays, the scratch technique has

become commonly used to characterize the coating system adhesion.

At certain scratch load, a destruction predominantly takes place at the onset of the
loading and ahead of the migrating indenter tip over the coating surface at which
compression stresses are introduced to the coating system [93]. The coating system next
to the indenter tip can thus decrease its stored elastic energy via buckling or detaching
from the substrate at critical scratch load. The stresses that are introduced due to the
scratch process and are responsible for coating removal can be measured by using
Griffith energy balance approach [94]. The elastic strain energy per unit volume, 7 for

the uniaxial tension can be written as follow,

séb 2.66
7 L—tT (2.66)

where, érefers to the local stressand ' PHDQV WKH <R XQ JASSurRpRoB ¥aD X V
be made that the scratch process which is given at critical load where semicircle area of
the affected coating surface with radius, NR&as become removed for the substrate. The
volume over will be volume of the coating above at which the elastic strain is released.

Therefore, the released elastic energy can written as [93],
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& Npab (2.67)

where, Préfers to the coating thickness. The surface energy that may form a crack can
be determined by the energy released. This case can be measured via work of the

adhesion, 9from the following equation:

9LUEWF U (2.68)

where, (=J @ réfer to the surface energies of the substrate and the coating system,
respectively. U ¢describes the coating-substrate interfacial energy. By balancing the
surface energy of the crack to the released elastic energy, the following equation can be

written,

éeN9 eNpsé’ (2.69)
t t t'
Rearrange Equation (2.69),
sébp (2.70)
9 L-——

Equation (2.70) is independent of the crack shape.

Three contributions to stresses which are primary causes of the coating loss were
introduced by both Burnett and Rickerby [95] as shown in Figure 2.29. These
contributions are: a) the elastic-plastic indentation stress, b) the internal stress and c) the
tangential frictional stress. These factors can easily make sense in the form of their effects
on the determined friction coefficient. The friction force, (acan be written as two
components based on Bowden and Tabor [93]. These force components are the

ploughing term and the adhesion term, as follow,
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(L2#E % (2.71)

(a) INDENTATION (b) INTERNAL STRESS |(c) FRICTION (Adhesion)

(1) Ploughing (ii) Internal Stress (iii) Adhesion
Fp = AP Fs = HShternat | Fa 2 A

Figure 2.29: The scratch adhesion test represented as the sum of three contributions:

an indentation term, an internal stress term and a frictional term. These cases may be

represented as three frictional contributions: a ploughing component, an internal stress
component and an adhesion component [93].

where, 2refers to the flow stress of the coating being ploughed, i describes the shear
stress of the weaker of the two materials or may be the indenter fcoating interface.
#5= J @g dfe the protected cross-sectional area of the scratch track and the real area of

the contact, respectively.

2.5.3 Analytical Instrument

2.5.3.1 Three dimensions (3D) technique and stereoscope

The Three dimensions (3D) profiling technique is mostly used to measure the
coating surface physical properties. This technique provides wide range of the geometric
shape of the coating surface feature. In this technique, several methods of Three
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dimensions (3D) optical employed to give the Three dimensions (3D) image with non-
physical contact and non-destruction of the coating sample. These methods are laser
triangulation, stereovision and structured light [96]. With these methods, this technique is
able to give the three dimensions (3D) (high, width and depth) characteristics of the
coating surface. Basically, three dimensions (3D) image means that the technique is

capable to acquire three dimensions (3D) data of the targeted are of the coating surface.

Structure light has been one commonly used method for acquiring the three
dimensions (3D) image. Figure 2.30 depicts that the light source modulated illuminates a
spatially varying 2D structured light. Each visible point in object scene will have a
corresponding stripe number (stripe value) and image location (pixel coordinates) [97].
Each of pixel intensity on the structured light pattern is given by the digital signal
cjL -EABBNAAE L satdaaaa+ =J@wkele skl d 4 tiprdinates of the
projected pattern. As illustrated in Figure 2.30, the geometric relationship between the
structured light projector, an imaging sensor and coating surface or object surface point
can be represented the triangulation principle,

°c4¢q; (2.72)
e<¢a E U

4L %
The idea of using the triangulation-based three dimensions (3D) imaging is basically to
distinguish the single projected light spot from the collected image under 2D projection

pattern.

2.5.3.2 Scanning Electron Microscopy and EDS

Commonly, Scanning Electron Microscopy (SEM) coupled with Energy Dispersive
X-ray (EDX) are used to characterize the topography, morphology and the composition
feature of the coating system. This analytical technique is considered as an ideal tool for

imaging which can capture the object image with high magnification.
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3D Object in the Scene

Figure 2.30: lllustration of the structured light [98].

The SEM machine works in the principal of detecting the X-ray under vacuum that
emits or ejects electrons from the coating sample. The electron ejection occurs due to the
application of the electron beam on the sample as can be seen in Figure 2.31. Usually
SEM gives the surface information as an image via two types of secondary electrons that
are ejected from the coating surface [63]. The first one is called secondary electron where
electron is ejected from k-orbitals of the coating surface atoms by inelastic scattering
interactions with electrons from the beam. This electron is considered to be a low-energy
(<50eV) secondary electrons and thus can originate from a few nano-meters of the
coating surface. Therefore, this ejected electrons can reveal the topography of the coating
surface features. On the other hand, the second type of the secondary electron which is

called backscattered secondary electron (BSE) possess high energy electrons centering
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in the electron beam. This electron beam can backscatter out of coating surface
interactions volume by the elastic scattering interactions with surface atoms. The BSE
imaging is able to reveal image with spatial distribution of the elements or compounds
within the top microns of coating surface. Generally speaking, SEM is very useful tool to

characterize the coating morphology features.

SEM Setup
Electron/Specimen Interactions
WWhen the electron beam strikes the sample, both photon and electron signals are

emitted.
Incident Beam
X-rays Primary Backscattered Electrons
Through Thickness Atomic Mumber and Topographical Inforrmation

Composition Information
P Cathodoluminescence

Electrical Information

Auger Electrons

Surface Sansitive Secondary Electrons

Specimen Current
Electrical Information

Figure 2.31: Electrons active in SEM analysis [63].

The second technique that is connected with SEM is EDX. EDX analyzes the
element with the coating system and can qualitatively identify them by detecting the
photons. This techniqgue can map the whole coating surface and can determine the
chemical composition of the coating system. In addition, it can show the elements where

they are concentrated.
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2.5.3.3 Zplot- Zview and GamryChem Softwares

The Zplot and GamryChem software are being used increasingly to analyze the
electrochemical impedance spectroscopy (EIS) data that was collected for coated steel
system in the corrosive solution. These software help to model equivalent circuits for the
EIS data to electrochemical interactions of the coating system with its surrounding
environment. Figure 2.32 represents most commonly used equivalent circuit model for
EIS data reported in the literature for coating system [99]. This model can be fitted to the
EIS spectra to understand the physical system (coating material performance in the
corrosive environment) behavior. The parameters in the Figure 2.32 were identified
before in the EIS section. Other impedance elements could be incorporated to this model
circuit. Haruyama et al. have incorporated a Warburg impedance in series to the 4g of
the circuit that is shown in Figure 2.32 [100]. This impedance element accounts for the

diffusional process. Therefore, using these software can precisely analyze the EIS data.

Cc
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Rg —l
—vVV— =
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Figure 2.32: Model for the impedance of a pitted polymer coated metal [100].

61



CHAPTER 3: EXPERIMENTAL PROCEDURES

3.1 Materials

Low carbon steel panel, A572-50 was used as substrate for the coating systems.
Table 3-1 presents the chemical composition of the substrate. The substrate surface area
was 28.5 cm?. Steel substrates was blasted and cleaned head before the application of
the coating system. Table 3-2 shows the coating materials that have been used for this
study. Various type of organic coatings with different kind of fillers were used to study
their performance in the corrosive environment and wear resistance. Some of these
coatings were applied on the top of primer layer. This primer enhances the adhesion of

the coating to the substrate.

Table 3-1: Chemical composition in weight pct. of the low alloy carbon steel.

C Mn P S Si Al Cu N Cr Mo Cb Y Ti Ca

01 10 00 000 02 002 01 00 00O 00 0.00 0.04 0.00 0.002
7 5 1 3 2 6 4 9 9 2 2 7 1 7

For the coatings (QTA through E in the Table 3-3), the filler is made of conductive
part and nonconductive part. The "normal” and "low" filler amount have the same ratio of
conductive to non-conductive fillers in them even though the total amount of filler is
drastically different. The "high" filler samples have a much greater amount of conductive
filler in the coating, approximately of the amount of 14.7X. The conductive filler is simply
more conductive than the non-conductive filler. In other words, the "conductive" filler is
not necessarily a highly conductive material by itself. There are three filler amounts:
standard, low, and high. Suppose the amount of standard filler amount is X, the amount
of low filler is 0.17X to be precise, and the amount of high filler is 1.3x as shown in Table
3-3.
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Table 3-2: Coating materials.

Coating ID Organic materials Fillers Primer
QTA Powder-Phenolic Novolac Al>O3, TiO> Yes
QTB Liquid Epoxy Al2O3, TiO2 Yes
QTC Powder-Epoxy Novolac Al2O3, TiO2 Yes
QTD Powder Epoxy Al2O3, TiO2 Yes
QTE Carboline None No

5G Powder-Phenolic Novolac Al,O3, TiO; Yes
6D Powder-Phenolic Novolac Al2O3, TiO2 Yes
B Powder-Phenolic Novolac Al2O3, TiO2 Yes
E Powder-Phenolic Novolac Al>O3, TiO> Yes
QTS-10 Epoxy Mannich Carbon Nanotube No
QTS-11 Epoxy Mannich Carbon Nanotube No
QTS-PP10 Epoxy Mannich Carbon Nanotube Yes
QTS-PP11 Epoxy Mannich Carbon Nanotube Yes
Table 3-3: Coating system formulation.
Coating ID Thickness, g m Fillers Amount
QTA 378 - 403 AlL,O3, TiO; standard
QTB 195 - 228 Al,O3, TiO, standard
QTC 400 - 431 Al,O3, TiO> standard
QTD 386 - 421 Al,O3, TiO: standard
QTE 347 - 381 None None
5G 114 - 153 Al;03, TiO2 High
6D 200 -305 Al;O3, TiO2 High
B 280 - 355 Al;O3, TiO> Low
E 114 -153 Al,O3, TiO: Low
QTS-10 200 - 240 Carbon Nanotube same
QTS-11 270 - 320 Carbon Nanotube same
QTS-PP10 260 - 340 Carbon Nanotube same
QTS-PP11 380 -420 Carbon Nanotube same
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The coatings (QTS-10 through QTS-PP11) have different fillers than the previous
ones. Carbon nanotube (CNT) fillers were mixed with coating material and the amount of

CNT is the same in all tested coating systems.

3.2 Coating Deposition

The steel panels were visually observed and examined to any intrinsic defects
which can limit the coat-ability. Then the substrates were thermally cleaned and baked at
339°C for about four hours. After that, the substrates were blasted with Al2O3z based on
NACE-No. 1/SSPC-SP 5 for white metal blast cleaning [101].This process aims to clean
and make steel surface rough to increase the adhesion of the primer to the substrate.

For the coatings (QTA through E in the Table 3-2) the following coating deposition
process was done. After the cleaning process of the substrates, the liquid primer was
applied on it with thickness (<50um). Then, primer was baked at 120°C for 1 £2 hours.
Then, the coating material with different thicknesses that mixed with fillers was applied
on the top of the primer. The coating cover the entire surfaces of the steel panel. After
application, again the coating system was cured at 230 G10°C for about two hours. In

this case, the top coating is considered to be crosslinked.
The same process was applied to the coating systems (QTS-10 through QTS-

PP11 in Table 3-2) except QTS-PP10 and QTS-PP11 primed before the top coat. These

coating were also cured after the coating was applied.

3.3 Mechanical Characterization

3.3.1 Wear Evaluation

Tribology tester was employed to wear the coating system surface. This wear test

followed ASTM G133 standard [102]. The coated specimen was mounted on the lower
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drive of the wear tester machine. Ball pin on flat wear test was carried out to evaluate the
mechanical properties of the coating systems as shown in Figure 3.1. The load was
applied to the z-direction of that fixed ball pin on the coating surface while the lower drive
is in reciprocating mode as shown in Figure 3.1 a and b. The ball was type 440C stainless
steel of martensitic stainless steel (UNS S44004) with diameter of 0.635 cm. The wear
effect on the coating surface was then used to serve as intentional defect for corrosive

environment exposure.

Load

Load
Coating
T 4"Mounting |,
- \\\\\\\\\\\\\\\ o \
" . S
Reciprocating mode 2" Mounting 7
Block Z Carriage
Load . N | Dual
b Suspension | Friction/Load
Ball Holder P —" | Force Sensor
with Ball 4

Specimen Clamp

Flat Specimen
Coating

Reciprocating mode

Figure 3.1: Schematic of the tribology reciprocating mode. a) 100 N and b) 200 N

The loads that were applied to wear the coating systems are listed in Table 3-4.
The wear test was carried out on dry coating surface at room temperature and
atmospheric pressure. It can be noticed that all the coating systems received two different
wear loads: D EHWD GHDREBWE JDPPD GHIHFW 100 K l&hdF20 AH UH
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loads, respectively. Figure 3.1a and b clearly depicts the wear process and the defect
formation. The intact FRDWLQJ V\VWHPYVY DUH FDOOHG DOSKD

Table 3-4: Loads applied on the coating panels.
Wear load

none 100 N 200 N

Coating ID

QTA
QTB
QTC
QTD
QTE
5G
6D
B
E
QTS-10
QTS-11
QTS-PP10
QTS-PP11

3.3.2 Micro-scratch

For micro-scratch test, the coating system was removed from one side of the
coated steel to avoid any effect or contribution of the other side of the coating while the
coating specimen under pressure by micro-scratch process. The coated panel was
mounted on the lower drive of the micro-scratch tester in which the stage moved against
scratcher tip as can be seen in Figure 3.2. This test was done on dry coating systems

and at room temperature and atmospheric pressure.

3.3.3 Nano-indentation

Nano-indentation test was carried out by using the tribo-indenter on all of the

coating systems. The coated panel was coated only on one side and the other side was
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only smooth steel substrate. Nano-indentation was carried out on three areas of each
coating system. Each area had received twenty five indents with load of 8 UN. The
automation system was set to work in the mode of five seconds loading on the coating
system, two seconds holding and five seconds for unloading.

Figure 3.2: Micro-scratch tester. The arrow is pointing to the mount coating specimen.

3.4 Corrosion Evaluation
The coating systems were evaluated by exposure different corrosive environments

and their performance were measured by both open circuit potential (OCP) and
electrochemical impedance spectroscopy (EIS) tests.
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3.4.1 Testing Environment

The coating system with/out defects were exposed to two different corrosive
solutions. The immersion conditions (sweet environment) were selected to mimic the
expected exposure in the internal gas and/or oil pipelines. The coating systems were
exposed for 90 days. The first solution consisted of chloride concentration, %’Hof 2000
ppm, pH 3.5 £4.0, at 60 Gu (, at atmospheric pressure and was saturated with carbon
dioxide, CO2. The chloride concentration and pH were adjusted by adding a low
concentration of hydrochloric acid, HCl and sodium chloride NaCl. The chloride
concentration as calculated based on the pH equation (Equation 3.1). This test was
carried out in one liter corrosion cell as per NACE TM 0174-2002 [103]. The setup of the

corrosion cell is schematically shown in Figure 3.3.

L*L FZ'% ?L FZ*'%61? (3.1)

Gamry potentiostat
R C W

n

O -

i
Heater :OO

PR

Figure 3.3: Schematic of the corrosion cell set up of sweet condition.
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The second solution was to mimic conditions (sour condition) of the oil and gas
pipelines. This exposure took place for thirty days. The corrosion resistance test for the
coating systems was conducted based on NACE TM0185-2006 [104]. All the coating
system were fully immersed in the liquid phase media. The gas phase above the samples
consisted of 3 mole pct. H2S and 3 mole pct. CO2 with nitrogen gas which was used to
raise the pressure to 80 bar. The liquid solution was the same as in sweet corrosion
testing. The pH of the solution was 3.83 and the temperature was set at 100°C. The

exposure test was performed in pressurized atlas vessels as in Figure 3.4.

Figure 3.4: Pressurized vessel for sour condition exposure test.

3.4.2 Data Acquisition
The performance of the coating systems was evaluated through measurements of

electrochemical parameters (open circuit potential and electrochemical impedance
spectra). Gamry Ref 600 potentiostat was used for data acquisition. Open circuit potential

69



(OCP) determination was conducted until potential of the working electrode stabilized and
the EIS evaluation came right after OCP test with reference to OCP potential of the
working electrode. Saturated calomel electrode (SCE) was used as reference electrode
and for the counter electrode (CE), a graphite electrode was used as can be seen in
Figure 3.3.

Zplot and GamryCHem were used to construct equivalent circuit models to fit the
EIS spectra. These models helped to understand the physical behavior of the coating
system in corrosive environment. The EIS parameters were calculated and used to

understand the coating performance as the time of the exposure evolve.

3.5 Coating Surface Morphology

Several analytical instruments were employed to characterize the intact and
defected, exposed and non-exposed coating systems. These instruments helped to
characterize the corrosion and wear coating resistance. A stereoscope (Carl Zeiss
Microscopy) was used to make observation of a macroscopic scale of the intact and
defected coating systems. In addition, three dimensional analysis technique (ZEMETRIC
A Zygo) was employed to characterize the coating surface morphology and measure the
volume removal by the wear process. Scanning Electron Microscopy (SEM) images were

collected from on the coating systems after exposure in corrosive environment.
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CHAPTER 4: RESULTS

4.1 Mechanical Characterization

The coating systems where characterized mechanically to evaluate their
resistance to the applied loads or physical damage. The mechanical evaluations of the

coating systems showed different performances against the tribological testing.

4.1.1 Morphology Characterization

The coating systems morphologies characterization were essential that show the

effect of the tribology testing.

4.1.1.1 Powder Phenolic Novolac

Typical Three dimensions (3D) images and profile coating systems surfaces that
were exposed to the bin ball wear process were measured before immersing them in CO2
saturated solutions with 2000 ppm CI ions at pH 4, at 60°C and opened to the
atmospheric pressure. The coating system morphologies and geometrical evaluations
due to the wear pattern allow comparison in terms of the wear depth, width and the
volume removed from the coating system. These three dimensions (3D) images and
profiles are revealed on Figure 4.1 through Figure 4.7. Clearly from these three
dimensions (3D) images each coating system shows a distinct behavior once it
undergoes physical wear damage. Figure 4.1 depicts that the low fillers amount powder
phenolic Novolac coating systems (B and E) is affected significantly by the wear loads
and process. These coating system had shown weakness in resisting the wear ball with
100 N and 200 N loads which were imposed on the coating surface. This case can be
noticed from the width and depth of created defects on B and E panels. It can be seen
that Beta defects (100 N) in both of B and E coating systems formed narrower groves

than the gamma type defects. This situation can suggest that these low amount of fillers
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coating system may withstand certain level of physical damage inflicted by moderate

loads.

On the other hand, the high filler amount powder phenolic Novolac coating systems
performed differently than the low amount of fillers as shown in Figure 4.2. The
observations on the three dimensions (3D) images and surface profiles for D and G
coating system surfaces damaged by the beta loads tell that there is no significant effect
of these loads on these coating systems. The beta load on the G coating system showed
very narrow scars on its surface. Likewise for the beta load effect which was created on

the D coating system.

In this case, D-beta (high amount of fillers and thickness) is revealed very narrow
defect with comparing to the B-beta defect (low amount of fillers and thickness). From
Figures 4.2 B and D, it can be seen that even the gamma defect created deep groove in
the coating system which is revealing good wear resistance for the loads of 100 N and
200 N. This case is attributed to the high concentration of the conductive and non-
conductive fillers in the coating matrix which impart considerably great coating system
surface durability in resisting bin ball wear process. The fillers amount significantly
improve the coating surface durability. It can be noticed also form Figure 4.2 that after
wear process the coating system showed good homogeneity status except in Figure 4.2

D, some of fillers came off the coating system.

Figures 4.3 A and B show the powder phenolic Novolac coating system with standard
amount of fillers. It can be observed from these Three dimensions (3D) images that QTA-
beta (standard amount of fillers and high thickness) performed closely to the behavior of
the B-beta coating system (low amount of fillers and high thickness) in terms of resisting
the bin ball wear processes and loads. However, the QTA +gamma coating system
revealed a serious physical damage which is attributed to the wear process and 200 N
load as can be seen by the circle in Figure 4.3 B. A detachment occurred at the end of
the wear groove due to wear load. This behavior might suggest that the QTA coating

system is going to lose its integrity and cohesivity once it is exposed to this kind of wear
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process with 200 N load. This case situated the powder phenolic Novolac coating system
with standard amount of fillers as the coating that cannot withstand these wear process

and specifically gamma load (200 N).

Figure 4.1: Three dimensions (3D) images sand surface profile of the defected powder
phenolic Novolac coating systems with low fillers amount. A) B- beta, B) B- gamma, C)
E tbeta, and D) E gamma.
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Figure 4.2: Three dimensions (3D) images and surface profiles for defected powder
phenolic Novolac coating with high amount of fillers. A) D- beta, B) D- gamma, C) G +
beta, and D) G gamma.
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4.1.1.2 Epoxy

Liquid epoxy coating system performance under the wear processes with loads of
beta and gamma types defects are shown in Figure 4.3 C and D, respectively. This
coating system with standard amount of fillers showed different behavior in resisting wear
process when it is compared to the all powder phenolic coating systems. The liquid epoxy
shows a ductile coating behavior when it is exposed to bin ball wear with beta load (100
N). This case can be noticed on the edges of the groove where the affected coating region
accumulates the coating. Beta wear process did not affect the coating system severely.
However, the bin ball wear process with gamma load allowed a sort of penetration of the
coating may occurred on the coating system. This coating system showed a good

resisting to wear process.

Figures 4.3 A and B depicts the effect of bin ball wear process and loads on the
powder epoxy Novolac coating system. The deformation behavior of the liquid epoxy
Novolac when it is subjected to the pin ball wear process is considered completely
different than powder phenolic Novolac and liquid epoxy. The bin ball wear process along
with beta load affects the coating system surface aggressively and allowed the bin ball
went deep when comparing to the powder phenolic Novolac and liquid epoxy that
received the same wear process and load. In addition, it can be seen that the coating
system lost its integrity in the worn groove due to the wear process and gamma type load.
This type of coating system surface showed low durability against moderate and high

loads.

The powder epoxy coating performance during the bin ball wear process and loads
is illustrated in Figures 4.4 C and D. This coating system showed a moderate physical
damage attributed to the bin ball wear process and loads. Interestingly, QTD-beta
revealed a geometry like the ball that was used on the bin ball wear process. This
adapting may suggest that the powder epoxy coating system cohered nicely and take the
shape of the wearing counter body.
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Figure 4.3: Three dimensions (3D) images and surface profiles for defected powder
phenolic Novolac with standard amount of fillers: A) QTA - beta, B) QTA zgamma and
liquid epoxy: C) QTB z*beta, and D) QTB gamma.
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Figure 4.4: Three dimensions (3D) images and profile surfaces for defects on powder
epoxy Novolac : A) QTC - beta, B) QTC gamma and powder epoxy: C) QTD zbeta,

and D) QTD gamma.
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4.1.1.3 Carboline

Figures 4.5 A and B shows the Carboline coatings that were exposed to the bin
ball wear process along with beta and gamma loads. This coating that did not have any
fillers was deformed completely as the bin ball wear process was applied with loads. The
coating underneath the bin ball is removed completely from the substrate and permitting
the penetration to occur through the coating with beta load type. Significantly the coating
was affected when the bin ball wear process load was increased to 200 N (gamma).
Detachment happened on the coating and especially in the case of the high load. This
coating might not resist even low loads since it lacks of the fillers which show significant

effect to the bin ball wear resistance in the previous coatings systems.

Figure 4.5: Carboline coating affected by the bin ball wear process: A) QTE - beta, B)
QTE - gamma.
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4.1.1.4 Epoxy Mannish

The degradations of the epoxy mannish coating system by the bin ball wear with
beta and gamma loads are presented in Figures 4.6 and 4.7. The epoxy mannish coating
systems with fillers of carbon nanotube revealed good resistance to the bin ball wear

process. The carbon nanotube imparts a considerable coating system surface durability

Figure 4.6:Three dimensions (3D) images and surface profiles of the defected epoxy
Mannich coating with carbon nanotubes fillers: A) QTS 10 - beta, B) QTS 10 - gamma,
C) QTS 11 *beta, and D) QTS 11 gamma.
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with regard to bin ball wear process and loads. These kinds of fillers has beneficial effect
on the coating system durability. The coating systems (QTS 10, QTS 11, QTS pp10 and
QTS PP 11) showed a great resistance to the bin ball wear with beta load. Specifically,
QTS PP 11 showed a great resistance to the beta load. Figure 4.7C presents the QTP
PP11 with rough surface and sort of intrinsic cracks. This observation is due to the coating

application and was not caused by the bin ball wear process.

Figure 4.7: Three dimensions (3D) images and surface profiles of the defected epoxy
Mannich coating with nano-tuble fillers: A) QTS PP10 - beta, B) QTS PP10 - gamma, C)
QTS PP11 tbeta, and D) QTS PP11 gamma.
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4.1.2 Wear Geometry Characterization

4.1.2.1 Conductive and non-Conductive Fillers Effect

The bin ball wear process and loads (beta and gamma) affects all the coating
systems surfaces. This effect could impart to moderate physical damage to some coating
systems depending on the amount and type of fillers that are in the coating systems. The
grooves geometries due to the bin ball wear process analysis help to understand how the
coating system respond to the bin ball wear process and load that are put on its surface.
The depth, width and volume removed due to the bin ball wear process and loads data
were collected from the Three dimensions (3D) images and surface profiles for the all

coating systems.

Figure 4.8 illustrates the depth and the width of the defects that formed during the
bin ball wear process on the powder phenolic Novolac coating systems. It can be noticed
that there is linear relationship between the wear loads and the depth and width that were
formed due to bin ball wear process. This relationship can be seen on all the powder
phenolic Novolac coating systems regardless of the coating thickness and fillers amount.
However, the amount of fillers play an important role in resisting the bin ball wear process.
The fillers improved the powder phenolic Novolac coating in resisting the wear. These
coatings seem to be less sensitive to the wear load. This sensitivity can be noticed
obviously from the slopes of the plots. The coatings with high fillers amount show
shallower slopes in both of the width and depth but the coatings with low and standards
fillers amount show steep slopes. The coating thickness can play a role a long with high
amount of fillers to resist bin ball wear process and high loads. This effect can be seen in

the shallower slope of the width data of the D coating system in Figure 4.8.

During the bin ball wear process along with the load types, the coating volumes
that were removed show linear increase as the load increases as can be seen in Figure
4.9. This case indicating that there is no effect of both fillers and thickness of the coating
systems. On the other hand, Figure 4.9 shows that the high amount fillers in powder
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phenolic Novolac coating preserve the coating materials and not allowing the bin ball wear
to remove much volume of the coating matrix. The other powder phenolic Novolac coating
systems (low and standard amount of fillers) though show high sensitivity to the bin ball
wear with gamma loads. This sensitivity can be seen in the coating volume data that was
removed due to the bin ball wear process. It can be noticed that the low and standard
fillers amount in the powder phenolic Novolac coating system revealed very steep slope
when they were exposed to the bin ball wear to gamma load (200 N). This case
demonstrates that these coating system to have less durability than the coating systems

with high amount of fillers.
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Figure 4.8: Bin ball wear and loads effect on powder phenolic Novolac coating systems
with high fillers (D and G), low fillers (B and E) and standard fillers (QTA).

All epoxy coating systems (QTB, QTC and QTD) show almost similar behavior to
each other in terms of width and depth formation due to the bin ball wear process and
loads as shown in Figure 4.10. These coating systems show a linear relationship between

the size of the depth and width and the bin ball loads that were applied on these coating.
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Figure 4.9: Volume removed due to the bin ball wear process of powder phenolic
Novolac coatings with high fillers (D and G), low fillers (B and E) and standard fillers

(QTA).

Figure 4.10 indicates that the liquid epoxy (QTB) is less sensitive coating system to the
bin ball wear process and loads. This coating system (QTB) showed smaller slope with
about one magnitude of order less than the rest epoxy coatings in both of depth and width.
However, the Carboline (QTE) in Figure 4.10 shows extreme sensitivity towards both bin
ball wear processes and loads. It can be noticed that the QTE coating did not show any
resistance to the wear process and allowed the bin ball to quickly penetrate its system
and let the substrate be exposed to bin ball wear.
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Figure 4.10: Bin ball wear and loads effect on coating systems with standard fillers
amount. QTB is liquid epoxy, QTC is the powder epoxy Novolac, QTD is powder epoxy
and QTE is the Carboline with no fillers.

The coating volumes that were removed from the epoxy coating systems and
Carboline due to the bin ball wear process and loads are shown in Figure 4.11. This figure
shows that the liquid epoxy did not lose much of its coating materials but the rest coating
systems did with about one magnitude of order in volume removed. Applying the same
bin ball wear process time but with more load (gamma), the epoxy coating systems and
Carboline reveal a linear relationship between the volume removed and the load applied.
QTD and QTC coatings systems behavior is almost the same in resisting the bin ball wear
process. This case suggests that the type of coating is not deciding factor between these

two types but the amount of fillers do.
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Figure 4.11: Volume removed due to the bin ball wear process of the epoxy coatings.
QTB is liquid epoxy, QTC is the powder epoxy Novolac, QTD is powder epoxy and QTE
is the Carboline with no fillers.

4.1.2.2 Carbon nanotube Effect

Carbon nanotube fillers perform closely to the high amount of conductive and non-
conductive fillers (Al203 and TiOz2) in resisting the bin ball wear process and beta load as
shown in Figure 4.12. When the bin ball wear process and gamma load is applied on the
epoxy Mannich coating systems that contain carbon nanotube fillers, the width and depth
show almost the same values as the powder phenolic Novolac with high amount of fillers.

Despite of the same depth and width values of these coating systems, the QTS series
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show steep slopes indication that the carbon nanotube is more sensitive to the bin ball
wear process with high loads than the powder phenolic Novolac coating with the high

amount of fillers.
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Figure 4.12: Bin ball wear and loads effect on epoxy Mannich coating systems with
carbon nanotube fillers.

Figures 4.13 reflects the defected QTS series in terms of the coating volume
removed from the coating matrix due to the bin ball wear process and loads that were
applied on the coating systems. Carbon nanotube has positive effect in resisting the ball
wear process with beta defect. However, when the bin ball wear process with gamma
load is conducted on the QTS series coating systems, the coating systems with carbon
nanotube show less resistive behavior. This performance can be concluded since the
QTS series have steeper slope compare to the powder phenolic Novolac coatings with

high amount of micro-size fillers.
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Figure 4.13: Volume removed due to the bin ball wear process of the epoxy Mannich
coatings systems.

4.1.2.3 Micro-scratch

The volumes removed from the coating systems by the micro-scratch process
were qualitatively obtained by the three dimensions (3D) images of each coating systems.
These data tell about the coating systems resistance to the micro-scratch. The volume
removed of each coating systems is shown in Figure 4.14. The volume removed of
powder phenolic Novolac coating system with high and low amount of fillers are
around tr H s ¥ 7?1’ Volume removed of powder phenolic Novolac coating system with

standard fillers amount (QTA) was a little bit higher volume removed (urHsr’’2?19.
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Liquid epoxy and powder epoxy Novolac coatings systems show the same performance
as powder phenolic Novolac coatings system with high and low amount of fillers. The
volume removed from powder epoxy (QTD) by the micro-scratch was three times higher
than the volume removed from other epoxy (QTB and QTC). The epoxy Mannich coatings
systems (QTS series) which has carbon nanotube fillers show low resistance to the micro-
scratch compare the powder phenolic Novolac coating systems. Carboline coating (QTE)
revealed the least resistance to the micro-scratch process and the highest volume
removed among all the coating systems.

4.1.3 Nano-indentation

4.1.3.1 Hardness Evaluation

The evaluation of the coating systems hardness and reduced Young modulus were
determined by the nano-indentation process. Variations of the coating systems surfaces

responses were found among all the coating systems.

Figures 4.15 through 4.17 show the coating systems hardness versus the contact
depth. Most of the hardness of the coating systems with fillers content show trends high
at the low contact depth and decreases as the indenter went deeper in the coating
systems surfaces. The surfaces of coating systems with low amount of fillers tend to show

low hardness like B, E and also QTE coating systems that did have fillers.

Similar surface hardness about 0.8 -1.4 GPa at low contact depth were found for both
coating systems that have high amount of conductive and non-conductive fillers (G and
D) and carbon nanotube fillers (QTS series). This result was attributed to the distribution
of the conductive and non-conductive fillers on the coating surface as can be seen for the
G coating system in Figure 4.18. Powder phenolic Novolac coating system with standard
amount of fillers (QTA) shows the same values as the coating systems that have high

amount of fillers (G and D). However, the powder phenolic Novolac coating system with
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low fillers (B and E) revealed the low surface hardness around 0.4 GPa at 900 nm depth.
Highest surface hardness was given by the liquid epoxy coating system as can be seen

in Figure 4.16.
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Figure 4.14: Coating volume removed by the micro-scratch.
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Figure 4.15: Hardness data for the powder phenolic Novolac coating systems with
amount fillers: high (D and G), low (B and E) and standard (QTA).
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Figure 4.16: Hardness data for the epoxy coating systems with conductive and non-
conductive fillers: Liquid epoxy (QTB), powder epoxy Novolac (QTC), powder epoxy
(QTD) and Carboline (QTE) with no fillers.
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Figure 4.18: SEM image of powder phenolic Novolac coating systems (G).

4132 SHGXFHG <RXQJYV ORGXOXV

7KH UHGXFH G moBuiQfdifthe surfaces of coating systems was obtained

by using Equation 4.1 and the slope of the unloading curve of the nano-indentation.

7 (4.1)

where, 's PHDQV UHGXFHG <RXQ@JOVis Fhe GoxtacK &rea and 5is the
stiffness.

The surfaces of coating systems in Figures 4.19 through 4.21 show similarity in
SHUIRUPDQFH ORVW RI WKH FRDWLQJ V\VWHPV WUHQGV OLQl
18 GPa. 7KH KLJKHVW <RXQJYfV PRGXOXV DW WKH ORZHRQWDF
powder phenolic Novolac coating system with high amount of fillers as can be seen in
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Figure 4.19. Most of the stiffer surface areas were found at depth of 800 nm for the powder

phenolic Novolac coating systems with standard and high amount of fillers and for the

QTS series with carbon nanotube. These coatings at this contact depth revealed <R X QJTV

modulus about 8 GPa.

Figure 4.20 shows Carboline coating system (QTE) trend that demonstrate
possible influence of the substrate elasticity at the unloading compliance. On the other
hand, the epoxy coatings with conductive and non-conductive il OHUV VKRZ
modulus around 8 GPa which started around 500 nm depth. Exceptional behavior was
noticed in Figure 4.20. Liquid epoxy coating system (QTB) markedly reveals the highest
<RXQJTV PRGXOXV DURXQG QP 7KLV FDYV HXPd ofkKha
coating homogeneity between the polymers and fillers.

4.2 Corrosion Measurement

4.2.1 Sweet Environment

The electrochemical impedance spectra (EIS) were collected for the coating
systems that were immersed in CO2 saturated solutions with 2000 ppm CI- ions at pH 4,
at 60°C and open to the atmospheric pressure. Equivalent circuits (EC) were used to fit
the EIS spectra of the coating systems and calculate the EIS parameters as shown in
Figure 4.22. The parameters in EC models, R1, R2, R3 and R4 are the impedance
resistances for the solution, coating, coating-substrate interface and another coating-
substrate interface contributions (in case of another cracks or penetrations occurred in
the coating), respectively. R2 (coating impedance) can be utilized to measure the coating
performance in the corrosive solution [73], [105]. Constant phase elements (CPE) were
used for the coating (CPEL), coating-substrate interface (CPE2) and another coating-

substrate interface contributions (CPES3).
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The CPE in EC models was incorporated instead of pure capacitance to account
for the divergence from the pure capacitance [106]. This case adjusts accurately to the
impedance spectra of the coating capacitance [107]. The CPE impedance parameter can

be describe as follow [108],

<:%2!L ;3 % Fp’a (4.2)

where, ;4is CPE constant, firepresents the angular frequency (rads™) that is equal to

té HBNAMQRl1¥®sand Jis the CPE constant (r Q J Q)s

Figure 4.22A represents the EIS spectrum with one time constant and usually
represents the intact coating. In addition to this one time constant and the two time
constant (Figure 4.22E), Warburg impedance (W) was added to the one time constant to
account for the diffusional process. Each EC model can fit one EIS spectra to understand
the coating performance in electrolyte. The calculated EIS parameters that were collected
via EC models for the coating system in CO:2 saturated solutions with 2000 ppm CI- ions
at pH 4, at 60°C and open to the atmospheric pressure are tabulated in Tables 4-1 through
Table 4-13.

— r1 A cPe1 }—o —]

R2 R2 CPE2

— Rt | cPe1 }——o- R3

[ )
R 1w { rR1 | cPET CPE2 |

— r1 | cpe1 cPE2 }——1— R2 R3 | CPE3

R2 R3 | w =

Figure 4.22: Equivalent circuit models for the EIS spectra.

R1 |~ cPe1 |
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4.2.1.1 Powder Phenolic Novolac Performance

The tabulated (Table 4-1 through Table 4-5) R2 and CPE1 data were normalized
by the exposure area for all powder phenolic Novolac coating systems that were exposed
for 2160 hours in CO2 saturated solutions with 2000 ppm CI- ions at pH 4, at 60°C and
open to the atmospheric pressure. The normalized data are plotted in Figure 4.23 through
Figure 4.25 as function of time of the exposure. The raw data of the EIS spectra for all
powder phenolic Novolac coating system with all levels of fillers are given in Appendix A.
For all powder phenolic Novolac coating systems with standard fillers (QTA), ECs models
in Figure 4.22 A, B, E and D were used to fit the EIS spectra evolutions and calculate the
impedance parameters. ECs models in Figures 4.22 A and B were used to fit the EIS data
for D and G coating systems that has high amount of fillers and for E coating systems
with low amount of fillers. These EC models were used also for B coating systems with
low amount of fillers in addition to EC model in Figure 4.22E.

Table 4-1: The equivalent circuit models parameters values for powder phenolic
Novolac coating systems with amount of standard fillers (QTA).

QTA  Time (hr) CPE1(S.s") n 5 Y CPE2(Ss") n 5 Y CPE3(Ss" n 5 Y| Ws
1 2.39E-09 0.94391 725730 3.13E-08 0.71041 1.46E+07
24 3.75E-09 0.91781 336790 4.80E-08 0.87502 5.03E+06 3.69E-05  1.311 1.35E+06
168 3.75E-09 0.93135 280790 1.41E-07 0.81435 2.40E+06  0.0001669  1.324 717490
alpha 336 3.04E-09 0.96142 506510 1.27E-07 0.71429 1.39E+07
720 4.77E-09 0.92278 2.48E+06  1.11E-07 0.80688 4.73E+06
1440 1.21E-08 0.81647 59194 9.37E-07 0.88362 64373 4.67E-06 0.62411 799330
2160 3.13E-09 1.023 323000 9.87E-07 0.36852 1.00E+20 5.08E+06
1 2.28E-09  0.93866 6.75E+04  1.29E-07 0.61237 2.13E+06
24 5.38E-08 7.14E-01 5.06E+04  3.69E-07 0.90108 9.20E+05
168 5.56E-09 0.87343 42664  7.33E-07 0.82848 792560 0.0010285  1.338 191390
beta 336 5.74E-09 0.89032 38255 1.20E-06 0.75247 2.26E+06
720 1.31E-10 0.89835 6.75E+07  1.93E-08 0.55459 8.78E+08
1440 451E-09 0.90795 28124 5.62E-06 0.48415 2.54E+05
2160 487E-09 0.9044 67102  2.43E-05 0.43089 3.79E+04
1 1.35E-04 0.62113 4.15E+03
24 6.64E-05 0.72692 3.28E+03
168 2.53E-04 0.7906 2.85E+03
gamma 336 6.84E-04 0.58741 3995 1.77E-04  2.995 4941
720 2.46E-03 0.69072 4.08E+03
1440 3.29E-03 0.79681 4839
2160 3.69E-03 0.71247 1.90E+04
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Table 4-2: The equivalent circuit models parameters values for powder phenolic
Novolac coating systems with amount of high fillers (D).

D Time (hr) CPE1(S.s") n 5 Y CPE2(Ss") n 5 Y
1 6.07E-11 1 2.72E+11
24 6.36E-11 0.9 1.94E+11
alpha 168 7.05E-11 0.9 2.47E+11
720 7.40E-11 0.9 3.62E+11
1440 7.57E-11 0.9 2.15E+11
2160 7.28E-11 0.9 2.16E+11
1 8.23E-10 = 0.96616 4.03E+11
24 1.02E-09 0.96624 8.24E+10
beta 168 1.02E-09 0.97394 709740  7.10E-08 0.73128 592270
720 2.73E-09 0.90353 31532  2.15E-05 0.85057 912
1440 5.19E-09 0.83772 21406  1.80E-05 0.2757 36193
2160 1.14E-09 0.77678 321980  1.02E-09 0.9446 6.59E+07
1 7.79E-10 0.97327 1.15E+11
24 1.20E-09 0.94703 7.41E+07  1.81E-08 0.4399 1.20E+08
gamma 168 1.89E-09 0.91731 100470 2.53E-06 0.66719 20863
720 1.22E-09 0.85824 7101  3.65E-06 0.29534 82954
1440 2.55E-09 0.90674 59354  1.25E-05 0.38166 17818
2160 3.46E-09 0.86875 34801 6.54E-05 0.14159 40810

Table 4-3: The equivalent circuit models parameters values for powder phenolic
Novolac coating systems with amount of high fillers (G).

G Time (hr) CPE1 (S.s") n 5 Y CPE2(Ss") n 5 Y
1 1.66E-10 0.9 7.09E+09
24 1.50E-10 0.9 4.27E+09
alpha 168 1.65E-10 0.9 6.16E+09  4.67E-10 3.00E-01 8.27E+09
720 1.54E-10 0.9 1.50E+11  4.07E-10 4.00E-01 9.96E+09
1440 1.50E-10 0.9 7.65E+10
2160 1.61E-10 0.9 1.04E+11
1 4.33E-09 0.93415 82914  1.87E-06 0.4786 1.70E+06
24 3.19E-06 0.40203 2658  1.67E-05 0.43334 1.73E+05
beta 168 2.63E-09 0.94633 13007 1.28E-06 0.67935 19091
720 2.20E-09 0.96235 1982  7.93E-05 0.50694 545.8
1440 2.39E-09 0.96047 3688  1.04E-04 0.38317 1031
2160 2.10E-09 0.96 3270
1 3.81E-09 0.94468 111390 1.19E-06 0.45726 250170
24 4.09E-09 0.95514 41434  2.53E-06 0.17879 1.22E+06
gamma 168 2.95E-08 0.78881 90616  1.37E-05 0.38479 345760
720 5.70E-09 0.8839 10128  6.04E-05 0.48839 179600
1440 3.86E-09 0.93253 1730  6.67E-05 0.12062 6658
2160 5.53E-09 0.92073 9741  4.91E-05 0.77706 799.3
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Table 4-4: The equivalent circuit models parameters values for powder phenolic
Novolac coating systems with amount of low fillers (B).

B  Time (hr) CPE1(S.s") n 5 Y CPE2(Ss") n 5 Y w

1 2.58E-11 0.9 7.11E+11
24 2.48E-11 0.9 9.20E+11

alpha 168 2.36E-11 0.9 8.46E+11
720 2.71E-11 0.9 1.71E+12
1440 2.90E-11 0.9 1.69E+12
2160 2.47E-11 0.9 1.07E+12
1 5.92E-10 0.92508 475090 2.28E-07 0.70953 1.89E+06 1.69E+07
24 5.53E-10 0.94399 523120 1.99E-07 0.66893 4.12E+06

beta 168 4.09E-10 0.97552 13410 3.66E-05  0.158 7864
720 5.61E-10 0.95722 43592  3.61E-06 0.38843 26062
1440 8.42E-10 0.93418 12870 4.10E-06 0.64767 1652
2160 1.11E-09 0.92105 7549  1.30E-06 0.80328 1798
1 7.45E-06 0.65 135160
24 1.63E-05 0.74569 36887

gamma 168 9.73E-06 0.84351 58.7 2.52E-05 0.82367 3290
720 1.10E-05 0.56817 2872  6.10E-06 0.9275 6445
1440 6.19E-05 0.4 6178 5.21E-05 0.43398 5585
2160 2.49E-08 0.31962 25761 3.16E-05 0.28933 21001

Table 4-5: The equivalent circuit models parameters values for powder phenolic
Novolac coating systems with amount of low fillers (E).

E  Time () CPE1(Ss")  n 5 Y CPE2(Ss") n 5 VY
1 4.36E-11 0.9 3.93E+11
24 4.45E-11 0.9 4.26E+11
apha 168 4.37E-11 0.9 6.92E+11
720 5.02E-11 0.9 4.24E+11
1440 4.79E-11 0.9 3.67E+11
2160 5.49E-11 0.9 1.90E+11
1 6.35E-10  0.96414 2.30E+05  9.09E-07 0.66671 1.50E+06
24 3.05E-09 0.90339 1.81E+05 4.00E-07 0.62562 9.14E+05
o | 168 113E-09 093528 16734 2.17E-05 0.19756 18509
720 9.72E-10 095687 5893 3.26E-05 038649 5501
1440 108E-09 097837 3002 3.22E-05 058577 4945
2160 5.60E-10 0.96721 1458 8.92E-06 0.77725 2.52E+02
1 1.14E-09 0.97057 5.24E+05 2.50E-07 0.54084 6.04E+06
24 3.27E-09 0.8543 4.21E+04  7.49E-06 0.51516 1.80E+06
jamma 168 101E-09 094219 18218 1.50E-05 0.37633 211100
720 8.77E-10 0.55914 12146 7.68E-03 0.38715 142.6
1440 2.96E-09 0.86377 6566 7.84E-05 025198 15427
2160 475E-10 099174 5054 3.06E-05 0.14325 36928
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JLIXUHV WR LOOXVWUDWHY WKH SHUIRUPDQFH RI

DQG o DQG % . DQG DQG ( . QGaturdtked DWLQJ
solutions with 2000 ppm CI- ions at pH 4, at 60°C and open to the atmospheric pressure
GXULQJ KRXUV 2EYLRXVO\ DOO WKH LQWDFVW WLQBRDW |

resistance (10! to 102 Y F# during the entire exposure H[FHSW WKH 47$. VKRZ C
coating resistance (107 cm?). The same response was found for coating capacitance. This
VLWXDWLRQ LQGLFDWHY WKDW WKH FRUURVLYASWREXWLRQ L
suggest that the coating system may had intrinsic defect or the solution permeates quickly

through the coating system.

The coating resistances of all powder phenolic Novolac coating systems that were
exposed to both bin ball wear process and loads decreased dramatically (from 1012 to
10°Y F¥ after the first 24 hours of the immersion in corrosive environment as shown in
Figures 4.24 and 4.25. The coating resistances were almost stable for the remaining
period of the exposure. It can be noticedthatD ZDV VRPHZKDW KLJKHU FRDWLQJ
FRPSDUH WRH'' EHpEWrkh&hce than the other powder phenolic Novolac
coating systems might be because of the thickness and amount of fillers. The drop in the
coating resistance can be attributed to the cracks or opening channels in the coating
system inflicted by the bin ball wear process as can be seen in Figures 4.26 and 4.27. On
the other hand, the defected powder phenolic coating systems with low amount of fillers
show lower coating resistance (B was 10’Y F#and E was 10°Y F® at the initial
exposure to the corrosive environment. These behaviors were due the degradation of the
coating systems via bin ball wear process and might be also because of the penetration
of the corrosive solution as can be seen in Figure 4.28. The Three dimensions (3D)
images and SEM images confirm that there were openings in the coatings that allow the

corrosive solution to reach the steel substrate quickly.
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Figure 4.23: Coating resistance and capacitance of the non-defected powder phenolic

Novolac coatings with: standard fillers (QTA), low fillers (B and E) and high fillers (D and

G) immersed in COz2 saturated solutions with 2000 ppm CI- ions at pH 4, at 60°C and

open to the atmospheric pressure.
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Figure 4.24: Coating resistance and capacitance of the powder phenolic Novolac
coatings exposed to bin ball wear with beta load (100 N): standard fillers (QTA), low
fillers (B and E) and high fillers (D and G) immersed in CO2 saturated solutions with

2000 ppm CI ions at pH 4, at 60°C and open to the atmospheric pressure.
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Figure 4.25: Coating resistance and capacitance of the powder phenolic Novolac
coatings exposed to bin ball wear with gamma load (200 N): standard fillers (QTA), low
fillers (B and E) and high fillers (D and G) immersed in CO:2 saturated solutions with
2000 ppm CI ions at pH 4, at 60°C and open to the atmospheric pressure.

4.2.1.2 Epoxy Coating Systems Performance

7KH (,6 VSHFWUD RI WKH OLTXLG HSR[\ 47%. WKH SRZC
DQG SRZGHU HSRJ[\ 47'. LQLWLDOO\ KRXUWWMHYW |10 WUHHKE
4.22A) but the remaining of the immersion period the EIS spectra were fitted with two time
constants (Figure 4.22B). Two time constants (Figure 4.22B) and three time constants
JLIXUH ' ZHUH XVHG WR ILW WKH (,6 VSHFWUDI 7RI 47%
7KH FDOFXODWHG (,6 SDUDPHWHUBAcZYOH WDEXODWHG LQ 7

104



Figure 4.26: SEM micrograph of the bin ball wear with gamma load for the powder
phenolic Novolac coatings: standard fillers (QTA), low fillers (B and E) and high fillers (D
and G) after exposure to CO2 saturated solutions with 2000 ppm CI- ions at pH 4, at
60°C and open to the atmospheric pressure. Ellipses indicate the cracks and arrows
point to fillers.

All of the epoxy coating (QTB, QTC, QTD) and Carboline (QTE) performances that

were exposed to the CO2 saturated solutions with 2000 ppm CI- ions at pH 4, at 60°C and

open to the atmospheric pressure are shown in Figures 4.29 to 4.31. General speaking
IRU WKH 47%. 47&. DQG 47'. FRDWLQJ UHVLVAWDERFand/ ZHUH L

after 24 hours decreased to about 10°Y F4#. Fluctuation in the coating resistances
47%. DQG 47&. VXJIJHVWYV WKDW WKHUH DUH LQWUWAtQVLF GF

might be blocked sometime by the corrosion products. As soon as these corrosion

products breakdown, the corrosive solution again will reach the substrate. The same
SHUIRUPDQFH ZDV REVHUYHG IRU WKH 47% U PR HV &Z HEDHWV
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attributed to the bin ball wear process. Figure 4.32 revealed micro-cracks occurred in the

coating systems due to the bin ball wear process.

D

Figure 4.27: SEM micrograph of the bin ball wear with beta load for the powder phenolic
Novolac coatings: standard fillers (QTA), low fillers (B and E) and high fillers (D and G)
after exposure to CO:2 saturated solutions with 2000 ppm CI- ions at pH 4, at 60°C and

open to the atmospheric pressure. Ellipses indicate the cracks and arrows point to
fillers.

In the case of the QTE coating systems, they showed low coating resistances
during the exposure time to the corrosive environment. Drastically, QTE coating system
suffered from the corrosive environment and showed blisters as can be seen in Figure
4.33.
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Figure 4.28: Three dimensions (3D) images and surface profiles of the bin ball wear
with beta load for the powder phenolic Novolac coatings: low fillers (B and E) and high
fillers (D and G) after exposure to CO:2 saturated solutions with 2000 ppm CI- ions at pH

4, at 60°C and open to the atmospheric pressure.

Table 4-6: The equivalent circuit models parameters values for liquid epoxy coating
systems with amount of standard fillers (QTB).

QTB Time (h) CPE1(Ss")  n 5 Y CPE2(Ss") n 5 Y CPE3(Ss") n 5 ¥
1 7.93E-10 0.98072 8.48E+10
2 3.75E09 095196 305280  1.06E-07 0.79783 1.69E+06
168 5.64E-09 0.91917 67941 2.34E-06 0.46481 5.49E+05
apha 336 5.83E-00 0.91566 1.76E+09
720 4.04E-09 0.94539 1.49E+05 7.21E-07 0.54477 1.14E+07
1440 6.16E-09 001919 118670  1.66E-05 076159 771810
2160 2.23E-10 1.184 3.14E+06 3.97E-08 0.07639 4.51E+06
1 TO2E-10 | 0.89119 160E+07  3.00E-09 082110 7.88E+08
24 581E-09 902E-01 550E+07  818E-07  0.759 2.77E+08
168 186E-08 1018 232510  521E-09 0.92011 1.22E+09
beta 336 298E-09 1207 35061  6.97E-09 0.9025 3.43E+09
720 101E-08 0.81379 146E+06  3.66E-07 0.71846 4.76E+06
1440 6.93E-09 0.91452 4.83E+06  6.88E-07 0.71884 7.30E+06
2160 6.54E-09 0.92148 6.25E+06 8.46E-07 0.75165 8.22E+06
1 169E-09 0.99194 110E+06  2.88E-07 0.6796 2.33E+06
2 219E-09 0.98264 133E+06  2.03E-07 0.71694 3.36E+06
168 405E-09 092182 116E+06  2.05E-07 0.87336 2.60E+06
gamma 336 551E-00 094667 573000  1.30E-06 0.69356 624610
720 4.04E-00 099956 3.62E+05  5.84E-11 0.19439 122E+07 1.06E-07 0.77523 751250
1440 721E-09 09457 219610  127E-06 055011 358600 0.022813  4.672 166620
2160 9.35E-00 0.86874 3.27E+05  4.03E-06 058298 137290 3038 2789 97175
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Table 4-7: The equivalent circuit models parameters values for powder epoxy Novolac
coating systems with amount of standard fillers (QTC).

QTC  Time(hn) CPEI(Ssm) n 5 Y CPE2(Ss") _n 5 Y
1 1.64E-08 0.75127  4.04E+07
24 7.93E-10 097547  2.69E+10
168 1.36E-09 0.95716 160610  4.25E-07 0.64565 5.15E+06
alpha 336 1.09E-09 0.96298  2.47E+08
720 1.30E-09 0.95639  1.81E+09
1440 1.57E-09 095631 1.91E+06  3.14E-07 0.37962 3.13E+06
2160 4.66E-09 073969 1.94E+06  8.93E-07 0.83743 5.32E+05
1 1.01E-09 9.65E-01  1.71E+08
24 1.07E-09 9.76E-01  3.12E+05  1.20E-06 0.44536 4.43E+05
168 1.40E-09 0.95944 41018  1.12E-05 0.22647 7.37E+04
beta 336 9.94E-10 0.96843  1.23E+10
720 1.38E-09 0.96802  6.06E+07
1440 1.39E-09 0.97283  1.43E+08
2160 1.70E-09 0.95209  3.34E+07
1 2.46E-04 0.68979  1.51E+03
24 6.67E-05 0.81961 1.16E+03  1.59E-02 0.97978  3.87E+02
168 1.27E-05 0.69139 1.19E+02  7.58E-05 0.92378 4.75E+03
gamma 336 6.73E-05 0.82342 28.86  2.09E-04 0.89801 1524
720 5.82E-04 0.4776 5.08E+01  1.26E-06 1.221  4.35E+03
1440 5.03E-04 0.76571 59.15  4.39E-03 0.87462 4040
2160 3.13E-04 0.77503  2.84E+03

Table 4-8: The equivalent circuit models parameters values for powder epoxy coating
systems with amount of standard fillers (QTD).

QTD Time(hr) CPE1(Ss™ N 5 Y CPE2(Ss" __n 5 VY
1 1.56E-09 0.96324 5.74E+08
24 1.34E-09 0.94784 4.38E+08
168 2.70E-09 0.89474 4.45E+08
alpha 336 3.35E-09 0.88768 1.01E+06 1.30E-06 0.84941 1.22E+06
720 2.84E-09 0.90538 8.41E+05 5.63E-07 0.65494 2.95E+06
1440 6.14E-09 0.87478 6.93E+05  7.67E-06 0.77964 2.29E+05
2160 6.08E-09 0.85286 2.48E+06
1 7.20E-10 9.68E-01 3.45E+09
24 1.44E-09 8.95E-01 2.71E+08
168 3.02E-09 0.88848 7.83E+08
beta 336 3.53E-09 0.88304 2.23E+09
720 4.96E-09 0.87449 6.29E+08
1440 4.32E-09 0.88534 2.55E+09
2160 4.73E-09 0.87067 1.46E+09
1 2.70E-05 0.63128 1.61E+04
24 2.70E-04 0.67128 1.41E+04
168 0.00017479 8.16E-01 2255
gamma 336 2.16E-03 0.60894 4.13E+03
720 2.68E-03 0.59294 3.07E+05
1440 4.74E-05 0.73411 7.45E+03
2160 4.58E-04 0.46458 3.93E+03
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Table 4-9: The equivalent circuit models parameters values for Carboline coating
systems without fillers (QTE).
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istance (othcmz)

ing res|

1E+007

Log coati

1E+006

1E+005

1E+004

QTE  Time (h) CPE1(Ss™ n 5 Y cPE2(Ss™ N 5 Y CPE3(Ss") N 5 ¥
1 8.02E-09 0.83657 680440
24 3.05E-08 0.77041 1.57E+04 2.11E-06 0.69158 1.19E+04
168 5.32E-09 0.95657 3.25E+04  7.63E-07 0.55517 6.94E+05
alpha 336 2.38E-08 0.85081 1.83E+04  3.07E-06 0.5707 1.74E+05
720 2.94E-07 0.6831 1.06E+03  1.85E-04 0.39328 5.16E+03
1440 4.02E-07 0.67394 1.10E+03  1.20E-04 0.49868 5.22E+03
2160 1.70E-07 0.67483 3.36E+03  4.85E-04 0.39999 1.44E+04
1 1.12E-04 5.62E-01 5.16E+03
24 1.23E-04 7.16E-01 4.95E+03
168 1.03E-04 0.55043 2.31E+02  4.85E-05 8.86E-01 2.19E+03 0.055399 1.164 754.1
beta 336 3.13E-03 0.46486 1.04E+02 2.76E-04 0.90487 1.56E+03 3.025 1954 68286
720 3.54E-04 0.90873 4.02E+03
1440 3.66E-04 0.86059 3.11E+03
2160 5.15E-08 0.70144 1.26E+07
1 2.20E-05 0.21999 3.30E+04
24 2.63E-06 0.42779 1.55E+04  1.01E-04 0.85828 8.33E+03
168 1.86E-06 4.70E-01 8455 5.79E-05 0.77192 1.17E+04
gamma 336 2.55E-07 0.59637 6.12E+03  1.43E-04 0.69122 11589
720 1.93E-07 0.66464 1.57E+04  5.07E-05 0.77082 3.03E+04
1440 5.13E-07 0.58175 4.74E+03  9.37E-05 0.7623 5851
2160 9.22E-07 0.50932 1.87E+03  5.38E-04 0.46722 13840
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Figure 4.29: Coating resistance and capacitance of the non-defected epoxy coatings
systems with standard fillers. Liquid epoxy (QTB), powder epoxy Novolac (QTC),
powder epoxy (QTD) and Carboline with no fillers (QTE) immersed in CO2 saturated
solutions with 2000 ppm CI- ions at pH 4, at 60°C and open to the atmospheric
pressure.
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Figure 4.30: Coating resistance and capacitance of the epoxy coating systems with
standard fillers exposed to bin ball wear with beta load (100 N). Liquid epoxy (QTB),
powder epoxy Novolac (QTC), powder epoxy (QTD) and Carboline with no fillers (QTE)
immersed in CO:2 saturated solutions with 2000 ppm CI- ions at pH 4, at 60°C and open
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Figure 4.31: Coating resistance and capacitance of the epoxy coatings systems with
standard fillers exposed to bin ball wear with gamma load (200 N). Liquid epoxy (QTB),
powder epoxy Novolac (QTC), powder epoxy (QTD) and Carboline with no fillers (QTE)
immersed in CO2 saturated solutions with 2000 ppm CI- ions at pH 4, at 60°C and open

to the atmospheric pressure.
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4.2.1.3 Epoxy Mannich Performance

The EIS spectra of the epoxy Mannich coating systems (QTS series) were mostly
fitted with two time constants (Figure 4.22B) but in the rest of the remaining period the
EIS spectra were sometimes fitted with three time constants (Figure 4.22D). Suggestion
could be made that the corrosive solution permeates quickly through the coating systems.
One time constant (Figure 4.22A) was used to fit some the EIS spectra of QTS PP10.
The calculated EIS parameters are tabulated in Tables 4-10 through 4-13.

QTB QTC

QTD QTE

Figure 4.32: SEM micrograph of the bin ball wear with beta load (100 N) for the
standard fillers in: liquid epoxy (QTB), powder epoxy Novolac (QTC), powder epoxy
(QTD) and Carboline with no fillers (QTE) after exposure to CO2 saturated solutions with
2000 ppm CI ions at pH 4, at 60°C and open to the atmospheric pressure. Ellipses
indicate the cracks and arrows point to fillers.
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Figure433 47(. FRDWLQJ V\VWHP LPDJH ZLWK EOLVWH

The calculated coating resistances and capacitances of all QTS series are plotted
and shown in Figures 4.34t0 4.36. 476 DQG 476 33 . sho@ &asonably
high coating resistances (101° and 108 Y F#¥respectively) during the first 1500 hours.
However, for the coating resistances of beta defect of QTS 11 and QTS PP11 decreased
rapidly to about 107 and 108 Y F#respectively. This decreasing in the coating resistance
and the slight increasing in the coating capacitance suggest that the solution permeate
the coating systems through cracks occurred by the process or the intrinsic defect as
shown in Figure 4.37. The bin ball wear process with gamma load did not affect QTS 11
and QTS PP11 systems. These cases might be attributed to the coating systems
thicknesses. This situation indicates that the surface of the coating affected by the wear
process but not the entire coating matrix. The QTS 11 and QTS PP11 coating systems
performance that were immersed in CO2 saturated solutions with 2000 ppm CI- ions at
pH 4, at 60°C and open to the atmospheric pressure give a clue that these QTS 11 series
with carbon nanotube fillers could withstand this environment along with created defects.

This performance might be attributed to the additives that these coating systems have.

The performance of the QTS 10 and QTS PP 10 (. ) coating systems are
different than QTS 11 and QTS PP11 coating systems. Figures 4.34 to 4.36 show low
coating resistances of most of QTS 10 and QTS PP 10 series except the QTS PP 10
DQG Z K L F KonveM/iRaZ high impedance over the entire of the immersion. This
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difference in performance could be resulted due to irreproducibility factor. The bin ball
wear process with gamma load significantly affected the QTS 10 and QTS PP10 coating
systems as shown in Figure 4.37. These damages allowed the steel substrate to be
exposed directly to the corrosive solution. This exposure to the corrosive solution let the
steel substrate corrode severely as can be seen by the three dimensions (3D) images

and surface profiles in Figure 4.38.

Table 4-10: The equivalent circuit models parameters values for epoxy Mannich coating
systems with carbon nanotube fillers (QTS 10).

QTS 10 Time (hr) CPE1(S.s") n 5 Y CPE2(Ss") n 5 Y CPE3(Ss") n 5 Y W
1 1.76E-09  1.004 5.69E+06  6.16E-07 0.84488 8.57E+06
24 1.04E-09  1.076 1.45E+06  3.94E-08 0.88067 3.34E+06
168 1.18E-09  1.032 6.00E+05  1.69E-07 0.76886 1.54E+06
alpha 336 1.86E-09  1.031 351E+05  5.67E-07 0.61362 9.29E+05
720 2.60E-09  1.016 451E+05  7.92E-07 0.65623 6.24E+05
1440 1.88E-08 0.83196 4.97E+04  5.83E-07 0.77435 1.21E+05  2.49E-05 0.66786 176440
2160 2.91E-09 0.97332 3.06E+04  2.37E-06 0.51306 2.32E+05
1 2.89E-09 9.92E-01 8.92E+05  1.29E-08 0.88703 2.66E+06
24 1.61E-09 1.01E+00 2.14E+05  8.81E-07 0.58417 1.21E+06
168 3.25E-09 0.94673 8.10E+04  1.49E-06 6.51E-01 1.53E+05
beta 336 8.32E-09  0.8736 5.00E+04  2.00E-06 0.72891 9.81E+04
720 1.64E-08 0.83231 5.58E+04  2.74E-06 0.57607 1.20E+05
1440 2.77E-08 0.78474 1.89E+05  2.40E-06 0.90395 1.59E+05
2160 2.56E-08 0.82368 2.10E+04  2.08E-05 0.37819 7.86E+04
1 3.64E-09 0.91267 6.44E+03  552E-05 0.43023 2.95E+04
24 1.98E-09 0.96296 6.23E+03  6.03E-05 0.52145 1.39E+04 19538
168 4.10E-09  9.23E-01 5210  7.97E-05 0.67737 6.49E+03
gamma 336 2.19E-08 0.71494 7.00E+03  8.66E-05 0.80194 1027 0.00057578 0.98942 7407
720 3.37E-09 0.94736 5.61E+03  4.22E-05 0.81097 1.22E+04
1440 2.70E-07 0.43817 2.29E+04  2.14E-04 0.48644 43426
2160 5.62E-08  0.7305 351F+03  1.76E-04 0.37056 9.64E+06 0.00026276 6.79E-01 26573
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Table 4-11: The equivalent circuit models parameters values for epoxy Mannich coating
systems with carbon nanotube fillers (QTS 11).

QTS 11 Time (hr) CPE1(Ss") n 5 Y CPE2(Ss") n 5 Y
1 2.90E-09 0.98083 4.01E+09
24 457E-09 0.92372 1.81E+09
168 5.98E-09 0.8672 1.32E+09
alpha 336 5.27E-09 0.92861 1.09E+09
720 7.02E-09 0.92367 4.44E+08
1440 8.24E-09 0.88985 4.36E+08
2160 7.94E-09  0.9425 4.16E+08
1 4.40E-09 9.26E-01 2.04E+09
24 6.67E-09 9.39E-01 5.22E+07  7.44E-09 0.97767 9.63E+08
168 5.89E-09 0.92962 1.68E+09
beta 336 6.56E-09 0.90547 1.36E+08
720 8.71E-09 0.89702 2.46E+08
1440 8.33E-09 091211 3.84E+05  3.72E-07  0.702 8.28E+05
2160 8.79E-09 0.88476 9.73E+05  159E-06 0.73342 7.60E+05
1 3.83E-09 0.9374 2.07E+09
24 4.15E-09 0.91425 2.37E+09
168 6.03E-09 8.74E-01 1.75E+09
gamma 336 5.65E-09  0.9003 9.31E+08
720 5.51E-09 0.93001 5.06E+08
1440 6.96E-09 0.90327 6.82E+08
2160 9.14E-09 0.88385 1.09E+06

Table 4-12: The equivalent circuit models parameters values for epoxy Mannich coating
systems with carbon nanotube fillers (QTS PP10).

QTS PP10 Time (hr) CPE1 (S.s") n 5 Y CPE2(S.s" n 5 Y CPE3(Ss") n 5 Y
1 1.68E-09 0.95198 1.64E+05 1.98E-06 0.52475 6.83E+05
24 1.17E-09 0.99593 2.31E+05 1.44E-06 0.48514 8.46E+05
168 1.32E-09  0.9864 2.05E+05 6.43E-07 0.73633 4.88E+05
alpha 336 1.54E-09 0.98277 1.73E+05 8.53E-07 0.67834 6.60E+05
720 1.86E-09 0.96803 1.73E+05 4,78E-08  1.003 1.06E+05  1.10E-06 0.78325 473050
1440 3.14E-09  0.9262 5.13E+05 1.51E-06 0.60574 4.97E+05
2160 4.02E-09 0.93696 8.98E+04 3.84E-06  0.4422 2.81E+05
1 1.01E-09 1.00E+00 3.44E+09
24 1.19E-09 9.88E-01 6.29E+09
168 1.65E-09 0.96974 1.87E+07
beta 336 1.47E-09 1.001 1.69E+08
720 2.54E-10 1.222 5.52E+05 3.51E-07 0.62432 6.61E+05
1440
2160 2.28E-09 0.95103 1.78E+06 9.80E-07  0.6849 7.98E+05
1
24 7.52E-09  0.8704 5.91E+03 2.71E-05 0.62003 1.14E+04  1.41E-03 6.61E-01 3.06E+04
168 8.53E-10 1.06E+00 3.27E+03 1.32E-04 0.18602 2.74E+04
gamma 336 6.59E-07 0.49268 6.50E+03 7.07E-04 0.86752 10446
720 5.63E-05 0.77021 1.47E+04
1440 1.28E-06 1.18E-08 2.19E+04 453E-06 0.3785 3.93E+04  8.63E-05 0.55077 73099
2160 3.51E-04 0.71252 2.68E+04
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Table 4-13: The equivalent circuit models parameters values for epoxy Mannich coating
systems with carbon nanotube fillers (QTS PP11).

QTS PP11 Time (hr) CPE1(S.s") n 5 Y CPE2(Ss") n 5 Y
1 1.71E-09 0.95407 8.53E+08
24 1.91E-09 0.97407 8.53E+08
168 2.16E-09 0.94019 6.78E+07
alpha 336 2.33E-09 0.96051 5.05E+06 3.41E-08 0.84222 1.26E+07|
720 2.69E-09 0.94339 2.40E+06 5.16E-08 0.83569 4.48E+06
1440 2.78E-09 0.97072 2.31E+07 8.61E-08 0.67685 2.93E+07|
2160 3.25E-09 0.94985 3.80E+06 2.14E-07 0.65241 1.14E+07
1 1.86E-09 9.42E-01 1.96E+10
24 1.90E-09 9.48E-01 7.18E+09
168 2.46E-09 0.93393 1.19E+10
beta 336 1.90E-09 0.95156 1.76E+10
720 2.37E-09 0.94707 1.27E+09
1440 9.27E-01 0.91707 1.16E+07
2160 3.47E-09 0.90236 2.67E+06
1 1.93E-09 0.94502 5.84E+09
24 2.14E-09 0.94436 1.72E+09
168 2.21E-09 9.51E-01 1.36E+09
gamma 336 4.09E-09 0.91541 1.17E+07
720 2.28E-09 0.9435 1.61E+06
1440 3.64E-09 9.28E-01 1.21E+06
2160 3.11E-09 0.93752 5.14E+05
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Figure 4.34: Coating resistance and capacitance of non-defected epoxy Mannich
coatings systems with carbon nanotube fillers immersed in CO:2 saturated solutions with
2000 ppm CI ions at pH 4, at 60°C and open to the atmospheric pressure.
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Figure 4.35: Coating resistance and capacitance of epoxy Mannich coatings systems
with carbon nanotube fillers exposed to bin ball wear with beta load (100 N) and
immersed in CO:2 saturated solutions with 2000 ppm CI- ions at pH 4, at 60°C and open
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Figure 4.36: Coating resistance and capacitance of epoxy Mannich coatings systems
with carbon nanotube fillers exposed to bin ball wear with gamma load (200 N) and
immersed in CO2 saturated solutions with 2000 ppm CI- ions at pH 4, at 60°C and open

to the atmospheric pressure.
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4.2.2 Sour Environment

All the coating systems were subjected to the bin ball wear processes with loads
(gamma and beta) and then they were exposed to the harsh environment for thirty days.
This environment composed of 3 mole pct. H2S and 3 mole pct. CO2 saturated solutions
with 2000 ppm CI ions at pH 3.83. The temperature and pressure were 100°C and 80
bar, respectively. After the exposure test, the coating systems were evaluated for the
surface cracking, blistering, and adhesion by using the ASTM standards D661-93, D714-
02 and D6677-07, respectively [109] #111]. The evaluations of the coating systems are
tabulated in Tables 4-14 through 4-16.

sz )
Q@Ts 11 Q QTS PP11

Figure 4.37: SEM micrograph of the bin ball wear with beta load (200 N) for the epoxy
Mannich with carbon nanotube fillers after exposure to CO2 saturated solutions with
2000 ppm CI ions at pH 4, at 60°C and open to the atmospheric pressure.
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4.2.2.1 Powder Phenolic Novolac Evaluation

7KH * FRDWLQJ V\VWHPV VKRZ FRUURVLRQ SURGXFW LQ
can beseen LQ )LJXUH +RZHYHU WKH ' FRDWLQJ V\VWHP GL
LQVLGH WKH GHIHFW 7KH GLIITHUHQW UHVSRQVH EHWKHHQ *
amount of fillers behaviors to the harsh environment might be attributed to thickness
difference. BRWK Rl WKH ( DQG % FRDWLQJ V\VWHPV ZLWK ORZ D
the intentional defect as in Figure 4.39. Likewise for QTA coating system with standard
amount of fillers, it corroded inside the defect. All powder phenolic Novolac coating
systems did not show sever degradation.

QTS PP10

QTS 10

Figure 4.38: Three dimensions (3D) images and surface profiles of the bin ball wear
with gamma load for the epoxy Mannich coating systems after exposure to CO2
saturated solutions with 2000 ppm CI- ions at pH 4, at 60°C and open to the
atmospheric pressure.
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Table 4-14: Evaluation of the powder phenolic Novolac coatings: standard fillers (QTA),
low fillers (B and E) and high fillers (D and G) after exposure to sour environment.

. . X-cut
Co?gng Defect Thickness Fragments Blistering  Cracking
(Hm) (mm)
t 1.6 £3.2 None None
G v 114-153 1.6 +3.2 None None
t 1.6 £3.2 None None
D v 200 - 305 1.6 +3.2 None None
t 1.6 £3.2 None None
B v 280 - 355 1.6 +3.2 None None
t 1.6 £3.2 None None
E v 114-153 1.6 +3.2 None None
t 1.6 3.2 None None
QTA v 378 -403 1.6 +3.2 None None

The appearance of all powder phenolic Novolac coating systems did not display
any sign of blistering or cracks outside the intentional defect after the exposure to the
harsh environment as can be seen Figure 4.39. The X- cut for the adhesion property of
the powder phenolic Novolac coating systems performance are shown in Figure 4.40. All
the coating systems showed difficulty to be removed. The coating fragments in the X-cut

for the all powder phenolic Novolac coating systems were approximately 1.6 to 3.2 mm.

4.2.2.2 Epoxy Coating systems and Carboline Evaluation

The perofmance of the epoxy coating systems slighlty differ than the performance
of the powder phenolic Novolac coating systems. The bin ball wear process with gamma
load seemed to almost reached the substrate of the QTB and this case could be attributed
to the thickness of this coating systems. Corrosion products were found inside the defect
RI WKH OLTXLG HSR[\ 47% FRDWLQJ V\VWHPY¥7DQGROOWHQLVFE
system as shown in Figure 4.41. These coating systems were significantly affected by the
KDUVK HQYLURQPHQW 7KH KDUVK HQYLURQPHQW LPSDFW
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VSHFLILFDOO\ ZDV LQFUHGLDEO\ KLJK 7KH 47( W®RZIMG/ OD!I
surface as shown in Figure 4. +RZHYHU SRZGHU HSR[\ 1RYRODF 47&
HSR[\ 47 UHYHDOHG EHWWHU SHUIRUPDQFH EQ PABHOH K DAUR/ KV

environment.

Figure 4.39: Macrographs of the bin ball wear with gamma load for the powder phenolic
Novolac coatings: standard fillers (QTA), low fillers (B and E) and high fillers (D and G)
after exposure to 3 mole pct. H2S and 3 mole pct. CO2 saturated solutions with 2000
ppm CI- ions at pH 3.83, at 100°C and 80 bar. Ellipses indicate to the cracks and
corrosion and arrows point to intentional scratch.
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Figure 4.40: Macrographs of the X-cut for the powder phenolic Novolac coatings:
standard fillers (QTA), low fillers (B and E) and high fillers (D and G) after exposure to 3
mole pct. H2S and 3 mole pct. CO:2 saturated solutions with 2000 ppm CI- ions at pH
3.83, at 100°C and 80 bar. Ellipses indicate to the chipped coating.
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Table 4-15: Evaluation of the liquid epoxy (QTB), powder epoxy Novolac (QTC), powder
epoxy (QTD) and Carboline (QTE)after exposure to sour environment. Blistering (L&S +
M= Large and Small Medium). Cracking (I # = Irregular Few).

: . X-cut
Coating Defect Thickness Fragments Blistering Cracking
ID (Hm)
(mm)
t 1.6 £3.2 None None
QT v 195 -228 1.6 +3.2 None None
t Q0.8 None None
QTC v 400 - 431 1.6 +3.2 None None
t 1.6 £3.2 None None
QTD v 386 -421 1.6 +3.2 None None
QTE t 347 - 381 3.2 6.3 L&S - M - F

Figure 4.42 revealed the X- cut for the adhesion property of the epoxy coating and
Carboline systems. 7KH HSR[\ FRDWLQJ V\VWHPV 47% 47 &
closely to the powder phenolic Novolac coating system behavior. All epoxy the coating
systems indicated difficulty for the coating removal. The coating fragments in the X-cut
for the all beta and gamma load of QTB , QTC and QTD systems were
approximately 1.6 to 3.2 PP ([FHSW WKH 47 &mall Kdatihgl iGagments ( Q0.8)
due to the X-cut. On the other hand, QTE coating system was somewhat difficult to be
removed and coating fragments due to the X-cut was evaluated to about 3.2 +6.3 mm.

In addition, QTE coating system developed few cracks.

4.2.2.3 Epoxy Mannich Evaluation

The epoxy Mannich coating systems (QTS series) performed differently in the
harsh environment. This sour environment caused blistering over the whole of the QTS
series as can be seen in Table 4-16 and Figure 4.43. The blistering range from very small

to medium in size and they are seen to dense. QTS-11 performed better than the rest of
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the QTS series coating systems as shown in Figure 4.43. The corrosion products are

clearly shown inside the gamma defect of the QTS PP11.

Figure 4.41: Macrographs of the bin ball wear with gamma load (200 N) for the standard
fillers in: liquid epoxy (QTB), powder epoxy Novolac (QTC), powder epoxy (QTD) and
Carboline with no fillers (QTE) after exposure to 3 mole pct. H2S and 3 mole pct. CO2
saturated solutions with 2000 ppm CI- ions at pH 3.83, at 100°C and 80 bar. Ellipses

indicate to the blisters and corrosion and arrows point to intentional scratch.
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Figure 4.42: Macrographs of the X-cut for the standard fillers in: liquid epoxy (QTB),
powder epoxy Novolac (QTC), powder epoxy (QTD) and Carboline with no fillers (QTE)
after exposure to 3 mole pct. H2S and 3 mole pct. CO2 saturated solutions with 2000
ppm CI ions at pH 3.83, at 100°C and 80 bar. Ellipses indicate to the chipped coating.

The X-cut evaluations by the scriber for the QTS series show consistency in
performance as shown in Figure 4.44. The coating fragments were assessed in the range
of 1.6 to 3.2 mm. This result indicates that coating was difficult to remove. The X-cut
assessments on QTS 10 and QTS PP 10 coating systems caused irregular cracking. This

case suggests that these coating systems might to not withstand this condition (sour
environment).
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Table 4-16: Evaluation of the epoxy Mannich with carbon nanotube fillers after exposure
to sour environment. Blistering (S-D = Small Dense, VS-D = Very Small Dense and M-D
= Medium Dense). Cracking (I #M.D = Irregular Medium Dense).

. . X-cut
Coating Defect Thickness Fragments Blistering  Cracking
ID (um)
(mm)
t 1.6 +3.2 S-D |- M.D
QTS 10 v 200 - 240 1.6 £3.2 S-D |-M.D
t 1.6 £3.2 VS-D None
Qrs i1 v 270 -320 1.6 £32  VS-D None
QTS t ) 1.6 +3.2 S-D |- M.D
PP10 v 260 - 340 1.6 +3.2 S-D - M.D
QTS t ] 1.6 £3.2 M -D None
PP11 v 380 -420 1.6 £3.2 M -D None

Figure 4.43: Macrographs of the bin ball wear with beta load (200 N) for the epoxy
Mannich with carbon nanotube fillers after exposure to 3 mole pct. H2S and 3 mole pct.
CO2 saturated solutions with 2000 ppm CI- ions at pH 3.83, at 100°C and 80 bar.
Ellipses indicate to the blisters and corrosion and arrows point to intentional scratch.
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Figure 4.44: Macrographs of the X-cut for the epoxy Mannich with carbon nanotube

fillers after exposure to 3 mole pct. H2S and 3 mole pct. CO2 saturated solutions with

2000 ppm CI ions at pH 3.83, at 100°C and 80 bar. Ellipses indicate to the chipped
coating.
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CHAPTER 5: DISCUSSIONS

5.1 Wear Performance

The three dimensional images and surface profiles characterizations of the all
powder phenolic Novolac coating systems showed various responses against the bin ball
wear process with loads (beta and gamma). The width and depth plots of the all powder
phenolic Novolac coating systems show that the D and G with high amount of the
conductive and non-conductive fillers have significantly shallower slopes as the load
increases. This performance suggests that the high amount of fillers in the powder
phenolic Novolac coating incredibly enhances the wear resistance. Moreover, the D and
G tend not to lose much of its volume during the bin ball wear process with different loads.
These findings may suggest that the powder phenolic Novolac coating systems with high

amount of fillers has more durability than the ones with standard and low amount of fillers.

The epoxy and Carboline coating systems behaved slightly different than the
powder phenolic Novolac coating systems when they exposed to the same bin ball wear
process with beta and gamma loads. Liquid epoxy (QTB performed closely to the D and
G coating system during the bin ball wear process. QTB tend to not lose the volume
because of the wear process. QTB slopes expressed shallower form and likewise the
case for the powder epoxy Novolac (QTC) and powder epoxy (QTD). However, QTC and
QTD have lost of their volume about one magnitude of order more than QTB coating
system during the bin ball wear processes. Even though, QTB, QTC and QTD have about
the same amount of fillers, QTB coating type show better homogenous with fillers. Thus,
QTB coating system showed better resistance against the wear. On the other hand,
Carboline (QTE) showed a weakness to resist the bin ball wear process with different
loads. The width, depth and volume data indicate that QTE tend to lose its volume when
it is exposed to the wear. This case can be attributed to the fact that in the absence of the

fillers in the coating system cannot withstand even moderate wear process.
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The bin ball wear process with different loads (beta and gamma) show moderate
effect on the epoxy Mannich coating systems with carbon nanotube (QTS series). The
QTS series showed better performance with the beta defect. This performance is
attributed to the existence of the carbon nanotubes. However, when the load increased

to gamma load along the bin ball wear process, QTS series tend to not resist this wear.

Figure 5.1 illustrates the D, G, QTB and QTS series that were exposed to the bin
ball wear process with both beta and gamma loads. The performance of the powder
phenolic Novolac coating systems (G and D) were significantly resistant to the bin ball
wear processes and loads. The D and G behaviors against the wear suggest that the
amount and the type conductive and non-conductive fillers play important role in resisting
the wear. These fillers markedly enhances the ability of the powder phenolic Novolac
coating systems and show shallower slope as the loads increases. In comparison, QTS
series with carbon nanotube fillers show higher slope. This performance of the QTS series
during to the bin ball wear process indicates that these coatings can withstand moderate
level of resistance to the wear process. QTB coating system show somewhat in between

the D and G and QTS series against the wear process.

52 +DUGQHVV DQG 5HGXFHG <RXQJTV ORGXOXV

Most of the coating system show surface hardness around 0.4 GPa at contact
depth 600 nm. However, the powder phenolic Novolac coating systems with high amount
of fillers and the coating systems with carbon nanotube (QTS 11 and QTS PP11) show
higher hardness ( R0.8 GPa) at low contact depth. These data are somewhat consistent
with wear process. High hardness was found on the QTB coating system. This surface
hardness might be caused by the type of the coating in addition to the fillers. The
incorporation of the significant amount of fillers improve the hardness of the coating

surface.
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Figure 5.1: Bin ball wear and loads effect on powder phenolic Novolac coating systems
with high fillers (D and G), liquid epoxy (QTB) and epoxy Mannich with carbon nanotube
(QTS series).

5HIDUGOHVY RI WKH WKLFNQHVYVY WKH UHGXFHGRREFQJITV
Novolac coating systems with high amount of fillers (D and G) show higher values than
the ones with standard and low fillers. Likewise, epoxy Mannich coating systems (QTS

DQG 476 33 UHYHDOHG WKH VDPH YDOXXOXKI DNHG BRHG* <F
at low contact depth. This case suggest that the fillers are distributed very near of the
coating surface. Also, the additive that was put into these coating systems (QTS 11 and
QTS PP11) contributed to making the coating system stiffer. However, the liquid epoxy

Q@QMB UHYHDOHG KLJKHVW UHGXFHG <RXQJYV PRGXOXMW7KLV S
not only the fillers have an effect but also the type of coating does. These coatings

systems seem to show more stiffness than the rest.
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5.3 Corrosion Evaluation

Various behaviors were found for the coating systems in the sweet corrosive
solution. Each coating system showed distinct performance which depends on the fillers

content, fillers type, coating type and the bin ball wear process with two loads.

The high coating of the alpha type (no intentional defect) of powder phenolic
Novolac coating systems performance in the sweet solution indicates that all the coating
V\VWHPVY FUHDWHG D JRRG EDUULHU H[FHSW 47%. 47%. VKRZ
the beginning of the exposure. This case might be attributed to the intrinsic pores in the
coating system. Interestingly, the resistance impedance of the second time constant
showed a constant high until the very end of the exposure period where it suddenly
decreased. This decrease could be due to the corrosion product diffusions and let the

substrate to start corrode again.

The bin ball wear process with loads considered to be detrimental factor to
evaluate the coating performance. All powder phenolic Novolac coating systems with all
range amount of fillers revealed micro-cracks and volume lost due to the exposure to the
wear process. In this case the fillers amount and thickness play a role in terms of the
corrosion performance of these coating systems. The coating systems with high amount
of fillers showed very high coating resistance at the onset of the exposure but then it
decreased and stabilized to around 107 Y F?% This situation may suggest that the fillers
play a role in resisting the wear and sort of partially blocking the solution from further
permeation. However the coating systems with standard and low amount of fillers started
with low coating resistance. The coating system with low amount of fillers and low
thickness did not protect the substrate which directly was exposed to the solution once it
was subjected to any type load with wear process. These cases indicate that the thickness
and fillers are considerably important as shown in Figure 5.2.
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Figure 5.2: Coating resistance of the powder phenolic Novolac coatings exposed to bin

ball wear with beta (100 N) and gamma (200 N) loads: low fillers (E) and high fillers (D)

immersed in CO:2 saturated solutions with 2000 ppm CI- ions at pH 4, at 60°C and open
to the atmospheric pressure.

The liquid epoxy (QTB) coating systems with and without defects showed a
FRQVLVWHQW SHUIRUPDQFH LQ WKH VZHHW FRUJRM YHKNRC
defected coating system that might be because of intrinsic pores or some un-reacted
polymer chain in the coating matrix d in the curing process. The other epoxy coating
systems (powder Novolac epoxy (4 7 &) and powder epoxy (4 7' )) showed very low
coating resistance. This case might be due to the nature of the coating type. On the other
hand, Carboline (QTE) without fillers showed poorly in resisting the corrosive solution.

This coating systems revealed blisters from large to small size over its surface. The QTE

coating system expressed weakness in resisting the water and oxygen molecules from
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permeation. This case may suggest that the existence of fillers in the coating may hinder

the water and oxygen molecules permeation.

The epoxy Mannich coating systems with same amount of carbon nanotube fillers
performed differently when they were immersed in the sweet corrosive solution. QTS 11
and QTS PP11 coating resistant showed and acted significantly better than QTS 10 and
QTS PP10 in resisting corrosive solution from permeation. This case may attributed to
the additives beside the carbon nanoWXEH 7KH 476 VKRZHG KLJK LPES
because of its thickness and may suggest that this coating system has good coherence

of it coating system.

All the coating systems were also exposed to the harsh environment that consists
of 3 mole pct. H2S and 3 mole pct. CO2 saturated solutions with 2000 ppm CI- ions at pH
3.83. In addition, the temperature and pressure were 100°C and 80 bar, respectively.

Each coating system revealed a distinct behavior.

The gamma defect on the powder phenolic Novolac coating systems corroded
because of the harsh environment. The coating system with high thickness and amount
R1 1L O O)Hlld Wiot sShow any signs of corrosion after the exposure. This observation
again might emphasize that the amount of fillers and thickness improves the coating

system performance in the harsh environment.

The Carboline 47 ( was the least protective coating system when it was
exposed to the harsh environment. This observation is another indication that the coating
system without fillers and primer could be susceptible to degradation in the sweet and
sour environment. ThH OLTXLG HSR[\ 47% VKRZHG VRPH FRUURGLC
international defect. This case is attributed to thickness of the QTB coating system.
However, QTC and QTD showed no significant corrosion on their surfaces.

All of the epoxy Mannich coatingsyVWHPV 476 VHULHYV UHYHDOHG FRI

the intentional defect. The QTS series showed blisters when they were exposed to the
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harsh environment. This result may suggest that these coating with carbon nanotube

fillers are still susceptible to the solution permeation and only in the harsh environment.

5.4 Possible Mechanisms

The equivalent circuit models for the EIS spectra suggest that the coating systems
show different protection and degradation mechanisms depending on the coating system,
wear process with loads and thickness. Powder phenolic Novolac coating systems with
high and low amount of fillers show better performance when no physical damage
occurred to its surface. The EIS spectra of these coating systems were fitted by one time
constant as shown in Figure 5.3. This circuit model suggests that it is difficult for the

solution to permeate the coating systems and reach the substrate.

Figure 5.3: Possible mechanism for the intact coating with one time constant.

When the coating systems show two constants whether they have intentional
defect or not, they suggest that the solution permeated through the coating system and
might or might not reach the steel substrate. The second time constant on the bottom

(close to steel) indicates of another electrochemical double layer as shown in Figure 5.4.
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This double layer occurred due to either the corrosive solution permeates or transports
through the coating system or the coating system did not get cured well. In both cases,
the solution exists in the coating-substrate interface. This solution begins to react with the
steel substrate at the anodic site (oxidation site) and the electrons due to this reaction will
be reduced on the cathodic site as shown in Figure 5.4. As the time evolved, the
resistance and capacitance impedances will decrease and increase, respectively. The

decreasing on the resistance impedance indicates that the steel is corroding in high rate.

Figure 5.4: Possible mechanism of the defected coating system with two time constants.

Some of the EIS spectra of the coating systems were fitted with three time
constants as shown in Figure 5.5. Beside what was aforementioned of the two time

constants, the third time constant was seen in some of the coating systems that were

134



exposed to the bin ball wear process with load. This wear process developed micro-
cracks in the coating systems and especially around the fillers and also some of the fillers
came off the coating system. The corrosion product diffusion might be another reason.
These physical damage on the coating systems possibly created another electrochemical
double layer either beside the second electrochemical double layer. This reaction form
electrochemical layer which might block the solution for certain time from further
transporting. The other possibility that this electrochemical double layer may occurred

with primer that was enriched with zinc.

Figure 5.5: Possible mechanism of the defected coating system with three time
constants.

The Carboline coating system (QTE) showed blisters when it exposed to both

environments (sour and sweet). The blister on the QTE occurred after two months of the
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exposure to the sweet corrosive solution. Also, it happened to the QTE coating systems
after the exposure (1 month) to the harsh environment. Similarly, QTS series showed
blisters on their surface after exposure to the harsh environment but not the case when

they immersed in sweet corrosive solution.

This delamination in the coating system occurred with two possible mechanisms
which they called anodic and cathodic delamination. This delamination may be explained
as in Figure 5.6. The dissolved oxygen atoms and water molecules diffused through the
intact coating system. Eventually, these species reached the coating - steel substrate
interface. This case happened due to the lack of good adhesion of the coating to the
substrate. The other corrosive species like Cl- might transport along with water molecules.
When these corrosive species are located in the interface, they will be readily to react
with steel and create electrochemical double layer. At the anodic site the reactions may
occurred between the steel and corrosive species are shown in the Figure 5.6. This step
of the reaction is considered as initiation of the blister. Then, the oxide layer will form and
precipitate at the site of reaction. This layer will limit the oxygen transport to the site. The
subsequent step, the coating will be separated and will be obvious on the coating surface.
In case of the QTE series, their coating systems seem to require high pressure and

temperature for the blister to occur.
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Blister

Figure 5.6: Possible mechanism of the defected coating system with blister forming.
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CHAPTER 6: CONCLUSIONS

In this study various types of characterization and analysis have been used to
assess the performance of the organic coating systems. These studies have been
utilized to make an attempt to understand the degradation and protection
mechanisms of different coating systems. The mechanical test methodologies
gave the road map to investigate the various type of organic coating systems with
different amount and type of fillers. Organic coating systems were also exposed to
two different corrosive solutions. The electrochemical measurements allowed to
distinguish each coating system in their response to surrounding environment.
Applying the bin ball wear process with different load assessed the organic coating
systems to resist such wear process. The increased load to the gamma type
developed cracks and severely affected the coating systems with low and standard
conductive and non-conductive fillers. However, the effect of the high load with
wear process was not considerable on the coating systems that possess significant
amount of fillers. The carbon nanotube besides the additive enhanced the epoxy
Mannich coating system in resisting different loads of the wear process. The
conductive and non-conductive fillers showed a better performance than carbon
nanotube fillers in resisting the high loads with wear process. The coating without
fillers revealed weakens in resisting the wear process.

The durability of the coating system was increased with increasing the amount of
fillers in the coating system. 7KH KDUGQHVYV DQG UHGXFHNere<RXQJTV
high for the coating system with significant amount of fillers that have good
distribution in the coating matrix and specifically on its surface. The liquid epoxy
showed the highest hardiness and reduced YoungfV PRGXOXV daseG WKLV
suggests that due to the coating physical properties.

SEM analysis showed that the bin ball wear process induced cracks specifically in
the intentionally defected coating system. Also, some of the fillers came off the
coating matrix due to the wear process and these were seen by the SEM. Three

dimensional measurements showed that the coating system that received
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intentional physical damage by the wear process, the coating system degrading
further due to the corrosive solution.

The electrochemical Impedance Spectroscopy (EIS) assessed the performance of
the coating systems in the corrosive solution. Most of the coating systems that did
not receive bin ball wear process show good coating resistances and
capacitances. Some of the coating systems without defect though showed two time
constant behavior in the corrosive solution. This case might indicate of the water
up take or solution permeating through the coating system.

The coating systems with high amount of conductive and non-conductive fillers
showed high impedance for the intact coating case and the highest coating
resistance in case of the intentional defected surface. This situation tells the
important role of the type and the amount of these fillers in the coating matrix. Also,
the coating systems with high mount of fillers revealed a third time constant which
suggests that there is another the electrochemical double layer occurred in the
coating matrix. The thickness played an important role the powder phenolic
Novolac coating system with high amount of fillers that once the surface if this
coating exposed to physical damage, the remaining coating layer protected the
steel substrate against the corrosive environment.

The epoxy Mannich with carbon nanotube and additive (QTS 11 and primed (QTS
PP11)) showed better performance than epoxy Mannich with carbon nanotube
(QTS 10 and primed (QTS PP10)) in the sweet corrosive environment. The
defected QTS 11 series showed higher coating resistance with about four
magnitude of order more than the defected QTS 10 series.

The harsh corrosive environment (sour) with high pressure and temperature had a
significant impact on the most of the defected coating systems. QTS series
suffered from exposure to this environment and revealed blisters on their surfaces.
In addition, this aggressive environment drastically affected the defected QTE
coating system by displaying large to small sizes of blisters. A possibility of the
occurrence of the blisters in the coating system was proposed.

No critical impact of the harsh environment with high pressure and temperature on

the defected powder phenolic Novolac coating systems, the liquid epoxy, powder
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Novolac epoxy and powder epoxy coating systems was observed. Specifically the
powder phenolic Novolac coating system with high thickness and amount of fillers
showed incredibly great performance in the harsh environment.

f The proposed mechanisms showed that powder phenolic Novolac coating system
with high thickness and amount of fillers worked the best among all the coating
systems in case of resisting bin ball wear process with different loads, protecting

the substrate from both corrosive solution.

f Future Work

This research study spotlights interesting investigations which should be continued
to achieve more fundamentals knowledge about the relation of the presence of fillers with
the organic coating. The following suggestions should complete the understanding of the

organic coating performance:

- The tested organic coating systems should be exposed to the real condition of the
oil and gas pipelines. This exposure test should assess the coating systems
performance. Electrochemical impedance spectroscopy (EIS) should collect the
responses in situ.

- Study the coating system adhesion and cohesion properties when the steel
substrate is subjected to residual stresses.

- Study the effect of the primer on the organic coating adhesion and study its
response to the corrosive solution.

- Other physical damage such as erosion with sand should be conducted on the
coating systems to measure their resistance. The erosion study should give an
information about the effect of micro-size particles on the surface of the coating
systems.

- Study the nano-size conductive and non-conductive fillers effect when they are
incorporated in the organic coating systems. Measurement of their resistance to

the wear and corrosive solution permeation should be studied.
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APPENDIX A:  SUPPORTING DATA

A.1  Electrochemical Impedance Spectra

Figure A 1: Nyquist and Bode plots of powder phenolic Novolac coating systems with
standard amount of fillers immersed in CO2 saturated solutions with 2000 ppm CI- ions
at pH 4, at 60°C and open to the atmospheric pressure. Alpha: non-defected, beta: bin

ball wear process with load of 100 N and gamma: bin ball wear process with load of 200
N.
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Figure A 2: Nyquist and Bode plots of liquid epoxy coating systems with standard
amount of fillers immersed in CO2 saturated solutions with 2000 ppm CI- ions at pH 4, at
60°C and open to the atmospheric pressure. Alpha: non-defected, beta: bin ball wear
process with load of 100 N and gamma: bin ball wear process with load of 200 N.
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Figure A 3: Nyquist and Bode plots of powder epoxy Novolac coating systems with
standard amount of fillers immersed in CO2 saturated solutions with 2000 ppm CI- ions
at pH 4, at 60°C and open to the atmospheric pressure. Alpha: non-defected, beta: bin

ball wear process with load of 100 N and gamma: bin ball wear process with load of 200
N.
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Figure A 4: Nyquist and Bode plots of powder epoxy coating systems with standard
amount of fillers immersed in CO2 saturated solutions with 2000 ppm CI- ions at pH 4, at
60°C and open to the atmospheric pressure. Alpha: non-defected, beta: bin ball wear
process with load of 100 N and gamma: bin ball wear process with load of 200 N.
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Figure A 5: Nyquist and Bode plots of Carboline coating systems immersed in CO:2
saturated solutions with 2000 ppm CI- ions at pH 4, at 60°C and open to the
atmospheric pressure. Alpha: non-defected, beta: bin ball wear process with load of 100
N and gamma: bin ball wear process with load of 200 N.
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Figure A 6: Nyquist and Bode plots of epoxy Mannich(QTS 10) coating systems with
carbon nanotube fillers immersed in CO:2 saturated solutions with 2000 ppm CI- ions at
pH 4, at 60°C and open to the atmospheric pressure. Alpha: non-defected, beta: bin ball
wear process with load of 100 N and gamma: bin ball wear process with load of 200 N.
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Figure A 7: Nyquist and Bode plots of epoxy Mannich(QTS 11) coating systems with
additives and carbon nanotube fillers immersed in CO2 saturated solutions with 2000
ppm CI ions at pH 4, at 60°C and open to the atmospheric pressure. Alpha: non-
defected, beta: bin ball wear process with load of 100 N and gamma: bin ball wear
process with load of 200 N.
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Figure A 8: Nyquist and Bode plots of epoxy Mannich(QTS PP10) coating systems with
carbon nanotube fillers immersed in CO2 saturated solutions with 2000 ppm CI- ions at
pH 4, at 60°C and open to the atmospheric pressure. Alpha: non-defected, beta: bin ball
wear process with load of 100 N and gamma: bin ball wear process with load of 200 N.
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Figure A 9: Nyquist and Bode plots of epoxy Mannich(QTS PP11) coating systems with
additives and carbon nanotube fillers immersed in CO2 saturated solutions with 2000
ppm CI ions at pH 4, at 60°C and open to the atmospheric pressure. Alpha: non-
defected, beta: bin ball wear process with load of 100 N and gamma: bin ball wear
process with load of 200 N.
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Figure A 10: Nyquist and Bode plots of powder phenolic Novolac coating systems with
low amount of fillers and low thickness immersed in CO2 saturated solutions with 2000
ppm CI ions at pH 4, at 60°C and open to the atmospheric pressure. Alpha: non-
defected, beta: bin ball wear process with load of 100 N and gamma: bin ball wear
process with load of 200 N.
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Figure A 11: Nyquist and Bode plots of powder phenolic Novolac coating systems with
high amount of fillers and low thickness immersed in COz2 saturated solutions with 2000
ppm CI ions at pH 4, at 60°C and open to the atmospheric pressure. Alpha: non-
defected, beta: bin ball wear process with load of 100 N and gamma: bin ball wear
process with load of 200 N.
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Figure A 12: Nyquist and Bode plots of powder phenolic Novolac coating systems with
high amount of fillers and high thickness immersed in CO2 saturated solutions with 2000
ppm CI ions at pH 4, at 60°C and open to the atmospheric pressure. Alpha: non-
defected, beta: bin ball wear process with load of 100 N and gamma: bin ball wear
process with load of 200 N.
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Figure A 13: Nyquist and Bode plots of powder phenolic Novolac coating systems with
low amount of fillers and low thickness immersed in CO2 saturated solutions with 2000
ppm CI ions at pH 4, at 60°C and open to the atmospheric pressure. Alpha: non-
defected, beta: bin ball wear process with load of 100 N and gamma: bin ball wear
process with load of 200 N.
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