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ABSTRACT

Oil and gas pipelines in marine or coastal environments experience significant corrosion when
moisture and chloride penetrate surface protections. There is lack of in-situ work studying
corrosion under insulation (CUI) and corrosion under coating, especially in marine atmosphere.
As well, monitoring and inspection of assets under corrosion attack is a concern, as it can spread
insidiously in out of sight areas. Real time monitoring of pipelines and other assets is best to get
information quickly, especially in difficult to reach areas. Electrochemical potential noise (EPN)
is one proposed method to investigate CUI using simple equipment and should be further
investigated in determining quantitative corrosion results.

This thesis investigates corrosion and pitting from pipelines which were coated, uncoated,
insulated, and not, in a marine harsh environment field experiment. The surface morphology, and
mechanisms of corrosion were also studied. Thirty-six A333 low temperature carbon steel
pipelines were placed at Argentia, NL, Canada, an extremely corrosive environment (C5) near
shoreline. High humidity, winds, and sea-spray are present throughout most of the year. Corrosion
rate was assessed using mass loss and optical inspections were used for pit depth. X-ray diffraction
and scanning electron microscope were used to determine corrosion products and surface
morphology. Corrosion near the ends of the pipe were most severe, perhaps due to crevice
corrosion, and ingress of moisture and chloride. Insulated uncoated pipes showed deepest pits,
therefore when pipes are insulated, anti-corrosion protective coating should be applied. Corrosion
and pitting rates were lowest in insulated and coated pipes.

Real time monitoring using EPN was explored, varying electrode size, temperature, and
electrolytes. EPN was recorded using Keithly digital multimeter controlled by LabVIEW software.

Potential was investigated using time and frequency domain methods to determine its usefulness
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in monitoring corrosion. In this research the best way to relate potential to mass loss and corrosion
type occurred using time-frequency domain power spectral density from raw potential noise
generated from electrodes.

This in-situ testing enhanced the understanding of corrosion mechanisms and pitting in the
environment. Important coating and insulation time to failure was recorded, which provides
insights for oil and gas operations regarding inspection, maintenance, and design life. EPN tests
proved a simple method and equipment can be used for in-situ corrosion detection, which can help

ensure safety and asset integrity.
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CHAPTER 1 - Introduction

1.1 Overview

Petroleum reserves continue to be pursued further offshore and in extreme environments as global
demand requires. In many locations around the world insulation is used on pipelines to regulate
product temperature and protect personnel (Eltai et al., 2019). Corrosion under insulation (CUI) is
a major problem in petroleum and other industries (Javaherdashti, 2014; Winnik, 2016), occurring
when moisture (rain, steam, sea spray, condensation, or other electrolytes) reaches metal surfaces
under insulation and corrosion begins. Currently a high percentage of pipeline repairs occur
externally due to CUI (Eltai et al., 2019), despite that corrosion and life information due to CUI
are rarely found in literature. Corrosion also progresses under coating on pipe surfaces, and this is
seldom discussed and should be further researched.

Steel is the most used metal for structures and in oil and gas pipe systems due to its low cost and
good mechanical properties. Atmospheric corrosion of steel has been studied extensively with
many books on the subject (“Atmospheric Corrosion” 2016; Evans, 1960; Graedel and McGill,
2002; Rozenfeld, 1972) and models exist (Melchers, 2012a, 2012b, “Molecular Modeling of
Corrosion Processes,” 2015) for bare metal corrosion in marine atmosphere. Until recently
however, researchers paid little attention to corrosion action from marine chlorides, despite
knowing that salt spray increases corrosion severely compared to non-marine atmospheres
(Alcantara et al., 2017).

There are few resources to accurately determine lifespan of insulated or coated assets due to high
variability in corrosion rate, insulation, coating, and weather information. Also, data is scarce on

failure rates of insulation and coating. Though reliability and structural models exist using
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probability distributions, accurate pitting and corrosion rate are required (Bhandari et al., 2015) to
estimate life and evaluate risk. This information must come from physical processes recorded from
a field experiment (“Heidary, R. et al” 2018) and this is a focus of this research.

Corrosion studies are done is to assess environment corrosion on metals, this information can be
used to ensure design life. Most studies on marine atmosphere corrosion near ocean occur with flat
metal coupons (or wire) mounted on racks and angled 30-45 degrees, while facing seashore
(Alcantara et al., 2017; Fuente et al., 2011). Some standards that describe atmospheric corrosion
testing are ASTM-G50 and ISO 8565 (“ASTM-G50” 2020; “ISO 8565, 2011). After samples are
left for some time then they are removed, weighed, and corrosion rate by mass loss and other
details are expressed. This information is used by engineers to ensure design life on different assets
and create or test corrosion models. One issue with classical standards is they provide little
guidance for field experiments on coating or insulation (“ASTM-G189”). A review completed by
(Caines et al., 2015) provided a good overview of the needs and requirements to properly conduct
a full-scale CUI experiment in-situ.

Corrosivity is variable to location, as hot dry weather would not produce the same corrosion as hot
humid weather. Categories C1-C5 (CX, offshore corrosion, was added in 2018) are used to
describe environments in ISO 12944-9. The scale describes C1 as a low corrosion environment
and C5/CX as highly/extremely corrosive. As such, different environments require different
protection from the elements.

Marine atmosphere is described with high salinity due to marine aerosol comprised of fine particles
which are suspended. From the sea, wind and waves action bring different products into the air,
where they may be liquid or solid, composed of brine, sea-salt, and/or other particles which affect

corrosion severely (Li and Hihara, 2014). Newfoundland is rarely studied with corrosion tests
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despite being a harsh marine environment according to Revie and presents an opportunity for
research.

There is consensus that for steel in marine atmosphere, lepidocrocite is the early formed primary
product, followed in time by geothite, akageneite, magnetite and others. Rust type and
morphologies are observed by XRD, SEM and other methods and vary for different environments
and surface protections. Though early and late state oxide and hydroxide formations are known
for steel in marine atmosphere, the answer to what forms under insulation or coating is not and
was not found in open literature. Thus, it should be investigated as almost all assets placed in such
environments are coated and/or insulated (Alcantara et al., 2017).

It should be noted that morphologies of synthetic iron oxides and those formed by laboratory
testing may be different than those formed in naturally in marine atmosphere (Waseda et al., 2006),
as such, field tests are important research. As well, in environments of high corrosive activity (C4,
C5) sheltered exposure of metals has shown that corrosion is increased (Morcillo et al., 2013), it
is then valuable to investigate the effect of insulation and coating in this regard.

Other than corrosion rates and morphology, risk engineers also require up-to-date information on
assets, including pipelines. Sometimes it is physically difficult to inspect due to inaccessible
locations, intrusive insulation removal, or simply lacking information in standards to estimate
failures. Currently technologies exist to help detect corrosion without removing insulation, like x-
ray analysis, but it can be difficult to apply over areas (joints/flanges), and instruments are only
used at intervals, it cannot monitor continuously. Therefore, new methods should be investigated.
Traditional instruments used in electrochemical noise (EN) experiments are accurate in finding
type and rate of corrosion but are difficult for field applications. Dr. Caines and her team developed

a method to detect corrosion under insulation (Caines et al., 2017) using bulk materials, a digital
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multimeter (DMM), and recording software. Early results related corrosion rate with potential
linearly, but much more research is needed to understand its use with different electrolytes,
electrode sizes, and other parameters, to understand if this method can properly quantify/qualify
corrosion.

Therefore, this research investigates corrosion and CUI in Newfoundland, a marine harsh

environment and investigates real time monitoring using potential noise.

1.2 Objectives

Corrosion processes are complex and have been investigated in numerous environments. However,
applying coating or insulation to metal can change corrosion processes and chemical reactions.
Corrosion information is necessary to ensure accurate design life of structures and pipelines. This
study attempts to answer the following questions with a full-scale pipeline experiment that includes
coated, uncoated, and insulated A333 steel pipes.
1. What are the details of pitting and corrosion which occur on coated and insulated pipelines
in a marine harsh environment?
2. What are the surface features and corrosion products on coated and insulated pipelines
which are present in marine harsh environment?
3. Can EN be used to monitor corrosion type or rate?
Therefore, this research focuses on detailed experimental analysis of corrosion, morphology, and
mechanisms in a C5 class marine environment while describing the observed CUI, corrosion under
coating, general corrosion, and pitting. Also, monitoring of corrosion using EN is investigated.
The general framework of this research includes setting up specific pipelines in the C5

environment based on design of experiments and then performing specific standards at intervals
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discussed in Chapter 3, like, weighting and recording information. Also, XRD and SEM are used
to describe the surface morphology in Chapter 4. This research may present results to

create/influence corrosion models or information for risk and safety engineers.

1.3 Scope and Limitations

This thesis focuses on steel pipelines in a marine harsh environment and real time monitoring
techniques, which can help engineers understand corrosion, and overall risks present for assets in
similar environments. Standards may have high conservative or liberal estimates for CS5
environment, as such, this study will add to relevant contributions in those areas. The objectives in
the previous section guide the scope of this work. CUI is still not well understood, and assets
placed in harsh marine environments face uncertainty and challenges. This work focuses on a C5
class site near high water mark in area that was allowed by the University and the Provincial
Government and may not be applicable to other C5 sites. Though insulation and coating were used
following standards, it may not meet the same as built for industry applications. Finding pitting
and corrosion rates close to seashore possibly simulating offshore conditions may not have
relevance for more dry environments, or environments far from sea.

For the second part of this research, real time monitoring using EPN was investigated, and
sampling rate is important to show different information. The sampling frequency ~1hz is high
enough to find corrosion details. Higher rates are better; however, the investigation was for as-
simple-as-possible while being able to later work in field and store a smaller amount of data. The

system measures at 3points+/sec while at 1hz per electrode.



1.4 Contribution and Novelty

CUI is still a significant issue and there is little information on insulation and coating failures for
field tests in literature, especially in a C5 class environment. Therefore, different surface features
are investigated throughout this novel experiment which generated corrosion, pitting and
morphology data for different pipeline conditions for more than two years. This work provided
added information from experimental insights with field data in harsh marine environment which
was not available before.

S-EPN method developed by Dr. Susan Caines and her team was new method capable of finding
corrosion information but, has only been investigated by the author. It was further investigated
while expanding experiment parameters with longer testing times and different conditions to

determine its applicability for monitoring corrosion.

1.5 Organization of Thesis

The thesis is written in manuscript format and includes 3 individual papers. Figure 1.1 presents a
diagram to show the thesis organization.

Chapter 1 introduces the topics in the thesis and an overview. While there is extensive knowledge
of bare metal atmospheric corrosion, corrosion near the sea has not had as much focus until
recently, and CUI is still a critical issue causing failures. Also, real time monitoring of assets is
best and EN applications should be investigated to detect corrosion.

Chapter 2 presents a literature review of the current knowledge of field tests and knowledge of
CUI, coating, and monitoring techniques for corrosion. It was found that corrosion rates are highly

variable, and that limited information is available (especially in marine environment) to detail CUI,



corrosion under coating, and design life. Currently, there is no reliable, simple method to monitor
corrosion under insulation. This chapter provides the motivation for the research conducted.
Chapter 3 provides new data on corrosion, CUI, and corrosion under coating for pipelines over
more than two years of exposure in a C5 marine environment. A version of this chapter was
published as a peer-reviewed conference paper in ASME Offshore Mechanics and Arctic
Engineering in 2021.

Chapter 4 focused on surface morphology and oxides on corroded pipelines from the in-situ
experiment in Chapter 3. One interesting observance was magnetite forming a distance away from
the substrate and accelerating corrosion with ferrihydrite in a sea water environment. A version of
this chapter was published as a peer-reviewed conference paper in ASME Offshore Mechanics and
Arctic Engineering in 2021.

Chapter 5 tested a simplified EN technique using three identical electrodes for corrosion
observation. The method required further analysis using frequency (PSD) and/or time-frequency
(wavelets) analysis to describe corrosion mechanisms. This paper will be submitted for publication
after feedback is received.

Chapter 6 summarizes the findings of the thesis, presents a conclusion, and future work

recommendations are provided.
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CHAPTER 2 - Background and Current Knowledge of Field Tests, Standards,

and EPN

2.1 Introduction

In this chapter, literature was surveyed to determine current knowledge on CUI and field tests. An
overview of CUI and coating standards are discussed. An overview of EN and applications
regarding corrosion monitoring are presented. Other detailed historical field tests are presented in
Chapter 3, while some historical applications of EN are detailed in Chapter 4.

2.1.1 CUI and Field Tests Overview

Corrosion mechanisms for steels in atmosphere are well documented (Melchers, 2005) but the
effects and corrosion rates under insulation and coatings are not. Melchers mentioned many
focused-on laboratory experiments and that there was a lack of field experiments. Also, others
mentioned that some results of corrosion experiments differ from field exposed (Alcantara et al.,
2017). It is very challenging to accurately simulate environmental corrosion due to the need to
replicate much of natural environments (Wu et al., 2019). Therefore, an in-situ test can capture the
most realistic corrosion information.

Some recent field test include an 8 year test (Lins et al., 2018) performed an 8 year field test in
marine atmosphere using high resistant steels (also called weathering steels containing Ni, Cu, Si,
Cr, etc.) near Rio de Janeiro State (classified as C4) and a 2-year nickel-steel test in Maldives (Jia
et al., 2020). Both used coupons on racks. No recent CUI testing in field was found in literature.
(Khan et al., 2015) criticized API 581 as lacking quality to determine design life of assets under
insulation. In reviewing CUI data available, (Caines et al., 2015) noted no data existed outside of

laboratory accelerated testing. There is also a lack of consensus on localized corrosion models
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(Caines et al., 2013) let alone CUI models. Even in (ASM International, 2015), few corrosion rates
are presented even though breaks in coating, and mitigation strategies are often mentioned and
discussed. Accurate corrosion and pitting rates are necessary for design life and models. Therefore,
because information about CUI rates, insulation, and coating is rare, an experiment to investigate
should be performed. Some other specific details of past field and accelerated experiments are
presented in Chapter 3.
2.1.2 Standards of Pipeline Insulation and Coating:
Standards present guidance to estimate corrosion rates under insulation and include information
on how to prevent and combat corrosion after initial attack. Also discussed are examples of what
type of coating are required in different environments, and issues related to insulation. As
mentioned previously limited CUI data is available, and most is limited to standards below:

- APIRP 581 (2008), Risk-based inspection technology.

- API 583 (2014), Corrosion under insulation and fireproofing

- ASTM Standard G189, A. (2007), Laboratory Simulation of Corrosion Under Insulation

- Armacell CUI Technical paper 2019

- CINI Manual, 2018

- NACE SP0198 (2016), Control of Corrosion Under Thermal Insulation and Fireproofing

Materials

- ASM Handbook 5b, Organic Coatings

- CUI Guidelines: Technical Guide for Managing CUI (2020)
To mitigate CUI, strategies must be developed that involve corrosion control, inspection, non-
destructive evaluations, maintenance, and other means which control risk. These are a part of a

broader risk-based inspection program detailed in API 581, CINI Manual 2018, and others. NACE
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SP0198 describes methods for non-destructive planning and maintenance to prevent and treat CUI.
Regarding coating and insulation recommendations for specific environments (and the break in
protection which can occur), details are provided in ASM Handbook 5b, and Armacell CUI
Technical Paper 2019.

One issue present is that corrosion rates presented in literature often have large variations for
similar conditions. For example, in ASTM G189 and NACE SP0198 severe field CUI data is
~1mm/yr while (“API RP 581,” 2008) gives corrosion for severe environments at 0.254mm/yr and
(Metals Handbook, 1987) provides marine atmosphere rates 0.025 to 0.79mm/yr. Corrosion rates
for marine environments are highly variable and rare, and as such may be unique to each
geographical location and weather condition. Models require the input of corrosion data, and it is
scarce and in cases of CUI based on accelerated testing, thus a field experiment is the appropriate
way forward.

Protections like insulation and coating are required to ensure design life, but little information is
available on how often they fail. Instead, most published literature is about post failure analysis
and an estimate of what had occurred years prior (Geary, 2013; Geary and Parrott, 2016; Yang et
al., 2017). Where failures did not take place, very little, or no information is presented. Pipeline
coating is a crucial last line of defense, and little is discussed about investigations conducted where
total failure did not occur. Failure analysis in these reports is not concerned where the pipe did not
fail, even though it would greatly aid engineers in design life and other risk areas. Similarly,
coating breaks down with age and weather conditions (“Armacell USA,” 2018), but information
is highly varied about its initial protective life (5-13 years). For these reasons, insulation and
coating should be investigated in a field experiment presenting details on failures of surface

protections.
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2.1.3 Experiments involving CUI Literature Review outcome:

The review of CUI found that there is no consensus to assess CUI rates or corrosion under coating.
Limited field tests data and industry failure data exist to currently provide this information.
Guidance provided is usually based on laboratory accelerated experiments and may not be
applicable to field. The high variability in the available corrosion, pitting, and CUI rates in
literature may also be due to different short term laboratory tests.

While some guidance on CUI and coating in standards exist, the most practical way forward is a
full-scale field test. A thorough review of current unknown information about field tests is found
detailed Chapter 3.

2.1.4 Electrochemical Noise Literature Overview

Electrochemical noise (EN) describes fluctuations in potential and current on metal surfaces which
occur in the presence of electrolyte. Instruments record passively, without the application of
current or potential. It doesn’t disturb the surface processes or influence corrosion. In 1968 when
Iverson (Iverson, 1968) showed unique potential fluctuations occur on corroding surfaces. Later
others (Hladky and Dawson, 1981) found that crevice and pitting corrosion produced “noise
signatures” which could be detected. As time progressed standard methodologies like ASTM G199
(“Guide for Electrochemical Noise Measurement”), patents involving specific ranges of readings
(Patent, 1992), and experiments involving time (Loto, 2018; Shahidi et al., 2012) and frequency
(Acosta et al., 2014; Yi et al., 2018) domain and have shown it as a powerful technique to
investigate corrosion. Recent reviews on EN applications and procedures were done by Obot (Obot
et al., 2019) and Xia (Xia et al., 2020). The only way currently to confirm CUI is to remove the
insulation and physically inspect the pipe, and because risk-based asset integrity surveys require

current knowledge about assets, using real time monitoring process like EN may be ideal.
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For most EN procedures, potential or current is recorded from working and a reference electrode
(or two electrodes of the same material) and afterwards other analysis performed to learn what
events may be occurring (Mahjani et al., 2014). Time domain statistical analysis (skew, kurtosis,
and others), frequency domain (power spectra density (PSD) plots from Fourier transforms), and
wavelets analysis (time-frequency analysis) are useful to interpret raw information from a recorded
time series. Dr. Susan Caines (Caines et al., 2017) developed a simplified method to measure
potential area in a time series and then related it to corrosion rate using simple equipment, it was
called Simplified-EPN (S-EPN). This was not found in literature and so this method should be
further investigated with longer testing and different parameters.

Researchers have recommended varying electrode area (Pistorius, 1997) while recording EN.
Electrode area has an inverse effect on potential readings with larger electrodes generating smaller
potential (Cottis, 2001). In one case researchers varied electrode area and found more details when
compared to symmetrical electrodes (Shahidi et al., 2012). Larger areas may reduce standard
deviation due to increase in capacitance and area for the cathodic reaction (Ma et al., 2017). It is
rare in literature and should be further investigated. Therefore, new experiments modifying
electrode size using simplified EPN methodology may present new information not found in
literature. More specific experimental details and analysis are found in Chapter 5.

2.1.5 Electrochemical Noise Literature Review Outcome

S-EPN was found to be a new technique for monitoring CUI with standard materials and
equipment. This research attempts to answer the if simplified EPN can provide information on

corrosion rate, and any differences with varied electrode area.
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2.2 Motivation

The motivation of this research comes from knowledge gaps found in the literature review:

1.

2.

Field tests are rare in marine environment.

Knowledge of CUI and corrosion under coating is limited.

Life of insulation and coating is rarely discussed.

Corrosion rates present in literature for similar environments are highly varied.
Extreme marine environment (C5) in Newfoundland may have different corrosion
mechanisms and rates that have not been discussed elsewhere.

Currently no system exists that is simple, direct, and reliable to monitor corrosion for

assets under insulation.

Because of the knowledge gaps present, a full-scale field test is required to be placed in a marine

environment and will provide information on CUI and corrosion under coating. Life of the

insulation and coating will be studied and compared to current literature. Surface morphology and

products from environment will be completed and compared to other C5 sites. Also, real time

monitoring will be investigated using EPN. In Figure 2.1 a general overview of the work to be

completed from the Motivation.
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Figure 2.1: Work to be completed from the Motivation.
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CHAPTER 3 - Coated, Uncoated, and Insulated Pipelines, A Field Test in

Argentia, NL, Canada

3.1 Preface

A version of this paper was published in ASME 2021 40th International
Conference on Ocean, Offshore and Arctic Engineering. Edits for clarity and updated references
were added compared to previously published. The primary author is Alan Hillier and the co-
authors for this manuscript include Dr. Faisal Khan and Dr. Susan Caines. The primary author
completed literature review, setup experiment and performed test, lab analysis, and prepared the
draft manuscript. Dr. Faisal Khan helped in developing concept, testing protocol, and provided
feedback. Dr. Susan Caines developed the concept of experiment, provided feedback, and helped

in tests and collecting data. Link: https://doi.org/10.1115/OMAE2021-62461

3.2 Abstract

Pipelines are a safe means of transporting useful materials, and their design life depends on
protection mechanisms. Marine environments increase corrosion rate due to moisture, and
elements like chloride which increase localized pitting. Thirty-six A333 low temperature carbon
steel pipelines were placed at Argentia, NL, a C5 class environment. The experiment consisted of
coated, uncoated, and insulated pipes that were exposed for more than two years. Corrosion rate,
optical inspections, and pit depth were recorded at intervals. The highest average pit and maximum
pit depth occurred in uncoated insulated pipes and coated uninsulated pipes. The highest average
mass loss occurred in uncoated (insulated and uninsulated) pipes. The least mass loss and pit depths

generally occurred in coated pipes (both insulated and uninsulated). Corrosion near the ends of the
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pipes were more significant than other locations. Final averaged corrosion rates for insulated
coated and uncoated pipes, were 0.017 and 0.021mm/yr respectively. Corrosion rates for
uninsulated coated and uncoated pipes, were 0.014mm/yr and 0.023mm/yr respectively. Maximum
and mean pit depths for insulated coated and uncoated pipes were, 180/156 and 271/207 microns,
respectively, while for uninsulated coated and uncoated were 210/177 and 199/156 microns,
respectively. Some coated and uncoated insulated pipes had negligible pitting and corrosion.
Results provide an increased understanding of corrosion under insulation and under coating, and

pitting data for pipelines in service in marine harsh environments.

3.3 Introduction

Pipelines are one of the most economical and safe means of transporting products in the petroleum
industries, and their design life depends on protection mechanisms for the pipeline (Guo et al.,
2014). External protections like insulation and coatings can fail. Though insulation can protect
products within a pipeline from temperature fluctuations and outside environments, water ingress
can cause catastrophic localized corrosion of carbon steel (Geary, 2013). Corrosion under
insulation (CUI) is one of the costliest problems facing the oil and gas industry (Wilds, 2017). It
was said 36% of pipelines failed due to external corrosion damage (Yang et al., 2017) and external
corrosion is a primary factor in failure (Palmer and King, 2004).

The use of coatings on pipelines under insulation limit CUI, however quantitative values were not
given (Geary and Parrott, 2016) and despite some case studies on pipeline failure due to external
corrosion (Geary, 2013; Geary and Parrott, 2016; van Oostendorp et al., 2007) information is

scarce and varied.
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As CUI is difficult to detect (Caines et al., 2015) it is advantageous to pursue experimental research
to improve our understanding of CUI and corrosion under coating is still limited compared to other
areas of corrosion knowledge (like uncoated steels in atmospheric tests (Melchers, 2005)) (Caines
et al., 2013). This is especially true in harsh marine environments. Asset management requires
strict design of strength and integrity. Therefore, having information about how coated and
insulated pipelines react in marine environments is advantageous.

(ASM International, 2015) contained only one example of corrosion rate for a coupon exposed to
vapor, despite numerous discussions of coating, insulation, and inspection standards. CUI is
mentioned several times yet no rates or how to estimate corrosion with coatings are presented. In
(“APIRP 581,” 2008) severe environment CR are presented as 0.254mm/yr with guidance for CUI
estimation. Therefore, information about coated and insulated metals is lacking.

(Metals Handbook, 1987) provides estimate for marine atmosphere from 0.025 to 0.79mm/yr.
While other marine atmosphere include 0 to 0.3mm/yr and 0.1mm/yr near coaster zones in Japan
(Zen, 2005). (Wall and Wadso, 2013) mentioned US Army Corps estimated marine corrosion rates
from 0.05 to 0.25 mm/y but said the data was outdated. (Chico et al., 2017) used three international
databases from global corrosion programs where marine sites had a range of 0.08 to 0.4mm/yr.
(Lins et al., 2018) performed an 8 year field test in marine atmosphere using high resistant steels
(also called weathering steels containing Ni, Cu, Si, Cr, etc.) near Rio de Janeiro State (classified
as C4) and CRs were from 0.04 to 0.0125mm/year and generally decreased each year. Low carbon
steel was also recorded, and its corrosion rate increased with time.

Marine atmosphere CRs are highly varied and different for each region. There is little mention of
CRs in standards for coated/insulated pipes in marine environments, therefore, a physical

experiment should be performed.
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3.3.1 Review of Field Tests and Case Studies

In 1985 ASTM published Corrosion of Metals Under Thermal Insulation, a large volume of papers
concerning CUI. (Ashbaugh and Laundrie, 1985) did an experiment near a cooling tower of a
chemical plant to evaluate different CUI setups on pipes. It was mentioned that virtually no
quantitative data existed about CUI. Long carbon steel pipes were placed on an atmospheric
corrosion rack and sections of pipe had different insulation types. After 3 months some insulation
was removed, and no corrosion was found. Afterwards testers injected water twice per week when
it did not rain, accelerating the test. The water injection sites had nearly the same corrosion as the
bare exposed steel. On pipes where 4 of the surface was painted longitudinally using epoxy-
phenolite, corrosion was nil. For insulated samples, the most severe location for corrosion was on
the edge of the pipe. It was hypothesized that it had access to both water and oxygen easily. In
conclusion: time of wetness, type of insulation and coating (epoxy-phonolite paint) had the most
effect on CUI. Corrosion rates after the one-year exposure to test conditions were 0.23 to 1.57
mm/y.

(Geary and Parrott, 2016) discussed two failures from industry for CUI, one an offshore platform
pipeline, and another a chlorine gas pipeline. Corrosion rates of CUI were mentioned as between
0.2 and 0.9mm/year. In both accidents it was noted that the pipes were coated but lost the protection
and insulation. It was assumed that they offered protection to some extent, but it was not known
how much and even the best coating will not prevent CUI (Geary, 2013). It was unknown how
much the coating or insulation ironically contributed to the high corrosion rate.

A review by (Caines et al., 2013) found there were no long-term marine environment CUI tests
outside of laboratory and that there was no model available specifically for marine environment

CUL
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3.3.2 Coating Protection and CUI

When insulation or coating fail, how does this effect long term failure? In one recent explosion
from a refinery pipeline, corrosion rates (CRs) between 0.5 and 0.9 mm/y (Geary, 2013) were
estimated. The coating/epoxy/paint was assumed to have lasted for 5 years after insulation break,
while this may, or not be the case, little evidence was found in literature about the effects of
corrosion involving paint/epoxy protection and accepted life of coating is between 5-13 years
(Fitzgerald and Winnik, 2005). (Long and Crawley, 1985) reported pitting for CUI in a ten-year-
old chemical plant operating near the Gulf Coast that was then between 0.5 and 2mm. It occurred
where aluminum jacketed insulation was visibly corroded, and water ingress was the likely. While
it is known that external protections like insulation and coating are required to ensure design life
little information is available. While ASTM G189 and NACE SP0198 worst-case field reported
CUI data is ~Imm/yr though few other details are available.

In an accelerated test for CUI and coating, (Haraldsen, 2010) used pipelines with multiple flanges
along the line with high temperature steam inside and flowing seawater outside. Pipelines had
some corrosion before testing and were cleaned, and then coated, and different insulation applied.
After only two months accelerated testing was stopped and most flanges were in near failed
condition. Lab-accelerated testing was so harsh that the results for coatings and insulation were
hard to interpret but, phenolic Norsok Type 7 (“NORSOK M501 ed. 6,” 2013) was excellent even
with different insulation types. (Abavarathna et al., 2015) used an ASTM G189-07 setup for three
days to test corrosion coatings, then extrapolated corrosion rates per year with polarization
resistance data. (Bai et al., 2017) also used the same standard for a corrosion cell to test aluminum
coatings on steel pipe under insulation. (Caines et al., 2017) again used a similar setup with a new

electrochemical potential noise method to prove that corrosion increases under insulation with
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water ingress. (Melchers, 2005) mentions that remaining life is influenced by the loss of thickness
via pitting corrosion, and so it is critical to find areas where protection (like coating) is no longer
effective.

Thankfully, process safety incidents have been decreasing for the last several years, partly because
of auditing programs focused on asset integrity and especially CUI inspection and repair (Morey,
2018). However, due to limited data on pipelines in harsh marine environments, coating protection,
and pitting rates, further field tests are necessary. Despite CUI being a relatively basic problem
(water/electrolyte under insulation on a steel pipe) very few studies are published with field data
since 1985 and CRs and pit depths mentioned are very scarce.

This research is presented as an early effort to help understand and quantify uncertainties involved
in CUI in harsh marine environment.

3.3.3 Materials and Methods

In this section the materials and methods for the experiment are described. First the location, then
the pipeline materials chosen, then inspection schedule, and then the insulation and coating type
are described. The equation for calculation of CR is also presented in this section. This section
provides the start of the experiment and the time frame.

Argentia, NL is a small commercial seaport on the southwest coast of the Avalon Peninsula of
Newfoundland and Labrador, Canada. Exposed to high winds and precipitation throughout the
year (135 rainy days, in top six rainiest towns in Canada), the site was approximately 30m from
high tide mark to witness the effects of simulated topside marine conditions, and often experiences
high humidity, having similar conditions of being offshore, and being further away from the sea
would reduce the ocean spray exposure. It is known that salt/chloride in marine atmosphere have

direct relation to corrosion rate (Metals Handbook, 1987) and time of wetness plays an important
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role where electrochemical processes take place (Shifler, 2005). The site is classified as extremely
severe corrosion (C5) based on (Revie, 2002).

ASTM A333 low temperature carbon steel is used for transporting high pressure liquids, gasses,
and fluids from refineries, and oil and gas sites where toughness is needed at very low temperatures
(Brady et al., 2002). It has a high strength to weight ratio, good corrosion resistance, and ductile.
Detailed product analysis from manufacturer shown in Table 3.2.

After finding the location and the material for the experiment then the surface protections were
applied to the pipes before being placed in environment. The experiment consisted of four different
types of surface protections for the pipelines as shown in Figure 3.2 showing bare metal (insulated
and not) and coated (insulated and not). Of these four types of protections, two different lengths
of pipelines were used. 24 pipes were constructed of three sections of 6in length pipe (with a
dielectric plastic divider between), and 12 pipes were constructed with 18in long single pipe, some
examples are shown in Figure 3.2 following general design of experiment parameters in (Caines
et al., 2015). In total 36 model pipelines were fabricated and followed an inspection schedule first
observed at 1 year, and after every 6 months as in Table 3.1. During inspections pipes were
dismantled weighted and photographed, and then moved back to field after reassembly.
Destructive sampling was taken from randomly selected pipes of each type from second field
inspection (at 1.5 years and 2 years) and continued to end of experiment to find corrosion rate and
pit depth (ASTM G46, G1, and NACE RP0775). The overview of the data recording procedure is
described in Figure 3.1 and is related to Figure 2.1. Corrosion rates were calculated using ASTM
G1 2003 below. Originally the experiment was planned as 3 years but was cut short due to the

provincial government closing the site.
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Table 3.1: Inspection schedule, initial time was Sept 2015.

Inspection Schedule for Argentia, NL

Removal 1 2 3 4 5

Time +1 Year |+6 months |+6 months | +6 months | +6 months

Samples removed

following schedule

%4

Photos and video of
each cell (ASTM G46)

| Pipes drained of oil |
Remove lightly bound oxide, save for
later analysis (ASM Handbook, Phull,
2003)

Cuts taken for pitting (ASTM
G46) and mass loss (ASTM
G1 & NACE RPQ775)

Pipe mass recorded, then
cleaned (ASTM G1 & NACE
RPO775)

O

Pipes reassembled and
placed back in Argentia

Figure 3.1: Procedure during pipe inspection and cleaning

Table 3.2: Pipeline chemical composition from manufacturer

Hot Rolled Steel Pipe Chemical Composition

C Si Mn P S Ni Cr Mo Cu Al \Y Nb Ti B Ca

0.16 0.26 0.95 | 0.013 | 0.004 | 0.06 | 0.11 | 0.05 0.07 | 0.02 [ <0.01 | 0.01 | <0.01 |<0.0005] 0.0021
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Figure 3.2: Four types of pipelines were placed, some pipes including those are shown from top
to bottom as: 1. Insulated coated, 2. uninsulated coated, 3. uninsulated uncoated, 4. uninsulated
coated, and 5. uninsulated uncoated. Not shown here is insulated uncoated.

Corrosion rate (ASTM G1 2003)

(K xw)
CR = (A XT xD) (1)

Where K = constant 8.76 * 10%,

T = time of exposure in hours,

A = area of exposed corroding surface in cm?

W = mass loss in grams

D = density in g/cm? (estimated at 7.85)

Armacell (“Armacell USA,” 2018) rubber foam 1-inch thick 4.5 diameter was used over the pipes

and secured with zip ties and silicone. Following guideline from SPO 198-2010, Norsok number
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6C coating was used with one coat epoxy phenolic primer, and one topcoat (each 150um). Pipes
that were not coated were used as received with Rust-preventing Spraying Hard-film Agent (RSH-
3A/Lucency with 50% acrylic, 10% phenolic, 20% hydrocarbon solvent, 10% suphonate, 10%

miscellaneous) on the surface of pipes.

Figure 3.3: Argentia research site view from experimental setup towards (1) south-east and (2)
south-west. Sea is 30m away.
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Assembled pipelines were placed on racks approximately 1.5m high, 30m from high water mark,
approximately 5-7m above sea level as shown in Figure 3.3. October 2015 pipelines were deployed

and exposed to environment until first weighting November 2016.

3.4 Results

In the first scheduled mass recording, 12 samples were removed and studied. Nine six-inch pipes
including six uncoated and uninsulated, two coated and insulated, and one coated uninsulated.
From 18inch pipes, two uncoated and uninsulated, and one coated insulated were studied. Samples
were weighted, and then corrosion products removed from specimens scrapping using nylon brush
and ultrasonic cleaning and then reweighted. Visual and lab inspection showed little surface bound
oxide and no corrosion on the coated and insulated samples. Negligible mass loss was recorded.
Heated diammonium citrate cleaning method (ASTM GO01-03, 2003) was used for uninsulated
pipes 6” to remove corrosion products. Afterward insignificant changes occurred, as shown in
Table 3.3. Heated citrate bath was not used further as it was not effective in removing surface
corrosion bound products and issues involved with heated acidic baths and large diameter pipe

samples. Figure 3.4 shows before and after cleaning.
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Table 3.3: November 2016 mass recording. Pipes which were UI: Uninsulated I: Insulated UC:
Uncoated C: Coated for first mass recording.

Condition | Number | Position | Fall2015 | Fall2016 [ Change Condition | Number |Position | Fall2015 | Fall2016 | Change
Niktle 2 A 2.345 2.345 0 UIuC 12 A 235 2.355 0.005
U1 uC 2 B 2.355 236 0 UIuc 12 B 2.335 233 -0.005
uruc 2 C 2.355 236 0 uruc 12 c 2.35 236 0.01
ULuC 4 A 2.34 2.345 0.005 Ic 20 A 2.37 237 0
uluC 4 B 2.355 236 0.005 Ic 20 B 2.38 238 0
U1 uC 4 C 235 2355 -0.005 Ic 20 c 2.385 239 0.005
uLuC 6 A 233 2335 0.005 Ic 22 A 238 238 0
ULuC 6 B 2.35 235 0 Ic 22 B 2.39 239 0
UIuC 6 C 2.345 2.345 0 Ic 22 C 2.38 238 0
UL uC 8 A 2.335 2335 0,005 UIuc 23 A 2.39 239 0
uLuC 8 B 235 235 0 uLuC 23 B 237 237 0
UILUC 8 c 2.355 235 -0.005 uruc 23 c 2.385 2.385 0
ktle 10 A 233 233 0 UIuC 25 NA 7.56 7.57 001
UL uC 10 B 235 2355 0.005 UIuc 27 N/A 7475 7.485 001
U1 ucC 10 C 2.36 2365 | 0,005 1UC 28 N/A 7.8 7395 | o015
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Figure 3.4: 1.) Pipeline 2, in top left initial condition Fall 2015, 2.) to the immediate right top and
3.) to the second right top Pipe 2 during Fall 2016, 4.) bottom center and 5.) bottom right after
cleaning Fall 2016.

The second sampling occurred six months later, one and a half years from first exposure, all
samples were inspected, photographed, and weighted. Eight randomly selected pipelines (four
from both 18” and 6”) had slices removed for analysis of mass loss and pit depth (Figure 1). Cut
samples were cleaned in HCL+DBT for mass loss and checked for pits, and then measured using
guidelines from (ASTM G 46, 1994) with calibrated microscope. Pit measurement was taken across
surfaces and the five deepest pits were averaged.

Most pits found were circular and oval shape. Figure 3.9, Figure 3.10, and Figure 3.11 show
examples of pits, coating cracks, and corrosion under coating. In Figure 3.11 the reason for the

highest pit depths may be due to the lack of accessible oxygen under the coating. Figure 3.5 shows
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corrosion under insulation of an uncoated pipe. Mass updates are available in Table 3.4 and pitting

and corrosion rates for random samples in Table 3.9 and Table 3.10.

Table 3.4: June 2017 mass data. Pipes not listed (13-24) were same as initial mass. Spring 2017
cut pipes for destructive testing bolded, change in mass was before destructive testing. Mass
presented is in kilograms. Scale resolution is 0.005 kg.

Condition | Number | Position | Fall2015 |Spring 2017 | Change Condition Number | Position |Fall 2015| Spring 2017 | Change
uluc 1 A 2.355 2.07 0 uluc 9 A 2.34 2.34 0
Uruc 1 B 2.34 2.07 0 UruC 9 B 2335 233 0.005
uruc 1 c 2.34 2.07 0 uruc 9 C 2355 236 0.005
uluc 2 A 2.345 2.34 0,005 uluc 10 A 2.33 233 0
UL uC 2 B 2.355 2355 0 UL uC 10 B 235 235 0
Uruc 2 c 2.355 235 -0.005 080 10 c 2.36 236 0
uruc 3 A 2335 2335 0 uluc 11 A 2.345 2.345 0
ULuC 3 B 2335 2335 0 ULUC 11 B 2.345 2.335 20,01
UruC 3 c 2.345 2345 0 UruC 11 c 2.34 2.34 0
uruc 4 A 2.34 2.01 0,005 uluc 12 A 2.35 2.345 -0.005
ULuC 4 B 2.355 2.075 0 ULUC 12 B 2335 233 0,005
ULuC 4 c 235 2.05 -0.005 ULuC 12 c 235 235 0
uLuC 5 A 2355 2.355 0 UIucC 25 NA 7.56 7.565 0.005
uruc 5 B 2.35 2.35 0 1uC 26 N/A 7.495 7.495 0
UL uUC 5 c 2.355 2355 0 uruc 27 N/A 7.48 7.48 0
uLuC 6 A 2.33 2.33 0 uIuc 28 NA 7.58 7.115 20,01
ULuC 6 B 2.35 235 0 1uC 29 NA 7.545 6.985 0
UL UC 6 c 2.345 2.345 0 1uc 30 N/A 7.535 7.535 0
ULuC 7 A 2.345 235 0.005 IC 31 N/A 7.615 7.61 -0.005
UIuC 7 B 2.345 235 0.005 uIC 32 N/A 7.595 7.595 0
UL UC 7 c 2.355 2355 0 IC 33 N/A 7.625 7.625 0
ULuC 8 A 2335 233 0,005 uIc 34 N/A 7.575 7.21 0
uLuC 8 B 2.35 235 0 uIc 35 NA 7.635 7.155 0
ULuC 8 c 2.355 2.35 -0.005 IC 36 NA 7.625 7.625 0
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Figure 3.5: TUP pipe 26 June 2017, underwent significant CUI compared to others when inspected.
Lightly bound oxide and exfoliation was over the entire surface.

Figure 3.6: 1. One sample opened showing slight corrosion under insulation. 2. & 3. Low carbon
steel triangles used for holding pipes together often flaked in large sections as exfoliation.
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At the third scheduled removal for pipe inspection the environment research center in Argentia,
NL was abruptly closed by government and so it is the last data point available. Final mass

recordings, pit information and corrosion rate date are available in the following tables.

Table 3.5: Final weighing of pipelines 1-16 December 2017. Weights in kg, scale resolution
0.005 kg.

Condition | Number | Position [Fall2015| Dec-17 | Change Condition | Number | Position | Fall2015 | Dec-17 | Change
Ul uC 1 A 2.355 207 ¢ Ul uC 9 A 2.34 234
UL ucC 1 B 2.34 207 o Ul ucC 9 B 2.335 2335
Ul uc 1 C 2.34 2.07) o Ul uc 9 C 2.355 2.36] 0.005
Ul uC 2 A 2.345 23451 UL uUC 10 A 233 2331
UL ucC 2 B 2.355 2355 ¢ Ul uc 10 B 2.35 235 ¢
Ul uc 2 C 2.355 2355 ¢ Ul uc 10 C 2.36 236
U1 UC 3 A 2.335 2.34| 0.005 U1 uC 11 A 2.345 23451
uluC 3 B 2.335 2.34| 0.005 vl uC 11 B 2.345 23451
UL UC 3 C 2.345 2.35| 0.005 UL UC 11 C 2.34 234
uLuC 4 A 2.34 2.015( _4 005 ULUC 12 A 2.35 2351
Ui uC 4 B 2.355 20751 ¢ Ui uC 12 B 2.335 2.33| _0.005
UL uC 4 C 2.35 2.055( _0.005 UL ucC 12 C 2.35 2351 ¢
Ul uC 5 A 2.355 23551 ¢ U1 uc 13 A 2.375 2.37| _0.005
Ul uC 5 B 2.35 2351 o 1uC 13 B 2.385 23851
Ul uc 5 C 2.355 2355 ¢ 1uC 13 C 2395 2395
Ul uC 6 A 2.33 2.335( 0.005 1UC 14 A 2.385 23851
U1 uc 6 B 2.35 2351 o 1uC 14 B 2.37 2371
Ul uc 6 C 2.345 23451 ¢ 1uC 14 C 2.38 238
Ul uC 7 A 2.345 2.35| 0.005 1uC 15 A 2.395 23951
ulLuC 7 B 2.345 2.35| 0.005 1uC 15 B 2.385 23851
Ul uc 7 C 2.355 2.36| 0.005 1UC 15 C 2.385 2385 ¢
U1 uC 8 A 2.335 2.33| _0.005 1uC 16 A 2.375 23751
ulLuC 8 B 2.35 2351 o 1uC 16 B 2.39 2.385( _0.005
Ul uc 8 C 2.355 2.35| _0.005 1uC 16 C 2.38 238 ¢
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Table 3.6: Final weighing of pipelines 17-36 December 2017. Weights in kg, scale resolution
0.005 kg.

Condition | Number [ Position |Fall2015| Dec-17 | Change Condition | Number | Position | Fall 2015 | Dec-17 | Change
1uc 17 2.355 | 2.07 0 1uC 23 2.34 2.34 0
10C 17 B 2.34 2.07 0 1UC 23 B 2.335 2.33 | .0.005
10C 17 C 2.34 2.07 0 1uC 23 C 2.355 236 | 0.005
1uc 18 A 2345 | 234 | 5005 1uC 24 A 2.33 233 0
1uc 18 B 2355 | 2355 0 1uC 24 B 2.35 2.35 0
1uc 18 C 2355 | 235 | _9.005 1uC 24 C 2.36 2.36 0
10C 19 A 2.335 | 2.335 0 Ul uC 25 N/A 7.56 7.565 | 0.005
10C 19 B 2.335 | 2.335 0 Ul uC 26 N/A 7495 | 7.505 | 001
1uc 19 C 2.345 | 2.345 0 uLuC 27 N/A 7.475 748 | 0.005
10cC 20 A 2.34 2.01 | _9.005 UL UC 28 N/A 7.58 712 | 005
1ac 20 B 2.355 | 2.075 0 UL UC 29 N/A 7.545 | 6.985 | _005
10C 20 C 2.35 2.05 | _0.005 UL uUC 30 N/A 7.535 | 7.535 0
1uC 21 A 2.355 | 2.355 0 uIc 31 N/A 7.615 761 _0.005
1uc 21 B 2.35 2.35 0 IC 32 N/A 7.595 7.6| 0.005
1uc 21 C 2355 | 2355 0 ulc 33 N/A 7.625| 7.625|
1uc 22 A 233 2.33 0 UIC 34 N/A 7.575 721 901
10C 22 B 2.35 2.35 0 IC 35 N/A 7.635 7.635 ¢
1uC 22 C 2.345 | 2.345 0 IC 36 N/A 7.625 7.625] ¢

Table 3.7: Averaged mass loss, pit depth, max pit depth, and CRs for different surfaces of pipes.

CR in mm/yr. Pit depth +/- 3% error. CR +/- 0.6% error.

Average %| Average Pit [MaxPit Depth
Pipe - 2017 June [Mass Loss | Depth (microns)| (microns) CR
Ins. Uncoated 0.47 203 240 0.019
Ins. Coated 0.00 0 0 n/a
Unins. Coated 0.00 0 0 n/a
Unins. Uncoated 0.70 139 165 0.028
Average %| Average Pit |MaxPit Depth
Pipe - 2017 Dec | Mass Loss | Depth (microns)| (microns) CR
Ins. Uncoated 0.84 207 271 0.023
Ins. Coated 0.62 156 180 0.017
Unins. Coated 0.49 177 210 0.014
Unins. Uncoated 0.72 156 199 0.019
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Table 3.8: June and December averaged data, CR in mm/yr. Pit depth +/- 3% error. CR +/- 0.6%
error.

Average % Average Pit | MaxPit Depth
June+December | Mass Loss | Depth (microns) |  (microns) CR
Ins. Uncoated 0.65 205 256 0.021
Ins. Coated 0.62 156 180 0.17
Unins. Coated 0.49 177 210 0.14
Unins. Uncoated 0.71 148 182 0.023

3.5 Discussion

The highest average mass loss and corrosion rates occurred in uninsulated uncoated, and then
insulated uncoated pipes as shown in Table 3.7 and Table 3.8. Another representation of these
tables is Figure 3.7 and Figure 3.8 The highest average and maximum pit depth were in insulated
uncoated pipes. In June 2017 all randomly selected insulated coated and uninsulated coated
samples had no corrosion, similar was observed at the 1-year mark of the experiment where some
coated and insulated pipes were dissembled. Figure 3.9 and Figure 3.11 show examples of cracks
in coating and localized corrosion.

Average and max pit depth early 2017
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Figure 3.7: Average and max pit depth early 2017. No pitting on insulated and uninsulated coated
samples.



Average and max pit depth late 2017
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Figure 3.8: Average and max pit depth in late 2017.

Most insulated coated pipes selected during random destructive tests (Pipes 16, 34, 35 June 2017,
and 31,32 in Dec 2017) had almost no measurable corrosion, and other insulated and uncoated
pipes (Pipe 1 June 2017) had no measurable corrosion present (Table 3.9). When there is no break
in coating or insulation protection, corrosion is reduced or is not measurable during this experiment
time.

During general mass recordings using a calibrated scale, some pipes gained or lost 0.005kg during
experiment, more loss was not observed for ~2.35kg pipes (1-24). The most mass loss from
beginning to end of experiment was ~0.05kg (10x scale resolution) for a 7.5kg pipe from pipe 28
and 29 exposed for two years, with a computed corrosion rate of ~0.021mm/yr. Destructive tests
also showed a similar CR in Table 3.9 and Table 3.10. It should be mentioned that many pipes did
not change values from first placement, though some visual corrosion is present. Also, some pipes
measurements were increased by 5 grams (which was the scale resolution) and this may be due to
scale error or trapped moisture inside oxides. However, as many smaller destructive tests showed

similar CR as calculated from larger pipe weighing, the error present is apparently low. A333 steel
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is manufactured and used in corrosive cold environments and for many uncoated pipes the effective
mass loss over the experiment was 0.

When coating or insulation fail pitting corrosion proceeds faster and deeper compared to
uninsulated and uncoated steel in this experiment. In Figure 3.10 pipe 26 (insulated uncoated)
randomly selected during December 2017, had water ingress through insulation with deepest pits
measured at near ~0.5mm after two years of exposure to a C5 corrosion environment. In the case
of Figure 3.11 pipe 20 (insulated coated) damaged coating had pits measured near ~0.2mm and

were similar in size to uncoated uninsulated as shown in Figure 3.10 and Table 3.10.

Table 3.9: June 2017 pit and corrosion rate information. “I” is insulated, and “C” is coated. “X”
signifies the surface protection. Pit depth +/- 3% error. CR +/- 0.6% error.

Pipe - MaxPit | AvgPit | Initial | Final Lo

June |I|C| Depth Depth | Mass | Mass (§S % Loss| CR
2017 (microns) | (microns) | (g) | (g) &
1 X n/a n/a na | n/a | na| n/a n/a
3B |[x 240 203 39.50139.39]0.11| 0.28 | 0.010
4A 120 90 26.95126.79(0.16] 0.60 | 0.023
4A 130 116 28.34128.15(0.19] 0.67 | 0.026
4B 25.94125.76(0.18| 0.68 | 0.025
4B 150 126 22.75122.5710.18| 0.78 | 0.028
4B 21.04120.86/0.18 0.86 | 0.031
8A 180 170 42.96142.86(0.10| 0.24 n/a
13C x| 200 152 34.55134.43]10.12| 0.35 | 0.015
16 X|x n/a n/a na | na | na| n/a n/a
23 x| 200 190 46.40146.32(0.08| 0.17 n/a
28 X 260 196 20.32120.21(0.11| 0.56 | 0.013
28 X 220 211 90.28189.7610.52| 0.57 | 0.034
29 210 184 45.02144.5510.46( 1.03 0.050
29 200 150 54.26153.8710.38( 0.71 0.014
34 X n/a n/a na | na | na| na n/a
35 x| x n/a n/a na | na | na| nfa n/a
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Table 3.10: December 2017 pit and corrosion rate information. CR is mm/yr. “I” is insulated, and
“C” is coated. “X” signifies the surface protection. Pit depth +/- 3% error. CR +/- 0.6% error.

Pipe - Dec MaxPit | AvgPit | Initial | Final Loss| %

I|C| Depth Depth Mass | Mass CR
2017 (mictons) | (microns) | (@ | (@ | @ |F°%
2A 180 144 16.92 | 16.81 [0.11]0.64| 0.018
2B 140 108 34.10 | 33.95 |0.15]0.43| 0.010
2B n/a n/a 10.35 | 10.25 [0.10]0.96 n/a
4B 200 182 49.80 | 49.23 [0.57]1.15] 0.033
7A X| 230 174 39.88 | 39.61 |0.27]0.67| 0.019
7C X 230 174 3322 | 32.97 [0.25]0.76] 0.013
7C X| 180 144 16.92 | 16.81 [0.11]0.64 n/a
12A 240 184 59.08 | 58.72 10.35]0.59| 0.022
13C x| 200 160 31.45 | 31.26 |0.18]0.58| 0.017
17C x| 220 193 24.36 | 24.26 |10.10|0.40| 0.010
20B x[x| 170 146 60.60 | 60.44 |10.17]0.27| 0.010
20B x| x 190 166 10.35 [ 10.25 [0.10]0.96] 0.025
26 X| 495 304 29.47 | 29.25 10.2210.74( 0.021
26 X 345 303 90.43 | 89.77 10.66]0.73] 0.023
26 X 250 212 55.21 | 54.80 [0.40|0.73| 0.022
26 X n/a n/a 37.18 | 36.63 [0.55]1.47| 0.041
27 340 246 24.66 | 24.45 (0.21]0.86| 0.021
27 145 119 19.52 | 19.40 [0.13]0.65| 0.013
28 x| 170 140 58.59 | 58.09 [0.50]0.85] 0.023
28 X 10.35 | 10.25 [0.10]0.96] 0.026
29 150 110 115.25]114.7110.53 [ 0.46[ 0.014
31 X n/a n/a n/a n/a na | na n/a
32 x| x n/a n/a n/a n/a na | na n/a

The largest pits and corrosion were near the ends of the pipe where crevice corrosion may occur
due to low carbon steel holding the pipes together (though physically separated with a dielectric
polymer material) as seen in Figure 3.2 and Figure 3.6. Moisture and corrosion accelerators such
as chloride may enter near the ends of the pipe more readily near the insulation sealing and this
was observed in the field as in Figure 3.10. Also, in Table 3.10, pipe 28 had deeper pits in the first
cut than in the second, leading to the same conclusion, along with other authors (Long and

Crawley, 1985).
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In coated pipe 13 (Figure 3.9) a break in the coating was investigated in random destructive testing.
In December 2017, the pits and CR were higher than 6 months previous, for coated pipes corrosion
was not as dependent on being close to the ends of the pipes as seen previously in uncoated
inspections. Pipe 13 had an area shown in the white circle (Figure 3.11) which was smaller than a
dime. When the coating was removed during destructive testing, the corroded area was more than
~10x the exposed original visible area. The deepest pits were in the areas circled in red, away from
the aerated surface/coating break. The bottoms of the pipes (4 to 6 on a 12-hour clock location)
generally appeared more corroded than the top 10-2pm position and this was similarly noted by
other researchers (Ashbaugh and Laundrie, 1985), likely due to lack of sunshine and water runoff
plus longer drying time.

Insulated and coated samples’ CR and mass loss were lowest. For a process like pitting, when
surface protections are working, probability of corrosion is greatly reduced. This was also noted
by Geary (2013) when examining failure and assuming from industry knowledge that coatings
would have no corrosion for ~5 years. In current results, some coating, as well as insulation failed
in less than two years. On average, the highest corrosion rates were observed in insulated uncoated,
and then uninsulated uncoated, samples. Coated insulated pipes had protection to the pipeline and
observed the lowest CR and pit depths.

Uncoated uninsulated pipes had lower mean and maximum pit depth compared to uncoated
insulated and uninsulated coated. This shows A333 steel, with similar properties to weathering
steel, endures the environment better when exposed bare to the environment compared to a single
protection (i.e., when it has only coating or insulation, not both). When insulation or coating fails,
pitting is accelerated. It should be noted that this experiment completed in a little over two years

and different results may occur over longer time frames.
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3.5.1 Statistical and Calculation Errors

When producing experimental results, a question arises on the reproducibility of results, and the
amount of uncertainty in each variable. Percent uncertainties come from size measurement of
coupons, field time (and immersion time for Chapter 4 experiments), and mass balance. Using the
mean average value of each data set, and the uncertainty of each variable x 100% will provide a
basic uncertainty estimate.

For the case of measurement errors in the research the following applies, from the mass scale with
resolution 0.01g and a mean weight of coupon as 39.3g would give a 0.025% error. Average
measurement error was 0.2mm each way with an average area of 0.00174m”2 would be an error
of 0.002%. For the field experiment the time standard deviation was 5 days over the experiment
2.25 years, or 0.6%. Calculating sum of squared errors gives ~+/-0.6% error in the results for
corrosion rates. About the pit depth measurements, the average pit depth was 175 microns, but the
readings were only accurate to 5 micros from the device, which computes to ~+/- 3% error.
Interestingly, the data also shows that for the 24x3 pipeline sections (~2.5kg) in weighing, and 12
(7.5kg) longer pipes, the highest corrosion rates compare with the highest in the random selection,
and similarly for low corrosion. Therefore, though small percent changes in measurement would
change results, the similarity of large pipes to random selection (and for similar surface
protections) shows that the results are accurate. In the case of the EPN experiments in chapter 4, a
15 min deviation over 12 hours would be 2% and using sum of individual squared errors gives +/-

2%.
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Figure 3.9: Pipe 13, Cracks in coating. Top right further examined in Figure 3.11.
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Figure 3.10: One of the largest pits measured from Pipe 26, insulated and uncoated. Scale bar is
Imm. The insulation, which should protect the pipeline became an insulated that did not allow 02
to enter and create protective surface oxides.
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Figure 3.11: Pipe 20 which had one paint section damaged. Red circles were deepest pits. They
occurred here perhaps due to the lack of free flow 02, while away from the open surface, and away
from the area still protected by coating but no electrolyte ingress.

3.6 Conclusion

The results add new knowledge of CUI, corrosion under coating, and pitting rates not available
before using A333 steel (LTCS) in harsh marine environment. This data may allow for new model
development, standard updates, and quantification of risks where previously ranked scores were

used for harsh environments where CUI could take place (Winnik, 2016).
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Differences in mass loss, CR, and pitting were observed in pipelines as coated, insulated, and not,
in a harsh marine environment. The corrosion near ends of pipe were most severe, likely due to
crevice corrosion, and ingress of corrosion accelerating substances (moisture, chloride).
Uninsulated uncoated pipes generally had the highest CRs with 18 and 6” pipe at 0.05mm/yr and
0.031mm/yr respectively as shown in Table 3.9 and Table 3.10, while insulated uncoated CRs
were slightly less than uninsulated uncoated, however, insulated uncoated pipes had the deepest
pits. Therefore, if pipelines are insulated and will be exposed to moisture an anti-corrosion
protective coating should first be applied. Insulated and coated samples’ corrosion and pitting rates
were lowest of all. Probability of corrosion is very low when insulation and coating do not fail.
Deepest pits found in uninsulated coated and insulated uncoated are perhaps due to lack of oxygen,
and protection ironically becoming an area for trapped moisture and corrosion accelerated
substances. Insulated uncoated has a much higher CR than uninsulated coated, despite both having
1 layer of protection against the outside environment. A large difference between them is that,
when coating fails the surface area is small and the hole will be exposed to oxygen in and around
the cracked area. The oxides expand, further exposing the metal surface to the air. However, in the
case of water ingress under insulation, the water pools in the bottom, does not evaporate, and little
new oxygen comes to the surface of metal under the insulation. This gives rise to much of the pipe
being covered with electrolyte with reduced oxygen. Localized corrosion was worse on those
pipes, and this is observed in Figure 3.8. Average corrosion rates (+/- 0.6%) from destructive tests

are in Figure 3.12.

49



Corrosion rates

M Uninsulated

uncoated 0.023

M Uninsulated

coated 0.014
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W Insulated
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Figure 3.12: Average CRs from destructive tests.

These rates were comparable with other recent researchers (Lins et al., 2018) but were lower than
many in Introduction section which may be due to A333 steel having high corrosion resistance
properties compared to some steels in standards, overestimating corrosion rates due to
extrapolation from lab accelerated results, or few industry failure cases published where CR is

high.
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CHAPTER 4 - Coated, Uncoated, and Insulated Pipelines, A Field Test

Morphology Analysis

4.1 Preface

A version of this paper was published in ASME 2021 40th International
Conference on Ocean, Offshore and Arctic Engineering. The primary author is Alan Hillier and
the co-authors for this manuscript include Dr. Faisal Khan and Dr. Susan Caines. The primary
author setup experiment and performed testing, lab analysis, completed literature review and
prepared the draft of the manuscript. The co-author Faisal Khan helped in developing concept,
analyzing data, drawing conclusion, and provided feedback on the draft manuscript. Dr. Susan
Caines developed the concept of experiment, helped setup the research site and analysis of lab

interpretation. Link: https://doi.org/10.1115/OMAE2021-63014

4.2 Abstract

In situ studies involving CUI and corrosion under coating are rare, especially in marine harsh
environment. A333 low temperature carbon steel is selected for its versatile use in cold
environments and corrosion resistance properties. It has not been studied widely in marine
environment and so, this work reports corrosion type, products, morphology, and mechanism for
thirty-six model pipelines (insulated, uninsulated, coated and uncoated) placed at Argentia, NL.
Corrosion products were identified using x-ray diffraction (XRD). Detection and semi-
quantification of elements was performed using energy disruptive spectroscopy (EDS) which was
coupled to a scanning electron microscope (SEM). SEM images confirmed the formation of

characteristic morphological structures such as sandy crystal (lepidocrocite y-FeOOH), cotton ball
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(goethite a-FeOOH), and small grain (akageneite f-FeOOH) structures. For insulated uncoated
pipes, the main phases were goethite, akageneite, and hematite(a-Fe203). For uncoated uninsulated
pipes, akageneite, goethite, and hematite were main phases. For coated pipes, goethite was the
main phase. When ferrihydrite was detected with akageneite, there was less lepidocrocite and
goethite than when ferrihydrite was not present. Uncoated pipes had deepest pits and highest
corrosion rates as previously reported in (Hillier et al., 2021) and magnetite (Fe304) was present
only in year two. It is a passive oxide formed on the iron surface but can be a product of microbial
reduction of ferrihydrite in certain conditions. A proposed mechanism for the high corrosion rate
and pits in uncoated pipes is due to the localized corrosion from excess chloride and moisture from
seawater spray (exfoliation was observed) as well as stabilized ferrihydrite limiting goethite

formation, thus reducing steel pipe surface passivity.

4.3 Introduction

This research is a continuation of the work by Hillier et al (Hillier et al., 2021) where insulated,
uninsulated, coated, and uncoated pipes were exposed and studied in harsh weather marine
environment ~30m from high tide near Argentia, Newfoundland and Labrador, Canada for more
than 2 years based on experimental design in Caines et al (Caines et al., 2015).

Years of research have been completed to determine the performance of steels in industrial, rural,
urban and marine atmospheres (Raman et al., 1986) (Morcillo et al., 2019) (Antunes et al., 2003)
(Oh et al., 1998) (Alcantara et al., 2015) (Cano et al., 2014) (Antunes et al., 2014) (Fuente et al.,
2011) (Melchers, 2012). Corrosion characteristics and oxide formations on metals help to create

models giving engineers insight into structural life for different environments and circumstances.
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Composition and formation of oxides depend on environment conditions and the consensus for
weathering steels in marine environments (Alcantara et al., 2017) is that the primary corrosion
product is lepidocrocite (y-FeOOH). As time passes, it transforms into goethite (a-FeOOH) and
later magnetite (Fe304). Akageneite (B-FeOOH) can form when there is high chloride concentration
in aqueous solutions on steel. Most research conducted in atmospheric corrosion tests have used
metal coupons on racks, and there are few cases of insulated or coated pipelines to determine
corrosion products and surface morphology. Corrosion under insulation (CUI) and under coating
is not widely studied and so there is a lack of knowledge in this area. It is important as coating and
insulation are an initial protection preventing corrosion and when one or both fail, corrosion and
eventual failure may occur (Javaherdashti, 2014).

CUI is difficult to detect, and our understanding is low compared to other areas of corrosion
knowledge (Caines et al., 2013). Little knowledge on morphology and rust phases formed on steels
in situ in marine atmosphere are available (Alcantara et al., 2016). Corrosion under coating, and
CUI may have different mechanisms, products, and morphology which have not been reported in
literature. This research advances knowledge with A333 low temperature carbon steel (with
comparable properties to weathering steels) exposed to C5 class marine corrosion environment
with insulated, uninsulated, coated, and uncoated pipelines using SEM, EDS, and XRD analysis.
4.3.1 Other Marine Environment Studies

Steel was placed for two years in a marine environment and characterized by optical microscope,
SEM/EDS, XRD and mass loss by (Cano et al., 2014). The main species found were ferrihydrite,
maghemite (y-Fe203), and goethite in the inner corrosion layer, and lepidocrocite in the outer
layer. They mentioned corrosion is often constituted by a wide variety of oxides such as goethite,

lepidocrocite, feroxyhyte, magnetite and amorphous phases.

57



(Cook et al., 1999) exposed weathering and carbon steel to marine atmosphere and found oxides
consisted of goethite, akageneite, lepidocrocite, magnetite, and amorphous matter. Cu, Cr, and Si
were on the inner layer while P and Ni were distributed on the entire rust layer.

Authors in (Alcantara et al., 2016) used carbon steel exposed on open air racks in marine
atmosphere. Typical atmospheric corrosion specimens found were lepidocrocite, goethite,
akageneite, and magnetite. The work used SEM and Raman analysis for species, and SEM for rust
characterization. It contains extensive references and definitions for the typical structures which
occur on weathering steels based on the work of (Cornell and Schwertmann, 2006) and the many
works of Raman.

Low carbon steel was exposed to marine sites for three years by (Surnam et al., 2016). Early during
exposure lepidocrocite and akageneite were observed, however after 3 years of exposure magnetite
was the most probable product, and this surface had a more compact rust layer.

(Jaen et al., 2012) found that lepidocrocite formed after 6 months atmospheric corrosion, and at 12
months, goethite formed on samples. Akageneite was prominent in high chloride environments.
For most researchers, lepidocrocite is reported as the earliest corrosion product and afterwards,
goethite and then magnetite appear. These are known to passivate and protect the steel from further
oxidation. Akageneite was reported in marine environments rich in moisture and chlorides, acting
as an agent to increase localized corrosion such as pitting. Most references on ferrihydrite in iron
in atmospheric corrosion come from long term corrosion studies (Bouchar et al., 2017, 2013). It
forms reactive islands away from the iron surface, in contrast to magnetite, which forms on it and

passivates it.
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4.4 Experiment and Results

A JEOL JSM 7100F field emission SEM equipped with a Thermo EDS system was used to observe
surface morphologies of the rust film and detect the elemental distribution. Power X-ray diffraction
(XRD) was taken on a SmartLab analyzer at a range of 10-90 with a scanning rate of 20/min to
characterize the crystalline phases of the corrosion products. The parameters of the generator were
set as 40 kV and 44 mA.

Following guideline from SPO 198-2010, Norsok number 6C coating was used with one coat
epoxy phenolic primer, and one topcoat (each 150um). Pipes that were not coated were used as
received with Rust-preventing Spraying Hard-film Agent (RSH-3A/Lucency with 50% acrylic,
10% phenolic, 20% hydrocarbon solvent, 10% suphonate, 10% miscellaneous) on the surface of
pipes. Armacell (“Armacell USA,” 2018) rubber foam I-inch thick approximately 4.5-inch
diameter was used over half of the pipes and secured with zip ties and silicone.

Samples of A333 low temperature carbon steel pipes (properties in Table 4.1 from manufacturer)
were randomly selected for SEM, EDS, and XRD data for the four surface protections (Uncoated
uninsulated, coated insulated, coated uninsulated, and uncoated insulated pipes). Samples were cut
using a pipe cutter and band saw. Slices of pipe were observed under SEM for surface features,
and EDS scans which are presented in some tables after the SEM images. The EDS scans present
elemental mass percent and are different for different surface protections and may be investigated
further. Surface rust was taken off by scraping or prying off from the surfaces of pipes, and then
crushed for XRD analysis. Details for each type of pipe surface protection studied and

experimental results are presented below.
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Table 4.1: A333 steel properties.

Hot Rolled Steel Pipe Chemical Composition

Si

Ni

Cr

Mo

Cu

Al

\

Ti

Ca

0.16

0.26

0.95

0.013

0.004

0.06

0.11

0.05

0.07

0.02

<0.01

0.01

<0.01

<0.0005

0.0021

4.4.1 Uncoated Uninsulated Pipes

Pipes in this section were used as received. Figure 4.1 is an uncoated uninsulated and corroded in

Argentia, NL for two years. While received black and smooth, after corrosion it appears red and

brown, with non-smooth surface. Some rust could be easily removed and flaked off by touching

as in Figure 4.8, this was generally an outside layer, while the darker inner layer was more

compact. In some cases, it was difficult to remove a tightly bound oxide on the surface without a

sharp tool.

Figure 4.1: Pipe 27 showing compact light layer of surface

December.
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SEM image in Figure 4.2 shows a cracked and broken, uneven surface oxide on the left, while the
right side is more compact, smooth. Such surfaces generally protect the steel from elements like

chloride. Figure 4.3 shows a pit. EDS scans in Table 4.2 show typical marine atmosphere elements.

— 100um JEOL 5/28/2018
15.0kV LED SEM WD Smm 13:15:47

Figure 4.2: Pipe 27, Uncoated uninsulated, easily removed flaky oxide on the left side and the
more compact darker underlayer on the right.

Table 4.2: EDS scan of points on Figure 4.2: Pipe 27

C-K O-K Na-K Mg-K  Al-K Si-K S-K Cl-K Ca-K Ti-K Mn-K

27 ptl 24.39 13.27 0.24 0.51 1.28 0.57 0.15 0.89 0.28 58.42
27 pt2 8.92 29.38 0.63 0.58 0.38 0.59 58.95 0.58
27 pt3 14.02 33.77 0.43 0.12 0.17 0.40 0.24 0.12 50.73

61



13.0kV LED WD 10mm 12:32:21

Figure 4.3: A pit on Pipe 27 with sandy grains, globules (spread over different areas of the
surface).

Table 4.3: EDS 3 points across Figure 4.3, having chloride near the pit.
Ca-K

27 ptl 42.07 SllS 0.73 1.08 0.60 0.93 2.04 10.36 37.03
27 pt2 12.99 3.10 0.19 83.72
27 pt3 34.43 0.35 0.69 64.54

Pipe 27 XRD oxides displayed (by mass percent largest to smallest) akageneite, lepidocrocite,

hematite.

Figure 4.4: Pipe 2B in July showing thin compact oxide layer.
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Figure 4.5, Figure 4.6, and Figure 4.7 have cracks and flattened area like valleys. Cracked and
easily removed oxide surface may not protect the steel surface as well as a uniform oxide layer
with a smooth surface. Typical marine elements were found on the surface listed in Table 4.4.
Figure 4.8 shows typical exfoliation in marine environments where chloride oxides form higher

volume below other Fe oxides, raising up layers of Fe which are easily removed.

100um JEOL 5/28/2018
SEM WD 10mm  14:17:47

Figure 4.5: Pipe 2B showing non protective oxide, with cracks and non-smooth surface. In the
darkened areas, sandy grains appear.
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10pm JEOL  5/28/2013
SEM WD 10mm  14:20:14

Figure 4.6: Pipe 2B zoomed in.

Table 4.4: Pipe 2B EDS scans across Figure 4.6.

2b ptl 2.95 0.22 0.52 0.35 1.13 94.83
2b pt2 16.68 43.56 1.52 0.58 1.27 2.84 0.37 0.28 0.22 32.67
2b pt3 8.66 35.88 1.55 0.16 0.14 0.23 0.16 0.36 0.27 52.59
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Figure 4.7: Pipe 2B showing what may be lepidocrocite and globular goethite in cracks, and
globular goethite in areas of the surface. The oxide shown here is more compact than other images
taken.

Figure 4.8: Early exfoliation, typical outer (lightly bound) and inner (strongly bound) oxides.

4.4.2 Coated Insulated Pipes

Only one random sampled pipe experienced broken coating with corrosion as seen in Figure 4.9,
Figure 4.10, and Figure 4.11 showing different features and oxides. EDS scans are shown in
Table 4.5. In this sample, marine moisture penetrated the insulation and attacked an area of broken
coating. Corrosion then spread under the coating. This coating failed in under 2 years, while in
industry coating is generally given life of 5-13years (Geary, 2013). However, 7/36 pipes which

were coated and insulated did not suffer any coating breaks.
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Figure 4.9: Pipe 20, July (left) vs December (right). Coating failure led to corrosion under coating
which spread multiple times its initial size under the coating in 6 months.

15.0kV LED

Figure 4.10: 20B showing lepidocrocite in worm nest pattern and globular goethite and/or
akageneite in center.
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Table 4.5: Atomic

C-K S-K CI-K
20B 9.39 31.98 0.67 0.81 0.11 0.33 0.77 55.94
20B 6.81 21.90 0.18 0.76 0.20 1.04 69.10
20B 6.19 3.70 90.11
20B 20.80 32.21 0.34 0.17 0.40 1.33 0.22 0.60 0.28 0.70 38.56 4.39

x400

Figure 4.11: Pipe 20B (uninsulated and coated) showing lepidocrocite in and around cracks.

4.4.3 Coated Uninsulated Pipes

Pipes in this section experienced corrosion around instrumentation and other surface breaks in
coating. When iron oxides form under the coating the rise in volume expands and cracks the
coating (Figure 4.12), leaving more areas exposed to the environment, thus accelerating the

corrosion of the steel. During the first year, no corrosion occurred on random sample pipes, and
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so no mass loss or pit depth was recorded for the previous paper research (Hillier et al., 2021).

Interestingly, many pipes in this section exhibit clear lepidocrocite formation, an early iron oxide.

15.0kV LED

Figure 4.13: Laminar lepidocrocite over pipe 17.
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Table 4.6: Pipe 17 atomic weight percent of 3 points on surface. Chloride percent mass is higher
than other samples.

17 6.46 0.00 0.32 93.22
17 31.85 13.06 0.19 0.58 2.99 1.37 1.22 39.39 9.35
17 44.02 0.08 0.50 1.16 54.25

Figure 4.13 shows laminar lepidocrocite over the surface, with what appears to be some globular
goethite starting to form in the center. The surface is not deeply cracked compared to uncoated
pipe samples in previous section. Pipe 17 was from the first year, while pipe 13 was from the

second.

Figure 4.14: Corrosion under coating of 13C. SEM preformed on epicenter of break until right

edge of coating still attached. See Figure 4.15 to Figure 4.21.

In Figure 4.14 a break in coating around instrumentation lead to moisture inside. As the corrosion
layer increased in size, expanding, it pushed the coating off the surface allowing corrosion on new
areas of the pipe further from the initial break. As seen on coating chip, corrosion products near
the initial break were redder in colour, while moving under the coating away from the break a
darker color appears. In (Hillier et al., 2021) similar was investigated and the largest pits occurred

between the epicenter and the edge of coating where no corrosion had taken place. XRD was
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preformed on for pipe 13 but due to some issue, oxides were underneath the background curve,
and only SEM and EDS results were available.

In Figure 4.15 to Figure 4.21 shows from the initial break, middle of the break to the outside
coating edge, and near the coating edge are shown. In Figure 4.17 the stacks are sharp, deep, and
were found in the mid region from epicenter to coating edge with little corrosion, previously this
area was shown with deepest pits. In Figure 4.19 near to the epicenter the surface shows advanced
corrosion with surface looking smoother, even though more globules are shown rather than
individual larger stacks. Figure 4.21 near edge of coating shows debris and fiber/crystalline
features, which may be the coating rather than an oxide formed. Figure 4.22 shows another random

sample with more advanced corrosion, the surface appears smoother.

En "
100pm JEOL 7/31/2018
15.0kV LED SEM WD 9mm 12:08:37

Figure 4.15: Pipe 13C showing cracks, uneven surface.
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Figure 4.16: Enlarged center from Figure 4.16 showing lepidocrocite and goethite and small pits

on layered sheets on bottom right side. XRD of similar pipe in Figure 4.30.

Table 4.7: 13C areas from Figure 15

O-K I-K K-K Ca-K Ti-K Cr-K Fe-K Ba-L
13C(2)_pt1 2598 2932 0.29 0.18 1.86 0.65 0.25 33.61 7.86
13C(2)_pt2 18.48 5.08 1.84 0.46 73.28 0.87
13C(2) pt4 11.76 2.16 0.17 0.43 0.59 82.38 2.51
13C(2)_pt5 2731 1435 0.12 0.13 0.68 0.34 0.46 0.26 0.30 1.01 55.03
13C(2) pt6 2546 3931 0.12 0.42 0.25 2.70 022 3152
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— 1pm JEOL 7/29/2019
15.0kV LED SEM WD 9mm 11:20:00

Figure 4.17: 13C mid region from coating edge to coating break location. Corrosion surface
appears porous with small laminar slivers on stacks.

Figure 4.18: 13C near coating break showing a donut shapes, typically magnetite, in top center
left.
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_— 1pm JEOL 7/29/2019
15.0kV LED SEM WD Smm 11:40:14

Figure 4.19: Pipe 13C near epicenter of coating break, the stacks appear with globules, smoother
than in Figure 4.17.

— 100um JEOL
15.0kV LED SEM WD 9mm

Figure 4.20: 13C further from the break only sandy grain lepidocrocite over a generally flat surface
are seen.
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- )
— lpm JEOL 7/29/2019
15.0kV LED SEM WD Smm 10:58:57

Figure 4.21: 13C Further from initial break shows crystalline species present. It may be organic
matter or part of the coating still on the surface where corrosion did not yet progress.

9T
: ,'&f.-/

o
| 10pm JEOL 7/29/2019
15.0kV LED SEM WD 10mm 14:35:45

Figure 4.22: Pipe 23B showing relatively matured, smoothed surface compared to other pipes in

this section. Mature products found in XRD in Figure 4.31 a similar coated uninsulated pipe.
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4.4.4 Uncoated Insulated Pipes

Much of the surface of the uncoated samples under insulation remained as they were received, as
shown in Figure 4.23, i.e., visible surface corrosion across the whole surface was less than
uninsulated (i.e., Figure 4.4 and Figure 4.8). Most visible corrosion was near the bottom of the
pipe, where the ingress of water would remain under insulation for some time. The figures in this
section are from the bottom of insulated uncoated pipes. Figure 4.23 shows red oxide progression,
Figure 4.24 possibly elongated akageneite which was also found on XRD tests, Figure 4.25

showing possible lepidocrocite to goethite formation, and Table 4.8 showing EDS scans.

Figure 4.23: Pipe 3B in July (left) and December (right)
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- 'f‘. ¥
100um JEOL 7/29/2019
15.0kV LED SEM WD 10mm 15:33:45

Figure 4.24: Pipe 3B showing globules and elongated cigar shapes, possibly akageneite, matching
XRD in Figure 4.26: Pipe 3 XRD analysis.

i £ 4
7/29/2019
WD 10mm 15:41:24

Figure 4.25: Pipe 3B globules. Compared to Figure 4.11 and Figure 4.13 the oxide is more compact
and smoother showing lepidocrocite to goethite transformation and matches XRD found in Figure
4.26
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Table 4.8: EDS scans for Pipe 3

Fe-K Ba-L
3B ptl 76.82 15.43 1.40 0.26 0.17 0.66 0.80 0.71 3.74
3B pr2 40.35 59.65
3B pt3 61.25 14.68 0.47 0.33 0.33 0.60 0.18 0.99 21.15
3B pt4 49.41 25.51 0.69 0.14 0.28 0.47 22,77 0.72
3B pt5 43.32 11.35 0.39 0.16 0.26 0.99 43.53
4.4.5 XRD Analysis

Samples were taken from the oxides and underwent XRD, some of those sample figures are below.
Pipe 3C (insulated uncoated), 8A (uninsulated uncoated) 27 (uninsulated uncoated), 28 (insulated

uncoated), 12 (uninsulated coated) and 23 (insulated coated).

Sample 3C

Akagane
Goethite | iron{lil) ox
Lepidocrogite | i=iran(lil) ox

Q(OH) » 18.3%
(OaH) o 16.4%

104 6.7%
Maghemite » Feg1 HQz2 » 3.9%
Magnesioferrite » (MgFe:)0; » 1.9%

Magnetite | iro

hemite  FezyHO a2 I | |
Magnesioferrite e (MgFez)Qq | | | |
o i ! ) 30 60 70 60 a0
Two-Theta (deg}

.
=3
.
&

Figure 4.26: Pipe 3 XRD analysis

77



8A

5004 Selenium » Se Akaganeite-Q » Fe*30{OH) « 39 7%
Goethite | iron(Ill) oxide hydroxide « FeO(OH) « 21.7%

Lepidocrocite | i=iron(ill) oxide hydroxide « FeOQ(OH) e 18 3%

Ferrihydrite e Fes93(0sH) o 10.0%

Magnetite | iron diiron(lil) oxide e FezQ4 e 7.2%

400 Magnesioferrite » (MgFez)04 o 1.7%
Maghemite & Fea1HO32 o 1.4%

/

;
t

300

18.3%

Inte nsity (Coun

200 ; L

100 e 24l 39%
. .085

~'~L.LM,,‘_JL_ NN || LT

| Akaganeite-Q « Fe*3Q(OH) | | I |

| Goethite « FeO(OH) | BTN | |

;I_F};).’Lf()(,‘rﬂ(,‘tf(} @ ﬁ'p()(()h‘} [ i |

| Ferrihydrite » Feq 33(0pH)| | 11 \ | | | I

| Magnetite » Fe304 I | | \

i.'tffagnesm)‘ernrs ® (MgFez)04 | | |

CE i T ey I T TN 5 5 T T U N T O N ML
10 20 30 40 50 60 70 80 8¢

Two-Theta (deg)

Figure 4.27: Pipe 8 XRD analysis
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Akaganeite-Q e Fe*30(0OH) « 41 1%

Lepidacrocite | i=iron(lll) oxide hydroxide » FeO(OH) » 20 3%
Goethite | iron(Ill) oxide hydroxide « FeO(OH) « 16.7%
Magnetite | iron diron(lil) oxide » Fe3Q4 » 8 0%

Ferrihydrite e Fesga(QaH) » 7.7%

Maghemite e Fez:HO32 » 6 2%

Magnesioferrite » (MgFez)04 « 0.0%

Selenitum « Se

500

400

.z

{

300

Inte nsity (Coun

200

100

(4]

| Akaganeite-d « Fe*SO(OH) | | | |

| Lepidocracite « FpO(OH) | | |

 Goethite » FeO(OH) | i1l 1] | |

| Magnetite » FesOy | | \

| Ferrihydiite » Feq a3(OpH)| I I | | \ \ | \

| Maghemite|e FeatHO32 | | \ |

| Magnesiofertite » (MgFaz)04 | | | | |
T T2 T T T T T T T T 0 80 90

Two-Theta (deg)

Figure 4.28: Pipe 27 XRD analysis
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Figure 4.29: Pipe 28 XRD analysis
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12C dried flakes

Iron oxide | magnetite » Fe304
Lepidocrocite » FeQ(OH)
Goethite » Fe*30(0H)

250 Magnetite » Fe*2Fe;*30y,
Hematite & Fe;0;
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Goethite » Fe**O(OH) | |
Magnetite » Fe*?Fe;*30, | |
Hematite & Fe203 | | | |
10 20 30 40 50 70 80
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Figure 4.30: Pipe 12 XRD analysis
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21 powdered

Iron oxide | magnetite » Fe;04
Lepidocrocite » FeQ{OH)

Fe*30(OH)

Fe*2Fe;*?Qy

rHEDSIY (U

Iron oxide » Fe;0y |

Lepidocrocite « FRO(OH) | | | I
Goethite « Fe*2O(OH) | I

Magnetite » Fe*?Fe,*30y |

Hematite & Fe;0; ] | | | B

Two-Theta (deg)

Figure 4.31: Pipe 21 XRD analysis

4.5 Discussion and Conclusion

According to (Alhawat et al., 2021) and references in the Introduction section, when steel is
attacked by chloride the first corrosion product is lepidocrocite, and this was seen clearly on
insulated and coated samples in the experiment section. Due to insulation and coating which
protects the steel if not broken, the attacked surface on uninsulated pipes displayed a much
different SEM image than pipes which were protected. I.e., new lepidocrocite over a cracked
surface in Figure 4.13 compared to Figure 4.7 with less pronounced smoothed surface with deeper

less pronounced valleys.
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Magnetite can be considered a final phase of iron oxide passivating the surface. In samples from
the first year, no magnetite was found but in the second year, magnetite had formed. Authors in
(Refait et al., 2015) used steel over seven years in marine atmosphere and found that magnetite,
and iron oxyhydroxides were present. This was also found in the present study.

Previously, in (Hillier et al., 2021), for the first year in marine atmosphere, pipelines which were
uncoated (both insulated and uninsulated) had the deepest pits, and the highest percent mass loss.
The reason for this occurring is likely due to the presence of akageneite and ferrihydrite.
Ferrihydrite was found in samples in Table 10 for uncoated pipes, both insulated and not. For long
term studies of medieval iron and weathering steel, ferrihydrite has been reported frequently
(Bouchar et al., 2017, 2013). It is formed by iron corrosion in the presence of oxygen and water
and stabilized by the adsorption of Si, P, and S (Furukawa et al., 2002). These elements were found
on EDS scans in Table 4.3, Table 4.4,

Table 4.5 and others. Ferrihydrite forms small discrete clusters away from the surface and is highly
reactive, like lepidocrocite and akageneite (Bouchar et al., 2013). When ferrihydrite, lepidocrocite,
iron sulphites, and magnetite are close, (Furukawa et al., 2002) mentioned they stabilize
ferrihydrite and reduced formations of passivating lepidocrocite and goethite. Thus, reducing oxide
protection. Magnetite is present with ferrihydrite, but it should be noted it is one of the primary
products of microbial ferrihydrite reduction (Roh et al., 2003) and magnetite formed in this way
may not passivate as it not bound to the uncorroded surface, instead forming islands away.
Comparable results of high pitting and CR are found in the present study with pipes having those
oxides/hydroxides in Section 4.4.5 which add an interesting mechanism for corrosion in Argentia,

NL.
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The deepest pits and most mass loss percent occurred in samples with ferrihydrite and high
amounts of akageneite (i.e., pipes uncoated with and without insulation). Further research is
necessary to detect if microbial corrosion occurs at Argentia, NL, however, authors (Furukawa et
al., 2002) had a similar environmental species, corrosion products, and elements (even though it
was not the same environment) and mentioned three possible explanations for the combinations
seen in Table 4.10. 1. Active metal reducing bacteria, 2. heterogeneous redox environment
supporting simultaneous oxic and anoxic activities, and 3. Heterogeneous geochemical regimes
which concentrate species that stabilize ferrihydrite (such as Si, P, Cu, S) and green rusts (C, CL,
S). Coating, insulation, and pits on pipelines limit free flow surface oxygen, and seawater spray
with chloride promotes akageneite and increase localized corrosion on steels. Thus, it is possible
the corrosion mechanism experienced at Argentia, NL is a combination of ferrihydrite formation
with possible metal reducing bacteria and akageneite, or just species which stabilized ferrihydrite,
which would be the main contributor for pits and high corrosion rates observed. Another clear
mechanism present is exfoliation, which occurred Figure 4.7 and Figure 4.14 and is common in
marine atmosphere with chlorides.

The largest to smallest reported oxides by XRD were as follows; for uncoated and uninsulated
pipes, akageneite, lepidocrocite, and goethite. When akageneite was not detected, the largest to
smallest detected were maghemite/hematite, lepidocrocite, and goethite. For uncoated and
insulated pipes: goethite, lepidocrocite, and akageneite. Coated pipelines in the first year had one
random sample for XRD. The most prevalent to least reported phases were goethite,
maghemite/hematite, and lepidocrocite. Randomly selected coated and insulated samples for XRD
did not have corrosion present. This makes sense that over two years the insulation and coating

was rare to fail, as reported elsewhere (Geary, 2013; Geary and Parrott, 2016).
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Table 4.9: Pitting and corrosion results from (Hillier et al., 2021). Pit depth +/- 3% error. CR +/-

0.6% error.

Average %| Average Pit |MaxPit Depth
Pipe - 2017 June |Mass Loss [ Depth (microns)| (microns) CR
Ins. Uncoated 0.47 203 240 0.019
Ins. Coated 0.00 0 0 n/a
Unins. Coated 0.00 0 0 n/a
Unins. Uncoated 0.70 139 165 0.028
Average %| Average Pit |MaxPit Depth
Pipe - 2017 Dec | Mass Loss | Depth (microns)| (microns) CR
Ins. Uncoated 0.84 207 271 0.023
Ins. Coated 0.62 156 180 0.017
Unins. Coated 0.49 177 210 0.014
Unins. Uncoated 0.72 156 199 0.019
Table 4.10: XRD results
Maghemite Year
Pipe |I|C| /Hematite | Lepidocrocite | Goethite | Akaganiete | Magnetite | Ferrihydrite [ sample
9 X 6 15 79 1
26 X 31 16 53 1
28 X 33 23 30 14 2
3 X 4 18 19 34 7 16 2
21 X 18 16 66 1
12 46 33 21 1
27 7 20 17 41 8 8 2
9 2 18 22 40 7 9 2
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CHAPTER 5 - Electro-potential Noise Experiments Varying Electrode Size,

Temperature, and Electrolyte

5.1 Preface

This paper will be submitted to a journal after appropriate editing is completed. The primary author
is Alan Hillier and co-authors for this manuscript include Dr. Faisal Khan and Dr. Susan Caines.
The primary author setup experiment, performed testing, lab analysis, completed literature review
and prepared the draft manuscript. Dr. Susan Caines developed the concept of experiment,
provided equipment, LabVIEW software, and provided feedback on manuscript. The co-author

Dr. Faisal Khan provided feedback on the manuscript.

5.2 Abstract

In the present work, A36 rolled steel was used in novel 3 working electrode experiments measuring
electrochemical potential noise (EPN). Twenty twelve-hour experiments with similar and
asymmetrical electrodes of ~230 to 400mm? were placed in distilled water, seawater, and 3.5
weight percent NaCl. Temperatures varied with room, 40°C, and 70°C. A Keithly 3706A digital
multimeter recorded EPN at 3hz using LabVIEW software. Statistical time and frequency analysis
performed included skew, standard deviation (SD), kurtosis, transients, wavelet response, and Fast
Fourier transform (FFT) power spectral density (PSD). Results were compared to physical features
(microscope, SEM) and mass loss. Simplified-EPN method using potential area alone did not
correlate with corrosion rate (CR). Statistical time and frequency FFT PSD and wavelets were best
at determining corrosion mechanism, while standard statistical analysis did not work well for raw

potential time records. These results confirm different types of corrosion can be detected using
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only potential on common steel electrodes after manipulation to frequency spectrum using simple

methods and equipment.

5.3 Introduction

Electrochemical noise (EN) describes fluctuations in potential and current on metal surfaces in
electrolyte. Iverson (Iverson, 1968) used a voltmeter and different metals to show that unique
potential fluctuations occur on corroding surfaces. Sometime afterwards Hladky and Dawson
(Hladky and Dawson, 1981) found that crevice and pitting corrosion produced “noise signatures”.
Since then, methodologies such as ASTM G199 (“Standard Guide for Electrochemical Noise
Measurement,” n.d.) and different use cases and experiments have been performed by Bihade
(Bihade et al., 2013) and Cottis (Cottis, 2001), and stress corrosion cracking (Ricker and Bertocci,
1996). EN analysis has also been used to test organic coatings (Jamali and Mills, 2016). Some
recent reviews include practical applications of electrochemical noise by Obot et al (Obot et al.,
2019) and another by Xia et al (Xia et al., 2020) completed a review on instruments, procedures,
and traditional electrode setups. EN is a powerful passive measurement technique which can allow
early-stage corrosion identification and does not require external signal applied (Caines et al.,
2017a).

It is rare to use raw noise data without manipulation, however, Caines et al in (Caines et al., 2017b)
related electrochemical potential noise (EPN) to corrosion rate using novel 3 working electrodes.
A relationship was found where corrosion rate (CR) correlated highly with potential area (on
potential-time curve). The highest EPN generated from a corroding electrode were related to
highest mass loss in the same electrode for a given experiment. No other studies were found

relating potential area curves to overall mass loss. Therefore, it should be further investigated.
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However, many researchers have commented that “transients” in raw data correspond to localized
corrosion, while “smoother” time series corresponded to more uniform corrosion.

For most researchers, potential is recorded from electrodes and afterwards other analysis
performed to find underlying corrosion information (Mahjani et al., 2014). In time domain,
statistical analysis of noise takes place to quantify (and predict) the corrosion mechanism using
skew, kurtosis and standard deviation (SD) calculated from the raw time domain data. Going from
time to frequency domain is especially useful, where often power spectra density (PSD) and
wavelets are used to create energy density plots (EDP) which gives insight to corrosion activities
(Smith and Macdonald, 2009). In the frequency domain signals are easily seen compared to raw
data, for example, in wavelet plots, waves present in the time domain are separated and placed into
separate series based on their crest-to-crest wavelength so that frequency specific corrosion
processes can be noticed and compared for different experiments.

Some authors modified traditional methods, using just two or even four electrodes, some with large
(400mm?) or small areas (<5mm?) (Bertocci et al., 2003), though typically authors used areas up
to 200mm? to measure potential and current (Cappeln et al., 2005), (Girija et al., 2005) (Mahjani
et al., 2014). Area changes may greatly modify the readings of potential and current and so some
recommended different size electrodes to enhance noise pattern recognition for different types of
corrosion (Pistorius, 1997). Potential readings in free corroding situations are rich in information
(Cheng et al., 2003). Later other authors changed the area and found more details compared to
symmetrical electrodes (Shahidi et al., 2012). This area has an inversive effect on potential
readings (the larger the electrode the smaller the readings) (Cottis, 2001) and it may reduce the SD
(Xia et al., 2020). Later it was reported when electrode areas were increased, the SD decreases

because of the increase of the interfacial capacitance and area for the cathodic reaction (Ma et al.,

92



2017). and some Researchers recently were still curious about the effect of modifying area while
recording EN (Xia et al., 2020). Therefore, modifying electrode area is still an area of interest and
rarely found, so, asymmetrical, and symmetrical working electrodes should be investigated to
observe results.

In the present work, EPN generated from steel coupons was recorded while varying electrode size,
temperature, and electrolytes to gain insights while using simple and standard equipment and bulk
materials. S-EPN method, as well as statistical and time-frequency domains were used to further
understand if S-EPN and/or using potential alone can account for meaningful corrosion data.

The paper organization is as follows, first the experiment details are summarized, then
methodologies presented. Results discuss statistical analysis, S-EPN, wavelets with surface

features, and then FTT PSD which are then compared to physical features and mass loss.

5.4 Experiment

In this study two types of electrodes were used, with 3 temperature settings, and 3 electrolytes.
Therefore for 3 different factors, and 2 and 3 levels were used. While considering 2k and 3"k
factorial experiments, the number required (with one added for error) is a minimum of 17 + 1
experiments are required. A36 hot rolled steel was used as electrode with dimensions of 0.25
thickness, 0.75-1-1.25in width, and 1.25in height, with total area 230-400mm?. 60 electrodes were
used in 20 experiments (originally 18 was planned but two had to be redone). Prior to experiment
each was sanded in stages to 1200 grit, cleaned with ethanol, dried, and weighted prior to
experiment following (ASTM G1-03, 2003).

Copper wires attached to alligator clips were used as connection to electrodes. Transparent glass

container was used for experiments and to hold electrolyte. Keithly 3706A as a digital multimeter
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was connected to electrode wires and LabVIEW software was used to record EPN data over
experiment at a rate of ~3Hz over 3 data points (data points ~130000 in 12hours) which is of a
resolution capable to record EN data (Cottis, 2001). Simplified EPN method (Caines et al., 2017b)
was used to calculate individual potential from each electrode and check potential time area
compared to CR. Background noise was recorded from electrodes before being placed
simultaneously in electrolyte. Baseline electrical recordings of potential were recorded between
0.0000013-0.0000017V, compared to 0.001-0.03V when in contact. A ceramic heater under glass
was used to heat electrolyte. Experiments were ~12 hours in length, except in one case where
building access was unavailable, and the experiment was ~24 hours.

Three electrolytes: distilled water, seawater with corrosive ions (Cl-, Na+, SO4, Mg2, dissolved
gasses and others), and 3.5 wt. percent NaCl (similar Cl- in seawater but without other elements)
were used in experiments (Acosta et al., 2014). Three different temperatures were used, room (18-

22), 40°C, and 70°C.

Figure 5.1: Experiment test of the system, light red/brown oxide clear on the electrodes.
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Table 5.1: Experiment overview and trends for raw data. S is similar electrodes, and D is different.

Details For Each Experiment
Experiment
Number |Electrodes| Temperature Electrolyte Trends
Most Potential with
S | D |~18-22] 40 | 70 | Distilled |3.5% NaCl|Seawater Highest CR
1 X X X N
2 X X Y
3 X X X Y
4 X X X Y
5 X X X N
6 X X N
7 X X X N
8 X X N
9 X X X N
10 X X X Y
11 X X N
12 X X X N
13 X X X Y
14 X X X N
15 X X X Y
16 X X X N
17 X X X N
18 X X X N
19 X X X N
20 X X X N

Following experiments, coupons were wiped of debris, photographed, weighted, and cleaned and
reweighed (NACE RP 0775-2005, 2005). Post corrosion electrodes were cleaned using a 15%
hydrochloric acid (HCL) solution inhibited with 10 g/ Dibutylthourea (DBT). Electrodes were

randomly selected for SEM and microscope analysis.

5.5 Methodology

EN signals are composed of random, stationary, and direct current variables. It is important that

noise not related to corrosion be removed before analysis (“Standard Practice for Preparation of
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Metallographic Specimens,” n.d.). As such, EN can be represented by equation below (Jaquez
Muioz et al., 2021):

x(t) = my+ s+ Y, (2)
Where x(2) is the EN time series, m; is the DC component, s; is the random component, and Y; is
a stationary component. The latter two are functions that define the corrosion system (Girija et al.,
2005). This linear relationship was used as it can compare the potential vs time progression while
removing the noise.

The component to remove the noise is below:

Yn = Xp — ?go aini (3)

Therefore, to find signal without trend noise, Equation 3 is used where x,, is the noise signal, and
the polynomial of "n" grade p, at nt" term a; in “n” time (“Electrochemical Noise Measurement
for Corrosion Applications,” n.d.) , (Liu et al., 2010). Figure 5.3 shows an example of original and
potential with trend removed.

Time-domain statistical methods used in this research are skewness, kurtosis, transients measured

with a moving average, and potential noise SD. If total sampling points on corroding electrode is

N and the potential is p, then the expressions according to Mansfeld (Mansfeld, 2005) are below:

1
Mean =, = S, () )

Standard deviation = g, = \/ % SN X =1 )? (5)

1 <N 3
yZi=1(xi—M
Skew = A11(+") (6)

i

1wN
ﬁ2i=1(xi_Mx )*

Kurtosis =
(Jx)4
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Statistical calculations have a standard error (SE) that cause uncertainty in results. Where N is the

number of data studied. Over larger data sets the SE is decreased (Eden, 1998).

SE = \/% 8)

Time domain statistical analysis has been used extensively (Cappeln et al., 2005; Jamali and Mills,
2016; Shahidi et al., 2012) often referencing a patent to determine the corrosion mechanism from
the calculations (Official Gazette of the United States Patent and Trademark Office, 1992). The
direct current drift was removed prior to data analysis by a nine-order polynomial fitting for FFT,
similarly, used by others (Jaquez M. et al., 2021).

5.5.1 Wavelet Analysis

Wavelet time-frequency statistical analysis was used to identify corrosion form at different wavelet

crystals. The energy contribution of each crystal in the overall signal is given by Equation 8.

N
1«2/ .
Ef = ¥ db(Gi=12,..]) )
E
1 N
Ef = -0 Stk (10)

Where s; , d;  are the wavelet coefficients, Ejd is energy of wavelet detail of j level, E ]S is energy
of wavelet approximation J(J = E + 1), Eis wavelet level number, and N is the sampling number.
Orthogonality of wavelets allow calculation of overall energy by the sum of E ]5 and Ejdat each

wavelet level:

E=Ef + ¥)_ Ef (11)

Energy contribution of wavelet crystals has been related to corrosion type (Ma et al., 2017). Short
time scale crystals (D1-D3) have been associated with activation-controlled processes. Medium

time scale (D4-D6) crystals provide information on localized corrosion, while long time scale
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processes (D7 and DS8) relate to diffusion controlled/general corrosion and DC drift (Ma et al.,
2017) (Homborg et al., 2012). Some have said that D8 to D12 are related to pitting corrosion
(Smith and Macdonald, 2009). Determining time range from crystals is given by the following
equation (Jaquez Mufioz et al., 2021)

(c],c]) = 277at, 2/2At) (12)
where c is crystal and At is time display. Table 6 shows each crystal scale range in seconds and in
Hz. High-frequency crystals are the first, and low-frequency phenomena are presented in the last
crystals. For wavelet analysis both D1 to D8 and S8, as well as higher resolution D8-D16 as some
other researchers with original time domain (Smith and Macdonald, 2009; Wharton et al., 2003).
Percentages not displayed above D8 and D16 total 100. Wavelets are unique in that the DC drift
component doesn’t need to be removed from the raw data (Xia et al., 2020) as it is found in specific
frequencies (Cao et al., 2006). No overfitting or data loss is present compared to polynomial fitting
of other methods (FFT). Daubechies level 4 (db4) wavelet is highly localized in time and good for
EN studies where short time duration events happen (Smith and Macdonald, 2005), as such, it was
selected for use.
5.5.2 Power Spectral Density using FFT
Often EPN are analyzed using FFT technique to obtain the PSD plot which is used to find the
corrosion characteristics (Y1 et al., 2018) by plotting power per unit frequency on a logarithmic
scale (Bertocci et al., 1997). The slopes of PSD plots reflect the corrosion mechanism by the
linearity of slope (either entirely or after roll-off), the degree of the slope, and the frequency
dependent area (flat slope can indicate passivation). When the slope is ~-4, it tends to represent

general corrosion, while slopes ~-2 indicate pitting (Acosta et al., 2014).
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Before the data was transformed to frequency domain with FFT, a Hann window was applied

(Oppenheim et al., 1999):

w(n) = 0.5(1—cos(27‘t%)), 0<n<N (13)

Ryx (M) = ~ZNZ"1x(n) * x(n + m) (14)

While (13) is from 0 <m <N

“tm _ —2mkn?
Px(k) = yTZ%:l(xnxn)e N (15)

logpx = —pBxlogf (16)
The frequency zero limit (‘Y0 ) gives material dissolution information because the PSD is related
to total energy present in the system (Mehdipour et al., 2014).Results and Discussion
Here, characteristics of the potential time series, corrosion mechanism and analysis of findings are
discussed. Statistical time domain (Skew, kurtosis, SD, variance), S-EPN procedure, frequency
domain (FFT PSD), and time-frequency (wavelets) were applied to potential-time series to extract
corrosion information.
5.5.3 Statistical Analysis, EPN, and Sample Area
Skew and kurtosis of EPN was used to determine corrosion mechanism based on kinetic. The
application of statistical results to determine mechanism was discussed previously by many
authors, Cottis, Eden and others (Montoya-Rangel et al., 2020) (Gaona-Tiburcio et al., 2014) (Eden
et al., 1987) (Eden, 1998) (Al-Mazeedi and Cottis, 2004). Looking for a better method, Eden and
Reid proposed corrosion type by skewness and kurtosis (Reid and Eden, 1999). Some authors
agreed with the method (Cappeln et al., 2005) and it is still frequently found in literature, however,

the results sometimes presented divergences in data and was inconsistent for some experiments
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and electrolytes (Jaquez M et al., 2021). For this reason, it will be investigated it applies to the
current research, or if it is not accurate.

From the procedure of the patent, two or more electrodes of the same material are measured
regarding a third electrode. After trend removal (shown in Figure 5.3) statistical analysis is
completed. When large skew is present, the data is “skewed” towards the side of +, -. A low skew
means the data is generally presented around 0. In kurtosis, a 0 value is like a normal distribution,
but a + value makes the mean higher, and tails shorter, while the opposite true for negative value.
The patent (Reid and Eden, 1999) regards kurtosis <3 as general corrosion when skewness <+/-1,
and pitting corrosion when skewness <-2 and kurtosis >>3. Though general and pitting corrosion
occurred on many samples, the methodology of the patent did not apply to most of this data, and
this was similarly found with other researchers who criticized its use (Obot et al., 2019). When
comparing results in Table 5.2 and Table 5.3, there are no common signals to describe the
corrosion mechanism based on skew and kurtosis. Significant error calculated for skew and
kurtosis for experiments was ~0.025. From Table 5.2 skew calculation with or without error do
not change the values enough to change its result definitions as recommended by the authors of
the patent.

Experiments 5, 6, 8,9,11, 13, 15, 17, and 20 had three electrodes arranged ~235mm?, ~313mm?,
and ~390mm? respectively (asymmetrical electrodes but otherwise identical). Other experiments
were arranged as identical area (or as close as possible, sometimes due to the cutting large
electrodes areas were slightly different). When recording EPN, it is assumed generally the smallest
area exposed would generate the largest EPN area curves (v*s) due to lower capacitance while the
system in the same electrolyte would have similar CR. However, in only 4/9 cases was the highest

potential generated from the smallest electrode. Other researchers (Shahidi et al., 2012) found for

100



larger surface area differences (comparing current transients 4mm? vs 22mm? or 22 mm? vs 202
mm?) in same material electrodes leads to overlapping of electrochemical events but reduces their
detection. In other words, by increasing the area of similar electrodes in the same system, generally
more transients would be detected but not increased in magnitude.

In the present case however, in Table 5.4, there appears no difference in SD for potential-time
series for varied/symmetrical systems. One difference comparing results to Dr. Shahidi et al is
their use of current noise and ZRA, while in the present case only potential from electrodes is
being recorded.

Standard deviation results are presented in Table 5.4. Highlighted values are different sized
electrodes (smallest to largest). X is the highest CR in each experiment. While the area of electrode
size increases, the SD should decrease (Xia et al., 2020) but this was not shown in the majority of
cases in highlighted cells. It may be that the difference in area is not great enough for observing
differences. For similar corrosion behavior with different size electrodes, it should show that the
SD is less on the third electrode, while this was not the case, and no trend was observed using SD
and variance and area. However, highest variance and highest SD led to highest CR in 9/20 and
10/20 cases respectively. This may be due to the transients in data, where short term changes cause
movements away from longer mean. Regarding SD and variance, in cases where highest CR was
found, generally both values confirm the result, there may be no benefit in using both.

5.5.4 S-EPN Analysis

For individual electrode CR vs potential-time area, it did not correlate as compared to (Caines et
al., 2017b). In 6/20 experiments (4 with similar/2 asymmetrical electrode sizes) electrodes with
the highest mass loss/CR were largest in absolute potential recorded (v*s curve). Mirroring and

removing the two electrode couples did not change this, also, it was previously reported (Caines
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et al., 2017b) corrosion was similar when potentials of electrodes were similar in the same
experiment, however, only 4/20 (1,2,3,19) experiments showed this clearly. Most raw EPN data
in experiments looked like Figure 5.3. In Figure 5.3 applying S-EPN procedure, V2 being different
than the other 2 electrodes was theorized to have the highest mass loss. In this case it was true,
however for 14/20 experiments the largest potential area did not equate to highest CR. Detrended
data was used for all calculations except wavelets, and is shown in purple, green, and light blue in
that example.

Figure 5.2 shows the general trend for potential area (v*s) vs CR. High CRs may occur with low
potential, and vice-versa which means that other methods are necessary to quantify/qualify
corrosion. Linear trend didn’t take place when experiments were considered in temperature or
immersion times (considering EPN) vs CR. CR did generally increase with temperature as shown
in Figure 5.4. Therefore, S-EPN was not accurate in these experiments regarding corrosion
mechanism or quantification.

Electrodes area adjusted (mean (start+end/2) based on recorded end)

® CR vs Pot. Distilled
® Cr. Vs Seawater

Crvs NaCl 3.5%

Potential

Caorrosion Rate

Figure 5.2: Total absolute electrode area vs CR. No clear trend was visible.
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Table 5.2: Skewness values and the type of corrosion visible on the surface. Bold values are
asymmetrical electrodes.

Electrode Type
Experiment 1 | 2 | 3 Corrosion
Data skewness towards +/-/0. Uni/Loc is SEM confirmed
corrosion type

1 0.1 0.1 0.1 uniform
2 2.6 12.4 9.4 uniform
3 16.5 21.4 30.9 localized
4 483 31.0 28.5 localized
5 31.1 323 24.6 localized
6 -1.2 -2.1 -5.6 localized
7 -0.7 0.1 0.1 localized
8 1.7 5.5 0.0 localized
9 0.9 1.2 0.9 uniform
10 0.1 0.2 -0.4 uniform
11 -6.3 8.2 -1.4 localized
12 -6.4 -4.2 -3.0 localized
13 -0.5 1.2 0.0 localized
14 0.2 0.2 -0.8 localized
15 39.5 17.3 44.7 localized
16 -0.5 -1.1 -0.5 localized
17 0.1 1.2 1.7 localized
18 1.2 0.1 1.2 localized
19 18.0 11.5 11.6 localized
20 0.9 0.7 0.7 localized
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Table 5.3: Kurtosis values and type of corrosion visible on the surface. Bold values are
asymmetrical electrodes.

Electrode Type
Experiment 1 | 2 | 3 Corrosion
Kurtosis: ++ has mean distinct and fall off to edges as in
T-dist.
1 17.0 13.1 15.3 uniform
2 472.0 87.0 297.0 | uniform
3 0.0 0.0 0.0 localized
4 0.0 0.0 0.0 localized
5 0.0 0.0 0.0 localized
6 122.2 60.0 115.8 | localized
7 168.9 553 553 localized
8 141.0 3423 98.0 | localized
9 7.1 12.1 8.3 uniform
10 11.4 10.4 15.1 uniform
11 168.5 292.6 54.4 | localized
12 116.5 121.1 101.0 | localized
13 12.2 29.2 14.3 localized
14 106.9 75.1 94.3 | localized
15 0.0 0.0 0.0 localized
16 17.6 24.7 9.3 localized
17 11.4 49.9 37.7 | localized
18 18.8 349 22.9 | localized
19 604.6 329.4 346.8 | localized
20 18.5 22.1 14.5 | localized
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Figure 5.3: Experiment 2 distilled water plot. Upper blue, red, and yellow lines were V1, V2, and
V3, respectively.

Table 5.4: Highlighted experiments have different sized electrodes; X marks highest CR. Bold is

highest value in experiment.

4.5
x10%

Experiment

W oW NOU D WN

R O N N - el e
O ©L®O®NOU B WNIRO

Electrode
1 2
Standard Deviation
0.0032 0.0045 X
0.0008 X 0.0017
0.0033 X 0.0034
0.0024 0.0020 X
0.0015 0.0022 X
0.0012 0.0014
0.0047 X 0.0022
0.0036 X 0.0043
0.0017 0.0022 X
0.0026 X 0.0070
0.0013 0.0013
0.0027 X 0.0019
0.0034 X 0.0014
0.0020 0.0022
0.0013 0.0015 X
0.0014 0.0018
0.0014 X 0.0034
0.0032 0.0024 X
0.0026 0.0029
0.0012 0.0024 X

0.0028
0.0007
0.0030
0.0022
0.0015
0.0014 X
0.0042
0.0057
0.0050
0.0027
0.0015 X
0.0015
0.0018
0.0018 X
0.0012
0.0013 X
0.0018
0.0032
0.0030 X
0.0010

0.000010
0.000001 X
0.000011 X
0.000006
0.000002
0.000001
0.000022 X
0.000013 X
0.000003
0.000007 X
0.000002
0.000007 X
0.000012 X
0.000004
0.000002
0.000002
0.000002 X
0.000003
0.000007
0.000009

Electrode
2
Variance
0.000020 X
0.000003
0.000012
0.000004 X
0.000005 X
0.000002
0.000005
0.000019
0.000005 X
0.000048
0.000002
0.000004
0.000002
0.000005
0.000002 X
0.000003
0.000012
0.000017 X
0.000008
0.000006 X

0.000008
0.000000
0.000009
0.000005
0.000002
0.000002 X
0.000017
0.000032
0.000025
0.000007
0.000002 X
0.000002
0.000003
0.000003 X
0.000001
0.000002 X
0.000003
0.000011
0.000009 X
0.000001
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Crorrosion Rates vs Temperature (with adjusted area CR for evaporated electrolyte at end of experiment)

* Distilled CR adjusted area vs
Temperature

Seawater CR adjusted area vs
Temperature

Temperature
H
&
L ]
L]

Nacl 3.5% adujusted area vs
Temperature

Corrosion Rate

Figure 5.4: Consistently seawater has the higher corrosion rates as temperature is increased.

5.5.5 Wavelet Analysis

Wavelet analysis was used on potential time series to obtain information on corrosion mechanisms.
A typical use is coefficient crystals D1 to D8 (Jaquez Muiioz et al., 2021, p. 04; Shahidi et al.,
2012; Smith and Macdonald, 2009; Suresh and Mudali, 2014) and while some others have used to
D16 against the time domain of the original signal (Moshrefi et al., 2014) to create energy
distribution plots (EDP). Because different corrosion characteristics take place over the course of
an experiment showing processes starting/dying they will be graphed compared to the original
time domain. Because of the extent of the data, two of each type of experiment is presented, further
data is available upon request.

The position of the maximum relative energy distribution of a crystal corresponds to the dominant
process contributing to the signal. This can be shown as a cumulative total in the D1-D8 graphs,

or instantaneously in D1-D16 vs original time series EDP. Time scale crystals are ranked from D1
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to D8, where D1 is the lowest time frequency interval, while D8 is highest. For an eight-level
decomposition of energy dispersion plot, it can be divided into three zones (Homborg et al., 2013).
The distribution on smaller time scale crystals, D1-D3, gives information about high frequency
events such as pitting. D3-D6 gives medium frequency signals associated with re-passivation or
further propagation of pits. D6-D8 represent low frequency crystals and provide information on
diffusion and growth of pits. Using the charts, D1 to D3 were of the range 1s to 8s, D3-D6s was
8s to 64s, and D5 to D8 was 32s to 256s. Time span per crystal is shown in Table 5.5. Each crystal
corresponds to the time scale of corrosion events. As such, different wave time crests (with
possibly different types of corrosion) will occur, and it will be shown on wavelet charts.

For (Suresh et al., 2005) it was said that pitting/nucleation process occurs in higher frequency
processes (sharper waves on a potential-time graph are known as transients). At initial immersion,
nucleation occurs as the steel passivates, and on most figures, there are initial spikes on immersion.
In (Yi et al., 2018) copper was corroded at different temperatures and it was observed that
metastable pitting/nucleation process occurs quickly and before general corrosion/diffusion
processes as in the present cases. Large potential values at the start of the experiment are nucleation
processes, and then become general corrosion later as passivation occurs. This was confirmed by
SEM and FFT PSD figures in 5.7 Visual Comparison section.

The charts in (Yi et al., 2018) show that when temperature increases, potential values/transients
change, and pitting/corrosion increase which was observed for higher temperature experiments in
Figure 5.4. Experiment 10 had pits, unlike Experiment 2 as shown in the Section 5.7. This was
observed with wavelet energies and for physical CR as in Figure 5.4 where seawater has the higher
corrosion rates as temperature is increased. This chart included the change in height of the

electrolyte through experiment verse the CR which shows that overall, higher temperatures
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increase CR. Without area adjustment, generally, seawater had the highest CR and CR increased
with temperature in most cases.

Note for the plots below that wavelet energy totals 100. After D1-D8, the remained of each
electrode totals 100%. For example, in Figure 5.5 total energy seen in D1-D8 is ~4% while the
remainder in the system is ~96%, most of which may be DC noise, as no localized corrosion was

observed.

Table 5.5: Range of scale of each crystal

Crystal | Scale (s) Scale (Hz)
1 1-2 1-0.5
2 2-4 0.5-0.25
3 4-8 0.25-0.125
4 8-16 0.125-0.0625
5 16-32 0.0625-0.03125
6 32-64 0.03125-0.015625
7 64-128 0.15625-0.00781
8 128-256 0.0078-0.0039

5.5.6 Distilled Experiments

Distilled water experiments for room and 40°C temperature show that D3/D6, and then D7 hold
the most energy in EDP. Figure 5.5 shows that mixed activated processes are occurring. In Figure
5.6 when viewing at the start of the experiment D5, D12, D15 are active then drops to near 0 except
the last half of the experiment, where again they raise in small amounts. Figure 5.7 with V2 is
similar but during the last part of the experiment D10-D15 has increased readings, the same occurs
on V1 in Figure 5.8. Having most energy above D8 is a large-scale time process, which can be DC
drift, and/or general corrosion. Some processes happen after the halfway point in the experiment,
but it is unknown which type, only that reactions are occurring. SEM microscope confirms the

surface had general corrosion in Figure 5.42.
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For Experiment 10 (details shown in Figure 5.9, Figure 5.10, Figure 5.11, Figure 5.12, and Figure
5.13), distilled with higher temperature V3 and V1 show similar energy profiles, while V2 shows
general corrosion at the beginning and end of the experiment. However, different spikes in energy
are recorded throughout the experiment in Figure 5.10. Corrosion rate was higher, and though
general corrosion took place; some pitting was found on the surface of SEM microscope as shown
in Figure 5.45.

Looking at Experiment 10 in Figure 5.9 show D7 peak. Because heated distilled water is present
and most of the spikes occur in the first hours of immersion uniform corrosion is likely. However,
SEM images confirm very few small pits Figure 5.45 and as such, some localized corrosion is
occurring. D8-D15 crystals show considerable activity throughout the experiment compared to

Experiment 2 and may be related to pitting activity (Smith and Macdonald, 2009).

Wavelet energy percent for Exp2 $1-58
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Figure 5.5: Experiment 2, room temperature distilled water.
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Figure 5.6: Experiment 2 V3
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Figure 5.7: Experiment 2 V2
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Figure 5.8: Experiment 2 V1
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Figure 5.9: Peaks at D7, which sometimes is general corrosion or DC drift, in this case general and

Percent values

02

Wavelet energy percent for Exp10 S1-S8

4 5
81 to 88 Frequecies

localized resulted from SEM images presented below.
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Figure 5.10: Experiment 10, V3
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Figure 5.11: Experiment 10, V2
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Figure 5.12: Experiment 10, V1
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Figure 5.13: The EPN chart had transients like other seawater and NaCl. It may have been
contaminated.

5.5.7 3.5% wt. NaCl Experiments

Room temperature Experiment 5 (shown in Figure 5.14, Figure 5.15, Figure 5.16, and Figure 5.17)
has peak energy in D3/D4 and D7/D8 in Figure 5.14. D7-D12 show multiple times in wavelet
plotted as original time below. Localized corrosion with pitted surface images confirmed in Figure
5.52 and Figure 5.51.

One difference to note with Experiment 18 (Figure 5.18, Figure 5.19, Figure 5.20, Figure 5.21,
and Figure 5.22) is that, due to the high temperature much of the water evaporated by the end of

the experiment, and concentration would have been higher. D8 was the highest energy crystal
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overall, and high initial immersion jump showing on all electrodes starting in Figure 5.19 is very

high.
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Figure 5.14:Smallest electrode area has higher energy.
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Figure 5.15: Experiment 5 V3
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Figure 5.16: Experiment 5, V2
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Figure 5.17: Experiment 5, V1

Figure 5.18: Experiment 18
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Figure 5.21: Experiment 18 V3
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Figure 5.22: Raw EPN Experiment 18

5.5.8 Seawater Experiments

Experiment 6 (Figure 5.23, Figure 5.24, Figure 5.25 and Figure 5.26) was room temperature
seawater, has highest energy occur in D5-D6, and saw activations through D7 to D16. Surface
features shown in Figure 5.46. Experiment 8 (Figure 5.28, Figure 5.29, Figure 5.30, Figure 5.31
and Figure 5.32) was 40°C and exposed to seawater with similar findings to Experiment 6.

Surfaces are shown in Figure 5.47 and Figure 5.48 confirming localized corrosion and common

iron oxides formed in seawater atmospheric corrosion.
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Figure 5.26: Experiment 6 V3
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Figure 5.27: Experiment 8 EPN with detrend
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Figure 5.28: Experiment 8 D1-D8
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Figure 5.29: Experiment 8 V1
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Figure 5.32: Experiment 8 EPN with detrend
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5.5.9 Transients, Moving Average, Wavelets, Potential Area, and Average CR

For transients in EPN, 8/20 experiments showed highest moving averages related to highest mass
loss, and some examples of transients and wavelet measuring are shown here. Measuring time
from crest to crest shows the crystal(s) the waves would fall under, which are displayed in a
wavelet plot.

Figure 5.33 EPN transients compare to Figure 5.28, where a large wave from 980 to 1020 ~40
seconds is shown corresponding to D6 energy. Larger D7 (not shown) were most common on the
time series and correspond to pitting. Other waves shown are D3 ~8 seconds (980 to 988 and
elsewhere in Figure 5.28). Figure 5.34 NaCl experiment 18, wavelets shown include, D2(~3s),
D3(5s), D4 (10s). In that experiment D8 and higher represented the most energy, which can
correspond to DC noise. In Figure 5.35 distilled water, D3 and D6 dominate. Also Figure 5.35,

D5/D6 are shown from 3980 to 4010 and 3960 to 3990.

=VIExpB
———=V2Exp8
=V3Exp8

=V1 Detrend
——=V2 Detrend
=V3 Detrend

6.5 —

: ; f
o } M R Jﬂlr«-;ka’.‘ \i I
(" Gk | i N My ALy 1 (k™
‘ !L ﬁ:h‘l | '\‘ “_v: "l"' ‘. \‘4 (! ‘c\\‘ “l“.‘ HJE‘ 'l ,*‘ I \'\}'\“‘ I
M L d fia 4 VW) ;f(‘ ' \ \lw [ | 4
M ‘LM \\-"In, L[|/ ‘t.‘ \fm' " A r‘h ) A
A ]

Potential
o
o
==

L i

I iU 'L | |

\ Ml ‘ v AP - i

& N ‘n“ﬁ.‘n "l,w',f}n L*\‘r\lm‘r"‘}|}1\ul”' W' “-“1‘“ L
| | |:I|‘ I f Ll g

45—

0.96 0.98 1 1.02 1.04 1.06
Time L0t

Figure 5.33: Seawater
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Figure 5.34: NaCl exp 18
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Figure 5.35: Distilled water

5.5.10 PSD FFT

In this section, using PSD FFT graphs showed different slopes were related to different types of
corrosion. Searson, Dawson (Searson and Dawson, 1988) and others (Hladky and Dawson, 1981)
(Smith and Macdonald, 2009) have obtained steep slopes of —4 for general corrosion and roll-off
slopes of -2 or less for pitting in PSD FFT graphs. Comparable results are presented here. Linear

slopes occur in most distilled samples verses a varied/changing slope in seawater and NaCl.
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Average roll-off slopes were calculated for each experiment (1-20). Values for distilled, NaCl, and
seawater were -3.9, -2.4, and -2.8 respectively as shown in Table 5.6. Typical general corrosion
with constant slope shown in experiment 2 in Figure 5.36 that appears to be general corrosion
which was confirmed by SEM and mass loss. Heated distilled water experiment 10 showed chart
similar characteristics to localized corrosion, but with less slope after roll-off and more passivation
in Figure 5.37. It is possible it was contaminated before experiment, or perhaps due to 40°C
temperature. Seawater (Figure 5.38 and Figure 5.40) and NaCl (Figure 5.39) experiments showed
typical localized corrosion roll-off slopes and sometimes passivation with frequency dependence

at end of experiment as in Figure 5.41.

Table 5.6: PSD average slopes matching other researchers.

Slope Average Distilled -3.9|
Slope Average 3.5% NaCl -2.4
Slope Average Seawater -2.8
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Figure 5.36: Slope generally unchanging, -4.8 slope, no passivation showing.
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Figure 5.37: Distilled water heated to 40°C showing roll-off like localized corrosion and slope of
-2.5 normal range of local corrosion, passivation at end due to flattened slope. On surface some
minor pitting was observed.
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Figure 5.38: Room temperature seawater with slope -3.1 is indictive of localized corrosion. After
slope, frequency dependent showing possible passivation near partly through end of experiment.
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Figure 5.39: Heated NaCl slope near -2 and near constant after roll-off without any passivation.
Due to evaporation, it could be the salt content was too high for passivation.
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Figure 5.40: Room temperature seawater showing roll-off slope -3.5, and passivation at end.
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Figure 5.41: 40°C seawater showing roll-off slope -1.8 with passivation at end.

5.6 Visual Comparison

This section has microscope and SEM pictures (random selection of electrodes). Localized and

general corrosion was observed. In early tests at room temperature water level was near identical

to start of test, though with 40°C and 70°C water levels dropped over the course of the test. In

general, distilled sample electrodes were very darkened, with batches of black as seen in Figure
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5.42, Figure 5.43, Figure 5.44, and Figure 5.45. In cases of NaCl and seawater it was a lighter
reddish colour as in Figure 5.46. 3.5% wt. NaCl at higher temperatures would have solidified salt
crystals on removal.

5.6.1 Distilled Water

Darker areas on Experiment 2 could be seen without magnification. These occurred on distilled
water and were seen under SEM below. Uniform corrosion seen across surfaces matching
information from wavelet and FTT PSD plots. Experiment 10 minor localized corrosion on the

surface and defects, perhaps due to higher temperature, or perhaps some contamination. CR was

higher for most experiments as temperature was increased.

Figure 5.43: Experiment 2 surface before cleaning
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Figure 5.44: Experiment 10 heated distilled water pre and post cleaning, left and right,
respectively.
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Figure 5.45: Experiment 10 surface pits

5.6.2 Seawater

Seawater samples (Figure 5.46 and Figure 5.47) shown below exhibit typical localized corrosion,

reddish-brown oxide layer, and seawater environment oxide formation in Figure 5.48.
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Figure 5.47: Experiment 8, heated seawater, uncleaned electrolyte interface zone, left, cleaned,
right.

The surfaces for seawater seem rougher, and the cleaned surfaces seem to have more pits than
NaCl in previous section. Cracking on surface also very apparent as seen in experiment 8 interface

with electrolyte.
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Figure 5.48: Experiment 8 with lepidocrocite, and/or akageneite, along with grain boundary
cracks. Similarly found in Chapter 4

5.6.3 3.5% wt. NaCl Electrolyte
NaCl exposed electrodes are presented here. Black surface oxide was present (Figure 5.49), and
reddish-brown (Figure 5.50) though it was not as coloured as seawater. After cleaning pitting was

seen clearly.

Figure 5.49: Experiment 5, NaCl, room temperature, left uncleaned, right, cleaned
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Figure 5.50: Experiment 5, 3.5% Room Temperature NaCl, left uncleaned, right, cleaned.

In higher temperatures of 40°C on zoom there is more attack on the surface microstructure in
Figure 5.52. Figure 5.53 shows the cleaned surface of experiment 18, heated NaCl, showing more

pitting than when unheated in Experiment 5.

Figure 5.51: Experiment 5 NaCl, cleaned.
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Figure 5.52: Experiment 18 heated NaCl, uncleaned.

Figure 5.53: Experiment 18, heated NaCl, cleaned.

5.7 Mean CR and Potential Data

This research started to further explore the S-EPN method (Caines et al., 2017b). Though
meaningful potential can be used and recorded using three electrodes with standard equipment,
and without the use of a reference electrode, the methodology of using potential area curves
relating CR for individual electrodes was not accurate. Total potential area did not relate to

corrosion rate except in 6/20 cases where highest potential recordings on individual electrodes
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having highest mass loss as shown in and Figure 5.2. Potential area alone in these experiments is
not enough to find the quantification, or mechanism of corrosion.

Many graphs show large potential area vs time that occurred at start of experiments and tended
towards O for the duration of the test. When metals are in contact with electrolyte, the first response
is nucleation, and then afterwards different corrosion processes occur. Metals want to reduce to a
lower energy state, and this was shown in wavelet frequency vs. time charts (i.e. Figure 5.7), as
well as the raw EPN charts (i.e. Figure 5.3), meaning that potential may not increase over time
with corrosion rate linearly. Rather, potential will fluctuate as charges move around the surface in
electrolyte until some equilibrium is established. As the oxide is formed, stability is in the system
increases as the base metal has an insulating layer reducing charge transfer. The metal surface
becomes less active (until the system changes) as time goes on. This was observed in the present
research. It is possible that, open systems with disturbances may change this result and new
experiments could be designed based on this.

As shown in Figure 5.2 and other experiments in this work, high potential does not necessarily
have high CR, and a lower potential does not equate to lower CR over the course of 12-hour (and
one 24 hour) experiments. There are many factors contributing to corrosion and using only raw
potential area/noise from electrodes was not able to determine corrosion rate or mechanism without

manipulation. Some methods which worked to show mechanism are wavelets and PSD FFT.
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Table 5.7: Mean CR, mass loss, and potential for different electrolytes, and calculations for
evaporation area adjusted CR. The CR error was calculated as would be +/- 2%.

Mean corrosion| Mean mass Mean
Electrolyte rate loss percent | Potential

Distilled Water 11.7 5.0 132.4

Seawater 15.8 7.2 112.7

3.5% NaCL 8.3 3.6 173.6

Area Adjusted

Distilled 19.7 n/a
AA Seawater 22.6 n/a
AA 3.5% NaCl 11.7 n/a

5.8 Conclusions

Three symmetrical and asymmetrical (different area but otherwise identical) working electrodes
were used to record EPN data over 20 experiments in 3 electrolytes and temperatures with 3Hz
resolution for 3 electrodes and resulted in the following in statistical and frequency data (numerical
findings were confirmed with microscope and SEM):

- Statistical analysis methods like kurtosis, skew, and SD did not represent the corrosion
mechanism accurately. These methods have also been criticized by other researchers as
insufficient (Cappeln et al., 2005).

- PSD slopes (linear gradient, roll-off, and flat) accurately portrayed corrosion mechanisms.

- Wavelet analysis showed energy contribution of short timescale crystals and were
associated with general corrosion while long time scale crystals provided information on
localized corrosion but, presentation was not as clear as FFT PSD graphs.

- For wavelets, large potential occurring at the beginning of most experiments were
nucleation processes, and then become general corrosion/passivation. Other cases showed
spikes of energy throughout experiment and occurred in localized corrosion cases. This

was confirmed by FFT PSD graphs and SEM.
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- Experiment 10 heated distilled water showed surface pitting in SEM, and the slope was
like localized corrosion for FFT PSD, though with passivation at the end. Perhaps this was
due to contamination and confirms FFT PSD as usable.

In regards of raw data information:

- Largest potential area on electrode (v*s) vs CR using S-EPN method did not result in
greatest mass loss on electrode or trend linearly as reported previously in (Caines et al.,
2017b). Largest/smallest potential does not equate to highest/lowest CR.

- Outliers in data series and high transients represented localized corrosion processes.

- Increase in temperature lead to higher CR, and increased FFT PSD slope.

Data is limited on varying electrode size/symmetry in experiments regarding EPN (Shahidi et al.,
2012). Summary of data in the present work may be useful, and was briefly discussed, further
analysis is outside the scope of this paper and should be pursued in future work. Below are noted
about asymmetrical sized electrodes:

- For PSD plots, wavelets, skew and kurtosis and temperature changes, no major differences
were noted comparing similar or asymmetrical electrodes.

- SD was not decreased for smaller size electrodes, and no major difference in potential and
electrode area was noted though it was previously reported that smaller electrodes should
display increased potential when in same electrolyte experiment.

- Where authors found differences, area was ~1:10 between electrodes or greater. Perhaps in
future another experiment can be performed to confirm.

It should be noted that, due to the nature of using three identical electrodes in potential
measurement without reference electrode, while unique and simpler to record data, some data may

be different than other traditional methods (i.e., skew/kurtosis values related to specific corrosion
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mechanism, or not viewing differences in different sized electrodes in the same system). Also,
electrode asymmetry and trends cause by DC drift may challenge the reliability of some results
presented (Obot et al., 2019).

In this research the best way to analyze corrosion was using the time-frequency domain from raw
potential noise generated from A36 rolled steel electrodes. While EN has been in development for
a long time, this method in the present research is not accurate in determining corrosion rate. In
this research manipulation of the potential-time record to time-frequency domain allowed
identification of corrosion mechanisms, but not severity. It is a tool which can work with other
methods which add weight to an educated assessment of corrosion. To conclude, EPN can be used

to determine corrosion mechanism when some analysis of raw potential is performed.
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CHAPTER 6 — Thesis Conclusion

The major focus of this research was to gain knowledge of CUI and other corrosion processes in a
marine harsh environment. Data was gathered from a field experiment near seashore and included
mass loss due to corrosion, pit depth, and discussions on pipe surface protections. Surface
morphology was investigated using SEM, and XRD/EDS analysis was used for surface product
identification.

Another key area of research was to determine corrosion monitoring capabilities of EPN using S-
EPN method and was investigated through 20, 12-hour experiments with different electrode sizes,
electrolytes, and temperatures. Physical mass loss and surface morphology was compared to EPN

readings. All research conclusions are presented in this section.

6.1 Field Experiment Conclusions

An experiment in C5 harsh marine environment was recorded for more than 2 years. Two peer-
reviewed conference papers (Chapter 3 and 4) were created, and three presentations were made
detailing the challenges of the environment, data recorded, and future research (C-RISE 4
Conference, 2019, St. John’s, OMAE 40" International Conference, and ASME Online 2021 A
and B).

The work presented demonstrated differences in mass loss, CR, and pitting in pipelines for
different surface protections leading to better understanding of coating and insulation in highly
corrosive environments. Corrosion near the ends of the pipe were most severe, perhaps due to
crevice corrosion, and ingress of moisture and chloride. Insulated uncoated pipes showed deepest
pits, therefore when pipes are insulated, anti-corrosion protective coating should be applied.

Corrosion and pitting rates were lowest in insulated and coated pipes.
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Destructive testing results provided the following CRs (see Figure 3.8 for pitting, and Figure 3.12
for average CRs below, as bar charts):

- insulated coated 0.017mm/yr

- insulated uncoated 0.02 Imm/yr

- uninsulated coated 0.014mm/yr

- uninsulated uncoated 0.023mm/yr
Averaged corrosion rates were comparable with other harsh marine atmosphere researchers (Lins
et al., 2018) but were lower than others in the literature review section of Chapter 3. This may be
because of using LTCS with similar properties to weathering steels, or because of the added
protection of coating and/or insulation. The deepest pits were in uninsulated coated and insulated
uncoated was perhaps due to lack of oxygen access under the coating and insulation. It also
retained moisture, thus accelerating corrosion.
Regarding conclusions related to surface morphological features in Chapter 4, it appears
ferrihydrite reduced formations of lepidocrocite and goethite, thus reducing the protective ability
of the oxide formed, and deepest pits were found in uncoated pipes containing ferrihydrite and
akageneite (with or without insulation). Therefore, marine environment pipelines must have
protection against chlorides and moisture to ensure design life. When coating fails, accelerated
corrosion causes high volume oxide buildup and expansion, cracking the coating and increasing
breaks the coat from the pipe (presented were cases of more than ~10x visual area of initial break).
Pitting was most extreme just away from exposed metal surface and under coating, where oxygen
and airflow would be less.
Further research is necessary to detect if microbial corrosion occurs at Argentia, NL, however,

other authors (Furukawa et al., 2002) had a similar environmental species and corrosion products
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mentioning that active metal reducing bacteria or heterogeneous redox environment were present
stabilizing ferrihydrite (such as Si, P, Cu, S). Green rust presence (in environments containing C,
Cl, S) can also cause ferrihydrite. Magnetite and other species are similarly found in the field test,
however, when found with ferrihydrite the oxide does not protect as well due to the formation of
islands away from the metal substrate. Coating, insulation, and pits on pipelines limit free flow
surface oxygen, as well, seawater spray with chloride promotes akageneite and increases localized
corrosion on steels. This was observed. Mechanisms clearly present at Argentia, NL include a
combination of ferrihydrite formation, and chloride occurring akageneite, which would cause high
pitting and corrosion rates. Exfoliation from expanding oxides created away from the surface also
occurred, typical of many marine atmospheres (especially near seawater spray)

LTCS pipelines had lightly bound oxide on an outer layer with dark stronger bound oxide on the
inner surface. For CS, thick layer exfoliation occurred after several months and by the end of the
experiment the CS braces lost ~20% of their total thickness, while even the heaviest corroded
LTCS pipes were near original mass in all surface conditions.

The largest to smallest reported oxides by XRD on uncoated and uninsulated pipes were
akageneite, lepidocrocite, and goethite. When akageneite was not detected, the largest to smallest
detected were maghemite/hematite, lepidocrocite, and goethite. Uncoated and insulated pipes had
goethite, lepidocrocite, and akageneite. Coated pipes had goethite, maghemite/hematite, and
lepidocrocite. Randomly selected coated and insulated samples for XRD did not have corrosion
present which makes sense. It means that over two years the insulation and coating rarely failed,
as reported elsewhere (Geary, 2013; Geary and Parrott, 2016), however, in those same reports the

general life estimate is 5-13 years, while in the present case, some did fail below 2 years.
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These results add knowledge of CUI, CRs, corrosion under coating, and pitting rates not available
before for field tests using A333 steel (LTCS) in harsh marine environment. Some uses of this data
may be new corrosion models, or new information for standard guidance on CUI and coating for
assets in C5 marine environments. Also, industry can use this information to better plan

maintenance and design life.

6.2 S-EPN Experiment Conclusions

Three symmetrical and asymmetrical area working electrodes were used to record EPN data over
20 12-hour experiments in 3 electrolytes and temperatures at ~1Hz per electrode.

Statistical analysis methods like kurtosis, skew, and SD did not represent the corrosion mechanism
accurately from raw EPN data. These methods have been criticized by other researchers as
insufficient (Cappeln et al., 2005), however, PSD slopes (linear gradient, roll-off, and flat)
accurately portrayed corrosion mechanisms. Wavelet analysis showed the energy contribution of
short timescale crystals, are associated with general corrosion while long time scale crystals
provided information on localized corrosion, but presentation was not as clear as PSD. When
wavelet signal was placed alongside original time domain, large potential shifts occurring at the
beginning showed nucleation processes, and then became general corrosion/passivation later.
Often when this occurred it was confirmed by FFT PSD slope and SEM physical observations.
I.e., when wavelets potential changed through experiment it often matches with FFT PSD, and
physically shows localized corrosion. Increases in temperature lead to higher CR, and increased
PSD slope on all samples.

S-EPN was new research from (Caines et al., 2017) which related individual electrode potential to

CR using bulk materials and simple instruments where the largest potential area on an electrode
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(v*s) often showed a high CR, and that it trended linearly. Investigation of this method over 20
experiments did not show electrode area relate to CR, or trend linearly. Largest/smallest potential
did not equate to highest/lowest CR and the methodology was not applicable.

20 experiments performed under different conditions in the present research found that potential
was not related directly to corrosion rate/type on electrodes using S-EPN. However, when moving
to frequency and time-frequency domain with FFT and wavelets, raw EPN qualified corrosion
type using simple equipment with bulk materials from potential time records.

Asymmetrical electrodes are seldom studied, and controversial opinions exist about them. In the
present work for PSD plots, wavelets, skew, kurtosis and temperature changes, no major
differences were noted comparing symmetrical or asymmetrical electrodes. SD was not decreased
for smaller size electrodes, and no large differences in potential and electrode area were noted,
though it was reported that the smaller electrode should display increased potential/DS when in
same electrolyte experiment. Differences were noted by other researchers it only occurred when
the ratio of electrode areas were greater than 1:10. In the present case the difference in electrode
area was ~1:2.

It should be noted that, due to the nature of using three identical material electrodes in potential
measurement without reference electrode, while unique to record data, it may be different than
other traditional methods (i.e. skew/kurtosis values related to corrosion mechanism may have
required a reference electrode similar to SCE etc).

As seen currently, the best way to analyze corrosion with EPN was using the time-frequency
domain on raw potential noise generated from electrodes. EPN can be used to help in making
decisions on corrosion mechanism, however, analyzing methods performed need to be understood

so that those using them can use other means to fill in the blanks due to inconsistent data. L.e. in
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cases where statistical data does not work, attempting frequency PSD or wavelet EDP may help
determine what is occurring physically when metal surfaces cannot be physically observed (like

in the case of CUI).

6.3 Future Work

Future research in harsh marine environment can include creating a models based on CRs, CUI,
and coating information presented in this work and creating an accelerated test to match the
timeline presented. Magnetite layers which are away from the surface in Chapter 4 may be from
microbial reduction of ferrihydrite, or perhaps due to large formation of chloride oxides formed
and should be investigated.

Longer term testing should be performed, 3+ years around Newfoundland, or different locations
away/closer to sea while recording some atmospheric conditions throughout the time of the test.
The corrosion rate was lower than many others in Chapter 2, and it should be tested if this is only
related to using LTCS or something else.

Interestingly, there was a small plant on the surface of a metal pipe which had attached itself and
started growing. It is unknown if this organism was from the sea or land, but further research
should check on biological fowling in the area near seashore.

In regards of EPN experiments slopes and rates of change in PSD charts could be extracted and
compared to mass loss on electrodes to try and relate slope to quantification. An algorithm in
MatLAB should be created to determine the type of corrosion from wavelet chart/frequency
domain PSD as corrosion was easily qualified in the present work using those methods.

Though electrode size was varied, no differences were found regarding corrosion rates or potential,

as such, the electrode difference should increase to 1:10/1:100 and record results.
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Though an initial plan was to included gathering EPN data in field, equipment was not working
well to record long term data, and extreme humidity would turn off the power, and I could not
have access to the network to check remotely. The data was also originally planned to be 3+ years,
but the province closed the corrosion site due to budget cuts and only slightly more than 2 years
was available.

Data recording of EPN on pipelines should be performed without a dielectric barrier, with only
one large pipe section to simulate pipelines in field. Another test should include measurement of
EPN while corrosive substances are inside pipelines to check ability to measure corrosion through
pipe wall.

The original reason to use three identical electrodes was to compare electrode potential area on
each and relate to physical mass loss. Because that is not applicable there is no reason to use a
three identical electrode setup. Therefore, experiments should be performed with only 1 or 2
electrodes and then raw EPN can be checked to see if the PSD and wavelets work as well as in the

present case to qualify corrosion.
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Appendix 1 — Argentia Files

The files for Argentia will be uploaded to https://github.com/FieldExperiment/Argentia
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Appendix 2 — LabVIEW pages

These are the screenshots of the active pages used for Keithly device measurement from electrodes.
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