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ABSTRACT

The regular protection methods of offshore wind structures consist of the application of
two or three layers of epoxy-based coatings with a polyurethane topcoat. The coating systems of
offshore wind turbines are mostly tested on-site, where different coated samples are exposed to
the sea water at the specific locations planned for the installations of the turbines. Despite several
advantages of laboratory testing, the majority of laboratory-based tests have been limited to the
exposure of coated or unprotected metals to stationary electrolytic solutions, while the flow-
induced corrosion measurements have not received enough attention until recently. The focus of
our work is to investigate the influence of applied mechanical stresses due to the water flow on
the degradation of organic coatings. In order to resemble the condition of coated monopile
structures in shallow water flow, an impingement chamber device and a wave tank were
designed and constructed. The Electrochemical Impedance Stereoscopy (EIS) method was
utilized for monitoring the electrochemical processes occurred during the degradation of
coatings. Computational Fluid Dynamic (CFD) method, as well as Particle Image Velocimetry
(PIV) tests were utilized in order to calculate the magnitude of applied stresses on the coating
surfaces. Atomic Force Microscopy method (AFM) was employed for characterizations of
coating’ surfaces. The theory of thermo-activated processes in combination with the
thermoelasticity equations were derived in a way to calculate the influence of applied stresses on
different electrochemical parameters of the coatings’ degradation. The afore-mentioned
experimental methods and the developed analytical procedure can potentially predict the
behavior of organic coatings applied on offshore wind turbines at different exposure zones with

respect to the sea water flow.
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1. INTRODUCTION

Offshore wind turbines are considered as one of the most reliable sources of electricity
generation among renewable energy sources. There are several problems with the on-shore wind
turbines including being considered as an eyesore and source of noise for the nearby residences,
its threat against the birds and bats (an estimation death toll of 57 million a year [1]), and being
fed by the poor wind speed with high fluctuation due to the physical wind blockages of buildings
and hills. On the other hand, offshore wind installations have the advantages of vast energy
potential due to inexpensive enormous offshore spaces, strong and relatively constant wind
speed, and unlimited height of wind constructions in contrast to the limits imposed by urban
rules for onshore installations [2]. Based on the recent report of World Forum Offshore Wind
(WFO) [3], by the end of the year 2020, the total installed capacity of offshore wind will reach
30 GW. To the author’s best knowledge, about 5800 offshore wind turbines have been installed
all around the globe, while 1220 more offshore wind turbines are under constructions that will be
finished within next three years. International Energy Agency (IEA) [4] reported under
conservative estimation that the installation of offshore wind turbines will increase up to 350
GW, while a sustainable development scenario estimates the growth up to 550 GW, covering
almost 5.5% of electricity supply share by the year 2040. IEA pointed out in the same report that
the sustainable development scenario is only possible if the offshore wind reaches a competitive
price in comparison with the other energy resources. Based on National Renewable Energy
Laboratory (NREL) report of 2018 [5], the levelized cost of energy (LCOE) for fixed offshore
wind turbines estimated as $89/MWh, while for onshore installations LCOE stood for $42/MWh.
The LCOE calculations consist of two main expenditure categories, capital and maintenance

costs, which both include several subcategories. Based on the report, the maintenance costs of



the offshore wind turbines were more than 2.5 times greater than onshore ($30.3, and $12.1 per
MWh, respectively). One of the main reasons of such high maintenance costs is the degradation
of the coatings applied on the wind turbine constructions. Based on regular wind turbine
installations in Europe, today, the cost of coating structures ranges 1525 €/m? (18-31 $/m? or
1.7-2.9 $/ft?) (depending on the structure, process and coating system). The cost of coating
repair work performed on-site on offshore structures is approximately 5-10 times higher than
initial coating [6]. In general, the regular financial investments on offshore wind installations
have an amortization period of 20 years [5], [6], indicating the offshore wind structures should
be kept operative in an extremely corrosive environment for at least 20 years. The highest
percentage of the offshore wind structures in the world are monopiles (74% by 2011) [7], while
the share of offshore monopiles in Europe was 81.9% by the year 2019 [8]. Monopile is a
circular hollow steel tube that is embedded into the seabed and extends above sea level where it
interfaces through a transition piece with the offshore wind turbine tower [9]. The monopile
offshore wind turbines are primarily installed in shallow water depths (10 — 30 m) [10], while the
extra-large monopiles are installed in intermediate water depths (30 — 40 m) [11]. The offshore
wind structures must be designed to withstand the corrosive and harsh nature of the marine
environment [6], [12]-[15] .

Almost all monopile structures are made of steel, which usually protected by multi-layer
of different types of coatings. The type and severity of corrosion on the offshore wind structures
are highly subjected to the different zones defined by the different conditions in which the
structure exposed to the corrosive environment. Except for the part of structure which is buried
in the soil, four main zones are considered including the underwater zone where the structure is

completely submerged and is under constant influence of the water flow, the tidal zone where the



cyclic wave loads attacking the structure, the splash zone which is subjected to the continuous
wet-dry cycles (the most vulnerable zone) and atmospheric zone where is not affected by the sea
water directly (see Figure 1) [14], [16]. The corrosion rate is not the same at different zones, for
example the corrosion rate at the splash zone is much higher than the under-water zone due to
the cyclic wet-dry procedure which leads to attachment of dried salt on the structure [6], [14].
Momber [17] compared the corrosion rates of unprotected mild steel at different zones as shown

in Table 1.
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Figure 1.Schematic of the velocity profile of seawater flow on monopile structure in underwater
zone with specified region of study for lab-scale experimental measurements.




Table 1. Corrosion rates of unprotected mild steel with respect to the different zones of the
structure of offshore wind turbines [17].

Zones Corrosion rate of unprotected steel in um/year
Atmospheric zone 50to 75

Splash zone 230 to 400

Tidal zone 50 to 230

Under-water zone 130 to 200

Buried in soil zone 60 to 130

Application of coatings on metals is the most common method of corrosion protection;
however, in order to select the right type of coating, the number of layer of applications, in
addition to the thickness of each layer, it is important to know about the dominance and
influence of each corrosive factor with respect to the environment where the exposure takes
place. For example, for most of the agricultural machines and devices the chemicals in the soil
and animal waste are the most destructive factors [18], [19], while in the case of the automobile
industry salt content of the small puddles on the roads and UV lights are the most vital corrosive
factors [20]. For offshore structures identifying the participation level of each corrosive factor is
very difficult since the combination of multiple factors with high level of severity corrodes the
structures. The corrosive factors include UV lights, high speed moisturized air in atmosphere,
salt, temperature, and bacterial content of water, in addition to the cyclic loads applied by ice,
water motion and wind around the structure [15], [21]-[25]. Cyclic loading results in crack
initiation and consequent fatigue which ultimately leads to failure of the structure [26].

The regular protection methods of offshore wind structures consist of the application of
two or three layers of epoxy-based coatings with a polyurethane topcoat coupled with the
cathodic protection especially for under-water zone [6], [27], [28]. For the monopile structures,
the condition of the wind turbine structure is identical to any other vertical cylindrical structure

like offshore oil constructions, bridge pier etc., which are placed in shallow waters. Based on
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different available standards (EN ISO 12944, ISO 20340, etc.) the number of layers and the
thickness of applied organic coatings (generally epoxy based) in underwater zone varies
corresponding to the location of the offshore installations. In general, the number of layers is
between one to five with the total dry film thickness of 350 to 800 um [16], [29], [30]. The
coating systems of offshore wind turbine are mostly tested on-site, where different coated
samples exposed to the sea water at the specific locations planned for the installations of the
turbines. The main advantage of on-site testing is that all the corrosive factors affect the coated
samples simultaneously and therefore the protection rates of coatings can be evaluated with high
certainty. However, the on-site testing is subjected to some disadvantages such as the duration of
tests which regularly take between one and three years, the limitation of the validity of the results
to the location of testing, and lack of measurement methods and devices to distinguish between
the effects of each destructive factor.

There are different types of laboratory tests including salt spray assessment, static and
cyclic accelerated assessments, and immersion in electrolytic solutions, while Electrochemical
Impedance Spectroscopy (EIS) measurements monitor and characterize the degradation process
of both metals and applied coatings. Although the laboratory tests are subjected to some
disadvantages like the difficulty to correlate with naturally weathered samples, the main
advantages include the widely proven reliable EIS results to detect the onset of coating failure,
the universality of results, the far less expenses in comparison with on-site, and the shorter
assessment durations compared to natural environments in accelerated tests. Despite the several
advantages of laboratory EIS testing, the majority of the tests have been limited to the exposure
of coated or unprotected metals to electrolytic solutions, while the flow-induced corrosion

measurements have not received enough attention until recently [31]-[36].



Among all participating corrosive factors in the environment of offshore wind turbines,
the focus of our work is on the influence of mechanical stresses due to the water flow on the
degradation of organic coatings. Organic coatings are usually applied as an outer layer of multi-
layer system of coatings. The outer layer works as a primary protective layer between the rest of
the coated layers and the corrosive environment.

In our study, the influence of sea water flows on the degradation of the organic coatings
was investigated in the underwater zone. In the underwater zone, water currents flow
continuously at constant velocity with respect to the time of the day and year, and their distance
to the water level (wave zone) and the seabed. In order to resemble the condition of coated
monopile structures to such a water flow, an impingement chamber device was designed.
Different flow rates were applied on the steel coated samples for a week for each flow rate. EIS
was utilized for monitoring the change of barrier properties of coatings occurred during the
exposure. An elcometer was utilized to measure the thickness of coatings before and after the
exposure of samples to the electrolyte (3.5 wt. % NaCl solution) flow. Computational fluid
dynamic (CFD) method, in addition to Particle Image Velocimetry (PIV) tests were utilized to
calculate the magnitude of applied stresses on the coating surfaces. Atomic Force Microscopy
method (AFM) was employed to study the influence of flow on the surface properties of the
coating samples. Having analyzed both the EIS results, and the applied stresses, the theory of
thermo-activated processes in combination with the thermoelasticity equations were derived in a
way to calculate the influence of applied stresses on the change of dialectic constant of the
coating (&), activation volume (Va), volume fraction (¢), amount of fluid uptake (M) and the

diffusion coefficient (D) of the coatings. Considering the calculated parameters, the equilibrium



values of volume fraction, amount of fluid uptake and capacitance were obtained and related to
the influence of impingement flow and the rate of the flow.

Secondly, the effects of freely suspended particles, which may exist in seawater that
monopiles encounter, was investigated. The same impingement chamber device, and the same
measurement techniques as mentioned for underwater zone, were utilized for this purpose. The
suspended particles could have destructive effects on the coatings of offshore wind structures.
Such effects can be categorized into chemical and physical effects. The high concentration of
suspended particles including living species in the vicinity of the offshore structure could change
the PH of the sea water, the oxygen content, and other mineral and organic contents of water,
which could promote the severity of the corrosive environment for the coatings. However, the
focus of our work was on the physical effects, which relates applied stresses on the coatings due
to the Kkinetic energy of the suspended solid particles in water currents to the changes of the
barrier properties of the coatings.

Finally, to investigate the influence of cyclic loads of waves on the degradation of
organic coatings (the wave zone), a wave tank was designed and configurated. The wave tank
designed in a way to apply very low to medium range of stresses on the surface of coating
samples. Such stresses helped to study the gradual degradation of coatings rather than witnessing
the fatigue damage. The velocity of the water flow in addition to the stresses were measured with
the Particle Image Velocimetry method. Moreover, the Electrochemical Impedance Spectroscopy
method was utilized to monitor the deterioration of coatings. Figure 2 shows the schematic of
how the variety of methods have been employed to investigate the effect of stresses on the

degradation of organic coatings.



Figure 2. The methods and processes, which are employed to investigate the effect of applied
stresses due to water flow on the degradation of organic coatings.

To investigate the influence of applied stresses due to the water flows on the degradation
of organic coatings, a set of experimental approaches were needed to be designed. The
experiments provided raw EIS data, which were utilized to track and analyze the coatings’
degradations with respect to the electrical elements of the equivalent circuit models. Moreover,
CFD and PIV methods were utilized to calculate the applied stresses on the surface of the

coatings. A set of equations were derived and utilized in order to specify the direct influence of



the applied stresses on the electrochemical parameters. The summary of the objectives that are
accomplished in this dissertation are listed as follows:
e Investigating the effect of an impingement flow of 3.5 wt. % NaCl solution on the
degradation of organic coating as compared with that of a stationary condition.
e Investigating the influence of the different flow rates of the impingement flow on
degradation of organic coatings using EIS.
e Topography characterization of exposed coating surfaces under different flow rates
using AFM.
e Investigating the influence of particles contained in the 3.5 wt. % NaCl solution on
the degradation of organic coatings using EIS.
e Investigating the influence of cyclic loads resulted from lab-scale simulated waves of
salt water on the degradation of organic coatings using EIS.
e Modeling and verifying the magnitude of applied fluid stresses on the coated samples
with CFD and PIV.
e Identifying and analyzing the effect of applied stresses due to the fluid flow on the
electrochemical reactions using thermal activation theory, thermal elasticity laws,

thermodynamics relations, in addition to the Fick’s laws.



2. DEGRADATION OF EPOXY COATINGS EXPOSED TO IMPINGEMENT FLOW
2.1. Introduction
Metal corrosion has been a serious challenge in engineering equipment associated with

marine technologies, medical and biomedical devices [37], [38], oil and gas industry, offshore
wind turbines etc. In general, corrosion on metals is caused by redox reaction and could be
promoted by the movement of fluid flow on the metal surface [39], [40], Organic coatings are
widely used for the corrosion protection of metal substrates. Many corrosion protective coatings
are under the influence of fluid flow. The offshore wind turbine structures are impacted by the
flow of seawater at a variety of speed and angle of attack [41], [42]. Similar phenomena can be
found on the bridge structures and offshore oil drilling rigs, where the degradation of corrosion
protective coating is promoted by the continuous impingement attacks of fluid flow on the
structures [21]-[23], [25]. Currently, the studies of coating degradation have been mostly
limited to the exposure of coated samples to a stationary electrolytic solution, e.g. Refs [43]-
[49]. Few studies have been contributed to understand the influence of the fluid flow on the
degradation of organic coatings. Bierwagen’s group [48], [50] first conducted experiments to
study the influence of both open flow and a controlled laminar flow of a 3.5-wt% NaCl solution
on the degradation of organic coatings. Electrochemical Impedance Spectroscopy (EIS) method
was used to monitor the degradation of coating. Wang and Bierwagen [50] observed that the
barrier properties of the coating measured electrochemically decreased with the increasing flow
rate. Zhou et al. [45], [51] compared the influence of two different working fluids (DI water
versus 3.5 wt. % NaCl solution) on organic coating degradation as characterized by EIS
measurements. They concluded that the barrier property of coatings decrease with the immersion

time and the decrease was more substantial for flowing fluid at higher flow rate disregard of the
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fluid type. They also found that the decay of relative impedance modulus was larger for the
organic coatings immersed in DI water. In another study, Zhou et al. [52] investigated the
influence of the shear stresses on clear coat caused by laminar flow of 3.5 wt % NaCl solution at
different flow rates. They concluded that the thickness of the coated samples increases due to the
water penetration and blistering when the samples exposed to stationary or low velocity fluids,
while with high velocity flow in laminar regime, the thickness of the coated sample decreases
due to fluid shear.

So far to the authors’ knowledge, no fundamental work has been reported on the
influence of impingement flow on the degradation of organic coatings, although a plethora of
existing studies were concentrated on the impingement-flow-induced corrosion on bare metals
and metal alloys in direct contact with the electrolytic solution [33]-[36]. Cheng et al. [31]
studied the erosion—corrosion characteristics of casing and tubing steels in oil fields. They
performed experiments with a jet flow of 2-wt % NaCl solution at different impingement angles
and flow velocities. They concluded that the corrosion rates of those steel samples increase with
the rise of the flow rate, and the variations in the impact angles have a noticeable effect on the
corrosion rates. Meng et al. [32] investigated the erosion—corrosion performance of two stainless
steels under liquid—solid impingement conditions in 3.5-wt% NaCl solution. They concluded that
material loss can be represented as a function of flow velocity. Zheng et al. [33] investigated the
influence of the velocity of an impingement flow on steel using a 3.5 wt.% NaCl solution with a
sand concentration of 2 wt%. They observed during the exposure the mass loss rate and change
of surface roughness remain constant up to the velocity of 6 ms™, and then both mass loss rate
and roughness increase rapidly with the increase of velocity up to 20 ms. Wharton and Wood

[34] studied the influence of the impingement flow for a wide range of flow rates on 304
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stainless steel pipe using the electrochemical noise measurement (ENM) method. They
discovered a critical velocity above which the fluid penetrates across the surface of the exposed
metal causing the growth of stable pits. Melchers and Jeffrey [36] exposed steel samples to
coastal tidal water flows with the velocity up to 1 ms™ and measured the corresponsive corrosion
rates with the weight loss method. They concluded that although the corrosion rate increased
proportionally to the increase of the water flow, the relation between corrosion rate and the
velocity of water was not linear. They also concluded with sufficient protection, the direct effect
of water flow on the corrosion rate of steel could be negligible.

In this study, a laboratory-scale device has been designed and employed to investigate the
influence of impingement flow on the electrochemical barrier properties of epoxy coatings on
steel samples. In the current work, coatings are exposed to a vertical impingement flow of a 3.5
wt. % NaCl solution with a variety of flow rates. EIS has been incorporated in the device and
employed to characterize the changes in coating properties inline during exposure. Moreover,
Atomic Force Microscopy method (AFM) was employed to study the influence of flow on the
surface properties of the coating samples.

2.2. Materials and sample preparation

The monopiles can be modeled as two-dimensional, because their diameter is much
larger than its wall thickness. The diameter of monopile structures is between 5 and 10 m, with
the wall thickness of 70-100, and usually coated with multilayer of coatings with average
thickness of 350 um [6], [53], [54]. Steel panels (Q-Panel, S-612 Lab Products) were used as the
metal substrate. The panels are known in SAE Material Designation with the code 1008/1010
and based on ASTM Material Specifications as A1008. One side of the panels are originally

polished by grinding and the mill surfaces are completely removed. The polished surface
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generally gives better adhesion results when the coating applies. The properties of the steel
substrates can be found in Ref. [55]. The coating sample was formulated by base component,
31.65 wt. % epoxy resin (EPON Resin 828, Miller-Stephenson), 43.04 wt. % curing agent, EPI-
CURE 3164, and 25.31 wt. % xylene. The weight ratio of curing agent to EPON Resin 828 was
1.36 and no pigment was added in the coating system. The coating was applied on the polished
surface of the steel substrates by draw-down method covering an area of 155 mm %152 mm (see
Figure 3). The samples were left to cure at room temperature for 48 hours. A circular area with a
diameter of 80 mm on each coated sample was exposed to the electrolyte solution. The thickness
of the coated samples was measured inside the circular exposure area using a coating thickness
gauge (Elcometer 415). AFM measurements have been performed to explore the surface feature
of the coated samples. All AFM images and results were obtained in air and collected over a scan
size of 10x10 um. The AFM measurements were taken approximately at the center of the
exposed area (Point A in Figure 3) and two other locations between the center and the edge of

the exposed area, with approximately 15 mm from each other (points B and C in Figure 4).

Figure 3.The schematic of the coating sample for impingement flow experiments, and the
locations where the thickness measurements were performed.
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Figure 4. Schematic diagram of the coated area, exposure area, and approximate locations where
AFM measurements were taken.

2.3. Test chamber

A test chamber has been designed and fabricated which is able to create vertical
impingement flow on the sample surface, while EIS data could be collected simultaneously to
monitor the coating degradation. A schematic of the test chamber is shown in Figure 4. The
design consists of aluminum top and bottom plates as well as supports to ensure a rigid structure.
The sample s sandwiched between a tube-like upper adapter (F) and a lower adapter (H). Both
adapters are made by acrylic. An O-ring (E) is used to seal the upper adaptor and the reservoir
(D) to the working fluid. There are no two different metals in direct contact with each other
preventing galvanic corrosion. The flow inlet is placed at the top of the fixture (A) and the flow
outlets are located on the sides of F. The test chamber is also equipped with a reference
electrode, a counter electrode, and working electrode for EIS measurements. An internal tube is
placed in the reservoir to ensure the flow is not disturbed by the electrodes. The test chamber is

placed in a Faraday cage when EIS data is collected.
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Figure 5. Schematic diagram of the test chamber.

2.4. Fluid circulation system

Figure 6 shows the schematic of the complete circulation system. The working fluid was
fed into the chamber through the inlet orifice with an inner diameter of 5 mm by a peristaltic
pump. The distance between the inlet nozzle and the coating surface is maintained at 7.5 cm. The
inlet flow rate was controllable by adjusting the speed of the pump and was measured by a flow
meter which were placed between the pump and the inlet orifice. In order to investigate the
influence of the impingement flow on the degradation of coated samples, three different flow
rates of Q = 0.1, 0.2 and 0.3 gpm (i.e. 6.31, 12.62 and 18.93 cm3s?) applied on coated samples
for a week on each test. Since the diameter of inlet nozzle was 5 mm, the velocities at the nozzle
exit were V = 0.3214, 0.6427, 0.9641 ms™. The maximum applied velocity is approximately the
average velocity of seawater in shallow regions of the ocean and seas (up to 30 m) where the
majority of monopole offshore wind turbines are installed. In addition, selecting the mentioned
applied velocities was to maintain the stability of the fluid flow inside the impingement chamber

for the duration sample immersion. An air diffuser was connected to the reservoir and used to
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saturate the solution with air. The working fluid was discharged through the two exit orifices (K
in Figure 5) by the gravity toward a reservoir container. A steady circulation of the fluid in the
system was maintained. Each coating sample was immersed in an impinging 3.5 wt. % NaCl
solution for a week. The samples were placed between the lower and upper adaptors (as shown
in Figure 6) at the bottom of the test chamber. The working fluid was pumped from the fluid
reservoir at room temperature to the chamber section, and then recycled back to the reservoir
through the exit orifices by gravity. A rotameter was used to measure the flow rate for each test.

The area of each sample that was exposed to the working fluid was 50.26 cm?,

FARADAY CAGE
Reference & Counter Inlet Fluid
Electrodes Return Fluid
Coated Sample
0.1
EIS & AIR
RESERVOIR
COMPUTER TEST CHAMBER FLOW METER PUMP and DIFFUSER

MAGNETIC

STIRRER

Figure 6. Schematic diagram of the particulate flow circulating from the reservoir to the
impingement flow chamber while the degradation of coatings monitored by EIS.

2.5. Electrochemical Impedance Spectroscopy (EIS) measurements
For the EIS test, the working electrode was connected to the stainless-steel substrate,
while two platinum electrodes were used as counter electrodes located in symmetry on the left
and right sides of the sample. Another platinum electrode was used as the reference electrode,
which was immersed in the solution just above the sample. A Reference 600 Potentiostat by
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Gamry Instruments was employed to collect the EIS data. Measurements were taken over a
frequency range of 10 to 10° Hz with ten points per decade using 15 mV AC perturbation
coupled with the open circuit potential. In order to filter the noise and disturbances influencing
the EIS results, the impingement flow chamber was located in a Faraday cage.
2.6. Measurement of the barrier properties of coatings and corresponding analysis

EIS measurements have been carried out to monitor the changes in the barrier properties
of the epoxy coating samples. Experiments are designed to fulfill two comparisons. The first is to
reveal the effect of impingement flow in contrast to stationary immersion. The second
comparison is regarding the EIS results among different flow rates.
2.6.1. Comparison between impingement flow and stationary immersion
2.6.1.1. EIS results

Figure 7 shows the Bode plot of EIS data for coating samples under stationary condition
and flow rate Q = 18.93 cm®s™* respectively. Figure 8 shows the corresponding phase angle
behaviors. The low frequency impedance modulus decreases with the increase of the immersion
time for both cases. The rate of change of the impedance modulus is more significant at the
initial hours of exposure, followed by a relatively slower decrease. This behavior demonstrates
that the barrier property of organic coatings was deteriorated during a week of the exposure to
the working fluid. The impedance modulus of EIS spectra at low frequency serves as a strong
indicator of the corrosion resistance of coating samples; therefore, the impedance modulus at
0.01 Hz as a function of immersion time is plotted in Figure 9. To make a comparison between
the low-frequency impedance modulus, the initial value of impedance for each test has been used
as the base to normalize all low-frequency data for the same flow rate. Considering both Figure 9

and Figure 10, we observe that the rate of decrease of the impedance modulus for Q = 18.93
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cm?®st was higher than the stationary condition, especially during the first 24 hours. This

indicates the fluid flow may have promoted the percolation of water into the coated samples.
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(a)

(b)
Figure 7. Impedance modulus as a function of frequency (Bode diagram) for coating samples
exposed to a 3.5 wt. % NaCl solution for (a) Stationary, (b) Q=0.3 gpm (18.93 cm3s).
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Figure 8. The phase angle as a function of frequency (Bode diagram) for coating samples
exposed to a 3.5 wt. % NaCl solution for (a) Stationary, (b) Q=0.3 gpm (18.93 cm3s).
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2.6.1.2. Equivalent circuit modeling

Figure 11 shows two different equivalent circuit models that have been used to analyze
the EIS data. ZsimpWin3.6 has been employed in the process. The best fitted equivalent circuit
model was selected by fitting to the Nyquist graphs of EIS data and the values of y? were
compared. Ideally the value of ¥ should be between 107> and 1072 to be regarded as an
acceptable circuit model [56]. As an example of the model selection, Figure 12 shows a Nyquist
diagram of the experimental data of one of the samples that was exposed to the flow rate of Q =
18.93 cm3s, the circles indicate the experimental data, while the dashed line represents the
calculated impedance modulus for degraded coating model 1 and the solid line illustrates model
2. Figure 12 shows that model 2 was fitted the best to the experimental data with y? = 1.7x10%,
While equivalent circuit models for ideal dielectric materials involve lumped resistive (R) and
capacitive (C) components [57], for most realistic cases where the impedance data cannot be
represented by lumped circuit elements, such as the current case, distributed elements or constant
phase elements (CPE) are employed [58]. Evidence could be found in Figure 8 for the
complicated behavior of phase angles. Figure 8 shows the phase angle as a function of
frequency as the immersion time increases. The maximum values of phase angles for all
experiments were less than 90°. Theoretically, a phase angle of 0° represents complete
resistance, and 90° complete capacitance; therefore, the values below 90° represent the existence
of non-perfect capacitance. In this case a constant phase angle element (CPE) is suitable to be
used. A CPE is a mathematical realization of a system in which the phase angle between applied
AC voltage and resulting current remains independent of the frequency. CPE is usually
employed in a model to replace a capacitor to simulate the non-homogeneity of the system. The

CPE element is formulated as follows,
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Yepg = Yo (j)™ (1)

where o is the radial frequency, Yo is a factor of proportionality. As the exponent, n defines the
character of frequency dependence (-7 <n <1) [56]. For integer values of n (n = 1, 0, —1), the
CPE characterizes C (capacitance), R (resistance), and L (inductance), respectively. The values
of n are associated with the non-uniform distribution of the current due to materials non-
homogeneities, such as the adsorption of inhibitors, formation of porous layers and the variations
in properties or composition of surface layers [59]. Ycpe:r and Ycpe2 are employed in the second
model for the interface between the coating surface and solution, and that for the metal-coating
interface respectively. To better understand the coating behavior, CPE is converted into

capacitance with the following equation [40], [60]:
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Figure 11. Different equivalent circuit models used in analysis. Ryo is the coating resistance. Rct

is the resistance of the coating-substrate interface, C. and Cqi are coating capacitance and double

layer capacitance respectively, CPE1 and CPE: are the constant phase element between coating-
solution and coating-metal interfaces respectively.
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Figure 12. A comparison between fitting curves of the Nyquist diagram of two different
equivalent circuit models, degraded coating models 1 and 2.

Figure 13 shows the behavior of the coating capacitance C. of the equivalent circuit
model. The coating capacitance increases as immersion time increases for both cases, indicating
the reduction in the corrosion rate toward the end of the exposure time. It is also observed that
the coating capacitance increases more rapidly for the presence of fluid flow within the first
hours of exposure. The phenomenon may be explained by the increased percolation of solution
into the coatings promoted by applied flow rate. The value of the double layer capacitance
depends on many variables including electrode potential, temperature, ionic concentrations,
types of ions, oxide layers, electrode roughness, impurity adsorption, etc; however, the
fluctuations of Cq values are within a small range for both cases (Figure 14), which provides not

obvious difference between the two conditions.
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Figure 13. The absolute (a) and normalized (b) coating capacitance (Cc) of the equivalent circuit
model as a function of immersion time for stationary condition and 0.3 gpm.

25



.~-h

0 50 100 150

Time (hours)
Figure 14. Double layer capacitance (Ca)) of the equivalent circuit model as a function of
immersion time for stationary condition and flow rate of Q = 0.3 gpm.

Figure 15 shows the pore resistance (Rro) and its normalized value as a function of
immersion time. The value of Rpo indicates the amount of ion conducting pathways that develop
in the coating. The overall trends indicate that the Rpo values decrease over time for both cases;
however, the decline rate of pore resistance is much higher for the exposure to the impingement

flow especially during the first 24 hours. Indicating a higher rate of water penetration beneath the

coating.
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Figure 15. Pore resistance (Rpo) of the equivalent circuit model as a function of the immersion
time for (a) the absolute values of Reo, (b) the normalized values of Rpo.

Figure 16 illustrates the charge transfer resistance (Rc) of the equivalent circuit model as

a function of immersion time. When an electrode is polarized, it can cause the current to flow via
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electrochemical reactions that occur on the electrode surface. The amount of current is controlled
by the Kkinetics of the reactions as well as the diffusion of reactants/products towards/away from
the electrode. During immersion, the R¢t values decrease as immersion time increases for both

cases and the decline rate is almost the same during the whole tests’ period.
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Figure 16. Polarization resistance (Rct) of the equivalent circuit model as a function of the
immersion time for a) the absolute values of R¢t and (b) the normalized values of Ret.
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2.6.1.3. Topography characterization

The thickness of the coating samples was measured within a radius of 4 cm from the
center of the coating samples, where the coatings were exposed to the fluid. The mean values for
each sample were taken into comparison. Figure 17 shows the values of coating thickness before
and after the immersion. We observe that for the stationary test the thickness of the coating
slightly increases after immersion. We believe the coating swelling was dominating in this case,
which was caused by the solution that percolates through the coating layers. For the samples
exposed to impingement flow, the coating thickness was reduced after the immersion. In those
cases, due to the increase of the applied flow rate and the associated elevated fluid shear, coating
samples experienced more substantial abrasion on their surfaces that may lead to significant

decline of the thickness.

Figure 17. Coating thickness before and after the immersion for stationary condition and applied
flow rate of Q = 0.3 gpm.
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To examine the influence of fluid flow on the surface features of the coating samples, we
obtained the AFM images before and after immersion as shown in Figure 18. The images shown
were all taken from the center points of the samples. The coating surfaces were smooth before
the exposure. More protuberances were observed on the coating surface after the immersion and
larger surface features could be found for higher flow rates. As shown in Figure 19, we plot the
roughness of the coating samples obtained from AFM analysis before and after the immersion.
The Samples exposed to a flow rate of Q = 0.3 gpm exhibit a more substantial increase in its
roughness comparing to smaller flow rates. The error bars in Figure 19 indicate that the variation
in measured roughness data is also greater for higher flow rates. As the fluid flow impacts
coating surface, materials get removed from the coating surface, and more bumps and dimples
are formed on the surface which leads to the increase of the mean roughness and the variations in

roughness.
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Figure 18. AFM images for the coated surface before (left) and after (right) exposure (a)
stationary immersion (b) impingement flow rate of Q = 0.3 gpm.
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Figure 19. Roughness of the coating surface before and after the immersion for stationary
condition and applied flow rate of Q = 0.3 gpm.

2.6.1.4. Discussion

This study compared the degradation behavior of an epoxy coating exposed to an
impingement flow of 3.5 wt. % NaCl solution and the stationary immersion of the same solution.
The analysis of EIS data and equivalent circuit models revealed the changes in coatings’ barrier
property, while measuring the thickness and mean roughness of the coated surfaces enabled us to
study the physical effects of stresses caused by the fluid flow on the samples. For all the
measured and calculated criteria except the thickness and mean roughness which were measured
at the beginning and the end of the tests, the influence of the fluid flow was very significant
during the first 24 hours for both cases, while the decline rate of the low frequency impedance
modulus and pore and polarization resistances were relatively higher for the exposure to the
impingement flow. Those help us to understand that the applied flow rate promoted the

percolation of working fluids and the transport of the oxygen and ions into coatings with a higher
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rate. Impingement flow produces shear stresses on the surface of the coating samples causing
abrasion of the coated materials. That is why the reduction of the coating’s thickness and
increase of the mean roughness were significant in comparison to the stationary condition.

The comparison between stationary submersion and flowing situation shows that
although in short term the stationary test could provide a close estimate of the barrier properties
of the coating, it does not capture the promoted rate of water percolation in the coating layers,
nor would it account for the accelerated loss of coating materials during fluid abrasion.

2.6.2. Comparing the influence of different applied flow rates
2.6.2.1. EIS results

The Bode plot and phase diagrams are shown in Figure 20 for EIS measurements of
samples subject to impingement flow with flow rates Q = 6.31, 12.62 and 18.93 cm®s™. For all
cases, the low frequency impedance modulus decreases with the increase of the immersion time.
The rate of change of the impedance modulus is more significant at the initial hours of exposure
to the flow, followed by a relatively slower decrease. This behavior demonstrates that the barrier
property of organic coatings was deteriorated during a week of the exposure to the impingement
flow of the working fluid. The fact that the value of the low-frequency impedance modulus for
all cases were between 107 and 108 Q.cm? on the last day of immersion indicates that the
coating did not completely fail during the experiment. The impedance modulus at 0.01 Hz as a
function of immersion time is plotted in Figure 21. In Figure 21, it is observed that the rate of
decrease of the impedance modulus for flow rates Q = 12.62 cm3™* and Q = 18.93 cm3s* were

relatively higher than the lower flow rate (Q = 6.31 cm?3s™?), especially during the first 24 hours.
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Figure 20. Impedance modulus and phase angle as a function of the frequency for the coatings

exposed to 3.5 wt. % NaCl solution for (a) Q=6.31 cm?®?, (b) Q=12.62 cm3s™.
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Figure 20. Impedance modulus and phase angle as a function of the frequency for the coatings
exposed to 3.5 wt. % NaCl solution for (a) Q=6.31 cm3s?, (b) Q=12.62 cm3s%, and (c) Q=18.93
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Figure 21. Impedance modulus as a function of immersion time at 0.01 Hz for different flow
rates, while 3.5 wt. % NaCl solution was the working fluid.
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2.6.2.2. Equivalent circuit modeling

The equivalent circuit model for the applied flow rates is shown in Figure 11. Figure 22
shows the behavior of the coating capacitance C¢ during the immersion in the impingement flow
at different flow rates. Figure 22 also plots the capacitance values normalized by the capacitance
at initial immersion for comparison purpose. The coating capacitance increases as immersion
time increases. It is also observed that the coating capacitance increases more rapidly for higher
flow rates. The phenomenon may be explained by the increased percolation of solution into the
coatings promoted by higher flow rates. We plot the double layer capacitance (Cai) as a function
of immersion time in Figure 23 for different flow rates. The value of the double layer
capacitance depends on many variables including electrode potential, temperature, ionic
concentrations, types of ions, oxide layers, electrode roughness, impurity adsorption, etc. There
is no obvious tendency observed with respect to the immersion time and the flow rate, as may be

caused by a model artifact.
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Figure 22. Coating capacitance (Cc) of the equivalent circuit model as a function of immersion
time for different flow rates: (left) absolute values of capacity in one week, (right) the
normalized values of the capacitance.
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Figure 23. Double layer capacitance (Ca) of the equivalent circuit model as a function of
immersion time for different flow rates.

Figure 24 shows the pore resistance (Rro) and its normalized value as a function of
immersion time. The value of Rpo indicates the amount of ion conducting pathways that develop
in the coating. The decline of the value of pore resistance indicates the increase in the amount of
conducting pathways and the deterioration of the coating’s barrier properties against corrosion.
The overall trends indicate that the Rpo values decrease over time for all samples, and the higher

the applied flow rate is, the greater decrease Rpo value exhibits.
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Figure 24. The magnitude and normalized graphs of pore resistance (Rpo) of the equivalent
circuit model as a function of the immersion time for the non- particulate 3.5 wt.% NaCl solution
flow.

Figure 25 illustrates the polarization resistance (Rct) of the equivalent circuit model as a
function of immersion time. When an electrode is polarized, it can cause the current to flow via
electrochemical reactions that occur on the electrode surface. The amount of current is controlled
by the kinetics of the reactions as well as the diffusion of reactants/products towards/away from
the electrode. During immersion, for all samples Rt values decrease as immersion time
increases. We observe in Figure 25 that Re: exhibits a more rapid decay for Q = 18.93 cm3s?,

owing to a faster diffusion rate promoted by higher flow velocities of the working fluid.
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Figure 25. The magnitude and normalized graphs of charge transfer resistance (Rct) of the
equivalent circuit model as a function of the immersion time for the non- particulate 3.5 wt.%
NaCl solution flow.

2.6.2.3. Topography characterization

The thickness of the coating samples was measured within a radius of 4 cm from the
center of the coating samples, where the coatings were exposed to the impingement flow. The
mean values for each sample were taken into comparison. Figure 26 shows the values of coating
thickness before and after the immersion. We observe that for Q = 6.31 cm3s, the thickness of
the coating slightly increases after immersion. We believe the coating swelling was dominating
in this case, which was caused by the solution that percolates through the coating layers. For
samples immersed in higher flow rates, the coating thickness was reduced after the immersion. In
those cases, due to the increase of the applied flow rate and the associated elevated fluid shear,
coating samples experienced more substantial abrasion on their surfaces that may lead to
significant decline of the thickness. To examine the influence of fluid flow on the surface
features of the coating samples, we obtained the AFM images before and after immersion as
shown in Figure 27. The images shown were all taken from the center points of the samples. The

coating surfaces were smooth before the exposure. More protuberances were observed on the
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coating surface after the immersion and larger surface features could be found for higher flow
rates. As shown in Figure 28, we plot the roughness of the coating samples obtained from AFM
analysis before and after the immersion. All roughness values were measured significantly
higher after the samples were immersed in the impingement flow. Samples exposed to a flow
rate of Q = 18.93 cm>s! exhibit a more substantial increase in its roughness comparing to smaller
flow rates. The error bars in Figure 28 indicate that the variation in measured roughness data is
also greater for higher flow rates. As the fluid flow impacts coating surface, materials get
removed from the coating surface, and more bumps and dimples are formed on the surface which

leads to the increase of the mean roughness and the variations in roughness.

Figure 26. Coating thickness before and after the immersion in the impingement flow.
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Figure 27. AFM images for the coated surface before (left) and after (right) exposure to the
impingement flow: (a) Q=6.31 cm3s™, (b) Q=12.62 cm®s?, and (c) Q=18.93 cm3s™.,
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Figure 28. Roughness of the coating surface before and after the immersion for different flow
rates.

2.6.2.4. Discussion

This study investigated the degradation behavior of an epoxy coating exposed to an
impingement flow of 3.5 wt. % NaCl solution at different flow rates. The analysis of EIS data
and equivalent circuit models revealed the changes in coatings’ barrier property. We observed
that the impedance modulus experiences a more significant decrease after its immersion in
higher flow rates. Assisted by equivalent circuit models, we discovered that under the influence
of impingement flow, higher flow rates result in a more substantial decrease in polarization
resistance and double layer capacitance. The coating capacitance value also shows significant
increase as the flow rate increases. Those help us to understand that the higher flow rates
promote the percolation of working fluids and the transport of the oxygen and ions into coatings.
For higher flow rates larger shear stresses were produced on the surface of the coating samples
causing abrasion of the coated materials. Moreover, the variations in the coatings thickness are

resulted from two contradicting behaviors of the working fluids: i) the swelling process during
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the absorption of working fluids into the coatings and ii) the abrasion created by fluid shear.
Calculations also reveal increased volume fraction of water uptake in coatings under higher flow
rates. The AFM results show that the mean roughness of the samples increases as we increase the
flow rates. The changes in surface feature are more substantial for higher flow rates. Overall, we
conclude that the higher flow rates of impinging working fluids not only promote the transport
rate of ion and oxygen and water penetration, but also expedite the degradation of the organic

coating via water update and abrasion from fluid shear.
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3. DEGRADATION OF EPOXY COATINGS EXPOSED TO SAND PARTICULATE
IMPINGEMENT FLOW
3.1. Introduction

There are several types of suspended solid particles in the oceans. The size and
concentration ratio of suspended solids depend on several natural factors. The type of solids
suspending and drifting in the oceans water varies from sediment, silt, and sand to plankton and
algae. The small organic particles like animals’ decay and plants are contributing to the different
types of suspending particles in the oceans [61]. The size of algae particles varies between 0.2
and 5.5 um [62]. Clay as the smallest soil particle has the average diameter of 1.95 um, while silt
particles are in the range of 4.9 to 47 um, and the size of sand particles are between100 um and
1.5 mm [63].

The flow velocity, temperature, sea depth, salinity, and the amount and density of
submerged living plants also influence the size and concentration of particles in seawater. The
higher the velocity of the flow, the larger the particles that can be suspended [64]. Particles larger
than 0.5 mm usually agglomerate at the seabed as water flow decreases [64]. Although the direct
influence of the temperature on the concentration of the suspended solids in oceans is not known,
the on-site observations indicate huge differences between the concentration of solids in different
seasons. For example, the obtained data from 6 different offshore sites in England [65]
demonstrated that the concentration of suspended solid particles were between 15 and 80 mgl-1
in January, while that rage reduced gradually down to 5 to 10 mgl™ in June, and then increased
again towards December to be in range of 10 to 40 mgl. The reason for such a significant
difference could be the existence of several factors including the various number of sediments

supplied from riverine during different seasons, the intensity of water evaporation due to the sun
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light, and the change of the water temperature itself. The investigation of the same group [65]
also indicated that the concentration of suspended solids was 20 to 40 % higher at water surface
in comparison with the deeper areas close to the seabed. The salinity of the ocean increases the
aggregation of suspended particles, and consequently increase the weight of particles and cause
them to settle on the seabed [66]. In general, the concentration of suspended solid particles in the
shallow water of oceans (up to 50 m) can be estimated between 20 and 50 mgl* [64].

In addition, the human activities such as the installation of offshore structures also
contributes to the change of the type, size, and concentration of suspended particles in the
vicinity of the structures. The installations of offshore wind farms, especially the monopile
structures, increase the number of suspended particles too. Vanhellemont et. al. [67] observed the
turbid wakes associated with one monopile offshore wind turbine were 30 to 150 m wide and
several kilometers in length. They argued that the turbid wakes could significantly impact
sediment transport and the concentration of suspended solids around the offshore wind
structures. In another study, Baeye et. al. [68] figured that the total suspended particulate matters
in water increased five times in the wake of offshore wind turbines. Other investigations revealed
that the installation of offshore wind turbines in Rhode Island attracted more benthic
communities (species living on or in the seabed) to reside in the vicinity of the offshore wind
foundation [69]. The abundance of living creatures around the structures increases the number of
fishes and other species [70], which leads to more decays from animals and increase in the
concentration of suspended particles. One investigation on an offshore windfarm in Denmark
reported 50 to 150 times increase in benthic animals and biomass compared with the time prior

to the windfarm development [26].
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The destructive influence of solid particles on the erosion-corrosion of metals have been
studied comprehensively in historical literatures [71]-[77]. In these studies, a combination of
experimental and analytical approaches was accomplished to address the impact of solid particles
on metal surfaces. The degradation of metals was investigated by considering the mechanical
properties of the metals including hardness, toughness, and elastic modulus, as well as the shape,
size, velocity, elastic modulus, and impact angles of particles suspended in working fluids. The
erosion rate of the metals, the depth of the formed crates (volume of created hole due to the
particles’ impact), and the formation of raised lips on the metals were calculated. Moreover, the
boost of oil industry in last decades and the high corrosion rates of gas and oil slurry pipelines
attracted the attention of many scientists to study the influence of slurry sand flows on erosion-
corrosion of metals [77]-[82], where concurrent destructive influence of both liquid (mostly
saline fluid) and solid particles on metals were investigated. However, for slurry flows, generally
a high concentration of solid content is considered (10 to 20 wt. % of the liquid). Stack et al. [83]
mapped the transition boundaries from corrosion to erosion-corrosion of metals with respect to
the vertical impingement fluid flow of a 3 wt. % NaCl solution with a velocity varying between
0.1 and 100 ms™, and sand particles’ concentration between 0 and 40 wt. %. They concluded
that by increasing the particles’ concentrations, the erosion rate of the metals increased.
Moreover, they showed that by increasing the velocity of the fluids the erosion-corrosion rate
increased. By recent progress in electrochemical techniques, Electrochemical Impedance
Spectroscopy (EIS) has been employed in the study of the erosion-corrosion of metals due to
particulate flows [84]-[87]. Jiang et al. [84] studied the effects of parallel rotational flow of 3 wt.
% NaCl solution with 0.2 wt. % sand on steel samples with EIS method. They concluded that the

increase of flow velocities decreased the impedance modulus, and therefore, increased the rate of
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the metal corrosion. They also compared the existence and absence of particles in their fluid flow
and reported that the existence of the sand particles increased the corrosion rate of steel samples
significantly. They concluded the higher corrosion rate of the particulate flow was due to the
destruction of steels’ passive film. Niu and Cheng [85] made similar conclusions regarding the
wear of passive film for the Aluminum samples due to the impact of particles. Zhao et al. [86]
investigated the influence of high-velocity (20.5 ms™*) impingement jet of a 3.5 wt. % NaCl
solution with 0.21 wt. % silica and sea sand on wear of AISI 316 stainless steel with EIS method.
They conducted their experiment with three different impingement angles (20°, 60°, and 75°)
and concluded that the erosion rates were higher for the smaller impact angle due to the
dominant applied shear stresses. They also reported the fluid flow with sea sand appeared to be
more corrosive than the silica sand. Moreover, they observed that the weight losses of the steel
samples caused mainly by the smallest sand particles. The influence of the size and shape of
solid particles, in addition to the magnitude and direction of applied stresses on erosion-corrosion
of the steel samples were revealed.

In contrast to the abundance of studies on solid particles’ impact on metals, there have
been very few works that addressed the influence of particle impacts on degradation of organic
coatings. Matthewson [88] provided an in-depth theory and mathematical model for indentation
of a soft, thin coating by rigid solid particles. The provided theories by Matthewson covered a
wide range of the mechanical behavior and characteristics of the coatings including the
movement of the coating material from its unloaded position, the viscoelastic behavior of the
coatings subjected to particle impacts and calculation of applied stresses at the contact point of
solid and coating. Pool et al. [89] then further developed theoretical and experimental models for

the wear of polymeric composites and coatings affected by particles. Wood [90] formulated the
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erosive rate of the coatings with respect to the sand impact velocities between 10 and 30 ms™
with jet angles of 30° and 90°. Tan et al. [91] investigated the influence of particle impact on the
erosion-corrosion of HVOF coatings using electrochemical current measurements and
gravimetric analysis. Papini and Spelt [92]-[94], and Zouari and Touratier [95] investigated the
removal of organic coatings by particle impact by utilizing spherical particles in air flow jets
with very high applied velocities (between 50 and 150 ms™?). To the best knowledge of the
authors, most studies on the influence of the particulate flow on the coatings have been limited to
the high velocity particulate air flows [96], [97]. Recently, Zeng et al. [98] investigated the effect
of water-sand mixture on the erosion of epoxy and polyurethane coatings. In their studies, they
managed the rotational velocity of the mixture from 2 to 10 ms™, with different sand
concentration between 0.5 and 8 kgm. Sample weight has been measured to monitor the coating
degradation.

In this work, impinging particulate flows were applied on coated samples in a lab-scale
impingement chamber. The utilized fluid for the experiments was a 3.5 wt. % NaCl solution with
1 wt. % suspended sand particles. The type of sand particles was industrial rounded quartz with
an average diameter size of 390 um. EIS measurements were conducted to monitor degradation
of organic coatings.

3.2. Preparation of particulate fluid and its characteristics

In order to resemble the general condition of oceans, 3.5 wt. % NaCl solution was
employed. Multi-purpose rounded quartz sand with the density of pg,,q = 2.65 gcm™3 was used
for the effect of Micro-scale particles on the coatings. A high-resolution microscope (HRX-01
model of HIROX company) was utilized to measure the sizes of 50 random sand samples. The

average diameter of the sand particles was 390.2 + 125.19 um as shown in Figure 29. The
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regular concentration of particles in shallow waters up to 50 m depth is between 20 and 50
mg.I"t. The installations of offshore wind turbines normally cause an increase in concentration of
suspended particles. Therefore, the concentration of 1 wt.% of sand was added to the 3.5 wt. %
NaCl solution for experiments. The measured density of the mixture was p,,, =

1030.928 kgm~3. A Rheometer (TA Instruments) was utilized to measure the dynamic viscosity
of the mixture. The temperature was fixed on 25°C, while the shear rate was in the range of 0 to
100 s*. The applied shear stresses were between 0.01and 0.2 Pa. The dynamic viscosity
measurements were conducted five times with the volume of 1.3 mL of the mixture. The
measured dynamic viscosities of the mixture varied with respect to the applied shear stresses in
the range between p,,, = 1.837 x 1073 and 1.749 x 10~ Pa.s. For the stress analysis, the average

dynamic viscosity of u,, = 1.813 x 1073 Pa.s was employed.

Figure 29. 2-D Measurements of the size of sand particles with HIROX (HRX-01) microscope.
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3.3. Flow circulation system and EIS measurements

The circulation system of particulate fluid and the EIS measurement method are exactly
the same as the non-particulate impingement flow experiment. However, a magnetic stirrer was
employed in the reservoir to constantly resuspend sand particles which accumulated at the
bottom of the reservoir (see Figure 6).

3.4. EIS results of sand particulate fluid and the comparison with non-particulate fluid

The epoxy coatings were exposed to two different working fluid of 3.5 w% NaCl solution
in addition to the 1 w% sand suspended particles. Three flow rates (Q = 6.31, 12.62 and 18.93
cm?®s) were employed for a period of one week. The degradation of the coatings was monitored
with EIS. The impedance modulus (Bode plot) and phase angle of the coatings for each applied
flow rates are shown in Figure 30. The graphs represent impedance and phase angles measured
upon stabilization after the onset of the flow (initial) and those measured daily while the coating
sample was kept under the impingement flow. The area of the exposed coatings (A =
50.24 cm?) was used in the calculation of the impedance modulus for the Bode plot We observe
from the Bode plots that all impedance modulus decreases with time as the coatings were

submerged in particulate impingement flow.
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Figure 30. Impedance modulus and phase angle as a function of the frequency for the coatings
exposed to 3.5 wt. % NaCl solution with 1 wt. % added sand particles for (a) Q=6.31 cm?s?, (b)
Q=12.62 cm3s™™,
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Figure 30. Impedance modulus and phase angle as a function of the frequency for the coatings
exposed to 3.5 wt. % NaCl solution with 1 wt. % added sand particles for (a) Q=6.31 cm3s?, (b)
Q=12.62 cm3?, and (c) Q=18.93 cm3s* (continued).

We plot the low frequency impedance modulus as a function of immersion time in Figure
31. For particulate working fluid, the low frequency impedance modulus of the coatings

decreases more drastically for higher flow rates.
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Figure 31. Low-frequency impedance as a function of immersion time at 0.01 Hz for different
flow rates for 3.5 wt. % NaCl solution with 1 wt. % sand particles.

To make direct comparison between samples submerged in different working fluids, we
plot in Figure 32 the low frequency impedances normalized by the low-frequency impedance
modulus at the initial immersion time for both particulate and non-particulate fluids. As shown in
Figure 32 (a) where the trends for the lowest applied flow rate (Q = 6.31 cm3s!) are plotted, the
degradation of the coatings occurred at almost the same rate for both types of fluids, indicating
the added sand particles did not have significant influence on the degradation of the coating at
low flow rates. For the flow rate of Q = 12.62 cm3s™, the added sand particles slightly increased
the rate of the coatings’ degradation as shown in Figure 13b. The effect of the sand particles was
significant after the first 24 hours of the immersion. For the highest flow rate (Q = 18.93 cm3s™?),
the low frequency impedance modulus of the coatings decreased at a noticeable higher rate in the
particulate fluid than that in the non-particulate fluid. Overall, as the flow rate increased, the

destructive influence of added sand particles was more significant on the coatings.
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Figure 32. The comparison between the normalized low-frequency impedance modulus of
particulate and non-particulate flow at (a) Q=6.31 cm3?, (b) Q=12.62 cm3s™.
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Figure 32. The comparison between the normalized low-frequency impedance modulus of
particulate and non-particulate flow at (a) Q=6.31 cm3?, (b) Q=12.62 cm3s?, and (c) Q=18.93
cm3s(continued).

3.5. Equivalent circuit modeling
The equivalent circuit models with constant phase elements (CPE) provided the best
fitting to the EIS data as shown in Figure 11 (b). A sample of curve fitting process with Zsimp
software is shown in Figure 33. In Figure 33, the Nyquist graph of the third day of coatings
exposure to the sand particulate flow with Q = 12.62 cm®s* was fitted with the model provided

in Figure 33, while the respective ¥* value was 5.06x107.
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Figure 33. A sample curve fitting of the EIS results with respect to chosen equivalent circuit
model: EIS data of day three for the sand particulate flow with Q = 12.62 cm3s™* modeled as
Figure 11 (b) with ?=5.06x10"°.

Based on (1 1 and 2, the equivalent coating capacitances (Cc) were calculated with
respect to the pore resistances and the double layer capacitances (Cai) were calculated with
respect to the charge transfer resistances. The trends of coating capacitances exposed to the sand
particulate fluid flows are shown in Figure 34. Considering the graph, the magnitude of coating
capacitances increased proportionally to the increase of the inlet flow rates. Moreover, as shown
in Figure 35, the increase rates of the coating capacitances were significantly higher for the sand
particulate fluid compared with non-particulate one at each respective applied flow rate.
Generally, the coating capacitance indicates the rate (the speed) at which the transformation of
ions take place on the outer layer of the coatings. Considering Figure 22 and Figure 34, and the
three different stages of the coating failures [99], [100], the homogeneous diffusion of ions took
place during the first 48 hours regardless of the fluids’ type and the applied flow rates. The

approximately constant magnitudes of the coating capacitances after the homogeneous diffusion
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period (from t=48 to t=168 h), clearly show that the coatings’ condition consistently stood in
saturation stage during the rest of experiments. Since we did not observe a sudden increase of
one of the coating capacitances during the last days of exposure, it can be concluded that the
coating capacitances did not enter the electrochemical reaction stage (complete failure stage). In
theory, the electrochemical reaction stage starts, when the water molecules reach the interface of
the metal, and then consequently the transfer of ions/electrons take place towards/away from the
metal to the corrosive environment. Overall, with respect to the applied flow rates, the more
prominent increase of the magnitude of coating capacitance implies that the ion diffusion was
enhanced faster and at a higher rate for the highest applied flow rates during the first 48 hours
regardless of the type of the fluids. However, the additional sand particle caused even higher rate

of ion diffusion, especially for the highest applied flow rate of Q = 18.93 cm3s™.
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Figure 34. The magnitude and normalized graphs of the coating capacitances (C¢) as a function
of immersion time exposed to the three different flow rates of sand-particulate 3.5 wt. % NaCl
solution.
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Figure 35. The comparison between the normalized graphs of the coating capacitance (Cc) of the
equivalent circuit model as a function of the immersion time for the both non- particulate (N-P)
and 1 wt. % sand-particulate (S-P) 3.5 wt.% NaCl solution flows.

The plots of double layer capacitances for the particulate fluid is depicted in Figure 36.

The graphs of the both types of fluids (particulate and non-particulate - Figure 23 and Figure 36)
show no particular pattern with respect to the applied flow rates. The complexity of the situation
at the metal-coating interface is the main reason of such a fluctuating behavior. On one hand, the
diffusion of some ions through the few random paths of the coatings, down to the surface of the
metal, provide a suitable environment for the start of some electrochemical reactions; however,
due to the limitation of the access paths of the free electrons to the electrolyte solutions the
formation of anodic and cathodic regions on the surface of the metal is not possible. The curves
for the both types of fluids clearly show the inconsistent condition on the metal-coating interface
with respect to the ionic concentrations, electrode potentials, and the uncertain condition of the

oxide layer of the steel substrates.
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Figure 36. The magnitude of the double layer capacitances (Cai) as a function of immersion time
and flow rate for the 3.5 wt % NaCl solution with 1 wt% sand particle.

The reduction pattern of the coatings’ pore resistance exposed to the three different flow
rates for the sand particulate fluid is shown in Figure 37. With respect to the normalized graph in
Figure 37, the pore resistance of the coatings decreased at different rates, and the higher flow
rates caused higher degradation of the coating (higher rate of the reduction of Rpo). Figure 38
illustrates the comparison between the normalized graphs of pore resistances for different applied
flow rates and for the two utilized types of the fluids. It is obvious that the pore resistance of the
coatings decreased at higher rates for sand particulate flow compared with non-particulate one.
This indicated that the presence of sand particles in the fluid flows deteriorated the surface of the
coatings’ more harshly, and therefore, increased the amount of conducting pathways of ions
through the coatings. Moreover, the destructive influence of the sand particles increased as the

flow rates increased.
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Figure 37. The magnitude and normalized graphs of pore resistance (Rpo) of the equivalent
circuit model as a function of the immersion time for the sand- particulate 3.5 wt.% NaCl

solution flow.
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Figure 38. The comparison between the normalized graphs of the pore resistance (Rpo) of the
equivalent circuit model as a function of the immersion time for the both non- particulate (N-P)
and 1 wt. % sand-particulate (S-P) 3.5 wt.% NaCl solution flows.

Figure 39 illustrates the charge transfer resistance (Rct) of the equivalent circuit model for

sand particulate flow. As shown in Figure 39, regardless of the applied flow rates, the sharp
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decline of the charge transfer resistance took place during the first two days of the exposures
time. It indicates that the resistance between the coating and metal interface dropped
significantly as soon as the first ions passed through the entire thickness of the coatings and
reached the interface. However, the charge transfer resistances for all the experiments remained
approximately constant to the end of the experiment after the second day of exposure indicating
the constant diffusion of electrons toward the coatings from the electrode, and the ions toward
the electrode from the upper layer of the coatings. Similar to the trend observed for the decline
of pore resistances, in the case of charge transfer resistance, the increase in flow rates caused the
higher reduction rates of the charge transfer resistances, while the presence of the sand particles

caused even greater reduction rates of the Rt values as shown in Figure 40.
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Figure 39. The magnitude and normalized graphs of charge transfer resistance (Rct) of the
equivalent circuit model as a function of the immersion time for the sand- particulate 3.5 wt.%
NaCl solution flow.
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Figure 40. The comparison between the normalized graphs of the charge transfer resistance (Rct)
of the equivalent circuit model as a function of the immersion time for the both non- particulate
(N-P) and 1 wt. % sand-particulate (S-P) 3.5 wt.% NaCl solution flows.

3.6. Discussion
In this study, the influence of 1 wt. % sand particulate 3.5 wt.% NaCl solution with three
different constant impingement flow rates on degradation of epoxy coating was investigated.
Then the obtained EIS results of the particulate fluid compared with the EIS results of the non-
particulate one. The main research conclusions are as the following:

e For the lowest applied flow rate, Q1=6.31 cm3s?, the influence of sand particles was
not significant since the values of compared equivalent circuit elements (Cc, Rct, Rpo)
for both sand particulate and non-particulate fluids were almost the same.

e For Q2=12.62 cm3s’, the comparisons between the low frequency impedance moduli
of both types of fluids, in addition to the coating capacitances and pore resistances
showed noticeable higher coatings’ degradation rates for the sand particulate fluid.

The decrease in charge transfer resistances for both fluids took place at almost same
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rate. That indicates, for the medium applied flow rate, the additional stresses due to
the momentum impacts of sand particles were only effective on the outer layer of
coatings and did not cause any difference on the coating and metal interface.

e For Q3=18.93 cm3, the compared graphs of low frequency impedance modulus,
coating capacitance, pore resistance, and charge transfer resistance showed significant
destructive influence of the particle impacts on the coatings.

Overall, it was concluded that for the lowest applied flow rate (Q:=6.31 cm®s™), the
additional sand particles did not have any obvious additional destructive influence on the
degradation of coatings. For the medium applied flow rate (Q,=12.62 cm3s1), the compared
equivalent circuit elements showed that the added sand particles slightly increased the
degradation rate of the coatings. For the highest applied flow rate (Qs=18.93 cm3s™?), the
destructive influence of sand particles was significant, indicating that when the velocity of
particulate flow reaches 1 ms™, the momentum impact of the sand particles plays a vital role in

degradation of the organic coatings.
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4. DEGRADATION OF EPOXY COATINGS EXPOSED TO CYCLICAL LOADS OF
WAVES OF A WAVE TANK
4.1. Introduction

The monopile structures of offshore wind turbines are subjected to cyclic wave and tidal
loads, which normally results into corrosion, wear, and ultimately the catastrophic failures due to
fatigue loads. The area at which such cyclical loads are dominant is called the wave zone. The
cyclical lifting movement formed by the sea surface over time results into tidal currents. Tidal
currents are in the horizontal direction perpendicular to the structure of offshore wind structures.
The resultant of the attractive force between moon and earth, and the inertial centrifugal force by
rotation around a barycenter of the earth and its moon are the driving force of the tidal current.
The combination of local wind current, gradient current and tidal current forms the waves in the
sea. The dependence of waves on wind speed and its direction, in addition to the pressure on the
sea, make the formation of waves unpredictable. As waves are random phenomena, the
characteristics and basic parameters of ocean waves observed also have different values that
change with time and position. The wave loads are usually simulated as linear irregular waves
with theories like Pierson-Moskovitz or JONSWAP [101], [102]. The linear theory can estimate
the wave forces acting on offshore platforms with high accuracy when the offshore structures are
installed in deep ocean [103]. However, most offshore monopile wind turbines are installed in
medium-shallow waters, where nonlinear effects are commonly encountered due to high
steepness [104]. For the shallow waters, the Sharma and Dean model [105] is normally utilized
which is based on a second order expansion of the potential flow at finite water depths.

The main parameters that define the characteristics of wave include the wave height (H)

in m, the wavelength (L) in m, the displacement of the water surface (1) in m, the wave frequency
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(w) in rad/s, the amplitude of wave (a) in m, the depth of water from the free surface (d) in m, the

wave speed (U) in ms™, and the wave period (T) in s. Figure 41 shows the schematic of the wave

parameters for a linear wave.
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Water surface
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Figure 41. The main parameters of regular ocean waves: the wave height (H) in m, the
wavelength (L) in m, the displacement of the water surface (1) in m, , the amplitude of wave (a)
in m, the depth of water from the free surface (d).

In a study on the North Sea, the statistical wave data was monitored in the area where the
water dept was around 30 m [106]. For the wind speeds between 3 m/s < U,y ing < 25m/s at
100 m above the sea level, the respective wave heights were measured to be 0.8 m < H < 7.3 m,
and the wave periods were between 5 s < T < 12 s [107]. For strong waves with T =~
10 s and H = 10 m, the respective normal momentum energy on the monopile structures were
measured to be between 80 MJ < E < 145 MJ [108], [109]. In another case study on a monopile
structure with the diameter of 5 m and the wind speed at around 18 ms™, the maximum horizontal

wave force on the structure was measured as F = 0.88 MN [110].
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Offshore monopile structures are subjected to cyclic loads of waves which result in
fatigue damage, and then lead to the initiation of cracks and eventually failure. The fatigue
damage is time consuming, while the failure of the structure takes place at a relatively rapid pace
after the initial cracks form and growth on the outer surface of the structure. The steady state
tidal currents result in gradual abrasion and corrosion of the structure. There is an interaction
between corrosion and fatigue damage. Although both damages can occur simultaneously,
generally the abrasion of coatings and water penetration toward the metal surface result in plastic
deformation of the metal due to corrosion. Eventually the electrochemical reactions on the metal
surface exacerbates the fatigue damage. The magnitude of applied load, the frequency of wave,
and the period of the waves identifies the dominant damage type of corrosion-fatigue
phenomenon [111]. The impact of wave loads on fatigue damage and cracking of the monopile
structures have been studied in several papers [107], [112]-[118]. Ziegler et al. [114], [115]
investigated the significance of wave height and mean velocities of free surface on the fatigue
Loads on offshore wind turbine structures using Monte Carlo simulation. Their work showed the
influence of the water depth and the wave period on the fatigue loads. Schlger et al. [116]
showed the vital effect of nonlinearity and steepness of waves on the impulsive structural
responses. In another study, Marino et al. [117] concluded that the nonlinearity of waves has a
substantial influence on the fatigue loads, especially when the wind turbines are in parked state
(the blades are still, and the turbine does not generate electricity). Further, Camp et al. [118]
addressed the importance of extreme waves and the nonlinear wave at shallow water for
modeling the loads and fatigue damage on offshore wind turbines.

The methods available to protect the generally steel monopile structure against corrosion

include cathodic protection (galvanic corrosion), corrosion allowance and formation of passive
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layer, and application of multilayer coating systems [6], [13], [14], [27], [53], [119]-[122].
Inhibitive coatings promote passivation of the metal surface and generate protective layers. They
are used as a primer coating since the reaction with the steel surface is required. The selection of
coatings and their respective applied thickness is very challenging since the monopile structures
in tidal and splash zones are exposed to unpredictable waves in addition to the other regular
corrosive factors including the Oxygen content of air and water, salt, UV lights, temperature, etc
[123]. The on-site corrosion tests are usually conducted on coating systems of offshore wind
turbine, where coating samples exposed to the sea water at different locations that were planned
for installations of the turbines [6], [54], [124], [125]. However, due to the existence of all
corrosive factors, it is impossible to distinguish the individual effect of each corrosive factor on
the degradation of the coatings. In recent years, many lab-based flow induced accelerated
corrosion tests were conducted. The majority of the lab-based corrosion tests were conducted on
uncoated metals [31]-[36], while the degradation of coatings have not received enough
attentions until recently [50], [52], [126]-[130].

In this study, to investigate the influence of cyclic loads of waves on degradation of
organic coatings, a wave tank was designed and configurated. The wave tank was designed to
apply very low to medium range of stresses on the surface of coatings sample. Such stresses help
to study the gradual degradation of coatings rather than witnessing the fatigue damage. The
velocity of the water flow was measured with Particle Image Velocimetry. Moreover, the
Electrochemical Impedance Spectroscopy method was utilized to monitor the deterioration of

coatings.
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4.2. Wave tank and wave characteristics
The wave tank designed in a way to simulate low frequency tidal waves in ocean
conditions. The dimensions of the wave tank were 1524 mm x 508 mm %508 mm. As shown in
Figure 42, the flap-type paddle was located 178 mm far from the right wall of the tank, while a
wave breaker with the dimensions of 380 mm x 380 mm was located at the opposite wall at the
other end of the tank. The steel coated samples were located 584 mm far from the paddle and 382
mm to the edge of the wave breaker. The tank is filled with 3.5 wt. % NaCl solution to half of its
height (254 mm). The top edge of the exposed coating area was 20 mm lower than the free water

surface, while the samples have 10 mm distance to the bottom of the tank.
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Figure 42. A 2-D schematic of the wave tank.

As shown in Figure 43, the motor is located on a motor holder on top and is powered by
an Arduino motor. This motor has a rotor attached to its output shaft with a pin connection to

another shaft which is connected to the top portion of the paddle with a pin connection. In this
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study, 3 motor speeds (20, 40, and 60 rpm) were considered for each set of corrosion tests. For
each test, two coating samples were placed next to each other with a 26 mm distance between
their edges and 89 mm distance from their other edge to the wall, as shown in Figure 44. The

coating samples were exposed to steady-state waves at constant motor speed for one week.

Figure 43. The wave tank.
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Figure 44. The location of the coating samples inside the wave tank.

The paddle of the wave tank was designed as a flap-type wavemaker where the pendulum
movement of the paddle forms the waves in the wave tank (see Figure 45). The length of the
paddle is 533.4 mm (only 245 mm of the paddle is in water), and its stroke length is S = 176.4
mm. The rotation angle from the vertical position of the paddle to the longest distance of its
pendulum movement was a = 19°.

The governing equation of the flap-type wavemaker was developed by Galvin [131]-
[133], which relates the stroke length (S) to the wave height (H), water depth (d), and the

wavelength (L) (see Figure 45).

H_, sinh(kd)\ (1 + kd sinh(kd) — cosh(kd) (©)
S ( kd >< 2kd + sinh(2kd) )

where k is the wave number, which can be calculated as the following:

k_27T
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Figure 45. The flap-type wavemaker and its respective parameters, which was utilized in the
wave tank.

4.3. Sample preparation
The coating samples are prepared in the same way that was described in section 2.2. In
addition, the edged of the samples were applied with an extra layer of coating using dip-coat
method. Finally, a waterproof tape was applied all over the samples except for an area of 70 mm

x 70 mm which was exposed to the flow waves (see Figure 46).
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0.81 mm
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Figure 46. The schematic of the coating samples for wave tank experiments, showing the layers
of steel, organic coating, and the applied waterproof tape.

72



4.4. EIS method

To monitor the process of the degradation of coatings, Electrochemical Impedance
Spectroscopy (EIS) method was utilized. In order to collect the EIS data, a reference 600
Potentiostat by Gamry Instruments was employed. In each EIS test, the steel substrates were
considered as working electrode while platinum electrodes were used as reference and counter
electrodes, while three platinum electrodes were considered as a reference and counter electrodes
as shown in Figure 47. The reference electrode was located at the center right in front of the
coating samples, while the two counter electrodes located in symmetry on the left and right side
of the reference electrode. All the EIS tests were taken over the frequency range of 1072 to 10° Hz
with ten points per decade using 15 mV AC perturbation coupled with the open circuit potential.
The initial EIS tests were conducted at the beginning of the immersion of coating samples, and
the second EIS test was conducted 3 hours after the exposure to the waves. The third and fourth
EIS tests were conducted after 12 h and 24 hours of the exposure time. The rest of the EIS tests
were accomplished every 24 hours until the end of the seventh day. During the time that the EIS
measurements were conducted (about 35 min for each test), the motor was turned off to

minimize the disturbance of attacking waves on the EIS results.
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Figure 47. The position of electrodes for conducting the EIS measurements.

4.5. EIS results

The coatings were exposed to three different waves which were produced in the wave
tank with three different motor speed, 20, 40, and 60 rpm, for a period of one week. The
degradation of the coatings was monitored with EIS. The impedance modulus (Bode plot) and
phase angle of the coatings for each applied wave were shown in Figure 48 and Figure 49. The
graphs in both figures represent impedance and phase angles measured upon stabilization after
the onset of the flow (initial) and those measured daily while the coating sample was kept
completely under water. The area of the exposed coatings (4 = 49 cm?) was used in the
calculation of the impedance modulus for the Bode plot. We observe from the Bode plots that all

impedance modulus decreases with time as the coatings were exposed to the cyclical wave loads.
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Figure 48. The impedance modulus of the coating samples exposed to three different cyclical
wave loads for a week.
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Figure 48. The impedance modulus of the coating samples exposed to three different cyclical
wave loads for a week (continued).
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Figure 49. The phase angles of the coating samples exposed to three different cyclical
wave loads for a week.
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Figure 49. The phase angles of the coating samples exposed to three different cyclical wave
loads for a week (continued).
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To make a comparison between the impedance of the samples we plot the low frequency
impedances normalized by the low-frequency impedance modulus at the initial immersion time.
As shown in Figure 50, the low frequency impedance of the coatings decreased during the week
of exposure to waves for all three cases. Moreover, the decreasing rate of impedance was higher
for the highest rotational speed of the motor (w3 = 60 rpm) compared to the other two motor
speeds. The low frequency graphs show the direct relation between the increase of the cyclic

loads and the decrease of the impedance of the coatings (i.e. the degradation of the coatings).
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Figure 50. Low-frequency impedance moduli (a) and their respective normalized graphs (b) as a
function of immersion time at 0.01 Hz for different rotational speed of the motor.
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4.6. Equivalent circuit modeling

Figure 51 shows the equivalent circuit models that have been used to analyze the EIS
data. ZsimpWin3.6 has been employed in the process. The best fitted equivalent circuit model
was selected by fitting to the Nyquist graphs of EIS data and the values of y? were compared.
Ideally the value of ¥? should be between 107° and 102 to be regarded as an acceptable circuit
model. As an example of the model selection, Figure 52 shows a Nyquist diagram of the
experimental data of one of the samples that was exposed to the waves with motor speed of w; =
60 rpm. Figure 52 shows that the equivalent model was fitted the experimental data with 2 =

1.03x10*.

Iin Iout

R [/
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Figure 51. The equivalent circuit models used in analysis. Rs is the solution resistance, Rt is the
coating resistance. Rpo is the resistance of the coating-substrate interface, C. and Cq are coating
capacitance and charge transfer capacitance respectively.
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Figure 52. A sample curve fitting of the EIS results with respect to chosen equivalent circuit
model: EIS data of day four for the strongest waves with ®3=60 rpm modeled with y2=1.06x10*,

Figure 53 (a) shows the behavior of the coating capacitance C. during the exposure to the
waves produced with three different motor speeds. Figure 53 (b) plots the capacitance values
normalized by the capacitance at initial immersion for comparison purpose. The coating
capacitance increases as immersion time increases. It is also observed that the coating
capacitance increases more rapidly for higher wave loads. The phenomenon may be explained by
the increased percolation of solution into the coatings promoted by higher flow rates.

We plot the double layer capacitance (Cai) as a function of immersion time in Figure
54 for different wave loads created by three different motor speeds. The value of the double layer
capacitance depends on many variables including electrode potential, temperature, ionic
concentrations, types of ions, oxide layers, electrode roughness, impurity adsorption, etc. There

is no obvious tendency observed with respect to the immersion time and the flow rate, as may be

caused by a model artifact.
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Figure 53. Coating capacitance (Cc) of the equivalent circuit model as a function of immersion
time for the waves produced with three different motor speed: (a) absolute values of capacity in
one week, (b) the normalized values of the capacitance.
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Figure 54. Double layer capacitance (Ca) of the equivalent circuit model as a function of
immersion time for three different motor speeds.

Figure 55 shows the pore resistance (Rro) and its normalized value as a function of
immersion time. The value of Rpo indicates the amount of ion conducting pathways that develop
in the coating. The decline of the value of pore resistance indicates the increase in the amount of
conducting pathways and the deterioration of the coating’s barrier properties against corrosion.
The overall trends indicate that the Rpo values decrease over time for all samples, and the higher

the applied wave load is, the greater decrease Rpo value exhibits.
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Figure 55. Pore resistance (Rpo) of the equivalent circuit model as a function of immersion time
for the waves produced with three different motor speeds: (a) absolute values of resistance in one

week, (b) the normalized values of the resistance.
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Figure 56 illustrates the charge transfer resistance (Rct) of the equivalent circuit model as
a function of immersion time. When an electrode is polarized, it can cause the current to flow via
electrochemical reactions that occur on the electrode surface. The amount of current is controlled
by the Kkinetics of the reactions as well as the diffusion of reactants/products towards/away from
the electrode. During immersion, for all samples Rt values decrease as immersion time
increases. We observe in Figure 56 that Rt exhibits a more rapid decay for waves created with
motor speed of w; = 60 rpm, owing to a faster diffusion rate promoted by higher flow

velocities of the working fluid.
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Figure 56. Charge transfer resistance (Rct) of the equivalent circuit model as a function of
immersion time for the waves produced with three different motor speeds: (a) absolute values of
resistance in one week, (b) the normalized values of the resistance.
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4.7. Topography characterization

The thickness of the coating samples was measured at five points in the square of the
exposed coatings to the waves. The mean values for each sample were taken into comparison.
Figure 57 shows the values of coating thickness before and after the exposure to the wave loads.
We observe that for all the cases, the thickness of the coating slightly increases after the period
of the tests. We believe the coating swelling was dominating in this case, which was caused by
the solution that percolates through the coating layers. For samples exposed to the higher wave
loads, the relative thickness of the coatings increased with higher percentage. The increase rates
of the thicknesses were measured as 4.49, 8.8 and 10.2% the lowest to highest motor speeds

respectively.

Figure 57. Coating thickness before and after the exposure to wave loads for a week.
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4.8. Discussion

This study investigated the degradation behavior of an epoxy coating exposed to wave
loads which were generated in a wave tank with three different rotational speed of an electric
motor. The analysis of EIS data and equivalent circuit models revealed the changes in coatings’
barrier property. We observed that the impedance modulus experiences a more significant
decrease after exposure to the higher wave loads. Assisted by equivalent circuit models, we
discovered that under the influence of impingement flow, higher wave loads result in a more
substantial decrease in polarization resistance and double layer capacitance. The coating
capacitance value also shows significant increase as the wave load increases. Those help us to
understand that the higher wave loads promote the percolation of working fluids and the
transport of the oxygen and ions into coatings. The higher wave loads on the surface of the
coating samples causing more water penetration through the outer layer of the coatings. The
absorption of the working fluid into the coating causes the swelling process during the time of

exposure.
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5. CFD AND PIV METHODS
5.1. Introduction

In this study, the applied stresses on the coating samples due to the fluid flow were
measured and analyzed. The boundary layer and the applied forces on the surface were
considered initially based on theoretical calculations under axisymmetric and steady-state
conditions, then the Computational Fluid Dynamics modeling (CFD) was utilized to provide
numerical results, and finally the velocity of the fluid measured experimentally by Particle Image
Velocimetry (PIV) method to compare and verify the results from the CFD modeling. The
analysis of the produced normal and shear stresses by the impingement flow can provide a good
correlation to the stresses exerted on the structure of offshore wind turbines in field tests.

For the wave tank, the CFD method was not utilized due to the complexity of the model,
and very time expensive calculations of the non-steady state, transient flow. However, the PIV
method was conducted to measure the magnitude of the applied cyclical wave loads on the
coatings’ surfaces.

5.2. CFD modeling of the impingement flow in the chamber

The schematic diagram of the chamber is shown in Figure 58. As shown in Figure 58, the
fluid enters the chamber from a vertical pipe with a diameter of d = 5 mm. The distance
between the pipe’s outlet and the bottom of the chamber is 75 mm. While maintaining the
solution level at 90 mm from the bottom of the chamber, the outlet of the pipe is always
submerged in the solution. Two exit orifices with the same diameter as the inlet pipe located

10 mm above the bottom of the device, i.e. the surface of the coating sample.
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Figure 59. Schematic of the momentum impact of the impingement flow on the coating sample,
in addition to the formation of symmetric boundary layer parallel to the surface of the sample in
x direction.

Theoretically, the wall shear is zero in the stagnation area, while the axisymmetric
boundary layers, which form on the side of the jet stream in x direction, cause significant wall
shear starting from the maximum values at the locations where the parallel flow to the coated
surface forms, and decreases as the flow moves away from the stagnation area. Based on the
measurement represented in Figure 58, a three-dimensional model was developed for CFD

analysis (using ANSYS CFX) as shown in Figure 60.
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Figure 61. Face and body sizing mesh with sphere centered at the bottom plate of the chamber.

Figure 62. Visual comparison between the mesh type 1 (left) and 3 (right) of Table 2.
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Table 2. The data of mesh study for CFD modeling.

Mesh Mesh Type Element Max Pressure at the
) . Num. of Num. of
Size Size Nodes Elements bottom center of the
Type (cm) plane (Pa)
Face sizing
1 21 0.01 6174 3086 -177.302002
Body sizing 0.007
2 Face sizing 0.001 2860734 2095392 -92.3851013
Body sizing
0.005
3 BFgge Ss'izz'izg 0.003 4016009 2942831 -155.043237
y sizing 0.0009
4 BFsge Sgizz'irr‘]g 0.001 12106652 8892922 -155.3044519
y sizing 0.0007
5 Facesizing 00009 57/ 03009 20302236 -156.0044519

Body sizing  0.0005

The boundary condition at the inlet is defined with 3 different velocities, V = 0.3214,
0.6427, and 0.9641 (ms~1), corresponding to the three different applied flow rates. The
boundary condition for the exit orifices was considered as half of the inlet flow rate for each
orifice to satisfy the mass conservation. An airhole at top of the chamber keeps the pressure at
P = 1 atm on the water level inside the chamber. At the bottom of the chamber, the applied
stresses on the coating surface is determined by the applied inlet velocities. No-slip boundary
conditions are applied on other surfaces including the coating surface (see Figure 63). The
working fluid once considered as 3.5 wt. % NaCl solution with the density of p3 so,nact =
1025 kgm™=3 and dynamic viscosity of w5 s o, yact = 1.2712 X 1073 Pa.s. For CFD modeling
of the sand particulate fluid, the whole mixture was considered as a single-phase flow with a
density of p,, = 1030.928 kgm~3, and dynamic viscosity of u,, = 1.813 x 1073 Pa.s. The
flow inside the impingement chamber modeled with k- turbulence model. The iteration process

for solving the nonlinear equations of the turbulent flow was set to converge on 10°°.
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Figure 63. The schematic of the boundary conditions of CFD analysis of the impingement
chamber.

5.3. PIV method for the impingement flow chamber

The schematic of the PIV set up for the impingement chamber is shown in Figure 64.
[llumination was provided by a double-pulsed Nd:YAG laser (NewWave MiniLase-111) capable
of emitting two laser pulses of 100 mJ at a wavelength of 532 nm with a repetition rate of 15 Hz.
For 2D PI1V, the laser beam was shaped to a laser sheet (thickness <1 mm) by using a set of
mirrors, spherical and cylindrical lenses. The fluid was seeded with Polyamide particles (HQ
Dantec Dynamics) with mean diameter of 20 um and the density of 1.03 gcm™. A high-resolution
CCD PIV camera with resolution of 1600 x 1200 pixels and inter frame capability of <1 ps
was set up with its axis perpendicular to the laser sheet for image acquisition [134]. The CCD
camera and the Nd:YAG lasers were connected to a programming timing unit (PTU) from
LaVision, which controls the timing of the laser illumination and the image acquisition.
Instantaneous PIV velocity vectors were obtained by a frame to frame cross-correlation
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technique involving successive frames of patterns of particle images in multi-pass interrogation
process from window size of 128 x 128 to 32 x 32 pixels. An effective overlap of 75% was
employed. The time-averaged quantities were obtained from a cinema sequence of 100 frames of

instantaneous velocity fields for each case.

Optics Delay Generator

Impingement Flow Chamber CCD Camera Nd:YAG Laser Computer
Figure 64. Schematic of the PIV system.

Since it was intended to measure the 2-D velocity components on the surface of the
coated samples, the CCD camera was placed 10 mm above the surface of the coated sample on
the side of the impingement flow chamber, which was not blocked by the exit orifices. In order
to avoid the disturbance caused by the flow inside the inlet pipe at the middle and top of the
chamber, the center of the mirror is placed 10 mm to the left of the center. Therefore, the center
of the PIV measurements experienced 10 mm of shift from the center of the chamber (see Figure

65). The PIV system installed in the lab is shown in Figure 66.
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5.4. CFD and PI1V results of the impingement flow chamber

The coatings surface under the jet was mainly subjected to normal stresses resulted from
the impingement flow. Beyond the jet area, the shear stresses were dominant since the fluids
mainly flowed parallel to the coatings’ surfaces toward the exit orifices. Figure 67 shows the
streamlines of the CFD simulation inside the impingement chamber for the particulate flow with
a flow rate of Q = 18.93 cm3s™%. In order to compare the magnitude of applied stresses on the
surface of the coatings, an imaginary diameter line was considered parallel to the exit orifices
(see the yellow line in Figure 67). The magnitude of the velocities, shear, and normal stresses on
the specified line were depicted in Figure 68,Figure 69, and Figure 70, respectively. As shown in
Figure 68, the velocities are zero at the center of the coating regardless of the type of the fluids
and the inlet flow rates. This indicates that due to the initial assumption of the non-slip wall for
the coating’s surface, all the kinetic energy of the flows was converted into normal stresses at
that point. The maximum velocities appeared at the border of the jet area due to the combination
of reflected flows from the coating’s surface and the formation of parallel flow to the coating.
The velocities then decreased gradually further away from the jet area until it reached zero again
at the edge of the chamber. The higher inlet flow rates resulted into higher velocity magnitudes
The velocity magnitudes were slightly lower for the sand suspended flow compared to non-
particulate flow. The shear stress distribution is plotted in Figure 69. We observe the magnitude
of shear stresses for particulate fluid were higher than non-particulate fluid for all three applied
inlet flow rates. as the dynamic viscosity of the particulate fluid was higher than the non-
particulate one (u,, = 1.813 X 1073 Pa.s, f350 nact = 1.2712 X 1073 Pa.s at T = 25°C).
As shown in Figure 70, the magnitude of normal stresses increased proportionally to the increase

of the inlet flow rates. Since the normal stress (o) is theoretically proportional to the inlet
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velocity squared, V2 [135], by increasing the velocity the normal stress on the surface increases
significantly. The magnitude of the normal stresses for sand particulate flows were slightly
higher than the non-particulate flows. The differential behavior in velocity and stresses between
sand suspended flow and non-particulate flow is resulted from their difference viscosity and

density due to the existence of sand particles.

Figure 67. Streamlines of CFD simulation inside the impingement chamber for sand particulate
fluid with the inlet flow rate of Q = 18.93 cm3s™.
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Figure 68. Magnitude of the velocity profile on the centerline of the coating samples with respect
to the inlet flow rates of Q1 = 6.31, Q,=12.62, Q3=18.93 cm3s™! for non-particulate (N-P) and 1
wt. % sand suspended (S-P) electrolyte solution.
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Figure 69. Magnitude of the shear stresses applied on the coating surface due to the inlet flow
rates of Q1 = 6.31, Q,=12.62, Q3=18.93 cm3s* for non-particulate (N-P) and 1 wt. % sand
suspended (S-P) electrolyte solution.
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Figure 70. Magnitude of the normal stresses applied on the coating surface due to the inlet flow
rates of Q1 = 6.31, Q2=12.62, Q3=18.93 cm?s* for non-particulate (N-P) and 1 wt. % sand
suspended (S-P) electrolyte solution.

The CFD results were verified for the non-particulate fluid by the experimental particle
image velocimetry technique (P1V). The velocity vectors measured by PIV method for the inlet
velocity of V. = 0.3214 cm/s (Q = 6.31 cm3s~1) are shown in Figure 71 and Figure 72 for its
x- and y-direction components respectively. The bottom line at y = —10 mm in both figures
represent the location of the coating samples, while the CCD camera is lined up with y = 0. By
comparing the velocity components, we observe that V}, values are dominant in the region within
the jet column, while the x component velocities (V) are dominant near the surface of the coating
sample out of the jet column. Moreover, the direction of the vectors near the walls shows how
the reflected velocities form and mix with the incoming flow to create a turbulent flow inside the

chamber.
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Figure 71. PIV results of the x component of the velocity vector inside the flow chamber for an
inlet velocity of V=0.3214 m/s.

Figure 72. PIV results of the y component of the velocity vector inside the flow chamber for an
inlet velocity of V=0.3214 m/s.
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In PIV, the camera needs to detect motions of enough particles to report their velocities.
However, at the coating surface due to the lack of enough data no velocity was recorded and
reported. Since y = —10 mm is exactly where coating sample is located, no velocity data is
available there. The velocity vectors in its vicinity were plotted instead and compared with CFD
results. Moreover, theoretically, the coating surface is usually considered as a no-slip boundary;
the velocity of fluid at the wall should be zero. The velocity magnitude (V) at three heights of
(y = —7.35 mm, —8.18 mm, —9.5 mum) for different flow rates are shown in Figure 73. The
heights were chosen due to the higher number of available data measured by PIV. We could
observe in Figure 73, the obtained values of the velocity magnitudes on all three locations were
very close. Moreover, the velocity magnitudes for the case with y=-9.5 mm were every close to
the results obtained from CFD modeling (Figure 68). Based on the validation from PIV, the
calculated normal and wall shear stresses by CFD modeling were employed to analyze the effect

of flow induced stresses on the degradation of coatings.
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Figure 73. The magnitude of the velocity at three different heights in PIV measurement for
different flow rates.
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Figure 73. The magnitude of the velocity at three different heights in PIV measurement for
different flow rates (continued).

For verification of the obtained stresses due to the sand particulate fluid, the following
analytical procedure was committed:
Assuming a spherical geometry for the sand particles, the following equation represents

the kinetic energy of each particle with the liquid flow [90]:

2
E, = 3prrr3V2 (5)

where Ex, p, R, and V are the kinetic energy, density, radius, and velocity of the particle,
respectively. The mean mass of each sand particle was calculated as mg,,; = 10~* g, while the
mean radius r = 195 um. The velocity of the particles are assumed to approximate the inlet
velocity of the fluid, V = 0.3214, 0.6427, and 0.9641 (ms~1). The density of the sand particles

Was pPsgng = 2650 kgm™=3. The kinetic energy of each sand particle with respect to the inlet

105



velocities was calculated as E;, = 0.00425,0.017,and 0.0383 p/, respectively. Considering the

concentration of sand particles in the fluid (1 wt. %), and the volume of the jet column (V.=

1.47 x 107 m3), the number of sand particles in the volume of the jet column could be
estimated as n = 151. Therefore, the total kinetic energy of the sand particles in the jet column
for each respective inlet velocity was nE, = 0.6418,2.676,and 5.783 uJ. Considering the
distance between the inlet flow and the surface of the coating (Ljet = 75 mm), and the jet area on

the coating (4je; = 1.963 X 107> m?), the normal stresses owing to the impact of sand particles

in the jet area were ¢ = 0.44, 1.74, and 3.93 Pa for each inlet flow velocity respectively. As
shown in Figure 70, the difference between the maximum normal stresses of the particulate and

non-particulate fluids were calculated as A = G,qrticuiate — Fnon—particulate =

0.41,2.79,and 6.7 Pa. Although the results from the CFD modeling show deviations from the
analytical calculations, by considering all the assumptions for the analytical approach, the CFD
results were considered reasonable. Moreover, the only difference between the CFD models of
the two types of fluids were the working fluids’ densities and dynamic viscosities. Since the CFD
results of the non-particulate fluid has been validated by experimental PIV results, the CFD
model can be considered reliable for calculating the stresses due to the particulate fluid.
5.5. PIV method of the wave tank

For the cyclic behavior of the waves, a PIV setup was deployed to capture the flow
characteristics near the coating samples. The schematics of the PIV setup are shown in Figure
74. Fundamentally, PIV captures two instances of flow, one after another, separated by a few
microseconds, and cross-correlation can be used to determine the displacement of particle
ensembles in the flow. Velocity can be determined once displacement and time separation are

known for each particle ensemble. It is intended to capture the velocity distribution very close to
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the coating sample to obtain the stresses. The coating sample was placed on two sides of the

wave tank. As two coating samples were placed at an equal distance from the centerline, the flow
characteristics can be assumed to be symmetrical on the two coating samples. Therefore, the PIV
experiment was conducted on one sample. A 2D schematic of the setup with detailed dimensions

is shown in Figure 42 and Figure 44.

Coating

Optics

Delay Generator

Optics
Samples

CCD Camera  Nd:YAG Laser Computer

Figure 74. The schematic of PIV set-up on the wave tank.

The center of the one coating sample in the wave tank was illuminated by a double-
pulsed Nd:YAG laser emitting two laser pulses of 100 mJ at a wavelength of 532 nm with a
repetition rate of 15 Hz. The laser beam can then be shaped to a laser sheet (thickness <1 mm)
using a set of mirrors and spherical and cylindrical lenses. The water was mixed with Polyamide

particles to achieve characteristics diameter of particles approximately equal to 20um. It is
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visualized by LaVision IMAGER LX 2M cameras with a resolution of 1608%1208 and
interframe capability of 200 ns set up with their axis perpendicular to the laser sheet for image
acquisition. For the desired flow speed, the time between images taken was set to At = 500 us.
The cameras and the Nd:YAG lasers were connected to a workstation and controlled with a PTU
timing unit to control the timing of the laser illumination and the image acquisition. LaVision
DaVis 10 software was used to control the imaging parameters and controlled by an external
trigger. Note that the LASER was illuminated on top of the coating sample, and the camera was
placed in such a way so that the particle displacement can be quantified near the coating sample
(see Figure 75). After capturing two instances, the processing was done from 96x96 to 48x48
pixel cross-correlation. After process total 1000 instantaneous velocity, the average stresses were

calculated for each second of measurement which contained 15 frames for each reported stress.

Figure 75. The PIV method set-up.

108



5.6. PIV results and wave parameters
The celerity of waves (U, speed of wave at the crest) was measured with PIV method in
the area next to the tip of the paddle at @ = 19° for each applied rotational speed of the motor.

By assuming that the wave period (T) was equal to the time that the paddle completed two
strokes, the wave period for each test was also measured. Then from U = % , the wave length (L)

was calculated. Finally, from (3 and (4, the wave height (H) and wave number (k) were
calculated. The summary of the wave parameters is shown in Table 3.

Table 3. The wave parameters in the wave tank with respect to the applied rotational motor
speed.

Motor Speed (rpm) T (s) S (m) U (m/s) L (m) k H (m)
20 13.2 0.1764 0.05 0.165 9.52 0.0136
40 6.4 0.1764 0.1 0.165 9.82 0.0139
60 3.4 0.1764 0.15 0.128 12.32 0.0157

The magnitude of velocities with respect to the 2D velocity vectors, one in the direction
of the wave, and the other vector in the direction of the water depth, were calculated. The
velocity vectors were measured at 1 cm away from the surface of the coatings. By considering
the centerline of the coating as y = 0, the velocity data were captured fromy =-35mmtoy =
+35 mm, covering the 70 mm height of the exposed coating area. Since each PIV test was
conducted for 60 s, the magnitude of velocities with respect to the time, and the location with
respect to the height of coatings in depth was depicted. Figure 76, Figure 77, Figure 78 show the
velocity magnitudes with respect to the applied rotational speed of the motor. The higher motor

speed resulted into higher velocity magnitudes on the surface of the coatings. Moreover, the
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maximum velocities were found above the coatings and close to the free surface of water all

three cases.

Figure 76. Velocity magnitude near (i.e. 1 cm from) the surface of the coating for 60 s in waves
generated with a motor speed of 20 rpm.
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Figure 77. Velocity magnitude near (i.e. 1 cm from) the surface of the coating for 60 s in waves
with motor speed of 40 rpm.

Figure 78. Velocity magnitude near (i.e. 1 cm from) the surface of the coating for 60 s in waves
with motor speed of 60 rpm.
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The average velocity contours and vectors measured by PIV method for the duration of
60 seconds with different motor rotational speeds of 20, 40 and 60 rpm are shown in Figure 79,
Figure 80, and Figure 81, respectively. The location of the coating sample is also shown in the
graphs. As expected, the higher motor rotational speeds resulted into higher velocities near the
surface of the coating. The standard deviations of the calculated average velocity magnitudes are
shown in Figure 82, Figure 83, and Figure 84 for the three speeds. By comparing the average
velocity magnitudes and their respective standard deviations, we observe that by increasing the
motor speed the turbulence of the fluid flow increased and the variation of measured velocities at

every location increased significantly as we increase the motor speed.
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Figure 79. The magnitude and direction of the average flow velocity over a duration of 60
seconds for a motor speed of 20 rpm.
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Figure 80. The magnitude and direction of the average flow velocity over a duration of 60
seconds for a motor speed of 40 rpm.
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Figure 81 The magnitude and direction of the average flow velocity over a duration of 60
seconds for a motor speed of 60 rpm.
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Figure 82. The standard deviation of the velocity magnitude over a duration of 60 seconds for a
motor speed of 20 rpm.
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Figure 83. The standard deviation of the velocity magnitude over a duration of 60 seconds for a
motor speed of 40 rpm.
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Figure 84. The standard deviation of the velocity magnitude over a duration of 60 seconds for a
motor speed of 60 rpm.

To calculate the shear stresses due to the fluid flow on the coatings, the velocity
components in y direction (Vy) were considered. The contours and vectors of the average
velocity components in y direction are shown in Figure 85, Figure 86, and Figure 87 for three
different motor speeds. The average velocity components in y direction at the surface of the

coating (—35 mm < y < 35 mm) were considered to calculate the shear stress from the

following:
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v,
T=H (6)

where u is the dynamic viscosity of the fluid t3 5 v.t.0 nact = 1.2712 X 1073 Pa. s, and dx

considered as 1 mm since the velocity components in y direction were extracted 1 mm far from

the surface of the coatings.

Buneo)

Figure 85. Average velocity components in y direction for the motor speed of 20 rpm.
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Figure 86. Average velocity components in y direction for the motor speed of 40 rpm.
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Figure 87. Average velocity components in y direction for the motor speed of 60 rpm.

The calculated shear stresses of the fluid flow on the coatings for the three different
motor speeds are shown in Figure 88. In Figure 88, since the flow is turbulent, we do not observe
any consistent trend for shear stresses across the coating surfaces. However, the higher applied

motor speeds resulted in higher average shear stresses on the surface of the coating.
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Figure 88. The average shear stresses on the surface of the coatings due to the cyclic loads for
three different motor speeds.

The average total stresses on the surface of coatings for the period of 60 seconds are

shown in Figure 89. The average total stresses were calculated as the resultant of the average
shear stresses and the flow pressure (%pVRZ) at every point on the coating for the 60 seconds. As

shown in Figure 89, the waves showed more tumultuous behavior for the highest applied rotation
speed of the motor. The results also show that by doubling the rotational speed of the motor
from 20 to 40 rpm, the average stresses increased almost 2 times on the surface of the coatings,

while the stresses were 3 times higher for the motor speed of 60 rpm compared with 40 rpm.
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Figure 89. The average total stresses of the cyclic waves on the surface of the coating in the
period of 60 s and for the motor rotational speed of 20, 40, and 60 rpm.
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6. INFLUENCE OF APPLIED STRESSES ON THE THERMOCHEMICAL
PARAMETERS OF THE CORROSION OF COATINGS
6.1. Introduction

After analyzing the EIS results and the applied stresses, a bridge is needed to show the
relationship between the stresses and EIS results. To investigate the influence of stresses on
physical-chemical properties of coatings, the combination of Eyring theory, the theory of
thermal-activated processes, and the thermodynamics of electrochemical reactions were utilized
in recent works [136]-[140]. Fredj et al. [136], [137] investigated the influence of stresses
caused by loading-unloading-recovery tests on two marine epoxy coatings. Shen et al. [138],
[139] suggested a coupled mechanical-oxidation modeling based on chemo-mechanical coupled
model with focus on the effect of stresses on diffusion of oxygen in thermal barrier coatings
(TBCs). Xu et al. [140] derived new equations based on microscopic thermodynamics, with
focus on Gibbs and Helmholtz free energy and entropy imbalances to address the influence of
thermal stresses on the chemo-mechanical properties of thermal barrier ceramic coatings.

In this study, we derived some equations based on the theory of thermo-activated
processes, thermodynamics, and the thermoelasticity equations to characterize the behavior of
organic coatings exposed to impingement flow. The equations relate the exerted stresses on
coating samples with activation volume (Va) and the apparent diffusion coefficient (D) of water
in epoxy coatings. Parameters revealing coating properties, such as dielectric constant of the
coating (e.), volume fraction (¢), amount of fluid uptake (M), and coatings capacitance (C.),

were obtained and related to the influence of impingement flow and the flow rate.
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6.2. Influence of applied stresses on the electrochemical reactions and activation volume of
the coatings

The dielectric constant (€) is a measure of the amount of electric potential energy, in the
form of induced polarization that is stored in a given volume of material under the action of an
electric field [141]. The change of the relative electric polarizability of a coating during its
exposure to a weathering environment could be used to predict coating’s degradation or even
failure. By defining the dielectric constant as the ratio of the absolute permittivity of a coating to
its permittivity in vacuum ((7), it has been shown in different studies [49], [99], [141]-[143] that
the dielectric constant of a coating increases when water (or other fluids) penetrates beneath the
exposed layer of the coating.

The dielectric constant of a typical organic coating ¢, is reported between 2 and 7 [144]
and could be expressed in the (7,

Cl
= )

where C is the capacitance of the coating film in pF.cm, | is the thickness of coating in um, and
g is the absolute permittivity of vacuum 8.854x10® uF.cm™. The increase of the dielectric
constant indicates either the existence of more ions or flux of more electrons through the
coatings. The Arrhenius equation ((8) provides an empirical relation for calculation of the

chemical reactions’ rate [145].

K = re(®* 8)

In equation 8, 7" is the pre-exponential factor, which includes the frequency of molecules’
collisions and their orientation. It varies slightly with temperature, and it is often considered

constant across small temperature ranges. Ea is the activation energy in J.mol™, R is the universal
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gas constant (8.3145 J.mol1.K™?), and T is the absolute temperature (K). Eyring theory ( (9),
which was derived based on statistical mechanical justification, is similar to Arrhenius equation®
with the pre-exponential factor replaced by the product of transmission coefficient (£),
Boltzmann constant (kz = 1.38064852 x 10723 JK~1), and absolute temperature, divided by
the Planck’s constant (h = 6.62607004 x 1073* m%kgs~1) [146]. Moreover, the activation

energy was regarded equivalent to the change of the Gibbs free energy AG.

—-AG

_ Skl o(FT) (9)

Based on the theory of thermo-activated processes [58], [136], the dielectric constant can
be related to both Eyring theory and Arrhenius equation, which results into the following
equation ( (10):

%7)

e =T o (T5T (10)

Considering the thermodynamics relations (AG = VAP — SAT and VAP = AH — TAS),

and assuming a constant temperature (AT = 0), (10 can be re-written as:

TAS—AH)

e, = el Tar (12)

Coating films are viscoelastic materials. The elastic response of the coating is dominant
when the applied stress is at a rapid rate, or the temperature is very low (varies for different
coating but far less than the room temperature). On the other hand, when the flow applies a
relatively small and continuous stresses on the coating, the deformation depends on the viscosity

of the material as well as the temperature [147]. The Hooke’s law of the theory of elasticity
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indicates that the free energy of a body can be considered as a strain tensor. This is valid when

the deformation is small, and the expanding free energy is in powers of strain [146].
dG = —SdT — udo (12)
G
w= (%)T (13)

In order to consider the viscoelastic response of the coating, activation volume (Va) could
be considered as a parameter to characterize the deformation process of the coatings. The
activation volume expresses the sensitivity of the free energy to charges in the stress, which is a

dislocation from a ground equilibrium state to an activated state after the deformation [148].

Switching the activation volume with the strain tensor in (12 (since V, = — (g—j) ) [146], the
T

change in the Gibbs free energy can be related to the product of the activation volume and the
change in the applied stresses [136], [137].

dG = —=SdT — V,do (14)

Considering (11 and (14, the following equation can be derived in order to calculate the
activation volume of the coatings in response to the stresses caused by the three different applied

flow rates.

(15)

Finally, from (7 and (15, the following equation was derived in order to calculate the

activation volume.

kgT ~ (C,L,
Vo= tn(527) 10)
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6.3. Influence of the applied stresses on the amount of fluid uptake and diffusion coefficient
The total amount of fluid uptake (M) by the coating during the exposure can be

calculated from the following equation [141]:

lAp Co
m = (1-2) an
a = 2.3 loges (18)

For 3.5 wt. % NaCl solution at T=300 K, the dielectric constant of the fluid is & =
48 and its density is p = 1.025 g.cm™3. The Co and C; values can be obtained from EIS data
and | and A represents the thickness and exposed area of the coatings, respectively. Considering
Eq.9a, the amount of water uptake depends on the thickness of the coating. The thickness of the
coating could vary during the exposure time due to the initial fluid uptake (swelling of the
coating), and then the abrasion of the coating due to shear stresses. However, the mass uptake at
equilibrium (M,,) can be predicted from calculating M; from (19, indicating the ultimate

possible amount of fluid that can be absorbed by a film of coating [149].

M _ i 8 —D(2n + 1)1t
M, s 2n+ D2 exp 2 (19)
n=

In (19, t represents the time, | is the thickness of the coating at the mentioned time, and D

is the diffusion coefficient of the fluid in coating, which can be calculated by the following

equation:

D=¢ (—) d2e(-77) (20)
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where d is the diameter of the penetrant molecules. The average diameter of water
molecules is about d,, ;. = 27.5 nm, while the average diameter of NaCl is dy,; = 185 nm.
It was assumed that the majority of molecules that penetrate the coatings are water molecules
[100], [150]. The change of the Gibbs free energy (AG) in (20 can be related to the applied
stresses due to the fluid flow and their respective activation volume like (15.

D=¢ (kBTT> d2e5r) (1)

Volume fraction (¢) is another parameter that provides a better understanding about the
amount of fluid absorbed by the coating during the exposure to the fluid flow. Unlike My, ¢ does
not depend on the thickness of the coating explicitly; therefore, it provides better characterization
of the coating.

_5(c) (22
log &

Bellucci et al. [141] suggested an equation which related the amount of fluid uptake to
the volume fraction at the time of exposure and their equilibrium values beyond the exposure
time.

¢ M, logC—1logCy
b My logCs —logC,

(23)

Considering (23, by calculating My, M, and ¢ values from (17, (19, and (22,
respectively, the equilibrium value of volume fraction (¢.,) and capacitance (C,,) of the coating

can be calculated.
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6.4. Theoretical analysis of water uptake for coatings exposed to the impingement flow of 3.5
wt. % NaCl

Based on theory, when water diffuses in polymeric coatings, the coating capacitance
could look like the graph presented in Figure 90 [100]. Hinderliter et al. [99] and Yang et al.
[100] divided the period of water diffusion into three stages of homogeneous diffusion,
saturation stage and electrochemical reaction. Based on Figure 90, the coating capacitance
increases from the beginning of the exposure to the saturation time (ts). Then the coating
capacitance remains almost constant until the formation of double electrode layer starts. Beyond
that point, the capacitance increases steadily as the electrochemical reaction occurs as water
reaches the coating-metal interface. Comparing Figure 22 and Figure 90, we could observe that
our experiment fulfilled the first two theoretical stages for all flow rates; however, it is not clear
whether the experiments reached the time when the electrochemical reactions took place on the
metal-coating interface. Therefore, we calculate the equilibrium volume fraction (¢.,), amount of
fluid uptake (M), and coating capacitance (C,,) based on theory (from (19 and (23) and then
compare those with the experimental results obtained on t = 168 h.

The values of the dielectric constants of the coating samples before the exposure to the
flow and at t = 24 h are calculated using (7 and summarized in Table 4. The initial values of
coatings’ dielectric constants were in the same range that was reported in different studies for the
epoxy coatings [144]. The application of the higher flow rates resulted in higher dielectric
constant values after the first day. The results showed that by increasing the flow rates, the
electric potential of the coating increased, which indicated the higher applied flow rates causes

more water penetration to the coatings.

130



Figure 90. Change of the coating capacitance with respect to the water diffusion. This figure is
taken from Ref [100] with permission.

Table 4. The initial and final dielectric constant of coated samples for the coatings that exposed
to 3.5 wt. % NaCl solution at different applied flow rates.

Q (cm3s?t)  V (ms?) Eci Ect=24h

6.31 0.3214 5.58 +0.021 8.73 +0.054

12.62 0.6427 6.52 + 0.050 10.15+0.116

18.93 0.9641 6.25 +0.087 12.81 + 0.096

The activation volume of the coatings with respect to the applied stresses resulted from
different flow rates were calculated from (16, where the stress difference (Ao) was considered as
the maximum normal stress exerted by the impingement flow since Ag = 0,4 — 09 =
omax Where g, = 0. For the intact coating (at t = 0 s), the applied stresses were zero (o, =
Ao = 0); therefore, from (15 the pre-exponential factor of the Arrhenius equation is equal to the
dielectric constant of the intact coating (I' = ¢,;). At the center of the coated samples (in the

domain of —5 mm < x < 5 mm), the normal stresses were dominant, while for the rest of the
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areas, the shear stresses were dominant. Figure 91 shows the profile of activation volume
resulted from the normal stress on coating surface under the flow jet area (i.e. stagnation zone),
shear stress in the surrounding area on the coating surface, and total stress on the entire exposed

area. The higher applied stresses lead to lower values of the activation volumes.

-20 r . r -16 . . .
10 F ] 10 F q
1=6.31 cm’/s
}=12.62 cm’/s
Y = 18.93 cm’/s
107 1017
ﬂ’\ mﬁ
E E
>° >°
10% 10718
10.23 L z M z J 10_19 L M M M al
-20 -10 0 10 20 -40 -20 0 20 40
x (mm) x (mm)
@ (b)
-20
x10
2.5 I |
)
—~ 1.5
L]
E
>° 1
0.f
C
40 -20 0 20 40
X (mm)

©
Figure 91. The calculated activation volume of coatings calculated via (a) normal stresses on

coating surface under the flow jet area at the center (b) shear stresses on off-center area of
coatings under laminar flow region, and (c) total stress over the entire exposed coating surface.

With the Va values known, the apparent diffusion coefficient of water in coatings in
different surface areas for the applied flow rates was calculated from (21. The transmission

coefficient employed in (21, can be calculated using (8 and (9,
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I'h

ST

(24)

We also showed that the pre-exponential factor of the Arrhenius equation ((8) is equal to
the dielectric constant of the intact coating. Therefore, (21 could be reduced to the following

equation:

VaAo)

D= ecjidze(T (25)

The apparent diffusion coefficients calculated using data for different flow rates are
summarized in Table 5. The fact that the higher applied flow rates resulted in higher calculated
values for the apparent diffusion coefficient indicates the convection from the bulk flow
promotes the percolation of the water into the coatings. The total amount of fluid uptake (M) and
the volume fraction (¢) of the coatings after a day (24 h) and a week (168 h) of exposure to the
applied flow rates were calculated with (17 and (22, respectively, and summarized in Table 5.

Table 5. The calculated diffusion coefficient, total fluid uptake, and volume fraction of coatings
exposed to different flow rates inside an impingement flow chamber.

Q (cm¥™) D (m?s) M=24n(9) M =168 (9) D241 Pt-168h
6.31 4.32x10 0.112 0.157 0.116 0.174
12.62 4.91x10% 0.118 0.162 0.114 0.187
18.93 4.94x10% 0.146 0.131 0.185 0.216

In order to calculate the amount of water uptake at t = 24h, it was assumed that the
thickness of the coating remained constant during the first 24 hours of experiment. The obtained
results indicate that the amount of Mi=24n and ¢;—,, , Were almost the same for the two lowest

applied flow rates, while both parameters increased for Q = 18.93 cm®s™. The higher applied
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flow rates resulted in higher momentum of water impacting the surface of the coated sample, and
consequently resulted in relatively larger amount of water percolating through coating layers. By
using (19 and (23, the equilibrium values of water uptake, volume fraction, and coating
capacitance (M., ¢o.,and C,,) were predicted based on their values at t = 24 h. Figure 92,
Figure 93, and Figure 94 show the comparison between the predicted equilibrium values of the
mentioned parameters and their respective values at t= 24 h and t= 168 h.

In order to calculate M,_,4g 1, the measured thickness values of the coatings after one
week of the submersion were employed, which is an estimation as the thickness may vary during
the submersion. As shown in Table 5.

Table 5, the amount of water uptake (M;—;4g ) in coating samples are relatively smaller
for the highest applied flow rate. Initially, due to the percolation of fluid the thickness of the
coating increases, i.e. swelling, and the fluid was trapped between in coating layers. Then, due to
the abrasive influence of higher flow rates, the top layer of the coating was removed, and the
trapped fluid released back to the surrounding environment as illustrated in Figure 95. Thus, the
calculated water uptake at t=168 h for the highest flow rate Q = 18.93 cm3s was lower than the
other two flow rates. In contrast, as shown in Figure 92, the M, value predicted based on data
from 24 hours of immersion increases as we increase of the applied flow rates. This is due to the
discount of the abrasive effects of fluid flow in long-term immersion.

As shown in Figure 93 and Figure 94, the volume fraction (¢;-16g 1), and coating
capacitance (C;=14g ) Of the coatings increased monotonically with the increase of the applied
flow rates, suggesting the destructive effects of the fluid flow to the coatings increases as flow

rate increases.
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Figure 92. The predicted equilibrium water uptake of the coated samples is compared with the
water uptake after a day, and a week of exposure to three different flow rates.

Figure 93. The predicted equilibrium volume fraction of the coated samples is compared with the
ones after a day, and a week of exposure to the three different applied flow rates.
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Figure 94. The predicted equilibrium coating capacitance is compared with the coating
capacitance after one day, and a week of exposure to the three different flow rates.
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Figure 95. Schematic not to scale) The process of water percolation and coating’s behavior

owing to the exposure to high flow rates: (a) Water molecules diffuse through the micro-pores of
the coating; (b) Water molecules occupy some space of the coating and causes the swelling of
the coating; (c) Due to continuously applied fluid stresses, the top thin layer of the coating is

removed, and some trapped water is released back to the environment.

The predicted values of water uptake, volume fraction, and coating capacitance (M,

¢o,and Cy,) at equilibrium for each applied flow rate were obtained based on theoretical

equations ( (19 and (23), which are valid for ideal Fickian diffusion using Fick’s law. Philippe et
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al. [49] showed the diffusion of water from an aqueous electrolyte into organic coatings could be
considered ideal for a very short time of exposure. Bouvet et. al. [151] showed the initial stage of
water diffusion — from t = 0 to ts in Figure 90, can be considered as the result of the ideal Fick’s
law. For our current study, a comparison between the graph of coating capacitances (Figure 22)
and the theoretical behavior of coating capacitances (Figure 90) shows that in an estimation of
the first 24 hours of each experiment the diffusion of water follows Fick’s law. Moreover, Miwa
et. al. [152] and Ghojavand et. al. [153] concluded that the ideal Fick’s law could be employed

when the ratio of the actual water uptake and the water uptake at equilibrium is less than 60%
M, : i Mi=24
("t/p < 0.6). Inour current study, using (19, the calculated ratio of /p are 0.4962,

0.4981, and 0.5740 for the applied flow rates of Q = 6.31,12.62, and 18.93 cm3s71,
respectively. These values are less than the afore-mentioned limit of 0.6.

As shown in Figure 92, Figure 93, and Figure 94, the amount of water uptakes, volume
fraction and coating capacitance at 168 hours for Q = 6.31 and 12.62 cm3s~1! surpass the
corresponding predicted equilibrium values, while for Q = 18.93 cm3s™1, the predicted
equilibrium values are greater than those based on data collected at 168 hours. The observation
could be explained as follows. Referring to Figure 90, after immersion our coating samples may
have all passed the saturation period and entered the electrochemical reaction region, meaning
that the predicted equilibrium values underestimate the coating’s water uptake for long-term
immersion. For samples exposed to the highest applied flow rate, however, the abrasion effect
from the fluid flow due to the high stresses induced a significant reduction in the coating
thickness. Therefore, the predicted values which are based on the coating’s initial thickness

become greater than the values from actual long-term immersion.
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Moreover, the apparent diffusion coefficient of water is highly dependent on the polymer
structure of the coatings, the thickness, participant materials, and temperature etc. [154], [155].
Although the current values of D showed a slight increase with the increase of the applied flow
rates, the increment was negligible. The equilibrium values of volume fraction of absorbed fluid,
on the other hand, exhibited a significant difference as the flow rate changed. The results
indicated that the rate of water diffusion was not affected notably by the increase of impingement
flow rate (or applied stresses), but the increase in the stresses incurred by the elevated flow rate
resulted in a larger amount of water in coatings and potentially shortened the service lifetime of
coatings against corrosion.

6.5. Comparison between the electrochemical parameters of the coatings exposed to the
impingement flow of a 3.5 wt.% NaCl solution with and without 1 wt.% sand particles

The average thickness values of the coatings before and after each experiment are shown
in Figure 96. The coating thickness increased by 5.8% for the lowest applied flow rate (Q1 =
6.31 cm3s1) of the non-particulate fluid. The thickness increased due to the swelling of the
coating film because of fluid uptake. For the similar flow rate of the sand particulate fluid, the
thickness decreased about 1.2 % after the experiment, indicating that the sand particles eroded
the outer surface of the coating’s film. For the higher applied flow rates, regardless of the type of
the fluid, the thickness of the coating decreased after the immersion. However, the erosions of
the coatings were higher for particulate fluid compared with non-particulate one. For Q2 = 12.62
cms, the thickness decreased by 1.8 % for non-particulate fluid, while it decreased by 2.7 % for
the particulate fluid. The trend was the same for the highest applied flow rate (Qs = 18.93 cm3s”
1), as the thickness decreased 19% for the non-particulate fluid compared with 20 % decrease for

the particulate fluid. Zeng et al. [98] concluded that the abrasion amount of the organic coatings
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was exponentially correlated with sand flow velocities; however, in their study, the minimum
applied velocity was 2 ms™, and they measured the abrasion for the velocities up to 10 ms™. In
the underwater zone of offshore wind structures, such high velocities do not exist [7]. As it is
shown in the current study, for the regular velocities (between 0.3 and 1 ms™) in the underwater
zone, the abrasion amounts due to the sand flows were almost 1 to 2 % higher for all applied
flow rates compared with non-particulate fluid flow. Moreover, the abrasion amount increased
from 1 to 2 % for the lowest applied flow rate to almost 20% for highest applied flow rate

regardless of the fluid type.

Figure 96. The thickness of the coatings before the experiments (initial) and after the
experiments (final) exposed to non-particulate (NP) and 1 wt. % sand particulate (P) 3.5 wt. %
NaCl solution at three different applied flow rates of Q1 =6.31, Q2 =12.62, and Q3 = 18.93
cm’st,

The penetration of the electrolyte fluid into the coating increases the dielectric constant of
the coating sample since the relative electric polarizability of a coating increases during the time

of immersion. In order to calculate the initial dielectric constant of the coating, the initial
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coatings’ capacitance and the thickness of the coatings before immersions were considered. The
activation volume for both fluids’ type and three different applied stresses are shown in Figure
97. The lower the applied flow rates, the higher the value of the activation volume; therefore, Va

values were higher for non-particulate fluids compared with particulate one.

Figure 97. The activation volume of the coatings exposed to non-particulate (N-P) and 1 wt. %
sand particulate (S-P) 3.5 wt. % NaCl solution at different flow rates calculated via total stress on
exposed coating surface.

Figure 98 shows the amount of fluid uptake by the coatings during the period of
experiments. As it is shown, for the non-particulate fluid, the amount of fluid uptake increased as
the flow rate doubled from 6.31 to 12.62 cm3s?, but the fluid uptake decreased significantly
when the highest applied flow rate applied on the coating. The trend was not the same for the
sand particulate fluid, as the amount of water uptake increased proportionally to the increase of
applied flow rates. The reasons for such difference in the trends of obtained results, are the
involvement of coatings’ thickness and the use of coating capacitances in calculation My values.

As shown in Figure 35, the higher applied flow rates resulted into higher coating capacitances,
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which implied the higher rate of ions (fluid) diffusion across the coatings. On the other hand, the
higher applied flow rates caused the higher abrasion amount and consequently the thickness of
the coatings decreased with the increase of the applied flow rates. Considering the two factors,
for the non-particulate fluid, the abrasion amount became substantially higher (decrease of
thickness) for the highest flow rates; therefore, the total amount of fluid uptake was less for
highest applied flow rate compared with the lower flow rates. In the case of sand particulate
fluid, the abrasion amount was maintained at around a similar level while the transport of the
fluid into the coatings are highly promoted by the higher flow rates. This resulted in an increased

amount of fluid uptake as the flow rate increases.
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Figure 98. The amount of fluid uptake by the coatings exposed to non-particulate and 1 wt. %
sand particulate 3.5 wt. % NaCl solution at three different flow rates.
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Owing to the dependence of water uptake values on both the abrasion amounts and
diffusion rates, the water uptake may not provide a clear picture of the influence of different
applied flow rates on the degradation of the coatings.

Figure 99 shows the volume fraction values of the coatings exposed to the three different
applied flow rates of both fluids. The volume fraction of fluid in the coating sample increased
monotonically with the increase of the applied flow rates for both fluids. Moreover, except for
the lowest applied flow rate, the fluid volume fraction was higher for the coatings exposed to the
particulate fluid compared with non-particulate one. For the lowest applied flow rate, the
compared values of both the amount of fluid uptake and the volume fraction showed that adding
sand particles to the fluid did not influence the amount of fluid percolates into the coatings but

resulted in higher fluid abrasion.
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Figure 99. The volume fraction of the coatings exposed to non-particulate and 1 wt. % sand
particulate 3.5 wt. % NaCl solution at three different flow rates.
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The change of volume fraction with respect to the Reynolds number of the fluid flow
inside the inlet pipe of the impingement flow chamber is shown in Figure 100 for both non-
particulate and sand-particulate fluids. The increase of the inlet fluid flow increases the value of
Reynolds number for constant inner diameter of the inlet pipe. The increase of the Reynolds
number is proportional to the increase of the volume fraction due to the increase of the water

penetration into the coatings.
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Figure 100. The change of volume fraction with respect to the Reynolds number of the fluid flow
inside the inlet pipe of the impingement flow chamber.
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6.6. Electrochemical parameters for the coatings exposed to the wave loads

Figure 101 shows the values of coating thickness before and after the exposure to the
wave loads. We observe that for all the cases, the thickness of the coating slightly increases after
the period of the tests. We believe the coating swelling was dominating in this case, which was
caused by the solution that percolates through the coating layers. For samples exposed to the
higher wave loads, the relative thickness of the coatings increased with higher percentage. The
increase rates of the thicknesses were measured as 4.49, 8.8 and 10.2% the lowest to highest

motor speeds respectively.

Figure 101. Coating thickness before and after the exposure to wave loads for a week.

The activation volume profiles for the average of three different applied stresses on the
surface of the coatings are shown in Figure 102. The lower the applied flow rates, the higher the
value of the activation volume s; therefore, Va values were higher for waves generated with

motor speed of w; = 20 rpm, compared with the other two higher wave loads.
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Figure 102. The activation volume of the coatings exposed to different wave loads
calculated via average stresses over exposed coating surface.
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Figure 102. The activation volume of the coatings exposed to different wave loads calculated via
average stresses over exposed coating surface (continued).

During the immersion time, the electrolyte fluid diffuses into the coatings causing the
wetness and ultimately failure of the coating when the ions and electrons paths form between the
metal substrate and the corrosive environment. Figure 103 shows the amount of fluid uptake by
the coatings during the period of experiments. The increase of wave loads resulted into more
water percolation through the coatings, and consequently increases the amount of water uptake
through the inner layers of the coatings. The applied stresses were not strong enough to cause
abrasion of the coatings and reentrance of the captured fluid in the coatings back to the
surroundings. Figure 104 shows the volume fraction of the coatings exposed to the three
different applied flow rates of both fluids. The fluid volume fraction increased monotonically to

the increase of the applied wave loads.
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Figure 103. The amount of fluid uptake by the coatings exposed to three different wave loads.

Figure 104. The fluid volume fraction in the coatings when exposed to three different wave
loads.
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In order to provide a quantitative comparison between the applied waves on the coatings
with the respective change in volume fraction of the coatings, the Froude number is calculated

from the following:

U

v39Dr

Fr = (26)

where Dy, is the cross-section area of the flow by the top width of the flow, which is equal to the
depth of the water in tank (0.254 m) and U is the celerity velocity. As shown in the increase of
the Froude number is proportional to the increase of the volume fraction due to the increase of

the water penetration into the coatings.

0.09

0.03 I . . . I
0.02 0.04 0.06 0.08 0.1
Froude
Figure 105. The change of volume fraction of the coatings with respect to the Froude number of
the applied waves.
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6.7. Discussion
6.7.1. Impingement flow experiments

The fluid abrasion on the coatings occurred proportionally to the increase of the flow
rates for the samples exposed to both sand particulate and non-particulate fluids, while for the
lowest applied flow rate of the non-particulate fluid, the thickness of the coating increased after
the exposure due to swelling effect. The low shear stresses corresponding to low flow rates is not
sufficient for the removal of the swollen coatings.

For the lowest applied flow rate, Q1=6.31 cm3s?, thickness of the coating increased for
the non-particulate fluid due to the stored fluid uptake beneath the outer layer of the coating; for
the particulate fluid, the additional sand provided enough shear stresses to remove the swollen
layer of coatings.

For Q,=12.62 cm3s’%, the amount of fluid uptakes, and volume fractions of fluid in the
coatings were slightly higher for coatings exposed to the sand particulate fluid.

For Q3=18.93 cm3s’%, the compared values of fluid uptakes and volume fractions showed
that the fluid transport rate was higher for coatings exposed to the sand particulate fluid.

Due to the dependence of the fluid uptake on the final thickness of the coatings, the
increase of the applied flow rates did not consequently increase the amount of the fluid uptake;
however, the volume fraction values increased monotonically to the increase of the applied flow
rates for both fluid types. The increase of the volume fraction was higher for the sand particulate
fluid at Q2 and Qs flow rates, indicating the additional applied stresses due to the impact of sand
particles provided more paths on the coatings’ surface for fluid transport.

The obtained values of M, ¢,,and C,, provide an estimation of the influence of applied

stresses on the degradation of the coatings. The trends of all parameters show the increase in

150



permittivity with increase of the applied stresses. The required energy for weakening the bonds
of outer layer of coatings were provided by the applied stresses, which resulted into decreasing
the activation volume of the coating; consequently, the apparent diffusion coefficient of coatings
increased which led to higher amount of water uptake and the volume fraction of absorbed fluid.

Overall, it was concluded that for the lowest applied flow rate (Q:=6.31 cm®s™), the
destructive influence of the added sand particles appeared after the first three days of exposure
through the final days of experiment. As the flow rate increased, the influence of sand particles
became more imminent at the beginning of the exposure, and the compared elements of
equivalent circuit model showed broader difference between the particulate and non-particulate
fluids. The added sand particles caused abrasion of the coatings regardless of the applied flow
rate. For the highest applied flow rate (Q3=18.93 cm3s), the destructive influence of sand
particles was significant, indicating that when the velocity of particulate flow reaches 1 ms™ (the
common velocity of water currents in the underwater zone with depth of 30 m), the momentum
impact of the sand particles plays a vital role in degradation of the organic coatings.
6.7.2. Wave tank experiment

The increase in the magnitude of the wave loads have a direct effect on the increase in the
amount of water uptake and volume fraction. Since all the applied stresses due to the cyclical
loads were not strong enough to cause any sort of abrasion, the increase of wave loads only
resulted in the increase of water penetration into the coatings. The irregular non-homogeneous
wave loads resulted into irregular activation volume over the entire surface of the coatings.
However, by increasing the applied stresses, the activation volume decreased proportionally,

showing the direct dependence of the coatings’ degradation on the applied stresses.

151



7. CONCLUSIONS

In this study, the effect of applied stresses due to water flow in the underwater zone of
epoxy coated monopile wind turbine structures were modeled and analyzed. CFD modeling and
experimental PV measurements were used to derive the magnitudes of the shear and normal
stresses. Employing EIS data and the equivalent circuit modelling of coatings, characteristics of
the coatings (e., ¢, and M) were calculated. By utilizing the thermo-activated theory,
thermodynamics relations, thermal elasticity laws, and the Fick’s laws, the influence of the
applied stresses on the degradation process of the coatings were investigated. The conclusions
based on the obtained results are as follows.

In the underwater zone of the wind turbine, the normal stress dominates the total stress
created by impingement flow as its magnitude is about 5000 times of that of the shear stress.
However, the shear stress is the main cause for the abrasion of the top layers of coatings. Higher
applied stresses result in lower values of the activation volumes. Higher flow rates do not affect
the apparent diffusion coefficient of water in coatings significantly; however, it increases the
volume fraction and coating capacitance substantially. This indicates that the rate of water uptake
within the coating layers is almost independent on the flow rate of the applied fluid flow, but the
total volume percentage of water in the coating is promoted by the increased flow rate. For high
flow rates, despite of the elevated volume percentage of the water in the coating due to higher
stresses, the total amount of water uptake decreases over time. This is due to the reduced coating
thickness caused by the significant abrasion brought by high fluid shear. In this study, the effect
of applied stresses due to the water flow in the underwater zone of epoxy coated monopile wind

turbine structures were modeled and analyzed.
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We also concluded that the higher applied stresses resulted in lower values of the

activation volumes.

e The higher applied flow rates did not change the apparent diffusion coefficient
significantly; however, it increased the volume fraction and coating capacitance
strongly. That indicates that the rate of water uptake did not change much with the
rise of the applied flow rate, but the rate of water penetration into the lower layers of
coating increased with the higher applied flow rates.

Higher applied flow rates result in higher shear stresses, which increase the rate of
coatings’ abrasion. The higher abrasion rate resulted in the lower amount of water
uptake (M) due to the removal of coating top layers.

e If the applied stresses on the coatings are not strong enough, the stresses only cause
more water penetration without experiencing any significant abrasion. This results in
the increase in the coating thickness as the applied stresses increase due to swelling.
Such phenomena were observed for the coatings exposed to the waves or low-flow-
rate impingement flow.

The equilibrium values of water uptake (M., ), volume fraction (¢, ), and the coating

capacitance (C.) with respect to the different flow rates predicted the ultimate condition of

coating exposed to constant applied stresses until the time of complete failure.
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