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ABSTRACT

Corrosion induces damages that can result in engsroosts and safety issues. Steels are
the most commonly used metallic structural materait they can corrode rapidly when exposed
to corrosive environments and need to be protedtkd.thesis research focuses on two aspects
of steel protection. The first aspect is using ieafprotection mechanism to protect steel pipeline
structures in the presence of Super-Critical,CThe second aspect is improving cathodic
protection of steels by metal rich coatings in gwbwehicles, bridges, water tanks, and other
structures.

In part one, coatings for protection of steel gipelused for carbon transportation in the
form of supercritical carbon dioxide were examinBgheline coatings serve to protect pipelines
by maintaining their integrity and to increase thsarvice time. Different pipeline coatings with
the exposure to SCGMave been examined, and these results will beepred here. Different
parameters, such as the thickness of coatingsexpesure temperature and pressure, and the
exposure time as they affect pipeline coating werestigated and will be described.

In the second part of this thesis research, thetiaddof magnesium particles to the
standard zinc particles as metal rich primer waarered for the improvement of current zinc
rich coatings to serve as protection for metal sabes in Army ground vehicles. Optimization
of primer formulation, such as ratio of Mg and Zwas investigated. The test primers were
exposed in accelerated weathering tests, includv&M B117 salt spray method and
Prohesion™ cycle test as part of this research. The resalie lheen compared with the behavior
of the current commercial zinc rich primers to itignthe improvements in the protection of the

steel with mixed metal systems.



For both investigations, electrochemical impedaspectroscopy was mainly used to
examine coating performance. Other tests, includoigr measurement, thickness measurement,
X-ray diffraction measurements, and pH measurememtse used to examine the corrosion
behavior of steel structures under different comegnvironments. Results showed that coating
systems can protect ferrous structures in waysaoidy protection and cathodic protection and

can be improved by the application of modern meshaot equipment.
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1. INTRODUCTION TO ORGANIC COATINGS
1.1. Motivation

Steel is the most commonly used material for thestraction of bridges, buildings,
automotive parts, ships, and other structures. Withh strength, high ductility, and great
toughness as its advantages, steel, one of metadlierials, is inevitable to corrosion even in
most outdoor atmospheres [1]. Severe environmentd) as salted sea water [2], increase steel
corrosion much more significantly. Synergistic osion modes, such as in combination with
fatigue [3], could lead to faster deteriorationstéel structures. All these corrosion behaviors
could cause steel structures fail catastrophicdllye consequences include limited structure
lifetime, destroyed aesthetic, huge cost for maiatee, and most importantly, safety issue and
loss of human life. A recent accident close to Nd&kota State University was the collapse of
I-35W Bridge across the Mississippi River on Augii§t2007 [4], shown in Figure 1.1. It killed
13 and injured 121 others. Around 140,000 vehiges day had to detour to cross the
Mississippi River, which increased travel time S8&ptember 1§ 2008. With the economic loss
around $17 million in 2007 and $43 million in 20[@, and the new bridge construction cost
approximately $234 million [6], the total cost dfet collapse was around $300 million. Steel
structure protection for its corrosion mitigatiaviital to avoid and/or decrease all these losses
and tragedies.

Intensive research has been done for steel steugitotection to minimize corrosion
behaviors and to increase lifetime. Corrosion pseagsually happens when steel structures are
under exposure to corrosive environments, commaniygen and water. Irrespective with
different types of corrosion phenomena, such agwmicorrosion, pitting corrosion, crevice

corrosion, and erosion corrosion, corrosion pratectan be divided into three categories,

1



Figure 1.1. The collapsed I-35W bridge with velsob®. With permission from [4].
Copyright 2007, USFA.

shown in Table 1.1. The first category of corrogiwatection is to modify steel structure itself to
increase corrosion resistance. In this categog/ctimposition of iron alloys can be adjusted to
resist corrosive environments. Steel structuresdcbe well maintained for corrosion vulnerable
sites to decrease corrosion rates. The secongorgt®f corrosion protection is to change
external environments to decrease corrosion rdteshis category, the corrosive chemicals
should be minimized. The protection such as inbibiand cathodic current can be applied. The
third category of corrosion protection is to apphptective coatings. In this category, protective
coatings not only minimize maintenance efforts el for corrosion protection, but also
separate steel structures from corrosive enviromsnes well as stopping the spread of the
corrosion. With all these corrosion protection noglh for steel structures, organic coatings have
been found to be one of the most effective wayge@ally cost-effective ways, of preventing

corrosion activities practically [7].



Table 1.1. Corrosion protections of steel structyég

Categories

Concepts

Examples

Steel structure

Modification of metals

Stainless steel and stelelyal

Modification of metal
surfaces

Avoid crevices
Avoid galvanic corrosion
Clean corrosion defects

External
environments

Decreasing oxidizing
factors

Boiling water to decrease oxygen
concentration

Purifying water to decrease salt
concentration

pH adjustment

Adding protection factors

Cathodic protection
Anodic protection
Inhibitors

Protective coatings

Inorganic coatings

Vitreous enamels
Portland cement coatings
Chemical conversion coatings

Metallic coatings

Electroplating
Galvanizing

Organic coatings

Paints
Plastic linings

Organic coatings are basically coatings with polgmeinder systems, including, but not
limiting to, paints, vanishes, and plastics. Mdsthem are used for corrosion protection to save
money for the maintenance and the replacementdbagscontribution to the world economy. In
the years 2006 to 2012, organic coatings had avatae of shipments around $20 billion/year
[9], half of which would be used for corrosion gration. Design of organic coatings towards

improving the performance of corrosion control e anly an electrochemistry issue but also an

economic issue.

Organic coatings usually include organic polymendeirs, pigments, additives, and

solvents. Organic polymer binders are used to foamtinuous film not only adhering to the

1.2. Organic Coatings

1.2.1. Composition of Organic Coatings
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coated structure, but also integrating coatingettogy, as well as governing the properties of
organic coatings. Pigments are primarily used tiviple aesthetic appearance, while they could
also change the properties of organic coatings aftiaally and affect the corrosion protection of
organic coatings significantly. Additives are usednodify some properties of organic coatings
to ease coatings applications and to add functitiesbf coatings. Solvents will evaporate in the
final coatings. However, they are very criticaltive process of applying coatings. The details of
each ingredient are introduced in the followings.

Binder, usually organic polymer, is the main anguieed ingredient of organic coatings.
It supplies both cohesion force and adhesion fautéch influences mechanical properties, gloss
properties, and water resistance properties. fésponsible for coating integrity, which is the
main characteristic for protection of coatings. fehare different binder systems, such as acrylic
resins, alkyd resins, epoxy resins, polyuretharigifferent binder systems have different
mechanical, thermal, ultraviolet (UV)-resistanaed avater-resistance properties, shown in Table
1.2. Binder selection will depend on coatings aggtions, service environments as well as
compatibilities with other components of coatings.

Pigments are incorporated into the coatings tordmurte color, opacity, and protection.
Color match of organic coatings is unlimited in tfeice of pigment selections. However, the
metamerism will appear unless the exact same pitgrae selected. Pigments are also used to
modify mechanical properties, such as to increasdress, and to decrease ductility. The cost
of coatings can be decreased with the incorporaifgpsigments. Commonly used pigments are
titanium dioxide for white color and UV resistand@igment volume concentration (PVC) is
pigment volume divided by dry coating volume, whighan important factor for coatings

properties. Critical pigment volume concentrati@PyC) is a special point of PVC, when the
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binder is only enough to fill the voids betweenrpant particles. Most properties of coatings,
such as mechanical properties, optical properéied, diffusion properties, will change abruptly
at CPVC. CPVC is dependent on pigment type, sizkisndistribution, while it is irrelative to
binder systems. However, with poor dispersion gim@nts in binder systems, PVC at some part
of coatings (localized PVC) is not in agreementhwitVC for whole coating system (global
PVC), shown in Figure 1.2.

Table 1.2. Common polymer binder systems [10]

Binder Advantages Disadvantages
Good adhesion Low UV resistance
Good corrosion resistance

Epoxy

Good chemical resistance
Good mechanical properties
High flexibility Low hardness
High weathering resistance | Low abrasion resistange
Acrylic High chemical resistance
Hydrolytic stability

High solid content
Controllable molecular weightLow hydrolytic stability
Controllable functional groups
Water dispersible
High solid content
High gloss High cost
Hydrolytic stability Toxicity
Polyurethane Good weathering resistance
Good mechanical properties
Good chemical resistance

Alkyd

Natural materials Yellowing on aging
Drying oils | Low cost Poor film properties
Auto-oxidation
High abrasion Toxicity
Phenolic | Good chemical resistance | Intrinsic color
Good water resistance Brittle

Additives are very necessary for good coating fdathon. Although very low in
concentration, it could alter properties of coatfognulation tremendously. Common additives

include, but are not limited to, catalysts, pH col# coalescents, thickeners, surfactants,
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Figure 1.2. Coatings with localized pigment volucoacentration due to poor dispersion.
With permission from [11]. Copyright 1999, Elsevier

dispersers, and UV stabilizers. Stability is thstfpriority of coating formulation not only for
the uniformity but also for the storage life. Instltase, dispersing agents can stabilize particle
suspensions and help form homogenous particle ssigpes by ionic stabilization and/or steric
stabilization. Surfactants could reduce surfacagnof particle surfaces, which could increase
the compatibility between binder systems and gdedicHowever, surfactant could cause
foaming problem. Anti-foaming agent is used to dase foaming issues. Thickeners produce
coatings with high low-shear viscosity, which coaldo increase stability of coatings. In cold
place such as North Dakota, organic coatings aeré, which causes particle separation due to
thermodynamics. To produce good freeze-thaw stgbdinti-freeze will be needed. Wetting
ability is important to increase adhesion propetty.this case, surfactants can help organic
coating formulations to wet substrates. Flowingpgirty is critical for coating application. In this
case, thickeners help organic coatings with appatgprviscosity for flowing, spreading and

leveling. In the film formation process, coalescagent can help film formation at a low
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temperature by reducing the glass transition teatpex of organic coatings. In the service
condition, UV stabilizer can increase durabilityasfanic coatings and service lifetime.

Solvents are usually used to dissolve organic bsde ease the application process.
They will strongly determine the viscosity of cegfiformulations, which are very critical for
different application methods. Solubility paramdte2], the square root of the cohesive energy
density of the solvent, is a good approximationsimivent selection. Evaporation rate of solvents
will affect the reaction of binder systems and fibvenation of final coatings. Surface tension of
solvents will affect the wetting ability of bothralers to pigments and coating formulations to
substrates. Conductivity of solvents will be reqdirwithin a specific range for electrostatic
spray. However, volatile organic compounds (VOds)utdd be minimized for environmental
protection. In order to decrease VOCs, powder ngathave no solvents inside, while latex
coatings and water-borne coatings are using wattreasolvent.

Organic coatings with the four ingredients will tesigned by the choice of formulation
properties, film properties, and the cost of thgréalients to make good manufacturing processes,
with steps of premixing, grinding, letting down,dacuring.

1.2.2. Application of Organic Coatings

The goal of coating applications is to produce @tiooous, defect free and uniform film
with good adhesion properties. Organic coatingsnfoeo wet the substrate, to level on the
substrate, to cure with solvent evaporation, angolaify on the substrate. Surface preparation
is the essential first step to apply any type @anic coatings and the key factor to coating
effectiveness. Surface preparation is not onlyléarc the surface to avoid contaminations, but
also to increase adhesion between coatings andratgdss The surface preparation includes

solvent cleaning, mechanical treatment, conversaatings, and stripping of existing coatings.
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Solvent cleaning will remove contaminates, suclilssand greases. Mechanical treatment will
not only clean the surface, but also can incrdasedughness of the surface to help the adhesion.
Conversion coatings, such as anodizing and phasghatsually use chemicals to react with
substrates in order to create a new physical surfac better adhesion. Stripping is used to
scrape and to remove existing coatings off. Witlprapriated surface preparation, adhesion
properties can be increased by mechanical intarggckinterdiffusion of chains, electrical

interactions, and chemical interactions, shownigufe 1.3.

R e =

(a) (b) (©) (d)

Figure 1.3. Mechanism to increase adhesion pr@seiia) Mechanical interlocking; (b)
Polymer diffusion; (c) Electrostatic attraction) @hemical bonds. With permission from
[13]. Copyright 1998, John Wiley & Sons Ltd.

Application of organic coatings depends on coatyge and its properties, especially
viscosity property. Organic coatings can be saidthe powder coating technique. It also can be
gaseous to be sprayed. Most organic coatings dicuid form, applied by brushes, paint rollers,
blades, dip coating, and spray techniques, showhalrle 1.3. Industrial application methods
include reverse roll coating, gravure coating, @artcoating, slot die process, dip coating, and
metering rod, due to the fast processes. Pot fig dscosity are the main criteria for the
applications. Spray coating is the most populathoettin the industry. With robot technologies,
spraying technique is also widely used in autoneoiindustries. In the spray coating, the coating
will be forced into small droplets and dries durthg flying into the painted objects. Dilution of

organic coatings with solvent will be used to atlfbe viscosity of paint formulation and is very
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critical to the quality of organic coatings. “Drg touch”, “Dry through”, and “Dry to recoat”

(ASTM D1640) are the quick ways to test coatingrfation.

Table 1.3. Application method of organic coating8, 4]

Application Shear | Advantages Disadvantages
method rates (%)
Fast process Overspray
Spraying 16-10° | Irregular shaped items| Faraday cage effect for electrospra
with cage area not coated
Less skills needed Spatter and droplets problem
Hand rolling 500 Gooq for windy
conditions
A smooth finish
, 4000- | Cleaning and stripping| Brush marks
Brushing 10000
Electrodenosition Cost effective, Substrate limitation
P efficient, controllable | Sophisticated formulation
High production rates | Not suitable for items with cavities
Dip coating 1-100 | Less depend on
operator skill
: : Uniform coating Only for flat items
Curtain coating 10-10000 thickness
. 1000- | High production rates | Only for flat items
Roll coating 10000

Organic coatings are used as a protective layemketal structures in three ways [7]:

1.2.3. Protection of Organic Coatings

y

barrier protection, corrosion inhibitor protectiaand cathodic protection. Barrier protection is

used to protect metal structures from water, oxygeml/or other corrosive agent penetration.

Corrosion inhibitor protection is removing electsofrom the metal to form passive layers.

Cathodic protection is forcing metal structureg iatstable region.

Barrier protection uses a physical insulating learto slow down the penetration of water,

oxygen, and/or corrosive agents. It requires a gmtitesion to keep away corrosive agents from

staying on metal structure surfaces. Barrier priypisrusually proportional to the thickness of
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organic coatings. It also depends on binder andtheig systems. For binder system, polymer
structure and crosslinking density will affect peability of gas and/or liquid. For pigment
system, increasing its concentration before CPVICimprove barrier properties. Pigment type,
especially aspect ratio, and pigment orientatioh affect the tortuous path length, and thus
affect the permeability of gas/liquid [15], shownRigure 1.4. It supplies a new way to increase

barrier properties with nanocomposite-based cogating

Coatings S —— Pigments

Figure 1.4. A schematic of a tortuosity-based mdalethe pigment effect on permeability.
With permission from [15]. Copyright 2005, AmericBhysical Society.

Organic coatings can also release inhibitor to segsp corrosion behaviors either by
passivating substrates or by slowing corrosion tie@as. Inhibitors can be divided into three
categories: adsorption inhibitors, passivatingbitbrs, and surface layer inhibitors. Adsorption
inhibitors are usually polar substances adsorbimdnigh energy surfaces. They could also be
adsorbed on surfaces by hydrogen bonding or otctions. The adsorbed layer acts as a
barrier to protect substrates. Passivation inhibitosually use oxidizing agents to produce
corrosion products at the anodic surfaces to pteftgther corrosion behaviors. Surface layer
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inhibitors react with metal ions forming precipitats on the surface to protect the anode. The
common inhibitors are shown in Table 1.4.

Table 1.4. Common inhibitors used to control camoeg$16]

Functions Examples Applications

Adsorption | Amines Widely used
Benzoate Acidic media
Thiourea Packaging coatings
Antimony trichloride

Passivation | Nitrite Oxidizing agents
Chromate Natural oxide film
Red lead
Calcium plumbate

Surface layer Phosphate Insoluble and stable film
Silicate
Hydroxide
Bicarbonate
hexametaphosphate

Cathodic protection uses more electroactive nathents to protect nobler substrate,
with galvanic series shown in Table 1.5 [17]. Wimeare electroactive pigments are connected
with nobler substrate, pigments are the only anwdéhe electrochemical reaction. These
pigments are also called sacrificial metals, withczand magnesium as popular pigments. All
corrosion process happens on pigments, while nahlestrate is protected. However, pure
aluminum is insufficient to protect steel structdres to the formation of aluminum oxide film.

Smart coating [18] has now emerged as a new teabpdb release corrosion inhibitor
when organic coatings are damaged and/or rupt@edosion indicator and corrosion inhibitor
are included in microcapsules, which are incorpatamto paint system. These inhibitors can be
released by crack propagation and/or other triggemechanisms, such as pH change. It is a
self-healing process, which could increase thdirife of structures and decrease maintenance

costs.
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Table 1.5. Galvanic series in seawater [17]

More e ectroactive
Magnesium
Zinc
Aluminum
Steel or iron
Castiron
Stainless steel
Copper
Silver
Titanium
Graphite
Gold
Platinum
Nobler

1.2.4. Failure of Organic Coatings

Good organic coatings are consistent in thickneggearance and properties. The
coatings should also be tough enough to withstandce environments.

Organic coatings failure comes from a formulationlgbem, an improper treatment of
surface, an improper application, and an envirorineéfect. Contamination is formed when
some chemicals not from a coating formulation atded into the coating. Without sufficient
agitation, floating will happen due to uneven digition of pigments in the paint. With over
reduced paint, curtaining of coatings will happéyon-uniform surfaces are caused by
convection cells within coating film. Orange pesla common convection cell. Wrinkling
happens when the surface coating becomes solier fisin the coating underneath. Cratering
happens when the substrate surface is not cleatheofilm is too thin. Migration of a color
pigment and a plasticizer will cause bleeding alodin. Poor surface treatment could also cause
poor wetting, such as crawling and dewetting. hgedind blistering (tested by ASTM D714) are

commonly occurring due to improper surface treatnaerd/or surface adhesion failure due to
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environment exposure. Chalking (tested by ASTM D®2is the powdering surface on the
coatings due to the degradation of polymer bingstesns. Cracking (tested by ASTM D662) is
caused by non-uniformity of coating expansion andémtraction. Usually it happens when the
coatings are not completely dry and/or cured. Brogiested by ASTM D662) occurs when
there is an external fluid, such as water or gasauses a fast chalking.

When organic coating is in its service environmerdgganic coating will fail by
electrochemical reactions with corrosive specias|uding mainly water and oxygen. These
corrosive species will be much worse when a sasben the surface, resulting into cathodic
disbondment and oxide lifting, shown in Figure 1@Gathodic disbondment is caused by
cathodically generated alkalinity in reaction witimder system. These reactions and interactions
disband organic coatings at interfaces. Oxidenlifthappens due to anodic corrosion product
accumulation. Corrosion scales for oxide liftingnfomostly with alternate wetting and drying

exposure.

Cathodic disbondment -« Coating scribe 8 Oxide lifting
or defect

_ 02

__Conversion
coat

' 7Top;:oiat e
Primer

/7 / / / Scribe disbondment /
2 > e

/ '// /, A b P / "/, P,
\____ Painted steel substrate

Figure 1.5. Schematic coating failure when a scalygears. With permission from [17].
Copyright 1995, Prentice Hall.
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Good maintenance is very important for organic iogat Local failure will cause global
failure easily and catastrophically. To avoid cerom related accidents, organic coatings need to
be evaluated during their service life.

1.2.5. Evaluation of Organic Coatings

After organic coatings are applied, the thicknedscoating is usually the first
measurement of organic coatings (instructed in ASH376), usually performed by Elcometer.
It not only measures how thick the coating, butoatvaluates the uniformity of coating.
Chemical resistance tests can measure the sok®istance of organic coatings, such as methyl
ethyl ketone (MEK) double rub test (instructed i®™M D4752). Abrasion resistance can be
measured be Taber Abraser (instructed in ASTM D306&0exibility can be measured by
Conical Mandrel test (instructed in ASTM D522) asttier bending tests. Impact resistance can
be measured by the pendulum impact test (instructeASTM D3420). Hardness can be
measured by Konig pendulum hardness test (insttuctSTM D4366) and the pencil hardness
test (instructed in ASTM D3363). Adhesion test t@nmeasured with crosshatch adhesion test
(instructed in ASTM D3359), pull-off adhesion téststructed in ASTM D4541), and pull/peel
tests. Appearance is also important to organicimgstnot only in aesthetics, but also in
properties, such as binder system degradation.s@iostructed in ASTM D523) and color
(instructed in ASTM D1535 and ASTM D2244) are twppearance properties due to
interactions between light and organic coatings.

Electrochemical tests are the main characterizdtororganic coating during corrosion
process. It can measure corrosion potential, cimmosurrent, coating electrical resistance, and
coating capacitance. With direct current (DC) measwent, polarization resistance, cyclic

polarization, and galvanic corrosion are standartosion tests. DC measurement usually gives
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both potential information to show the thermodynateindency for an electrochemical reaction
and current information to show the kinetic reactiate on the working electrode. With alternate
current (AC) measurement, electrochemical impedapeetroscopy (EIS) and electrochemical
noise measurement (ENM) are standard measurentel@smeasures electrical properties of
various materials in order to generate quantitadiat to evaluate the quality of organic coatings.
The whole coating systems could be representedjbivaent electrical circuits based on EIS
data, shown in Figure 1.6. ENM measures fluctuatioh potential and current generated by
organic coating systems. The calculated noiseteggie can be a good indicator of coating
barrier property. Localization index could alsodadculated to distinguish uniform corrosion and
localized corrosion. Unlike DC measurements, AC suneaments are nondestructive
measurement and very sensitive to property chaimgig® coating. Scanning vibrating electrode
technique, local electrochemical impedance spemms scanning ion electrode technique, and
scanning polarographic electrode technique canirolgiectrochemical signals with spatial
resolution.

Scanning electron microscopy (SEM), transmissicectebn microscopy (TEM), and
atomic force microscopy (AFM) could be used to stigate surface morphology of organic
coatings. X-ray diffraction (XRD) and X-ray photeetron spectroscopy (XPS) could
characterize compositions of corrosion productisated spectroscopy (IR) and thermal analysis
can be good methods to evaluate binder propertygds such as degradation. Inductively
coupled plasma and mechanical measurements can grgments, especially metal pigments.
All these tests characterize blister contents,osdon products, and coating degradation products

in order to discover corrosion mechanisms.
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Figure 1.6. Schematic of organic coating systerh @gfuivalent electric circuits. With
permission from [19]. Copyright 2004 FederatiorSotieties for Coatings Technology.

Accelerated weather test includes accelerated outelkposure and accelerated chamber
tests. The accelerated outdoor exposure is usdaltyg either in Florida with hot and humid
environment or in Arizona with high UV intensitydiow humidity weather. However, the test
does not rely only on natural exposure, but is lacated with facilities to provide more severe
conditions. The accelerated chamber tests are wastifigial weathering devices. ASTM B117
salt spray test is one of the most popular methatisch maintains a sodium chloride fog at
35°C produced by 5% sodium chloride solution. It goad evaluation of corrosion performance
of organic coating protecting steel. However, na appropriate for metal-rich coatings, since it
could not represent corrosive conditions that meieh primers will be in service for.
Prohesion® weather test is another popular actetbexposure, which includes alternative wet-
dry cycles. One hour drying cycle is at’@5 while the other wetting cycle is spraying dilute

Harrison’s solution at Z&. The corrosive conditions represent climate asid ein situations
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very well. QUV and Weather-O-Meter are another maor devices, which include ultraviolet

radiation besides temperature, humidity and saltarpeters. They are used to simulate natural

conditions of sun, rain, and temperature. All thaseelerated weather tests are to simulate real

situations with a short time period. To choose iable accelerated weathering method is to

keep corrosion mechanisms similar to the field expe. For real industrial applications,

customized accelerated weathering tests are ugshdptimization for field exposure simulation.
1.3. Scope of Dissertation

The focus of the dissertation was to develop oaoating formulation to protect steel
structures. During the investigation, barrier petitthn and cathodic protection were used for
organic coating formulations. Spray technique weesrhajor application method. Sand blasting
and phosphoric acid treatment were two major sarfpeetreatments for steel substrates.
Different binder systems and pigment systems wectided in the investigation to optimize
organic coating formulations. With standard testduding thickness, gloss, and color, EIS was
a major characterization to evaluate coating failand deterioration. Simulated real corrosion
condition and accelerated corrosion tests were tgeevaluate the performance of organic
coatings. Thermal and mechanical analyses, asagseflurface analysis including XRD, were
used to characterize corrosion products to discoepsion mechanisms.

The dissertation consists of eleven chapters. @hdpintroduces the basic concept of
organic coatings for the protection of steel swdtes. Chapters 2, 3, 4, and 5 describe the
application of organic coatings with barrier pratea for pipeline steel to transport supercritical
carbon dioxide. Chapter 2 introduces the backgrooihdupercritical carbon dioxide and its
sequestration related corrosion problems. Chaptewv@stigates current commercial coatings

used to resist supercritical carbon dioxide solv&tiapter 4 describes design strategies for
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supercritical carbon dioxide resistant polymer aystand its behaviors under supercritical

carbon dioxide exposure. Chapter 5 presents thelusions and recommendations for future

research. Chapters 6, 7, 8, and 9 describe thecapph of organic coatings with cathodic
protection for water tank steels etc. Chapter othices the background of metal rich primers
used for steel substrate protection. Chapter 7ritbesccorrosion mechanism of zinc/magnesium
rich primers with different weathering condition€hapter 8 presents the performance of
different zinc/magnesium rich primers with acceiedaweathering tests. Chapter 9 presents the
conclusions and recommendations for future research
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2. INTRODUCTION TO PIPELINE COATINGSFOR SCCO,; TRANSPORTATION
2.1. Motivation

The increase in the concentrations of greenhousesgaespecially CO has been
identified as a major contribution to global wargninGeological sequestration of €
identified as a potential way to either mitigatedmlay global warming. In the sequestration
process, the transport method of choice is to pramsupercritical carbon dioxide phase (SGLCO
by pipeline, which is an economic and efficient wéy the meantime, transport of carbon
dioxide into oil reservoirs could help enhancedreitovery. Currently, there are around 3600
miles of CQ pipelines in operation in the United States [lithwnore than 50 million tons of
CO, per year transported by pipeline [2]. With hugetadsapproximately a million dollars per
mile of pipeline [3], the durability and lifetimd pipeline should be a big matter of concern.

However, corrosion of such pipelines would presesignificant safety hazard including
human death if the leakage of €@ccurs [4,5]. Repair of corrosion damage to pipdiis also
very expensive. Some steel corrosion behaviorsingtit appear in the transport of supercritical
carbon dioxide have been investigated [6,7,8,9]etihdds to mitigate corrosion have been
developed [10,11,12], such as purification of supgcal carbon dioxide, improved composition
of pipeline steels, and use of corrosion inhibitdrgtle work has been published on organic
coatings for SCC® pipeline protection. Little experimental data Hasen obtained on the
corrosion behavior when pressure of carbon dioigdegher than 2 MPa [12]. Organic coatings
to be investigated for pipeline protection relatieetheir integrities and to increase their service

life will contribute to geological sequestrationdaio mitigate global warming.
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2.2. Literature Review
2.2.1. Properties of Carbon Dioxide
Supercritical carbon dioxide has the properties noh-toxicity, non-flammability,
cheapness, reasonably high purity, and moderatieatrconditions [13,14]. The COphase
diagram of CQis shown in Figure 2.1. The critical temperatune @ressure of carbon dioxide
are31.1°C and7.38MPa, respectively [15]. Under the subcritical coolemhditions CQ exists

mainly as a liquid with a finite vapor pressure.oib the critical condition, it exists as only one

phase.
T T T T
! | : | ) e b
! | ! i ! | Supereritical
I I
| 1 Experfmental condition (P=7.58|MPa, T=0-300 °c)
. | | 1 1 1
7.38 -! 41
I :
5 | 1
m |
<
o
—_
-
7]
:
o
0.5

Temperature (°C)

Figure 2.1. Phase diagram of carbon dioxide. Wahmpssion from [15]. Copyright 2008,
Elsevier.

Physical properties of carbon dioxide, such asd@esity and the viscosity can be varied
[16]. For example, with different temperature, thelectric values range from 1.01 to 1.45 for

gaseous C@and 1.60 to 1.67 for liquid CQ17]. Close to the critical point, physical propes
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change rapidly with both pressure and temperatlg shown in Figure 2.2. This makes the

investigation of CQ@effect on the pipelines difficult.
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Figure 2.2. Properties change close to the cripoait at 7.58MPa. With permission from
[15]. Copyright 2008, Elsevier.

CO,under normal conditions is considered to be nompanda acts as a Lewis acid [18].
In the supercritical state, Gbehaves like a polar organic solvent [19]. Thsreéases the
solubility of many coating polymers in SCg@nd makes the design of organic coatings for
SCCQ resistance quite difficult.

SCCQ has the characteristics of gas-like diffusivity dod/ surface tension [20, 21].
Solutes in SCC@exhibit higher diffusivities relative to many ligusolvents so that a corrosion
reaction may be faster if it can occur in suchlaesd.

2.2.2. Effects of SCCQ@on Pipeline Steel

CO, is an acid gas and can react with water to formbardc acid. Carbonic acid

corrosion of carbon steels is recognized as oreeoajor damages to pipelines [5], as in below.
Fe -» Fe?* + 2e; H,CO5 + 2e » CO3™ + H,

Fe?* + C0%™ - FeC04
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When CQ partial pressure is greater than 207kPa, carbanid will be produced
directly [11]. Concentration of carbonic acid ispantant for the corrosion behavior, shown in
Figure 2.3. The corrosion rate of steels increaggsficantly below pH 3.5 [11], since corrosion
reactions mainly depend on acid reactions, whictelsted to carbonic acid concentration and
growth of corrosion products [22]. Corrosion intwa@mic acid is also more severe than hydrogen
chloride under the same pH due to the additiontiathc reaction, HCO; reduction in the
system [23]. High pressure and high temperaturee@se the corrosion rate in the case of scale
free CQ corrosion [12], especially when the temperaturabisve 118C [22]. The formations of
protective iron carbonate layers, shown in Figure @ill change the kinetics of process [9]. It
serves as a diffusion barrier and covers a podfdhe steel surface. Iron carbonate scale growth
and its protection depend primarily on the preeijpin rate. The protection only occurs when the
precipitation rate is higher than the corrosiorerathe higher temperature results in a higher
precipitation rate, which can form a protectivedajf]. The corrosion mechanism can be shown
in Figure 2.5. K serves as the cathodic site, while the Fea@er serves as the protective

layer.
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Figure 2.3. The effect of water in GOn the corrosion rate of steel. With permissiamfr
[24]. Copyright 2004, Elsevier.
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Figure 2.4. The protective layer formed by the @sion product iron carbonate. With
permission from [25]. Copyright 2004, Elsevier.
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Figure 2.5. The “sweet” corrosion mechanism ofls{ég Initial stage; (B) Developing
stage; (C) Later stage. With permission from [Z&)pyright 2010, Elsevier.

Trace contamination of other gases along with SC®M cause accelerated corrosion
[11]. H:S can cause severe corrosion along with SC&@n at concentrations below 1ppm [27].
Iron sulfide is formed as a corrosion product. @sion cracking may also happen due to the
sulphide stress [28]. The presence of Acetic akidc) can also affect the protective layer of
iron carbonate. At 500ppm HAc, the layer becomeasym At 2000ppm HACc, the layer appears
to dissolve [29]. Corrosion behavior with g@nd NQ included has not been well defined [11].

However, they will increase corrosion rate dranadiyd30].
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2.2.3. Corrosion Protection and Characterization

Steel pipeline can be designed with zinc platirgting, and plastic lining [31]. Organic
coatings should neither be soluble into SGCar absorb SCCO SCCQ should not diffuse
into the organic coatings. Drying of G@an be regarded as an effective corrosion prote¢s2]
due to lack of corrosion with pure GCPigments can be also used to entrap [38), which
could supply a new way to protect pipeline stearr@sion inhibitor monoethylene glycol can
also be added to prevent the corrosion reactio§ i has been proved that at 20ppm this
corrosion inhibitor can decrease the corrosion taté.1mm/year at temperature around 30°C
and pressure around 7.2MPa. Hexadecylthrimethylamum bromide was also found to
provide the good corrosion protection among thebitdrs tested [34] with the corrosion rate
still higher than 1mm/year.

To emulate dirty C@or contaminated COin the laboratory, Barlet-Gouedard V et al.
designed a vessel with water at the bottom [35gyTbbtained the water saturated with GO
the bottom and the wet supercritical £& the top, as shown in Figure 2.6 (a). To charast
the corrosion progress of pipeline steel expose8GEQ, Beck J et al. put electrodes inside a
vessel for in situ measurement of impedance, shovwigure 2.6 (b) [36].

Organic coatings for corrosion protection can bal@ted by visual inspection, such as
the formation of blisters [37] and over-film corims [38]. Gloss and color are two major
methods to quantify visual appearance. There differeint glosses, such as specular gloss,
contrast gloss, and surface uniformity gloss [3@hong which specular gloss is mostly used in
the coating industrials. It depends on the surtapegraphy, including the roughness and the
lateral correlation length [40]. Gloss decreasesoaentially with increasing roughness [41].

Crosslinking changes the gloss too. With the cnolsislg density increasing, the gloss value
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Figure 2.6. SCC@exposure tes{a) CQ reaction vessel, with permission from [35],
Copyright 2009, Elsevielb) Schematic of on-site EIS measurement [36].

increases initially, reaches the maximum, and dsa® later [42]. However, gloss is
independent to the thickness of the coatings [€3]lor is more complicated than gloss. It
depends on the pigments, the binders, and the gsince The degradation of organic coatings
could cause the discoloration (whitening) [44] dagigment bleaching. Color also changes to
be yellowing due to the weathering process [45)08ta decreases with the increase of surface
roughness [46]. Color changes by crosslinking dgngis crosslinking density increases, the
color value increases initially and reaches a plafd7]. The color difference also increases as
the amplitude of fluctuation increases [48]. Caloes depend on the thickness of coating until it
reaches infinite optical thickness [43].

Barrier properties of organic coatings can be watald by weight and thickness tests,
pressure decay method, frequency modulation amsh@ktographic methods, in order to check
solubility of polymers in SCC@and diffusivity of SCCQin polymers [49]. Spectroscopy

methods can also be used to check solubility dubeonteraction of groups of bonds changing
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the vibrations [17]. The influence of SCE0On organic coatings can be evaluated by thermal

analysis due to the plasticization of organic cagi[50], as shown in Figure 2.7.

Glassy polymers

Supercritical CO,

I
Sorption/Swelling

Changes in mechanical properties Changes in physical properties
Elastic modulus, T, depression, chain mobility,
Creep properties Solute diffusivity

Return to atmospheric pressure

Foaming, fracture, Impregnation (e.g., dyeing|
Changes in morphology Extraction (e.g., Drying)

Figure 2.7. The effect of SCGOnN polymers. With permission from [50]. Copyrigt06,
Taylor & Francis.

Corrosion behaviors of pipeline steel exposed tadCSLcan utilize electrochemical
impedance spectroscopy (EIS) to determine corrosimachanisms [36, 51], infrared
spectroscopy methods to identify the corrosion peotsl [51], and surface analysis methods to
measure the corrosion product morphologies and ositipns [51]. EIS was a good method to
determine corrosion process if passive layer wasdd, degraded and reformed [25, 36].

2.3. Scope of Investigation

The focus of this part of the thesis was to devel@anic coatings with barrier protection

for pipeline steel to transport supercritical carbdioxide. During the investigation, the

following studies were carried out.

28



1. Commercial coatings and designed coatings were ing#stigated and compared to
select better corrosion mitigation properties.

2. Test protocols for SCCOresistance were developed. During the exposure,
temperature and pressure of SGCand exposure period to SC&®ere considered
as variable parameters. After the exposure, thigkneveight, color, gloss, and
impedance were considered as evaluation parameters.

3. Failure mechanisms were discussed. Failure modee discovered especially by
visual results. Failure mechanisms were relatedraperties of organic coatings in
order for future design.

The part of investigation consists of four chapteZsapter 2 describes the research

background of the pipeline steel with SCLGhapter 3 describes corrosion behaviors of severa

commercial coatings exposed to SGCOhapter 4 describes the design of organic coatamgl

characterizations of the behaviors of these organatings in SCC@ Finally, chapter 5 gives

the conclusions of this part of the study and reoemdation for future research.
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3. INVESTIGATION OF COMMERCIAL COATINGSEXPOSED TO SCCO»
3.1. Introduction

As stated in section 2.2.2, sweet corrosion mayoot SCCQ transport. When some
contaminations or dirty SCCGCexist, most often from SONQ, and HS, the environment of
SCCQ fluid becomes acidic. With all these factors cdesed, corrosion behaviors of pipeline
steel exposed to SCGQ@re caused by these acidic environments. Orgaratings to protect
pipeline steel from corrosion exposed to SGGBould thus be acid resistant. SGGAnsport
may need pumping flue gas to geological storagss,sihostly oil fields. Gas and/or oil may be
remaining in SCC® fluid without sufficient purification process. Qugic coatings with
corrosion protection for pipeline steel thus needbe very chemically resistant. With fluid
transported, organic coatings may encounter witlsien-corrosion problems, and thus should
also have high abrasion resistance. With all tfias®rs considered from Table 1.2, epoxy and
phenolic coating systems were selected for initigestigation of commercial organic coatings
corrosion behaviors when exposed to SGCO

In this chapter, the barrier properties of orgaroatings are investigated. Two different
conditions of SCC@were applied for corrosion test. One is SG@EB2°C — 7.58MPa, while
the other is SCCPat40°C — 10.00MPa. As stated in section 2.2.3, organic coating failcan
be investigated by visual inspection. The high kiily and diffusivity of SCCQ will not only
change surface roughness but also change adhewsioa between pigments and binders.
Therefore gloss and color values could change amck wneasured in the exposure process.
Barrier properties were evaluated by weight andkiess change. Thickness and weight

measurement have also been done for SG€fBcts on organic coatings. EIS was utilizedhes t
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major tool to characterize corrosion behaviors émcevaluate barrier properties of organic
coatings.
3.2. Experimental Methods
3.2.1. Materials

TZ™ 904 coating, DevChem™ 253 coating, Scotchkote3¥5 coating, and
Scotchkote™ 323 coating were four commercial cgatipstems selected for SCE&€xposure
investigations.

TZ™ 904 is a high performance coating from Chevdtnllips Chemical Company and
is a high-build modified epoxy coating engineeredptovide outstanding resistance for steel
structures in corrosive environments (http://wwwelogam.com/bl/specchem/en-
us/tdslibrary/TZ_904_TDS_v808.pdf).

Devchem™ 253 is a two-component epoxy novolac ogafiom International Paints
(http://www.duspec.com/DuSpec2/product/ProductDosnt8earchController.htm?documentFo
rmat=pdf&systemSetld=13&productCode=253&documentigatasheet&submit=Get+Docu
ment). DevChem™ 253 is claimed to have an exceptioasistance to a wide range of
chemicals and solvents. DevChem™ 253 is typicaligdufor industrial storage and process
chemical tanks and pipelines, high pressure cruldpies and separation tanks. DevChem™
253 is also used as a protective coating for highlyosive environments.

Scotchkote™ 323 is a two-component system desi¢gmqutotect steel pipe and other
metal surfaces from the harsh effects of corrostod can be used as internal lining
(http://multimedia.3m.com/mws/mediawebserver?mwSIBSSSu7zK1fsIxtU4Y_xMYtxev7qgel
7zHVTSevTSeSSSSSS--). This coating is resistadémsage by acids and bases in the pH range

of 2 to 14. Scotchkote™ 323 is also resistant wrbgarbons and many solvents.
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Scotchkote™ 345 is a liquid one-part phenolic pridesigned for application to metal
surfaces prior to top coating with Scotchkote fasioonded epoxy (FBE- which is high
temperature applied epoxy powder coatings, theentrmdustry standard for the protective
layers closest to the metal.)) coating (http://Sohg.3m.com/wps/portal/3M/en_US/
Corrosion/Protection/Products/Catalog2/?PC_7_RJR3081R40149E2FVI20E3_nid=L7QJ75
BXFQbe7C5QZ78847¢|).

S36 steel panels, purchased from Q-Lab, were usdbteasubstrate in these following
coating studies. Hexane, purchased from Sigma-&idnvas used as the degreasing agent for
steel panel preparation. Toluene, purchased fragm&iAldrich, was used as the solvent for
TZ™ 904 coating preparation. Xylenes, purchaseanfiSigma-Aldrich, were used as the
viscosity adjuster for spray application. Ammonidfate and sodium chloride, purchased from
Sigma-Aldrich, were used in dilute Harrison's swuat (DHS) preparation. All these Sigma-
Aldrich chemicals were reagent grade. Lgas was purchased from PRAXAIR with >99%
purity.

3.2.2. Characterizations

An Elcometer 345 FS film thickness gauge was usaddasure the thickness of organic
coatings on steel S36 substrate. An X-Rite SPdbdr spectrophotometer was used to measure
the color coordinates df a*b* using a D65 light source with 10 degree obseritetook 10
points on each surface. The average color valutE efb* was used to describe the color of the

coatings. The color difference change on exposa®aalculated by

AE = \/(AL”‘)2 + (Aa*)? + (Ab*)?; where AL* = L* — Lj; Aa* = a* — ap; Ab* = b* — by,
where(Lyagbg) are for the original color values. A Mettler TotedL 204 was used for weight

measurement. A BYK-Gardner micro-TRI Gloss metes wsed to measure the gloss with angle
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of 20 degrees, 60 degrees, and 85 degrees. Thaimeent took 3 points on the surface for
each angle. The average gloss value was used tolseshe gloss of the coatings. A Gamry
Potentiostat Reference 600 was used for EIS tesTing electrolyte was DHS, which comprised
of 0.35wt% (NH,),S0, and 0.05wt%NaCl in distilled water. EIS data were collected for
100kHz to 0.01Hz frequency range with a 10mV rmspléode at 10points/dec.. Dynamic
mechanical analysis (DMA) is using tensile meas@mnof the film with the size around
15 * 5 * 0.4mm by DMA Q800. The temperature ranges from the raemperature t@75°C
with the rate o6°C /min.
3.2.3. Experimental Set-up

Organic coatings were applied on steel substramé by drawdown and spray
techniques. For drawdown films, steel substrate®wanded using #320 and #600 sand papers
and degreased by hexane. For spray methods, stesttates were sand blasted with aluminum
oxide and degreased by hexane. Organic coatingsthetfour commercial coating formulations
were prepared as described in Table 3.1. For tlvedommercial coating systems, TZ™ 904 and

Table 3.1. Organic coating formation of four comamarformulations

(?()ragt"iir?gl]cs Materials Operation methods Curing conditians
8 mils drawdown with
T7™ 904 1:1 volume ratio of TZ™| toluene adjusted viscosity 24 hours at room
904 R and H Spray with toluene temperature
adjusted viscosity
) . 8 mils drawdown with
DevChem™ 4:1 volume ratio of _Xylenes adjusted viscosity 5 days at room

™
253 DevChem™ 253 base and Spray with xylenes temperature

convertor adjusted viscosity

2:1 volume ratio of

Scotchkote™ ™ 24 hours at room
323 Scotchkote™ 323 part A Spray temperature
and part B
Scotchkote™ One component Spra 30 minutes at
345 P pray 240°C
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DevChem™ 253 were applied by both drawdown andysi@ehniques. The formulations were
adjusted for proper application by toluene and g respectively. Scotchkote™ 323 and
Scotchkote™ 345 were applied only by spray techesgbecause during the investigation, spray
techniques were discovered to provide better lraprieperties than drawdown techniques. The
films were sprayed at different thickness to inigzde thickness effect on film properties.
Supercritical carbon dioxide exposure was performethg the set-up presented in
Figures 3.1 and 3.2. The coated sample panels pgranto the high pressure test vessel. The
vessel was immersed in a water bath at approxignat€l. The vessel was first evacuated and
then filled with carbon dioxide gas. The process wepeated three times to ensure there was no
contamination from remaining air. After this thessel was filled with around 0.5 Kg of carbon
dioxide (the CQ@tank was placed on a scale to monitor the weig¥th the pressure monitored
to approximately 6.8 MPa. With the system tightlyaled, the recirculator started to rise
temperature of water bath to the preset temperaiilme temperature of SCG@as monitored
by a thermo couple inserted in the vessel, as shiowigure 3.2 B. Care was taken to adjust the
ventilated valve to release the pressure to a firedepressure, monitored by the pressure gage
attached to the vessel, shown in Figure 3.2 B.rAdtjustments, the predefined pressure was
maintained. The coated panels were held under tbosditions for different periods. In this
investigation, two conditions of SCG@ere chosen. One was SCL&32°C — 7.58MPa, very
close to critical point of carbon dioxide. The atieSCCQ of 40°C — 10.00MPa, close to real

condition often used for transportation for SGCO
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Eecirculator

Figure 3.2. The parts of the reaction set up. (®)dassembled vessel; (B) the top part of the
vessel; and C: the bottom part of the vessel.
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3.3. Results and Discussions
3.3.1. Performance of TZ™ 904 Coatings
The preparation of the different coating samplesdéscribed in Table 3.2. The
nomenclature follows the rule of “coating-applicati method-thickness” to represent each
coating system. Four types of samples were prepditeel samples were exposed to SGCO
Then they were evaluated by visual inspectionsEl&dcharacterizations.

Table 3.2. Samples of TZ™ 904 coatings

Sample Name Application method Thickness/pum
1 TZ-D-107pm Drawdown 107
2 TZ-S-63um Spray 63
3 TZ-S-145um Spray 145
4 TZ-S-313pum Spray 313

Pictures of these films before and after exposarsupercritical conditions are given in
Figure 3.3. TZ-D-107um exposed to SCLGf 35°C and 10.9MPa for 48 hours had many
smaller blisters formed on the surface, while T2Zi3um exposed to SCGOof
40°C and 10.00MPa for 24 hours had several larger blisters formed. All the otb@mples were
unchanged under exposure to SGCOf both 32°C and 7.58MPa for 24 hours and
40°C and 10.00MPa for 24 hours. The measured thickness changes with the expamare
shown in Figure 3.4. TZ-D-107um had a lot of blisten the surface, which made the thickness
measurement not accurate. Although TZ-S-313um Hhéstets on the surface, thickness
measurements were avoiding these locations. Witthase samples, thickness did not change
significantly. It was a sign of neither significasbrption of carbon dioxide in the coating nor
significant dissolution of coating into SC@@Regarding appearance change, gloss at 60 degrees
decreased, as shown in Figure 3.5. Color differende value and im\E value increased after

exposure, shown in Figure 3.6. All these changeglaas and color might be due to increasing
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Figure 3.3. The above: coated small panels afjeogxe to SCC@and the below:
unexposed original panels. (A) TZ-D-107pum expose8CCQ of
35°C and 10.9MPa for 48 hours. (B) TZ-S-63um; (C) TZ-S-145um; and (D) TZ-S-313um
exposed to SCC{df 32°C and 7.58MPa for 24 hours. (E) TZ-S-63um; and (F) TZ-S-
313um exposed to SCGOf 40°C and 10.00MPa for 24 hours. (Note: the samples had to
be cut to be able to fit inside the pressure vissel

roughness, because roughness increases colorediferbut decreases gloss [1,2]. Color

difference in b value increasing usually represpotgmer degradation [3].
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555 Il 7Z-5-313um
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250 +
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Original 320C-7.58MPa-24h 40°C-10.00MPa-24h
Exposure condition

Figure 3.4. Thickness change with different expesunditions.

] 7Z-5-63um
B TZ-S-145um
Bl Z-5-313um

Gloss at 60°

Original 32°C-7.58MPa-24h 40°C-10.00MPa-24h
Exposure conditions

Figure 3.5. Gloss change with different exposureddmns.
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Figure 3.6. Color value change with different exppesconditions

Electrochemical impedance spectroscopy is showiigare 3.7. For TZ-D sample, the
impedance became lower after the exposure duestir@lyte penetration. It was in accordance
with the blister formation and increased in difusicoefficient from porosity. The exposure to
SCCQ had less influence to the impedance of the thickettings. The resistance decreased
with the more severe exposure conditions in SE&®@th the thicker coatings, the percentage of
decrease was smaller. The impedance values affigighencies of EIS measurement remained
relatively constant through exposure.

From the above results, although the thicknessatigs did not change significantly,
visual inspections showed blisters formed in camtimhe gloss of the coatings decreased. Color
of the coatings changed in yellowing. Impedancecoétings decreased. All indicated that
SCCQ did have some effects on TZ™ 904 coatings. SITCES has low viscosity and high
diffusivity, it could diffuse into coatings and @eibrated coatings. Thinner coatings showed
more changes, because thinner coatings were affembee by SCC@diffusion. The diffusion

path of SCCQ may be used as the electrolyte penetration pattietwease impedance. The
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Figure 3.7. Electrochemical impedance spectrosocd@Z ™ 904 coatings with various
exposure conditions. (The solid line representptesible actual spectroscopy)

diffusion of SCCQ made the surface rougher and made the barrieegrep of organic coatings
worse, especially for thinner coatings.

However, blisters formed in the films in differamays. Blisters formed in TZ-D-107um
sample and the TZ-S-313um sample, the thickesingpathe blisters formed due to SCE£O
diffusion into organic coatings and inadequateuditbn out of organic coatings once pressure
was released. Compared with other coatings, th®T07um coating had low adhesion, which
allowed SCCQto diffuse into the film to displace it at theenfiace. The TZ-S-313um coatings
were thick enough so that SCg€ould not diffuse out of the coating film when ggare was

released. However, this situation only happened04€ and 10.00MPa for 24 hours. The
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reason might be the low pressuré &8MPa was not high enough to form blisters on the cagtin
surfaces. So blisters were formed on the surfacenwhe force caused by the pressure of the
trapped CQin coatings was higher than the adhesion force.
3.3.2. Performance of DevChem™ 253 Coatings
The different coating films are studied in Table&.3Three types of samples were
prepared. The samples were exposed to SCOBen they were evaluated by appearance
measurements, visual inspection and EIS charaateniz

Table 3.3. Samples of DevChem™ 253 coatings

Sample Name Application method Thickness/um
1 DV-D-74um Drawdown 74
2 DV-S-52um Spray 52
3 DV-S-159um Spray 159

Pictures of organic coatings before and after exygo supercritical conditions are
given in Figure 3.8. DV-D-74um exposed to SGG8 35°C and 10.9MPa for 48 hours had
many pores formed on the surface. DV-S-159um heerakblisters formed on the surface after
exposure to SCCO of both 32°C and 7.58MPa for 24 hours and
40°C and 10.00MPa for 24 hours. DV-S-52um remained the same under exposure ta0€C
both 32°C and 7.58MPa for 24 hours and 40°C and 10.00MPa for 24 hours. The thickness
changes with the exposure are given in Figure B/#h all these samples, thickness did not
change significantly. It was a sign that neitheggngicant sorption of carbon dioxide in the
coating nor significant dissolution of coating i€ CQ. Regarding appearance changes, gloss
at 60 degrees decreased, shown in Figure 3.10.oTvedue and inPAE value increased after
exposure for DV-S-52pum, shown in Figure 3.11. FM-$52um, organic coatings had aging

behavior with exposure, and surface roughnessasece For DV-S-159um, gloss decreased,
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while color difference first increased and thenrdased. The reason might be caused by the

increasing crosslinking density [3].

B L R
% b
e S

I

Figure 3.8. The above: coated small panels afigosxe to SCCg&and the below:
unexposed original panels. (A) DV-D-74um expose8@LQ of
35°C and 10.9MPa for 48 hours. (B) DV-S-52um; and (C) DV-S-159um exposed to SGCO
of 32°C and 7.58MPa for 24 hours. (D) DV-S-52um; and (E) DV-S-159um exposed to
SCCQ of 40°C and 10.00MPa for 24 hours. (Note: the samples had to be cut to be able to
fit inside the pressure vessel).
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Figure 3.9. Thickness change with different expesunditions.
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Figure 3.10. Gloss change with different exposoreddions.
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Figure 3.11. Color value change with different esqpe conditions.

Electrochemical impedance spectroscopy is showkigare 3.12. . DV-D-74um sample

had porous structure on the surface, which yieldgh error results for our type of EIS test. The

impedance decreased with exposure to SCaf032°C and 7.58MPa for 24 hours. However, the

impedance increased with exposure to SE€GD 40°C and 10.00MPa for 24 hours. For DV-D-

159um sample, the impedance even became highethtbamiginal untreated sample.
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Figure 3.12. Electrochemical impedance spectrosobpevChem™ 253 coatings with
various exposure conditions.

The porous structure formed on DV-D-74um instetdlisters, due to brittle organic

coatings, which could not withstand blister formoati For DV-S-52um and DV-S-159um
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samples, coatings were either thin enough for SC@Odiffuse out or had good adhesion
between interfaces which decreased,@@pped at the interface. The thicker coatings ®V-
159um showed less color difference with exposuree Tmpedance of DV-S-159um after
exposure was even higher than the original coatie reason might be further crosslinking
reaction with SCC@as the plasticization. At the lower pressure anel temperature condition,
SCCQ was not enough to relax epoxy chain to enhancssbnking density. The crosslinking
reaction kept C@trapped in the coating to form blisters on surfatcthe coatings.
3.3.3. Performance of Scotchkote™ 323 Coatings

Different coating systems are described in Tabde Bhe nomenclature follows the rule
of “coating-application method-thickness” to remneis each coating systems. Three types of
samples were prepared. The samples were expos8@€@f). Then they were evaluated by
visual inspections and EIS characterizations.

Table 3.4. Samples of Scotchkote™ 323 coatings

Sample Name Application method Thickness/pn
1 S323-S-35um Spray 35
2 S323-S-65um Spray 65
3 S323-S-172pum Spray 172

Pictures of organic coatings before and after exposto SCCQ of
32°C and 7.58MPa for 24 hours are given in Figure 3.13. S323-S-35um and S323i8v6
samples did not have any blister on the surfac® 4l hours. However, S323-S-172um sample
started to form blister on the surface at 6 holing blisters increased with longer exposure time.
Thickness and weight change with the exposure laogis in Figure 3.14. Thickness did not
have any significant change with the periods ingastd. However, weight showed a little

decrease with 6 hour exposure and after that resdathe same. Gloss changes with the
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Figure 3.13. Coated panels with different exposime to SCCQ of
32°C and 7.58MPa for 24 hours. A: S323-S-35um; B: S323-S-65um; and C: S323-S-
172pm.

exposure are shown in Figure 3.15. For S323-S-178ample, gloss could not be measured
because sample was cut and too small for glossurezasnt. For S323-S-35um and S323-S-
65um samples, gloss at®®as decreasing initially up to 6 hour exposure mathed a plateau
after 6 hour exposure. However, gloss dt\8&s staying almost the same except a decrease at 6

hour exposure. Color difference is shown in FigBuks.Ab value remained almost zero until 6
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hour exposure, increased sharply around 6 hoursexppand reached a plateau after 12.5 hour
exposure. Color difference showed the similar tresith Ab value. The thick coatings showed

higherAb value and\E value eventually.
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Figure 3.14. Thickness and weight change due ferdiit periods of exposure.
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Figure 3.15. Gloss change due to different peraidsposure.
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Figure 3.16. Color change due to different perioldsxposure.

Electrochemical impedance spectroscopy is showkigare 3.17. S323-S-35um sample
showed continuous decrease in impedance. S323-8-6ample showed around the same
impedance until 30 hour exposure. Around 41 hoyosure, impedance started to decrease.
S323-S-172 pm sample showed high impedance umtdus. Then the impedance decreased
until 31 hours. After that, the impedance staredntrease. With low frequency impedance,
shown in Figure 3.18, the thicker coatings had @éigmpedance, which showed better barrier
properties. Impedance for S323-S-35um increasedl ladur exposure, decreased after it, and
kept almost the same. Impedance for S323-S-172dna flaictuate impedance at 0.01Hz after 6
hour exposure, because EIS cell fell onto blistameas.

With the above results, properties of organic ecmptchanged abruptly with 6 hour
exposure, including gloss, color difference, angedance. Gloss decrease, color difference
increase, and impedance increase showed that iokasgl reaction happened. With thicker
organic coatings, S323-S-65um and S323-S-172um disiylayed gloss decrease and color
difference increase. The impedances kept almosstanh The reason might be crosslinking
reaction for thicker coating was slow. It was nabegh to increase the impedance, but only
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Figure 3.17. Electrochemical impedance spectrosob@cotchkote™ 323 coatings with
different periods of exposure.
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Figure 3.18. Impedance at f=0.01Hz for Scotchko®?% with exposure to SCGO
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enough to compensate the impedance decrease witxffosure of SCCOFor S323-S-35um,

after 6 hour, organic coating had enough crossimkiensity to stabilize organic coating with

exposure to SCCO

Another observation was that thicker coatings tdrtdenave a high color difference. The

reason was due to the extraction of phthalo grdénitffincreased b value of color value. The

thicker coatings tended to lose more colored pignaeming the exposure. After 6 hours, the

crosslinking density increased to eliminate theaotion to keep color difference constant. The

extraction of pigment could cause porous structwigich was also proven by the diffusion

controlled process in a certain time of exposureys in Figure 3.19.
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Figure 3.19. Nyquist plot of electrochemical impeck&aspectroscopy of S323-S-35um
exposed to SCCTor 3.5 hours.

The third observation was gloss at’ @lecreased, while gloss at°88id not change

significantly. The reason was that gloss was mai@yending on the roughness of samples [5]

From Billmeyer equation,
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the larger angle was sensitive to the higher roagbnin this situation, surface roughness did not
change enough to affect the gloss value espe@tli§°. So the gloss &5° did not change a lot,
with only the gloss at 8Qlecreasing.
3.3.4. Performance of Scotchkote™ 345 Coatings

Different coating systems are described in Tabe Bhe nomenclature follows the rule
of “coating-application method-thickness” to remneis each coating systems. Three types of
samples were prepared. The samples were expos8€@®). Then they were evaluated by
visual inspections and EIS characterizations.

Table 3.5. Samples of Scotchkote™ 345 coatings

Sample Name Application method Thickness/pm
1 S345-S-15um| Spray 15
2 S345-S-50um Spray 50
3 S345-S-180pum Spray 180

Pictures of the film before and after exposure upescritical conditions are given in
Figure 3.20. At the two conditions of SCgQuith three samples of different thickness, the
samples were in good condition. There was neithsteb nor pores formed on the surface. The
changes in film thickness and weight are shownigurfe 3.21. There is almost no change during
the exposure for any of the coatings independerthiokness. Thickness and weight remained
constant, which indicated that the coatings wernghee imbibing CO2 nor dissolving CO2.
Gloss changes with the exposure are shown in Figu2. Gloss at 60showed a lot of
fluctuations during the exposure, while gloss dt §towed less fluctuations than gloss &t 60
However, gloss did not change significantly. Theiateons might be dependent on the surface
roughness, which might be caused by the effectG€G, on Scotchkote™ 345. There was no

significant influence but surface roughness char@elor difference shown in Figure 3.23
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confirmed that SCC@did not post significant effect on organic coasirdue to the stability of

color value.

Figure 3.20. Coated panels with different exposime to SCCQ. (A) S345-S-15um; (B)
S345-S-50um; and (C) S345-S-180um. Numbers atesdimple sign are exposure
conditions, while 1 represer@2°C and 7.58MPa, and 2 represent40°C and 10.00MPa.
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Figure 3.21. Thickness and weight change due ferdiiit periods of exposure and different
exposure conditions.

Electrochemical impedance spectroscopy is showhigare 3.24. S345-S-180um and
S345-S-174um samples did not show any change witbsaire time. S345-S-50 pum sample did
not show any change with exposure time up to 44<hdlvith 50 hour exposure, impedance
decreased dramatically. Impedance of S345-S-44ample decreased a little, increased a little,
and decreased again. S345-S-15um sample showedtiauowus decrease in impedance, while
S345-S-12 um sample kept its impedance disregartlirgexposure period. However, the
electrochemical kinetics did change. SGG840°C — 10.00MPa showed much more effects

than SCCQof 32°C — 7.58MPa to Scotchkote™ 345 coatings. However, when théimgavas
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Figure 3.22. Gloss change due to different peraidxposure and different exposure

conditions.
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Figure 3.23. Color difference due to different pds of exposure and different exposure
conditions.
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Figure 3.24. Electrochemical impedance spectrosob@cotchkote™ 345 coatings with
different periods of exposure, and different coodis of exposure.

thick enough, for example around 180um, organidicga showed very good barrier properties

up to 50 hours exposure for both conditions, dueatstant impedances. With low frequency
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impedance, shown in Figure 3.25, the thicker cgatiad higher impedance, which proved a
better barrier property. S345-S-50 um and S345-8mad impedance value close to S345-S-
180 um and S345-S-174 um, respectively. Around 5Ghickness was good enough for barrier
properties of organic coatings. S345-S-12 pm haguedance value of around “bdm and kept
constant, because it was close to bare metal inmged#&]. It was a good example to investigate
the failure mechanism of organic coatings.
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Figure 3.25. Impedance at f=0.01Hz for Scotchko®4® with exposure to SCGOf
different periods and different conditions.

From the above results, the appearance of ScoeRk@45 coatings did not change as
well as thickness and weight of the coatings, aitfio gloss values did have fluctuations,
possibly due to roughness fluctuations. Impedaridkicker coatings than 50um did not change
significantly up to 50 hours exposure to SGCOf both 32°C — 7.58MPa and 40°C —
10.00MPa. For thin coating samples, S345-S-15um and S3438n showed decreased
impedance value at low frequency with time of expeselapsed, although no appearance
change. It showed that SCg6lill had influence on organic coatings to detexrie coatings. To

investigate the influence on organic coatings, Nstgplots were shown in Figures 3.26 and 3.27
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Figure 3.26. Nyquist plot of electrochemical impec&aspectroscopy of S345-S-15um
exposed to SCCTor different periods.

for samples S345-S-15um and S345-S-12um, resplctiveould be seen that for both samples,
initially, one semicircle changed into two semit®s: The first semicircle tended to become
small, while the second semicircle tended to becbigeThe first semicircle was attributed to
organic coatings, while the second semicircle wasbated to protective film formed on the
surface [7]. For S345-S-15um immersed in SGOEB2°C — 7.58MPa, the second semicircle
started around 17.5 hour. For S345-S-12um immensefCCQ of 40°C — 10.00MPa, the
second semicircle started around 7 hour. It sho8€€Q of 40°C — 10.00MPa posted much

more significant affect than SCGOf 32°C — 7.58M Pa for pipeline steel.
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Eventually, with the organic coating deterioratitre protective film could not cover the

damaged sites. Porous structures formed with tbef mf diffusion controlled process shown in

Nyquist plots. While S345-S-15um samples had postusture around 50hour exposure, S345-

S-12pum had porous structure around 42 hours. F5-S312um sample, the protective film still

could be found for 42 hour exposure. With 49 hoxposure, the protective film indicated

continuous growth.
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Figure 3.27. Nyquist plot of electrochemical impec&aspectroscopy of S345-S-12um
exposed to SCCJor different periods.
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3.3.5. Thermal Mechanical Analysis of Commercial Coatings
Dynamical mechanical analysis results are shownTable 3.6. Sctochkote™ 345
coatings had the highest glass transition temperatod the highest modulus retention. With the
highest glass transition temperature, Sctochkotel® ®atings had the highest restriction for
molecular mobility, which was good for SCg@sistance [8]. With highest modulus retention,
Sctochkote™ 345 coatings had the highest restniaien with SCC@plasticization.

Table 3.6. Dynamic mechanical analysis of comméogatings

Glass transition ~ Storage modulus Storage modulus  Modulus

Coatings temperature’C)  before ; (MPa)  after T(MPa) retention (%)
TZ™ 904 53 340 5 1.47
™
Devgggm 75 1700 25 1.47
™
Sctogggote 75 3485 50 1.43
™
SCtOgZEOte 167 730 120 16.44

3.3.6. Corrosion Mechanism of Commercial Coatings ExpdeefiCCQ
The blistering underneath the coating may be cabgete following mechanism (Figure
3.28). Blister formation occurs when the coatinglorager releases CO2 and returns to having
barrier film properties after being made very peabie by exposure to SCCO2. From the blister
formation mechanism, the diffusion coefficient b&étcoatings returns to a low value, especially
for the CQ gas, which retained at the interface and formestdss. The results showed blister
formed on the surface of the thickest coatings dohecoating systems, due to the diffusion
length was the longest to make it the most diffitaldiffuse out. The porous structure formed
due to the brittleness of the coating causing tis¢el to rupture and to form pores on the surface.
The thinner coatings happened to have more pordseosurface, due to the poorer mechanical

properties. With the mechanism, adhesion forceerg important to maintain the integrity of the
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coating film. Drawdown film was more vulnerable fdister formation than spray coating due to
the lower adhesion force. Higher pressure and higimperature can make the diffusivity easier,

which are also easier for the blister formation.

ScCO,
ﬂ' ScCO, CO, ﬂ CO

A I ¢ N C D
Figure 3.28. Proposed mechanism of blister formatid) SCCO2liffuses into the coatings;
(B) SCCO2 saturates the coating; (C)Qli¥fuses out of the coatings when pressure is

reduced to atmospheric pressure; and (D) Rema@gchanges into gaseous phase and
causes blistering with extreme volume increase.

When SCCQdiffused into the substrates, two reactions waddhpete into each other.
One was SCCgdeteriorating organic coatings by blister and gorenation. The other one was
corrosion products formed at the interface. Thst fine would decrease impedance, while the
latter one would increase impedance. High temperatnd high pressure of #2and 10.00MPa
would increase both reactions, and the competdfdhe two reactions.

3.4. Conclusions

Investigation of commercial organic coatings expoge SCCQ has been done here. In
the investigation, a test protocol for SC{@sistance was developed. Organic coatings for the
protection of pipeline steel were exposed to S@©Otwo conditions32°C — 7.58MPa and
40°C — 10.00MPa. Different periods of exposure were studied toleata lifetime of organic
coatings. During the tests, visual inspections waee to check blister and porous structure
formation. Color and gloss measurements were useorifirm the visual inspections. Weight
and thickness measurement were used to check thbilgp of SCCQ inside the organic
coatings and the dissolution of organic coatings BCCQ. For the corrosion process, EIS was
mainly used to characterize coating failure andasdon behaviors.
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During the investigation, there are several conchsslisted in the followings.

1. Adhesion of organic coating to steel substrate erégcal to supercritical carbon
dioxide exposure. Good adhesion helped Sgr@8istance.

2. High pressure and high temperature of SG@Oexposure chamber increased the
rate of corrosion processes.

3. Long time exposure to SCG@esulted into organic coating deterioration.

4. Thicker organic coatings had better barrier pradectout were vulnerable to blister
formation.

5. Thinner organic coatings had less barrier propdstit, were useful to investigate
failure mechanisms.

6. Blister was formed due to carbon dioxide trappethatinterface. The thick coatings
were vulnerable to blister formation.

7. The competition of the barrier property betweendéterioration of organic coatings
and the corrosion product formation at the intexfazas increased with the high
temperature and the high pressure of S&CO
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4. INVESTIGATION OF DESIGNED COATINGS EXPOSED TO SCCO;
4.1. Introduction

In order to design protective coatings for SGCiansportation, coatings must be
resistant to SCC® Due to high solvency of SCGQOit can dissolve many polymers. Research
has shown that intermolecular interactions betwpelymer segments and SCg@re much
more responsible for miscibility than hydrostatiegsure [1], although the solvency of £i@
general increases with the pressure [2]. Therdhsie® mechanisms regarding the solubility [1].
The first is the electron donor-acceptor mechaniBne second is the specific interaction, such
as SCCQ and polymer dipoles. The third is the electrostatteractions, such as SCCO2 and
polymern systems. In these cases, carbonyl or ether gitbapsre either in the backbone or on
side chains can specifically interact with SGCBolymers that are often difficult to dissolve in
other fluids such as fluorine-substituted polymansl silicon based polymers are dissolved in
SCCQ, this being especially true for perfluoroalkyl etk and acrylates [1]. The solvency of
SCCQ increases with the increasing content of polaugsan the polymer, due to the increased
polarity of SCCQ compared with its subcritical fluid [1]. Howevenydroxyl end groups
decrease polymer solubility [3]. Polymer chainaegiement confined free volume will restrict a
limit for the solvency of SCCgQ4]. Chain flexibility aids dissolution. High crialine polymers
have a low solubility due to the condensed strecamd much slower transport processes [1].
For the semicrystalline polymers, the solubilitycors mainly in the amorphous regions.
Polymers of molecular weight higher than 20000g/moll have a negligible solubility.

Literature review for the potential candidate f@C0, resistant polymers is given in Table 4.1.
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Table 4.1. Potential candidate for SC{O@sistant polymer

Experimental

Visual sampling

Polymer property

Polymer conditions due to exposure related_ to SCCQ® | Reference
to SCCQ resistance
Poly(vinyl chloride) 203%’/?;%,(?““ di?slg)?gttion High dipole C-CI | [5]
Polypropylene 203%//?;(()?(2(:)psi, A light yellow High crystallinity [5]
P°'¥‘thrg’r'1e”e’ 203%’/3;%,(?'[’5“ Some bubbles |  High crystallinity  [5]
Nylon 66 2000 3000ps!, High crystallinity | [5]

Copolymer with
poly(methacrylic acid)

SCCO2 insoluble

[6]

High branched pheno

SCCO2 insolub

e

[6]

Surface modified
polystyrene by
carboxylic acid group

1232-2857psi,
40-60°C

SCCO2 resistant

Static repulsior

=

[7]

Higher fraction of hard
segment of

poly(urethane)

1000-3000psi,
42°C

Low sorption of
SCCO2

High restriction

[8]

The candidates to be SCgesistant should not have gPhilic groups (interpreted as

the CQ functions under SCCQconditions), such as fluorinated groups, siloxgreups, ester

groups, and ether groups. High crystallinity orthggosslinking are favored final film structures

Aliphatic polymer is better than aromatic polymsgince the benzole group can have electron-

electron interaction with SCGO Our designed polymer should be resistant not tml SCCQ

but also for “dirty” SCCQ (SCCQ captured in a co-sequestration mode or comprefssad

incompletely cleaned flue gas). With slight watentamination of SCC¢ any corrosion that

might occur has been shown to be more severe {BfieErease water effect on the corrosion, the

target polymer was designed to be water insolublea a&omponent of its barrier protection,

because total water permeability is dependent bn thickness, diffusion coefficient and

solubility in the coating barrier polymer.
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A crosslinked liquid natural rubber (Figure 4.1)smadesigned as the main binder for
SCCQ resistance. From the structure, it is aliphatithaut any C@-philic group. It is also
hydrophobic to resist water contamination. Withsstmking, this polymer becomes more £0
resistant and water-resistant, and increasesrisgh, functions important to coating matrix
candidate. In addition, liquid natural rubber igxpensive and relatively easy to process. An
organic peroxide compound, such as dicumyl pergxddald crosslink the free double bond in
the liquid natural rubber. This is described exitezlg in the literature on rubber compounding
for commercial and tire use. The sulfur-crossligkiratural rubber, usually used for tires, could
be swollen in SCCOwith crosslinking density arount0’mol L~ [10]. With the organic
peroxide compound used for the crosslinking reactibe shorter crosslinked branch than the

sulfur will make the rubber stiffer, which would better for SCCO2 resistant [11].

Figure 4.1. The molecular structure of the cro&slthnatural rubber

Polybutadiene, an aliphatic polymer and crosslifkkaban serve as a SCg@esistant
polymer as well as a good barrier polymer. The sthoking process will increase the cohesive
strength, which should increase SCQ#®@sistance. The liquid polybutadiene can be crdesd
by both sulfur and peroxide, such as dicumyl patexThe difference between the two processes

is the covalent bonds in between, where in theusplfocess the covalent bonds are polysulfidic-
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carbon bonds and in the peroxide process the auvhtends are carbon-carbon bonds. Higher
Tg can be obtained for the sulfur-crosslinked potgldiene at the same crosslink density [12].
The polybutadiene rubber can also be crosslinkedxposure to radiation, such as electron
beam or ultraviolet radiation [13]. The UV curalitgmulation needs a photosensitive group
present such as an acrylic. However, this coulddiemental to the SCCQesistance property
[14]. To make good adhesion to the metal and tlimgsr which is good for eliminating the
blister formation on the coatings caused by theoswe to SCC¢ rubber hydrohalide,
hydrochloride rubber, or cyclicized rubber are sglg recommended [15]. Polychloroprene is
chosen in the formulation, since it could be predan-situ, and bought by commercial trade
name of “neoprene” [15]. Another reason is thatyploloroprene can be functionalized in the
corrosion preventing coating compositions [16, 17].

In this chapter, different coating formulations eemrepared and tested for their barrier
properties and SCCOresistances in order to find the appropriate ogafiormulation for
pipeline.

4.2. Experimental Methods
4.2.1. Materials

Polyoil™ 130 (P130), a non-hydolysable liquid paljédiene
(http://corporate.evonik.com/en/products/searctdpeots/Pages/product-
details.aspx?pid=22351&pfcat=5043), was obtainesfrEVONIK Industries. It is a highly
reactive crosslinkable binder. Polychloroprene (P@Rs purchased from Bayer Materials
Science(http://bayermaterialsciencenafta.com/prisdiadex.cfm?mode=grades&pp_nhum=EB7

C4E4A-9321-3303-8B3789A0EB6FCC74&0_numyIhhe initiator tert-Butyl peroxide (tBPO)
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was obtained from Sigma-Aldrich. Methyl ethyl ke¢ofMEK), purchased from Sigma-Aldrich,
was used to dissolve polychloroprene. Other mdseused were the same from section 3.2.1.
4.2.2. Characterizations

Characterizations were the same from section 3¥igual inspection was used to
evaluate surface appearance, especially blistetgares. Gloss and color measurements were
also used to evaluate the surface appearance.ngsskand weight measurements were used to
evaluate the absorption of SC&@ organic coatings and the dissolution of orgaimatings in
SCCQ. EIS was used to measure the impedance of orgamitings to evaluate the barrier
properties of organic coatings.

4.2.3. Experimental Set-up

The formulation table is shown in Table 4.2. Thenfolation has primer base
polybutadiene with the initiator tert-butyl perogids the crosslinking agent too. To increase the
adhesion between the primer and the substrateclgolpprene was added into the formulation.
Xylenes was used as the solvent to adjust the sityoof the formulation for spray application.

Table 4.2. The formulation of SCG@esistant coating

Part A Part B
Materials Functions Materials Functions
Polybutadiene Primer base Polychloroprene Adhgsiomoter
Tert-Butyl peroxide Crosslinking agent Solvent: Xylenes Viscosity adjustor

The parameters used to control the coating crdsstindensity, adhesion property, and
mechanical properties are shown in Table 4.3. m ¢kperimental set-up, curing time was
selected for the completely crosslinking reactiofiise curing time was 30 minutes. Viscosity
was adjusted for spray application. So the parametmsidered were ratio of primer to initiator,

ratio of primer to polychloroprene, and temperatditee initiator was added 2% and 6% weight
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percent of binders. Polychloroprene was added 12a6% 37.5% weight percent of binders.

Temperature was selected to be "TWand 200C.

Table 4.3. The control variables for the coatingparation

Variables Functions
Ratio of primer to initiator The crosslinking detysand the reaction speed
Ratio of primer to polychloroprene Adhesion property and mechanical properties
Temperature The reaction speed
Time The crosslinking density
Solvent The reaction speed

4.3. Results and Discussions

Different coating systems are described in Tabde #he nomenclature follows the rule
of “Polyoil™ 130-polychloroprene weight percentttbutyl peroxide weight percent-curing
temperature-thickness” to represent each coatistgss. For example, 2wt% tBPO-P130 curing
at 100°C with thickness of 37um can be named a9#13100-37um sample. Eight types of
samples were prepared. The samples were expos8@€@f). Then they were evaluated by
visual inspections and EIS characterizations.

4.3.1. Performance of P130 Coatings with A Different Ambahlinitiator

Visual pictures of P130 coatings cured at “@@r 30 minutes with 2wt% and 6wt%
initiators are shown in Figure 4.2. The round spotshe surface of the panels were under DHS,
which was used for our EIS testing. For both sampl230-0-2-100-37um and P130-0-6-100-
29um, they did not have any blisters formed onstindace when they were exposed to SGCO
of 32°C-7.58MPa. However, they both started to form étston the surface after 7 hours
exposure to SCCLof 40°C-10.00MPa. With the exposure time increasing,lisers became
bigger and more. From Chapter 3, SGQ® 40C-10.00MPa was more severe than SGGD

32°C-7.58MPa. It was the reason why blisters formecmwbkample panels were exposed to
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Table 4.4. Samples of specialty coatings

Formulation Description Curing conditions Thickness (um)
1 2wt% tBPO- P130 16C for 30min 37 (P130-0-2-100-37um)
21 (P130-0-2-200-21pum)
2 2wt% tBPO- P130 26Q for 30min 51(P130-0-2-200-51pm)
92(P130-0-2-200-92um)
3 6wt% tBPO- P130 16C for 30min 29 (P130-0-6-100-29um)
12 (P130-0-6-200-12pum)
4 6wt% tBPO- P130 20C for 30min 36(P130-0-6-200-36m)
99(P130-0-6-200-99um)
2wt% tBPO- 19 (P130-12.5-2-200-19um
5 12.5wt% PCP in 200°C for 30min 36(P130-12.5-2-200-36um
P130 87(P130-12.5-2-200-87um
2wt% tBPO- 36 (P130-37.5-2-200-36um
6 37.5wt% PCP in 200°C for 30min 62(P130-37.5-2-200-62um
P130 94(P130-37.5-2-200-94um
6wWt% tBPO- 44 (P130-12.5-6-200-44pum
7 12.5wt% PCP in 200°C for 30min 67(P130-12.5-6-200-67pum
P130 124(P130-12.5-6-200-124um)
6wt% tBPO- 21 (P130-37.5-6-200-21um
8 37.5wt% PCP in 200°C for 30min 72(P130-37.5-6-200-72um
P130 151(P130-37.5-6-200-151pum)

SCCQ of 40C-10.00MPa. So the organic coatings could withst8@€Q of 3ZC-7.58MPa,
but not strong enough to withstand SCG®H40C-10.00MPa. The sample P130-0-6-100-29um
had less blisters on the surface than the samp&0-BPR2-100-37um, due to the higher

crosslinking density. Thickness and weight did statw significant change, shown in Figure 4.3.

40°C-10.00MPa. 40°C-10.00MPa. hour 32°C-7.58MPa 32°C-7.! 40°C-10.00MPa’

40°C-10.00MPa

49hour 19hour 49hour

Figure 4.2. Coated panels with different exposumne to SCCQ. (A) P130-0-2-100-37um;
and (B) P130-0-6-100-29um.
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Figure 4.3. Thickness and weight change with déffiklexposure time to SCG@r P130
coatings.

Electrochemical impedance spectroscopy is shownguare 4.4. For both samples P130-
0-2-100-37um and P130-0-6-100-29um, the impedahosved the decrease trend with the
exposure time increasing. It meant that the bapieperties were lost during the exposure. For
P130-0-2-100-37um sample with exposure to SeQ@® 32C-7.58MPa, the impedance
increased a little bit around 25 hour exposurerefsed, increased a lot around 47.5 hour
exposure. The increase in impedance at 25 hoursex@anight be caused by the crosslinking
density increase due to SCed@ffusion. For P130-0-6-100-29um sample, there m@ssuch an
increase. The reason was that P130-0-6-100-29umlsdrad a higher crosslinking density than
P130-0-2-100-37um. The increase in impedance &t aur exposure might be caused by the
corrosion product formed on the interface. For mesewere condition of SCGCQof 40°C-
10.00MPa, both coating samples showed deterioraiibare was an increase for sample P130-
0-6-100-29um at 14 hour exposure, due that theslinégg density was increased. For sample
P130-0-2-100-37um, the deterioration was more setvemn crosslinking density increase, which

resulted into a continuous decrease in impedance.
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Figure 4.4. Electrochemical impedance spectrosodd1 30 coatings with different periods of
exposure, and different conditions of exposure.

Due to the blister formation with exposure to SG@D40'C-10.00MPa, another set of
samples with curing temperature 200and curing time 30 minutes were prepared. Visual
pictures are shown in Figure 4.5. There was nddblisn the surface. It indicated that with high
crosslinking temperature, organic coatings hadebdtarrier properties. Weight and thickness
did not have significant change during the expassinewn in Figure 4.6. For samples of P130-
0-2-200-92pum and P130-0-6-200-99um, wrinkles waevs on the surface, which caused the
thickness to increase. The reason might be caugdkebshrinkage by the further crosslinking

reaction, while the adhesion was not enough tostatid the shrinkage.
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P130-0-2-200series P130-0-6-200 series
40°C-10.00MPa 40°C-10.00MPa

Figure 4.5. Coated panels with different exposime to SCCQ. Left: P130-0-2-200 series with
different thickness of 21um, 51um, and 92um. RiBAB0-0-6-200 series with different
thickness of 12um, 36um, and 99um.
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Figure 4.6. Thickness and weight change with déffiklexposure time to SCGOf 40°C-
10.00MPa for P130 coatings.

Electrochemical impedance spectroscopy is showsgare 4.7. For both series P130-0-
2-200 and P130-0-6-200, the thicker coatings hatebdarrier properties. For thin coating
samples P130-0-2-200-21um, P130-0-6-200-12um, a4B86-P-6-200-36um, impedance did not
change significantly. For medium thick coating s&mp130-0-2-200-51um, impedance
increased and maintained. For thick coating samplE30-0-2-200-92um and P130-0-6-200-
99um, impedance decreased a lot and maintainedthiorcoatings, barrier property did not
change for the investigated time exposure. Howeter,further crosslinking reaction did not
change the barrier property significantly. For nuedlithick coatings, the further crosslinking
reaction increased barrier property and impedafoce. thick coatings, the adhesion failure

caused barrier property to be poor.
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Figure 4.7. Electrochemical impedance spectroscdd1 30 coatings with different periods of
exposure.

The higher curing temperature increased the peebom of coatings significantly, which
eliminated blister formation on the coatings. Thedimm thickness around 50um provided the
best performance, due to the synergistic effeditty crosslinking reaction shrinkage and little
SCCQ effect on adhesion failure. The high concentrabbmitiator increased the performance
a little, but not significantly.

4.3.2. Performance of P130-PCP Coatings

Visual pictures of P130-PCP coatings are showngarg 4.8. With the addition of PCP
into coating formulations, wrinkles disappearedwiite exposure. PCP increased adhesion force
between coatings and steel substrates, which dedtemrinkle problems. However, the hardness
of organic coatings was so brittle as to be peeléand/or be scratched, as shown in Figure
4.8C. The reason was that PCP had poor tear dtr¢t@jl, especially with aging [19], and low
resilience [20]. As shown in Figure 4.9, weight atmickness of samples did not change
significantly. However, P130-12.5-6-200 series dPti30-37.5-6-200 series showed a little
increase in thickness. It might be due that thé leigsslinking density deteriorated the adhesion

force [21, 22], which caused wrinkling problems &mdlisters, and increased the thickness. The
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scratches on P130-12.5-6-200 series and the wsirddeP130-37.5-6-200 series confirmed the

adhesion force failures.

Figure 4.8. Coated panels with different exposume to SCCQ of 40°C-10.00MPa. (A) P130-
12.5-2-200 series; (B) P130-37.5-2-200 seriesAT30-12.5-6-200 series; D: P130-37.5-6-200

series.
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Figure 4.9. Thickness and weight change with diffielexposure time to SCGOf 40°C-
10.00MPa for P130-PCP coatings. The samples wekusia P130 and cured at 2Q0 The
legends shown in the figure were in short for samalmes by taking the second, the third, and
the fifth out.

Electrochemical impedance spectroscopy is showrigare 4.10. With 2wt% initiator,
for thin coatings, such as P130-12.5-2-200-19un80FR.5-2-200-36um, and P130-37.5-2-
200-36um, the impedance did not change signifigattbwever, for thick coatings, such as

P130-12.5-2-200-87um, P130-37.5-2-200-62um, and0B¥3H-2-200-94um, the impedance
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decreased a lot with exposure. With 6wt% initiatdter 24 hour exposure, the impedances were

almost the same for all samples, except P130-1280644um. The decreased impedance might

be due to the adhesion deteriorations. The adhéailbme was caused by the internal stress of

organic coatings by crosslinking reactions. Thekéi coatings usually had a bigger internal

stress. So P130-12.5-6-200-44um and P130-37.5-@20t sample did not change a lot in

impedance. However, P130-37.5-6-200-21um sample lbadimpedance due to the self-

crosslinking of PCP and possible phase separati®€® and P130 [23].
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Figure 4.10. Electrochemical impedance spectroscdpAL 30-PCP coatings with different
periods of exposure.

Polychloroprene incorporated increased the perfoomaf organic coatings, especially

adhesion property. However, self-crosslinking riescof polychloroprene and phase miscibility



of PCP with P130 made the formulation more comp#dahan P130 system itself. Organic
coatings were brittle and had possible phase sgparadigh concentration of 37.5wt% PCP
would cause phase separation, which decreased @&mpedand barrier property. High
concentration of 6wt% BPO would result into higlosslinking reaction rate, which caused a
large internal stress. With a large internal stiessrganic coatings, interface adhesion could be
deteriorated, which also decreased impedance anérjaroperty.
4.3.3. Thermal Mechanical Analysis of Designed Coatings

Dynamical mechanical analysis results are showraivie 4.5. The coating formulations
had a high glass transition temperature and higtiutng retention. With high modulus retention,
organic coatings still had good mechanical propsréind restrictions with SCG@lasticization,
which was good for SCCQOresistance. For P130 series organic coatingsgldees transition
temperature was higher than P130-PCP compositeniorgaatings. The reason might be PCP
was more reactive than P130, which lower P130 bnb&sg density and the glass transition
temperature. However, the high concentration of R@Rind 37.5wt%, the modulus retention
was high. The reason was that PCP was more rigid #130. With the consideration of
adhesion property and the internal stress causedrdsslinking reaction, PCP incorporation
would be good for SCCQesistance. However, the optimization of PCP cotraéon should be
done to develop the better organic coatings.

4.4, Conclusions

Two sets of organic coatings with eight formulatomere prepared in the chapter. One

was P130 organic coatings, while the other one RE30-PCP composite organic coatings.

P130-PCP composite organic coatings had bettersatheroperty to increase the performance
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Table 4.5. Dynamic mechanical analysis of desigioadings

Coatinas Glass transition | Storage modulus Storage modulus  Modulus
9 temperature®C) before T, (MPa) after T,(MPa) retention (%)
P130-Q-2-200 121 250 50 20.00
series
P130-Q-6-200 145 115 25 21.74
series
P130-12..5-2- 105* 200 30 15.00
200 series
P130-37._5-2- 102+ 100 25 25.00
200 series
P130-12._5-6- g7+ 350 50 14.29
200 series

* Two glass transitions showed in DMTA test, white lower glass transition selected here
to explain SCCQresistance.

of organic coatings exposed to SCLEowever, P130-PCP composite organic coatings tmigh
have poorer mechanical properties.

For P130 organic coatings, 6wt% BPO was better thatPo BPO. 200C curing
temperature was much better than °@@uring temperature. All these were attributedhe
higher crosslinking density. For P130-PCP compasig@anic coatings, it would increase SGCO
resistance. However, phase separation and mechanigeerties also played important roles on
the performance to resist SCe&kksides crosslinking density, which made thickra@ssdicator
to evaluate the coating performance. Around 50upgamic coatings produced good barrier
properties.
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5. CONCLUSIONSAND FUTURE RECOMMENDATIONS
5.1. Conclusions

With the investigation,3M Scotchkote™ liquid ph&ag@rimer 345 has been proved as a
good candidate to transport SCL@t various pressure and temperature when thickoéss
coating was above 50um. Designed Polyoil™ 130-bas#gmer systems, cured 200°C,
showed a good candidate, when thickness of coatiege around 50 pm. The incorporation of
polychloroprene improved SCGQesistance. However, the optimization of concéiatnaof
polychloroprene needed to be defined.

During the project, different coating systems aadous exposure conditions have been
investigated. Following conclusions can be obtained

1. Four commercial coatings and one designed coatysteis have been studied to
show the sequence of the ability to resistance SC@Ommercial coating S345> Designed
Polyoil™ 130-based coating systems>Commercial TZA# @@ating~ Commercial S323 coating
~ Commercial DevChem™ 253 coating. The reason \tabwed to adhesion properties and
barrier properties. The barrier properties wereeddpnt on the restriction of polymer chains,
which was modified by the crosslinking reaction d@hed crosslinking density. The crosslinking
reactions were evaluated by dynamic mechanicalsisalith glass transition temperatures and
storage modulus retention before and after glassition temperature.

2. Blister formation was due to diffusivity of SCG@nd CQ, while porous structure
formed when coatings were not resilient to standpf@ssure in blisters. Blister formed easier
with thicker coating, higher temperature of SGC@igher pressure of SCGOand longer

exposure time. Porous structure formed easier withner coating, higher temperature of
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SCCQ, higher pressure of SCGOand more brittle coating. Increasing interfaaahesion
would decrease blister formation and porous stredarmation.

3. Besides barrier property failure, SCE@ith trace contaminations, such as water,
would cause corrosion products at the interfacechvicould increase impedance of organic
coatings and supply the new barrier for substregéeptions.

4. Curing conditions will affect barrier properties @fatings. More initiator and higher
curing temperature would increase crosslinking digne/hich will increase barrier properties.
Internal stress caused by curing process, espedi@ilthick coatings, would be harmful to
barrier properties and to properties of resistanc8CCQ. Phase separation of blend coatings
would be also harmful to barrier properties.

5.2. Recommendations for Future Research

In order to further develop protective coatings fopeline to transport SCGOmore
experimental studies can be implemented. Suggastiorexperiments are as followings.

1. Field test is very important to evaluate organiatows performance. These organic
coatings should be applied on actual pipelines. rélalts can be used to verify the application
of organic coatings. In the field test, sensorstwadeveloped to monitor organic coatings failure
for maintenance.

2. Organic coating formulations, especially P130-PGinmosite organic coatings,
should be optimized to improve the performance weeposed to SCCO Pigments are also
useful for barrier properties. Pigmented formulatshould also be investigated, such as iron

oxide in Scotchkote™ 345 system.
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3. An on-site test system can be built to evaluatectireosion process and the failure
process of organic coatings, for example, a bniEEIS test system can be set up inside the high
pressure vessel to evaluate the barrier properbygsnic coatings.

4. Dirty-SCCQ,, SCCQ with trace contaminations, such agSHHO, SQ, and NQ,
are the real gas flue from power plants. The perémce of organic coatings to resist this dirty-

SCCQ should also be evaluated.
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6. INTRODUCTION TO ZINC-MAGNESIUM RICH PRIMERS
6.1. Motivation

Zinc rich primers (ZnRPs) have been used to ptoten and steel substrates since 1836,
initially developed by Stanislas Sorel [1]. They arsed as the corrosion protection for marine
structures, highway bridges, water tanks, grourtdclkes and other structures with immersion of
salted water and mild chemicals. However, the dahthprotection of zinc (Zn) particles has a
finite period with the gradual depletion of zincrjpges. The barrier protection of zinc rich
primer is not durable, due to the porous structiris corrosion products. Underfilm corrosion
is very common as a cause of failure in zinc ricmprs [2].

Zinc rich primers need improvement to extendrtpedtective life time. Modifications in
the primers, such as polymer binder [3], the Znmagt itself [4, 5, 6, 7], including size, type
and pigment volume concentration, additives [8}eegers [9, 10, 11], and even solvents [12]
may be used to develop high performance Zn ricimgns. Mixing as a powder and/or alloying
Magnesium (Mg) with Zinc powders for the protectimmmer could increase the protective life
time of Zn rich primer [13]. However, Zn-Mg richiprers for ferrous substrates have not been
well developed and commercialized. Design optinmratof Zn-Mg pigmented coating
formulations need to be performed in order to impraorrosion protection for industrial
applications.

6.2. Literature Review
6.2.1. Zn-Mg Layer Studies

Although Mg powder and Zn powder were used in fidtp primers [14] and Zn rich

primers [1], respectively, Zn-Mg rich primers hava been studied based on Mg powder and Zn

powder mixture for such coating formulations. Gaizang coatings are commonly used as
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protective coatings, either by electrodepositionhot dipping. Mg has been added into the
galvanizing layers [15, 16, 17] and shown to gimlaced corrosion resistance as thin metal
layers. These layers showed dendritic formationiclvitould help alter iron/zinc intermetallic
formation. It has been also postulated that Mg bmayrecipitated out of Zn crystals due to the
low solubility of Mg in Zn-Mg systems [17]. Physlcaapor deposition (PVD) of Mg over Zn
layers is another way to prepare Zn-Mg coatings IB8. In the process, Zn was initially coated
on the steel, and then Mg was subsequently depositeZinc layer and inter-diffused into zinc
layer to form the composite coatings. Another waptepare protective Zn-Mg layers is to use
direct alloying Zn and Mg. The alloyed particles Zfig can be used to form coating layers [20].
Another type of alloyed particles Mign;; has been found in the galvanizing process and PVD
process [21, 22].

Although the pretreatment for Mg powder with tb@bonation has been showed to
increase the corrosion resistance of Mg rich pranj&d], the pretreatment for Zn powder with
corrosion inhibitors or an organosilane has notwshany significant effect on corrosion
resistance [23]. Surface treatments of steel safiestrmay increase the corrosion resistance by
improving the adhesion properties of coatings fatme such materials.

Although the studies on Zn/Mg layers over stdevwed an enhanced protection, the
films were formed either on a laboratory scale [@8bn a complicated process [17].

6.2.2. Zn-Mg Layer Corrosion Tests

Natural weather exposures are actual corrosists te evaluate the corrosion resistance

performance of Zn-Mg rich layers. However, it regsia long time to finish such evaluations,

usually more than ten years. Accelerated weathdesisg, designed to simulate natural weather
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exposures with the same corrosion mechanisms, are popular ways to evaluate the corrosion
performance, as described in section 1.2.5.

ASTM B117 has been commonly used to evaluate Mdified Zn protective layers. Red
rust resistance showed 10-20 times longer life fimndMg modified Zn protective layers than Zn
rcih coatings [21]. With 500 hour of salt spray,-Mig layers maintain its initial corrosion
potential (around -1.1V versus saturated calomettedde (SCE)). In contrast, Zn galvanic
layers moved its initial corrosion potential -1.¥¥ SCE to a positive direction around -0.8V vs
SCE, when the primer lost its cathodic protectibdi

Cyclic corrosion tests including Prohesion™ testye also very useful especially to
simulate the effects of exposure in industrial aggpions and natural environments. The time to
appearance of red rust was 3 times longer for Znldygrs than Zn layers [13], and was much
longer in the investigation [19]. Corrosion produetere mainly ZnGl4Zn(OH), and a few
Zno [17].

Immersion tests showed that Zn-Mg layers hadafist 41 days compared with 10 days
for Zn rich primer [22]. The corrosion potentialosted 10mV more negative than that of Zn rich
primer. But the corrosion current was similar [18]ith 5wt% NaCl solution immersion, MgO
was formed on the surface instead of powder-likg ®H),, which produced a better barrier
property [24]. Other corrosion products were Zn(@HEnO, and ZnGlt 4Zn(OH).

The possible reactions during corrosion tests leted in Table 6.1. The possible
corrosion products would be Fe(QHYeO-FgOs, FeOs Zn(OH), ZnO, ZnC}-4Zn(OH),
ZnCQ;, ZnCO5(OH)s, MgO, Mg(OH}, MgCQO;, MgCOs(OH),, Mgs(COs)4(OH),, and Mg

modified Zn based corrosion products [19].
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Table 6.1. Possible reactions that may occur dwargopsion tests [13, 19, 25]

Categories | Materials Reactions Comments
H* 2H*(aq) + 2e” > H,(g) Acidic environments
Cathodic 1 B
Reduction 0O, H,0() + 2 02(aq) + Ze Basic environments
- 20H (aq)
o _ Passivation when pH > 1(Q
Fe(s) = Fe™ (aq) +2e OCP: -0.7382V vs SCE
Fe?*(aq) + 20H (aq .
. FeS(OI)-I)Z(s) Dark greenish
6Fe(OH),(aq) + 0,(aq)
— 4H,0(l) + 2Fe0 - Fe, 04 Green
Anodic Fe -H,0 (s)
FeO - Fe,05 - H,0 (s)
- H,0(1) + FeO - Fe,04(s) Black
2Fe0 - Fe,05(s) + z 0,(aq)
2 Red-Brown
+ 3H,0(1)
— 3Fe, 03 - H,0(s)
Passivation when pH
Zn(s) » Zn**(aq) + 2e~ between 6 and 10
OCP: -1.05V
Zn**(aq) + 20H (aq)
— Zn(0OH),(aq) White
- Zn0(s) + H,0(D) ZnO stable for slightly
Zn0(s) + 20H (aq) + H,0(D) acidic to alkaline conditions
& Zn(0H)3™(aq)
Anodic 7n 5Zn0(s) + 2Cl~ (aq) + 6H,0(1)

D

d Zns(OH)BClz - HzO(S)
+ 20H™ (aq)

White
pH between 5.5t0 11.5

4Zn0(s) + 2HCO3 (aq) + 3H,0(1)
& Zn,C05(0H)¢ - H,0(s)
+ €05 (aq)
Zn,C05(0H)g - Hy0(s)
+3C0% (aq)
o 5ZnC05(s) + 60H~

Acidic environments with
CO; incorporated
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Table 6.1. Possible reactions that may occur durargosion tests (continued) [13, 19, 25]

Categorieg Materials Reactions Comments
24 - Passivation when pH>11
Mg(s) » Mg“*(aq) + 2e OCP: -1.6V
Mg?*(aq) + 20H (aq) » Mg(OH),(s) | Mg(OH); insoluble when
pH>10.27
Mg(OH),(s) + CO,(aq)
- MgCO05(s) + H,0(1)
Anodic | Mg 2Mg(OH),(s) + C05 (aq) + 3H,0(1)
© Mg,C03(0H), - 3H,0(s)
+ 20H™ (aq) CO; incorporated
5Mg,C05(0H), - 3H,0(s) + 3C0% (aq)
+ 4H,0()
© 2M g5(C03)4(0OH); - SH,0(s)
+ 60H (aq)

With all these corrosion tests, if the environieplution is acidified, magnesium
corrosion products would be dissolved and leachgdloe to unstable and soluble magnesium
corrosion products [13]. Salt spray tests yieldest much earlier than immersion tests [22].
However, different exposure conditions providediat#nt environments, in which corrosion
products and corrosion mechanisms would be alderdiit [20].

6.2.3. Zn-Mg Protective Layers Characterizations

The characterizations of Zn-Mg layers were etattemical characterizations, visual
characterizations, and structural characterizati@t®nning electron microscopy was used to
check surface morphologies of organic coatingsedaohent compositions of corrosion products
[14]. Corrosion products of Zn-Mg protective layavere more densely packed than corrosion
products of Zn protective layers [17], shown inugy6.1. Optical microscopy was also used to
obtain surface morphologies and dendrite struct(it®$. Red rust resistance could be an
indicator for corrosion resistance ability. Mg iblied red rust formation [19]. With the higher

content of Mg in Zn-Mg protective layers, the rémmee against red rust became higher [17].
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Mass loss measurements showed that the corrog®mfrég-Zn layers had a higher corrosion

rate than pure Zn layers, although corrosion patsnvere similar [20].

Blement K Ratio Weight % Atomic ¥ Blement K Ratio Weight ¥ Atomic ¥
0K 0.0671 13.256 35.815 0 K 0.1694 26.525 59.360
MgK 0.0084 2.057 3.658 SiK 0.0018 0.25% G.32%
8iK 0.0061 0.914 1.406 CLK 0.0020 0,197 0.19%
C1K 0.0634 6.417 7.823 Cak 0.0000 0.000 0.000
PeX 0.0165 1.314 1.017 LS ©.0171 1.306 0.837
ZoK 0.8385 76.042 50.281 ZnK 0.8097 71.717 39.279
Total 100.000 100,000 Total 100.000 100. 000
Zn-0.5%Mg-0.2% Al Zn-0.2%Al

Figure 6.1. SEM and EDS of corrosion products W types of primers. With permission from
[17]. Copyright 2000 Nippon Steel & Sumitomo Me@drporation.

Time lapsed optical microscopy was used to moritiercorrosion phenomena, such as
the progression of anodic development and the smmoproduct rings [16]. With pH indicator,
it was used to monitor pH gradients and their cleand\s shown in Figure 6.2, the primary
anode initiated and expanded. Then the corrosi@udymt ring emerged and became clear.
Chloride penetration occurred and a diffusion ragitarted to form and expand. Then the whole
process started to repeat to form a new anodiccsiteosion product ring, and chloride region.

X-ray diffraction was used to characterize caonsproducts by its crystallographic
structures and chemical compositions [14]. A morable and dense simonkolleite

(ZnCl-4Zn(OH)) was formed with Zn-Mg protective layers insteddagporous and unstable
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Figure 6.2. Time lapse optical microscopy of theMg-Al galvanized alloys with immersion
in 0.1% NacCl for a time interval of 10 min. Withrpgssion from [16]. Copyright 2011
Elsevier.

zinc oxide (ZnO) with pure Zn protective layers Jj1although simonkolleite was also found as
the initial corrosion product of Zn protective lag¢19]. The rate of Zn consumption was greater
for pure Zn protective layers than for Zn-Mg prdiee layers [17]. X-ray photoelectron
spectroscopy (XPS) has also been used to detetimneorrosion products not only in crystal
form but also in amorphous form [26]. It is morafage sensitive than XRD [13]. Corrosion
products were identified within a specific regidor, example grey region and white region [26]

based on identification of the binding energiesl@ments. In Figure 6.2, the grey region had
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simonkolleite and other zinc corrosion productsilevthe white region did not have any MgO or
Mg(OH)s.

EIS was used to check the life time of the prinserd to discover the mechanisms of the
corrosion protection behaviors [17]. Corrosion ptitd was used to evaluate cathodic protection
and to predict the life time of the primers. As whoin Figure 6.3, Zn-Mg layers gave longer
cathodic protection due to longer periods of negatpotential than pure Zn layers.
Potentiodynamic scans, as shown in Figure 6.4cated that Zn-Mg protective layers had lower
cathodic current than Zn layers but had the samdiarcurrent as Zn layers. The reason could
be the densely packed corrosion products hindehegathodic reaction, with Mg areas served

as small anodes to increase anodic reaction.

=500

-600

-700 200 b CCT after 5 days
-800

-900 ¢

Potential (mV vs SCE)

—1,000 Zn-0.5%Mg-0.2%Al

Potential (mV vs SCE)
L
8
o

-1,100

0 10 20 30 40 -1 1 10 100 1,000 10,000 100,000
Time (day) Current (LA/cm?)

Figure 6.3. The left: Corrosion potential changéhwime; The right: Potentiodynamic scan of

primers. With permission from [17]. Copyright 20R{ppon Steel & Sumitomo Metal
Corporation.

The scanning vibrating electrode technique (SV&&s used to investigate cut edge
corrosion [15] in galvanized systems. The anodid eathodic locations can be detected by
SVET as well as local current densities. It waoadgway to evaluate local corrosion rates as
well as localized corrosion behaviors. As showifrigure 6.4, with Mg concentration increases
from MGOO to MGO05, more anodic sites had increas®dosion rates.
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Figure 6.4. SVET plots with the anodic (dark) aathodic (light) current density distribution
with samples after 12 hour immersion in 5% aquédaS]. With permission from [15].
Copyright 2008 Elsevier.

6.2.4. Proposed Mechanism of Zn-Mg Protective Layers

Corrosion mechanisms of Zn-Mg protective layessduto protect steel substrates will
depend on substrates, primers, and most importeothpsive environments.

For a pure Mg layer in B117 exposure, a thin pocbus magnesium hydroxide layer was
formed [27], as well as blisters formed on the rgasurfaces. With field and nature exposure, a
thick and compact magnesium carbonate layer wasedrwith good protection from further
corrosion [27], without blisters formed on the d¢og$ surfaces. For a pure Zn layer, zinc salts,
such as simonkolleite and hydrozincite, were forrasdorrosion products on top of the layers
and improved the corrosion resistance [28].

For Zn-Mg layers, from Figure 6.5, the corrosgiarted from the primary anode, which
came from the preferred dissolution/oxidation ofaig Corrosion product rings came from the
reaction between anodic products and cathodic ptedihe pH gradients were formed due to

the cathodic reactions, which increased pH withgeeeration of OHions. The Clrich region
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was developed due to the anodic reactions, whictkeased positive charges. All these processes

caused galvanized layers phase corrosion.

Corrosion
. product ring

Secondary
anodes |

Crad

rich '

regien < »

Figure 6.5. The optical microscope image of theasion sites and a schematic diagram of the
corrosion mechanism. With permission from [16]. @aght 2011 Elsevier.

However, the previous work did not explain ther@asing lifetime of corrosion
protection for Zn-Mg layers. Some research showeatithe densely packed and stable corrosion
products simonkolleite protected the substrates ffarther corrosion by barrier protection,
which increased lifetime of primers [17]. Simonledté formation was promoted by Mg presence
to alter the corrosion environments. However, sikatieite was thermal dynamically formed
whether there was Mg in present or not, althougli"gemed to help stabilize simonkolleite by
reacting with carbonate to form MgGQL9]. The presence of M{jinstead of Mg could also
decrease the corrosion rate of zinc protectiverfajis].

The blister and delamination mechanisms came fcbharide penetration resulting in
electrochemical reactions [20] with the furthersdisition of the passive layer and delamination.

Mg incorporated MgZp alloy in the galvanizing layers seemed to elinensite cathodic
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delamination due to an adverse potential gradietwden defect areas and intact areas. With
only low rate of anodic delamination, it might berther improved to be avoided with the
selection of the composition of Zn-Mg rich coatirjge].

Although a lot of papers showed that additiorMgf to a galvanized layer increased the
corrosion resistance, magnesium additions may &serecut edge corrosion rate, because Mg
additions initiated more zinc corrosion sites [15].

From the above statements regarding mechanisrosraision resistance improvement,
corrosion products should be compact, stable, #xtrieal inert for longer barrier protection.
Simonkolleite was preferably formed in the preseot®g®* ion [29], although M§' did not
favor simonkolleite formation when pH was adjuste®.2 [30, 31].

6.3. Scope of Investigation

The focus of the investigation was to improve csion resistance of current commercial
Zn rich primers. With evidence that mixing/alloyiMp with Zn in galvanizing layers increases
the corrosion resistance [13, 17], the additioMgfparticles into Zn rich primer was studied for
improved corrosion resistance of this class ofiogat The following studies carried out for the
development of new Zn-Mg rich primers.

1. Different ratios of Mg incorporated into Zn richimers were investigated for their

impact on corrosion resistance and life time.

2. The effects of different corrosive environments avetudied with their corrosion

resistance, since the corrosion behaviors of Znldjgrs strongly depended on the
corrosion conditions and coating formulations [20].
3. Besides the performance of Zn-Mg rich primers, grenfance of Zn-Mg rich primers

with sealing primers was also investigated.
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Part of investigation will be focused on the depetent of Zn-Mg rich primers for
industrial applications. It consists of four chapteChapter 6 introduces the current research
about Zn-Mg layers. Chapter 7 describes corrosiehabiors of Zn-Mg rich primers with
different test environments. Chapter 8 evaluatedopeances of Zn-Mg rich primers with
sealing primers on. Finally, chapter 9 makes thecksions and the recommendations for future
research.
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7. ZINC-MAGNESIUM RICH PRIMERSIN ACCELERATED TESTS
7.1. Introduction

Mg incorporated into a Zn galvanizing layer hasrbsbown to increase corrosion
resistance of galvanized steels as discussed abdUeapter 6. Sometimes this occurs even if
the rate of galvanizing layer corrosion is increbgd. As stated in section 6.2.4, mechanism of
the enhanced protection of Zn+Mg rich layer vs.afy layers has not been conclusively
identified. Particulate Zn+Mg rich primers havet heen here-to-fore been studied to protect
ferrous structures. The optimization of Zn-Mg rdto corrosion resistance in such primers has
thus not been investigated.

In this chapter, mechanisms of (Mg+Zn) rich primens accelerated tests were
investigated. Different ratios of Zn to Mg at adik pigment volume concentration were
prepared to discover the optimum Zn/Mg ratio forrosion resistance. The ASTM B117 and
Prohesion™ accelerated cabinet exposure protocase wused to assess the relative
performance of this set of coatings. Immersionstegtre performed to monitor pH change in
the accelerated corrosion based solutions to hatienstand the behaviors of these primers in
ASTM B117 and Prohesion™ exposure. The cathoditeption provided by these primer films
was evaluated by potenotio-dynamic polarizatiomsc@PDS). Koenig hardness testing was
used to investigate the mechanical properties efeghoxy binder system. Corrosion products
were characterized with X-ray diffraction test (XRDA possible mechanism of the enhanced
protection of steel by Zn+Mg vs. the Zn only metah primer was inferred from corrosive

environment effects and characterization of coogiroducts.
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7.2. Experimental Methods
7.2.1. Materials
The materials used in the coating formulation sihewn in Table 7.1. It is a two-

component coating formulation. Part A was the epoixyler system + pigments and additives,
while part B was the curing system (polyamide +venots). For the Part A, epoxy was mixed
with the pigments and the additives using mechéasitaing for 10 minutes and maintained for
another 30 minutes to allow sufficient pigment \wett The pigmentation of the (Zn + Mg) rich
coatings was kept at a total PVC at 53%, but h#drdnt volume ratios of Zn and Mg, as shown
in Table 7.2. For the Part B, polyamide was mixéith wolvents acetone and n-butanol. Then the
part B was poured into the part A. The two partsenmixed together with a spatula. Xylene
solvent from Sigma-Aldrich with reagent grade waedito adjust the viscosity before spray
application. The spray application was finished lggn 30 minutes after part A and part B were
mixed.

Table 7.1. Materials used for Zn-Mg rich primer

Categories Materials Function Weight/

Part A Epon 828 Primary Binder 8.45
Texaphor 963 Dispersing agent| 0.45
Zinc Dust Pigment Variec*
Mg 3820 Pigment Varies*
Cymel Secondary Binder1.495
MIBK Solvent 1.53
Acetone Solvent 1.51
Aromatic 100| Solvent 10.36

Part B Epicure 3164 Curing agent 11.04
Acetone Solvent 0.99
n-butanol Solvent 0.99

* Shown in Table 7.2.

S36 steel panels, purchased from Q-Lab, were uséukeasubstrate in this portion of the

study. Ammonia sulfate and sodium chloride, pureddsom Sigma-Aldrich with reagent grade,
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Table 7.2. Pigments usage for each formulation

Formulation| Name Zn weight/g Mg weight/g| Mg volume ratio/% PVC/%
1 ZnOMgO | O 0 0 0

2 Zn10Mg0| 152.52 0 0 53
3 Zn9Mgl | 137.27 3.77 10 53
4 Zn8Mg2 | 122.02 7.53 20 53
5 Zn7Mg3 | 106.76 11.30 30 53
6 Zn6Mg4 | 91.51 15.06 40 53
7 Zn5Mg5 | 76.26 18.82 50 53
8 Zn4Mg6 | 61.00 22.60 60 53
9 Zn3Mg7 | 45.76 26.36 70 53
10 Zn2Mg8 | 30.50 30.12 80 53
11 Zn1Mg9 | 15.25 33.88 90 53

were used as dilute Harrison’s solution (DHS) and% sodium chloride solution preparation.
Deionized water (DI water) was prepared by Milli-@dvantage A10 Ultrapure Water
Purification System with a resistivity of 18.ZMcm at 25°C.

The phosphate surface treatment described inoseét2.1 was used based on the
solution described in Table 7.3. Steel panel S36 wanersed in the phosphate solution for 5
minutes. It was taken out of the solution, and athsvith methanol, purchased from Sigma-
Aldrich with reagent grade, three times. Then thegb was left air-dry for 30 minutes before the
spray application.

Table 7.3. Phosphate solution preparation

Materials Source Function Volume ratio/%
Phosphate acigdSigma Treatment 18

1-propanol Sigma Dispersing ager85

2-propanol Sigma Pigment 25

DI water Milli-Q A10 | Pigment 22

7.2.2. Characterizations
A Gamry Potentiostat Reference 600 was useddtampiodynamic polarization test. The

electrolytes were dilute Harrison’s Solution (DH®hich is comprised of 0.35wt¥&NH,),S0,
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and 0.05wt%NaCl in distilled water, and 5wt% sodium chloride sauat Potentiodyanmic
polarization scans were run from -1.8V vs SCE t8VOvs SCE with a scan rate 1mV/s.
Pendulum hardness tests were performed using a BdKiner Pendulum Hardness Tester
following ASTM D4366. The measurements used 3 gdiot an average. The pH measurements
were taken using an Oakton pH 1100 for continuodsnmonitoring. The XRD testing was
performed using a Philips X’Pert MPD Powder X-raifffactometer. The scanning angle was
from 20 degrees to 80 degrees with the step siZ20¥ degree and scan step time 2 seconds.
The unit generator was setting up with 45kV voltagd 40mA current.

7.2.3. Experimental Set-up

The Zn-Mg rich primers formulated at constant PM@ with various Mg volume ratios
were immersed into DHS solution and 5wt% NaCl sofutThe pH values of solutions were
monitored up to three days to evaluate environnhah@nge during the immersion test. These
environmental changes, especially pH value change® used to determine corrosion reactions
occurred in accelerated corrosion tests.

For accelerated corrosion tests, Zn-Mg rich préneere put into ASTM B117 chamber
and Prohension™ chamber with different time periofise samples were initially visually
inspected, and characterized with pendulum hardiessgo test the mechanical performance of
the epoxy binder. Potentiodynamic polarization scPDS) to test the cathodic protection
property of zinc rich primer were performed, anérnthXRD measurement was performed to

characterize corrosion products.
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7.3. Results and Discussions
7.3.1. Formulation Verification

The chapter describes our examinations of thecetif Mg addition into Zn rich primer
on corrosion behaviors. Formulations of coatingtesys, especially the percentage of Mg
addition, were critical for mechanisms of corrosimghaviors. In order to accurately state the
performance of Zn-Mg rich primers, formulationsaafating systems were verified with initial
calculated formulations. XRD test was used to dttarae the concentration of Mg particles [2],
and with the same principles the ratio of Zn andpddicles.

The formulation verification was using XRD testaharacterize the ratios of Zn and Mg
particles and to compare with the ratios of Zn 8gl particles from initial formulations. The
XRD calculation was based on semi-quantitative X-diffraction reference intensity ratio
methods [3]. The result is shown in Figure 7.Xkduld be seen r equals to 0.99781, very close

to 1.0, which indicates that XRD test results waragreement with the original formulation.

100
80 4
60 4

r=0.99781 =
40 -

XRD test (Mg%)

1} 2‘0 4'0 6r0 B‘U 150
Formulation (Mg%)

Figure 7.1. Comparison between XRD test and oridoranulation. The red line was fitted
result from the experimental dot points.

In conclusion, XRD could be used to test the volurago of Mg particles and Zn

particles inside the primer system.
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7.3.2. Immersion Corrosion Tests

Immersion corrosion test is used to evaluatectiteosive environment, especially the pH
values, which can be used to predict the possibteosion reactions and the corresponding
corrosion products.

With immersion testing, it was determined frongufes 7.2 and 7.3 that pH values of
immersing solutions kept increasing with the tinfethee immersion up to 1800 seconds. The
higher concentration of Mg incorporated in the Zg-Nth primer, the higher the pH value after
1800 seconds immersion. From Figure 7.2 with theémsion in DHS solution, the highest pH
value after the immersion was around 8. Howeve®Ngil primer had the similar behavior with
Zn10MgO0 and ZnOMgO0, which showed pH around 5.8raf800 seconds immersion. For the
other Zn-Mg rich primers, all showed a higher pHi @nfaster pH change with the immersion.
From Figure 7.4, it could be seen clearly that @tugs for around 30 minute immersions were
similar. From Figure 7.3 with the immersion in 5wi¥aCl solution, the highest pH after the
immersion was around 10, less than 10.17, the ptaton pH of Mg(OHj) [4]. It is presumed
here all Mg corrosion products, such as MgO and®kgt [5], were soluble. The Zn10Mg0
primer had the similar behavior with the negatianteol ZnOMgO primer. Any further Mg
incorporated into a Zn-Mg rich primer showed adagiH value change with the immersion,
especially Zn6Mg4 primer. From Figure 7.4B, it @bble seen clearly that pH values for around
30 minute immersions were increased with Mg comed¢ioh. From Figures 7.2 and 7.3, pH

value changes in 5% NaCl solution were faster fitdivalue changes in DHS solution.
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Figure 7.2. The pH change with the immersion tim®HS solution for different
formulations.
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Figure 7.3. The pH change with the immersion timwt% NaCl solution for different
formulations.
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Figure 7.4. The pH value of different formulatiamamersed in different solutions for half hour.

In the immersion test, ZnOMgO0 and Zn10MgO prinmfead a low reactivity, while Zn-Mg
rich primers had a high reactivity due to the extise of Mg particles. For DHS solution, the
reaction [6] would be

Mg+ 2H* -» Mg** + H,

The reaction depended on the concentration gfodce enough Mg particles were exposed to
solution. When the volume concentration of Mg ie #n-Mg rich primer was over 20vt%, the
pH value of the immersion solution seemed constahich indicated that the concentration of
H* controlled the reaction rate due to enough Mgiglag exposure, as indicated in Figures 7.2
and 7.4A. For Zn9Mg1 primer, the barrier propertgswgood enough to resist Mg particles
exposure in solution, while with more Mg additiadhe barrier properties were poor for the
reaction of Mg particles, due to the higher oil@ipsion of Mg particles than Zn patrticles [7].

For 5wt% NaCl solution, the reaction [6, 8] wollel

Mg+ 2H,0 -» Mg?** + 20H™ + H,

The higher concentration of Mg particles result&d the higher pH value, as indicated in Figure

7.4B. However, as shown in Figure 7.3, Zn6Mg4 shibthe fastest reaction speed, due that the
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competition between the dissolution of Mg particasl the inhibition by the corrosion products,
such as MgO and Mg(OH)9], and the competition between the dissolutibiMg particles and
the galvanic effect between Mg particles and Zntiglas. The higher concentration of Mg
particles with the temporary formed more Mg(@H)which could inhibit Mg from further
reactions. Provided the galvanic effect between afid Mg particles, the higher volume
concentration of Mg particles with the smaller catic area had the lower reaction rate [6]. The
reaction rate in DHS solution was slower than timtSwt% NaCl solution due that the
penetration effect of Cion [10].

In conclusion, Zn-Mg rich primers in 5wt% NaCll@on showed a higher reaction rate
than that in DHS solution. When Mg patrticles hagiodume concentration higher than 20%,
barrier properties became worse. Zn6Mg4 primersveldahe fastest initial reaction speed when
immersed in 5wt% NaCl solution.

7.3.3. B117 Corrosion Tests

The visual appearance of different formulation gnisnafter exposure under the ASTM
B117 protocol are shown in Figure 7.5 with the diedaresults in Table 7.4. The primers
Zn0OMgO0 and Zn10MgO0 exhibited rusts after only 24iisoof exposure. The primer Zn7Mg3 and
primers with higher concentration of Mg, similarZo4Mg6, also showed red rust after 24 hours
of B117 exposure. The primer Zn8Mg2 showed no vsti@ven after 72 hours of B117 exposure,
but showed red rust after 216 hours. The Zn9Mgthe@ridid not show any rust in the entire 216
hour B117 corrosion test. The Zn9Mg1 primer inceebthe protective life time at least 9 times
with respect to red rust formation. With the preddammersion study, ZnOMg0 and Zn10Mg0
had low reaction rates, which would supply low codgllc current density. The primers with

higher concentration than 30vt% with poor barriesperties could expose more cathode area
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Figure 7.5. Different formulation primers with ASTBIL17 corrosion test for different time
periods.

than the scribed area only. Under both circums&nga-Mg rich primers would not supply

sufficient and/or durable cathodic protection fioe scribed area. The Zn9Mg1 primer, not only
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potentially supplying enough cathodic current digndue to high reactive Mg particles inside,
but also holding good barrier property, showedust in the investigation period.

Table 7.4. Visual results of the first appearanfoeoorosion products in primers of varying Mg
content in ASTM B117 exposure.

Formulation| Rust/hour| Blister/hour| White corrosion products/hour
Zn0Mg0 24 No No
Zn10Mg0 24 72 24
Zn9Mg1l No 24 24
Zn8Mg2 216 24 24
Zn7Mg3 24 24 24
Zn6Mg4 24 24 24
Zn5Mg5 24 24 24
Zn4Mg6 24 24 72
Zn3Mg7 24 24 72
Zn2Mg8 24 24 72
Zn1Mg9 24 24 72

No blisters were found on the surface of the prid@®Mg0. The blisters started to form
on the surface of Zn10MgO primer after 72 hour B1dst. All other Zn-Mg rich primers had
blisters after only 24 hours of B117 exposure. Wité high reactivity of Mg particles and the
penetration of C| the hydrogen evolution caused blisters at theeeatages for Zn-Mg primers
than Zn10MgO primer [11]. Without active metals 0EfgO0 did not form any blister any all.

White corrosion products started to form on thdamas of Zn-Mg rich primers with Mg
volume concentration less than 60vt% for 24 hoang] on the surfaces of Zn-Mg rich primers
with Mg volume concentration higher than 60vt% #& hours. The white corrosion products
formed rapidly in the Zn rich primer and Zn-Mg ripnimers when Mg volume concentrations
were less than 60vt%. Zn-Mg rich primer with Mg mdhan 60vt% possibly might have Mg
corrosion products initially and then produced Znites corrosion products later, which did not
shown any white corrosion precipitates. White csion products were mainly Zn corrosion

products, because it was discussed in the immetsginMg corrosion products was not stable at
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the low pH condition. The primers with lower contation of Mg particles had a higher
concentration of Zn particles and had Zn corrogpooducts earlier. In galvanic series, Mg is
more electronegative than Zn. The primers with éigtoncentration of Mg particles could have
Zn particles protected by Mg patrticles and delageat corrosion products, which were white
corrosion precipitates stated here.

Pendulum hardness test results are shown in Figar& he primer ZnOMg0 showed
increasing hardness with B117 corrosion test. Znd@rimer did not have a significant change
of hardness with B117 corrosion test. Zn-Mg ricimars showed decreasing hardness with
B117 corrosion test. For Zn-Mg rich primers witsdeghan 80vt% Mg incorporated, hardness
kept decreasing with the time of corrosion tesig8 and Zn1Mg9 rich primers decreased the
hardness but maintained with further corrosion test
l Original

I B117-72hours
Il B117-216hours

Zn0Mg0

140

Pendulum Hardness/Second

Formulation

Figure 7.6. Pendulum hardness of different formaihest with different periods of ASTM B117
test.

Pendulum hardness increased for ZnOMgO primertoldlee aging and/or degradation of
epoxy binders [12, 13]. With blister formation tmpide porous structure for Zn-Mg rich primer,

pendulum hardness decreased due to the poroususéruehile for Zn10MgO primer, pendulum
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hardness maintained with no blister formation. therprimers of Zn2Mg8 and Zn1Mg9 with the
most Mg particles inside, the stable porous strestwere the earliest to be formed due to the
higher reactivity of Mg particles than Zn particleéSo after 72 hours B117 exposure, the
Zn2Mg8 and Zn1Mg9 primers started to maintain tpemdulum hardness.

Potentiodyanmic polarization tests are shown inufdg/.7. For Zn10Mg0 and Zn9Mg1,
the open circuit potential moved into a negativedation, because the primers started to break

down when the active metals Zn and Mg were exptsedectrolytes. With the consumption of
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Figure 7.7. Open Circuit Potential of primers (L.efhd Potentiodynamic polarization of
Zn7Mg3 primer (Right) with different time of B11&dts.

the active metals Zn and Mg, the open circuit piaéstarted to move into a positive direction.
For the primers with Mg volume concentration highiean 50vt%, the open circuit potential
moved into a positive direction with the acceledatiest. There were two reasons. The first one
was that Mg was more active than Zn [6], or Zn wagected by Mg [14]. During the corrosion
test, Mg would react faster than Zn, and consurastef. With no precipitation accumulated by
Mg corrosion products, discussed in the sectior?y @rous structures formed. The second one
was that the conductivity as well as the corrosiarrent might be higher with higher volume

concentration of Mg particles in Zn-Mg rich primegbgcause Mg has larger oil absorption value
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than Zn [7],which might result into less packing density [1&)d Mg is more conductive than
Zn. Both reasons consumed active metals and mdwedpen circuit potential into positive
direction. For the primers with Mg volume concetitna lower than 50vt% and higher than
10vt%, the open circuit potential maintained, whie&s around -1.02V vs SCE, which also are
seen in potentiodyanmic polarization in Figure thadt the corrosion potential did not change
significantly for Zn7Mg3 primer. However, the casion current increased with the periods of
B117 tests, and decreased a little bit with a loqgziods of B117 tests. The reason might be
better barrier properties with the porous structealed by the corrosion products with a longer
time of B117 corrosion tests and/or the alkalineiremment by Mg patrticles [16].

XRD results are shown in Table 7.5. It could benbwut Zn10MgO primer, zinc oxide
was formed. For the Zn-Mg rich primers, simonkd#einas formed without zinc oxide possible
due to the alkaline environment [16]. For Zn9Mginmmr, when Mg particles were consumed
after 72hour B117 test, zinc oxide started to fadawever, for Zn6Mg4 primer, even when Mg
particles were consumed earlier than 72 hour B&% rzinc oxide still did not appear due to the
fact that the Mg’ ion did affect the corrosion products and fadiéthsimonkolleite formation
[17], and/or the remaining alkaline environment.

Table 7.5. XRD results of the primers within B1&gtt

Eormulation Original Bll7-72_ hours Bll7-2_16 hours
Mg% | Mg% | Corrosion products Mg% Corrosion Products
Zn10Mg0 0 0 Simonkolleite, ZnQ 0 Simonkolleite, ZnG
Zn9Mgl 7.73 7.73 Simonkolleite 0| Simonkolleite, ZnO
Zn6Mg4 38.00 0 Simonkolleite 0 Simonkolleite

7.3.4. Prohesion™ Corrosion Tests
The visual appearances of primers of differeminfdation after Prohesion™ exposure

are shown in Figure 7.8 with the detailed resuit3able 7.6. All the primers showed red rust
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Figure 7.8. Different formulation primers with Pesion™ corrosion test for different time
periods.

after only 24 hours of exposure. However, the pramén10Mg0 and Zn9Mgl had the trace
amount of red rust. The amount of rust that coddisually observed increased with exposure

time. White corrosion products were formed afted Idbur Prohesion™ exposure for the
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Zn10MgO primer, and became predominant around 288 Rrohesion™ test for all primers.
Blisters started to form on Zn9Mg1 primer after 288ir Prohesion™ test. However, no blisters
were founded for other primer systems. As discusee8ection 7.3.2, the primers in DHS
solution showed slow reaction rate, and as well t@athodic current density. With the slow
reaction rate, white corrosion products appeared lang time period. With the low cathodic
current density, red rust appeared in a short per@od. The low concentration of Gimited
penetration of corrosive environments into the prisr{11], so the blisters were seldom formed.

Table 7.6. Visual results of different formulatiprimers with Prohesion™ exposure — the time
values are the time it took to observe the corropimduct

Formulation| Rust/hour| Blister/hour| White corrosion products/hour
Zn0OMgO0 24 No No
Zn10Mg0 24 No 144
Zn9Mg1l 24 288 144
Zn8Mg2 24 No 288
Zn7Mg3 24 No 288
Zn6Mg4 24 No 288
Zn5Mg5 24 No 288
Zn4Mg6 24 No 288
Zn3Mg7 24 No 288
Zn2Mg8 24 No 288
Zn1Mg9 24 No 288

In Figure 7.9, the pendulum hardness values ofnfifMg0, Zn10MgO0, and Zn-Mg rich
primers with Mg concentration higher than 50vt% dat change significantly or increased with
a long time exposure up to 288 hours. Zn-Mg ricimprs with Mg concentration lower than

50vt% had decreasing pendulum hardness with the dinthe exposure.
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Figure 7.9. Pendulum hardness of different formaoiet with different periods of Prohesion™
test.

For ZnOMgO primer, the pendulum hardness increadest 288 hour Prohesion™ test
due to the aging of the primer [12, 13]. For Zn1@Mwyimer, the pendulum hardness maintained
due to the good barrier property to maintain thegnty of the primer. For Zn-Mg rich primers
with Mg concentration higher than 50vt%, the penduhardness increased possibly due to the
corrosion products precipitation within the locldadi environment by the high concentration of
Mg patrticles. For Zn-Mg rich primer with Mg conceattion lower than 50vt%, the pendulum
hardness decreased with Prohesion™ exposure podsiblto the leaching out of active metals,
especially the dissolution of Mg patrticles.

Potentiodyanmic polarization tests are shown irufgg7.10. For Zn10Mg0, Zn9Mg1,
Zn8Mg2, and Zn7Mg3, the open circuit potential mibveto the negative direction initially,
because initially barrier property of the primetarted to break down and then the active metals
started to be effective, and then started to mowe the positive direction due to the
consumption of the active metals. For the primeith WIg volume concentration higher than
30vt%, the open circuit potential moved into a pesidirection, because Mg reacted faster than
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Figure 7.10. Open Circuit Potential of primers ().eind Potentiodynamic polarization of
Zn7Mg3 primer (Right) with different time of Prohes™ tests.

Zn and was consumed faster to form porous strusti@m the potentiodyanmic polarization of
Zn7Mg3 primer shown in Figure 7.10, the corrosiateptial moved into the negative direction,
while the corrosion current did not change sigatfity. The reason was that without the
penetration effect of Clons, the corrosion behaviors happened mosthherstrface.

XRD results were shown in Table 7.7. It could ben@ that no zinc oxide as the
corrosion products was formed on the primer surfablee only corrosion product was
simonkolleite no matter Mg particles existed or.nidte reason might be the transformation of
zinc oxide to simonkolleite [18] even at the tengtere as low as 6°C, due to the
thermodynamic stabilization of simonkolleite. Howeyif the concentration of ZngWas higher
than 0.5M, ZnO was completely transformed. With ding cycle increasing the concentration of
salts, such as Znglall ZnO were transformed into simonkolleite. Amer observation was that

Mg particles were not observed from XRD characian after 144 hour Prohesion™ test.
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Table 7.7. XRD results of the primers within Prabas" test

Formulation Original ProhesionTM_-144 hours Prohesion_TM-288 hoyrs
Mg% | Mg% | Corrosion products Mg% | Corrosion Products
Zn10Mg0 0 0 Simonkolleite 0 Simonkolleite
Zn9Mg1l 7.73 0 Simonkolleite 0 Simonkolleite
Zn6Mg4 38.00 0 Simonkolleite 0 Simonkolleite

7.3.5. Discussion of B117 Tests and Prohesion™ Tests
7.3.5.1. Blister Formation

From corrosion tests, it could be found that bistevere formed quickly for B117
exposure. In contrast, there were no significamtdrs in Prohesion™ exposure. Blisters are
caused by two reasons. One is hydrogen evoluti®h The other one is water penetration due to
osmotic effects [20]. For our situation, all therfmlations were kept at the same PVC. If Mg
concentration was high, hydrogen evolution wouldhiigh due to the high reactivity of Mg
particles. However, with the depletion of Mg, posaiructures were formed [2]. The hydrogen
gas could be easily diffuse through the coatindpauit the blister formation. If Mg concentration
was low or none, Zn corrosion products could benfat on the surface to block the surface. The
pores caused by the active metal dissolution orsthitace would have the osmotic effects to
cause the blister formation.

For B117 corrosion test, with high concentrationGdfion, the reaction of Mg particle
would be significantly high [10], which could geat more hydrogen faster than Prohesion™
corrosion test. Another reason was that with B1t@r#tinuous spray exposure and Prohesion™
a cyclic spray exposure, B117 is more prone to veasdy corrosion products and to leave voids
behind, since the dry cycle in Prohesion™ corro$ést not only decreases the corrosion rate of
active metals [10], but also helps stabilize camoegroducts and precipitate corrosion products.

These voids not only could damage adhesion of tlagiregs, but also could serve the osmatic
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cells, which helps blister formation [21]. In faébr B117 corrosion test, Zn-Mg primers with
Mg particles inside had blisters around 24 hounse ¢o high reactivity of Mg and high
concentration of Clion, while Zn10Mg0 had blisters around 72 hoursr Prohesion™
corrosion test, Zn-Mg primers did not have anytblidormation except Zn9Mg1 primer. A little
bit of Mg particles inside would cause voids, whigkre quickly covered and severed as the
osmatic cells.

In conclusion, faster blister formation and morsters occur in B117 corrosion test.

7.3.5.2. Composition Change

From the previous results, it could be found that particles consumed much faster in
Prohesion™ corrosion test, at least on the sunfatten the XRD detection depth, than in B117
corrosion test, although Tbns had a high penetration ability and B117 akvhgd a higher
corrosion temperature as well as longer spray geridhere was also evidence that corrosion
current in B117 corrosion test was higher than s@n™ corrosion test. The reason why Mg
still consumed faster in Prohesion™ corrosion tesd that Mg had a more negative potential in
DHS solution than Mg in 5wt% NaCl solution. In carly, Zn (Fe) had a more positive potential
in DHS solution than Zn in 5wt% NaCl solution. Witte larger potential gap between Mg and
Zn(Fe) in DHS solution than in 5wt% NaCl solutidvig would have a faster reaction speed in
DHS solution due to galvanic corrosion. It wouldisa Mg consumption faster in DHS solution
at least at the surface area.

7.3.5.3. Corrosion Products

Although there was no quantitative hess@or corrosion products, hardness value of

primers with Prohesion™ exposure were larger thardress values of primers with B117

exposure. Corrosion current with Prohesion™ cooms$éest maintained, while corrosion current
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with B117 corrosion test increased. These evidenudicated barrier property of primers with
Prohesion™ corrosion test was better than that Biti7 corrosion test. The reason was
attributed to the corrosion product formation. Tiherganic corrosion precipitates not only
helped maintained the hardness of primers, butlafmed protection of corrosive environments
as the barrier protection.

Another phenomenon of corrosion product formati@s that zinc oxide was formed for
Zn rich primer, and Zn9Mg1l primer after Mg partisl&as consumed for B117 corrosion test.
However, zinc oxide was not formed for Zn-Mg rictinger with higher concentration of Mg
particles even after Mg particle was consumed. fd@son might be due to higher pH value
caused by Mg consumption which helped the transdtion of zinc oxide to simonkolleite. For
Prohesion™ corrosion test, only simonkolleite wasmfed for all tested primers. The reason
might be due to the dry cycle of corrosion testjclwhtransformed zinc oxide to the stable
simonkolleite due to thermodynamic force. The sanonkolleite formed on the surface might
help maintain the good barrier property of primeith Prohesion™ corrosion tests.

7.3.5.4. Mechanism of Corrosion Protection

From the previous results, it was clear to see #@@Mgl primer showed better
corrosion protection than Zn10Mg0 primer for theotpction of steel substrate for B117
corrosion tests. For Prohesion™ corrosion testNfgBwas comparable with, if not better than,
Zn10MgO primer for the corrosion mitigation ability

For the corrosion tests of Zn rich primer and Zn-Kch primers, there were two
corrosion mitigation methods, cathodic protectiom darrier protection. Cathodic protection
was exhausted quickly for Zn-Mg rich primer with Mgncentration higher than 60%, and with

Mg concentration higher than 40% in B117 corrosiest and in Prohesion™ corrosion test,
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respectively. The reason might be the higher copsiom rate of active metal particles with

higher concentration of Mg particles and with Pibe™ corrosion test. Barrier protection was
good for Prohesion™ corrosion test based on camosiurrent of potentiodynamic polarization
test. Stable and dense corrosion product simort®lould help the barrier protection.

However, the Mg particle consumption with void Iptissibly offset the barrier protection with

simonkolleite formation. It was why there was ngn#icant improvement of barrier protection

of Zn-Mg rich primers compared with Zn rich primer.

With the previous statements, Zn-Mg rich primersl diot shown a significant
improvement of barrier protection compared withri primer, and showed no better cathodic
protection using open circuit potential criterianhZn rich primer. However, Zn-Mg rich primers
showed a longer corrosion protection than Zn richner. The reason might be the combination
of the basic environment and the voids createdhéncbatings by the corrosion of Mg particles,
shown in Figure 7.11. In Figure 7.11, zinc is cded with the volume expansion and protected
by its corrosion products. Magnesium is corrodedhwhe volume decreased even if any
corrosion products precipitate and leaves voidthatsites. The reason was due to the density
change shown in Table 7.8.

With the higher concentration of Mg particles, tligher pH of the environments helped
transform zinc corrosion products to the stabilizeidhonkolleite. However, the higher
concentration of Mg particles, the more voids ilefthe coatings decreased the barrier properties
of coatings, and in contrary increased the condiigtof coatings when the electrolytes were
filled into the voids. The optimization of the camtration of Mg particles produced a good

corrosion mitigation method to protect steel sidiss.
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Figure 7.11. Schematic of mechanisms of Zn-Mg pghner to protect steel substrates.

Table 7.8. Density of Zn-Mg related materials

Materials Density/(g/cm”3
Zinc 7.14

Zinc oxide 5.61
Simonkolleite 3.30
Magnesium 1.74
Magnesium oxide 3.58
Magnesium hydroxide 2.34

In conclusion, the mechanism of Zn-Mg rich primdéos the corrosion mitigation
improvement is that the addition of magnesium pkegi to supply a basic environment for the
transformation of simonkolleite, and void spacethuie balance of conductivity and the barrier
property of coatings.

7.4. Conclusions

Zn rich primer and Zn-Mg rich primers with diféert concentration of Mg particles were
tested by B117 corrosion tests and Prohesion™ siomotests. Zn9Mgl primer showed a
significant corrosion protection improvement in Bldorrosion tests, and showed a comparable
corrosion protection improvement in Prohesion™ asion tests with Zn10MgO0 primer.

Blister formation was one of the main fail chaesistics due to the hydrogen gas
evolution and the osmotic cell formation. Corrospoducts were mainly simonkolleite for Zn-

Mg rich primers for B117 corrosion test. For Znhriprimer additional zinc oxide corrosion
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products were also formed. For Prohesion™ corrost) only simonkolleite was formed for all

primers. Mg consumed faster in Prohesion™ corrotshthan in B117 corrosion test due to the

more acidic environment.

To improve the corrosion mitigation of Zn richirper, Mg particles should be optimized
to supply a basic environment for the corrosionav@rs and to increase the conductivity of the
coatings with the sacrifice of the barrier propertyoatings.
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8. PERFORMANCE OF ZINC-MAGNESIUM RICH PRIMERS
8.1. Introduction

Although it was described in Chapter 7 that Zn-Kigh primers could increase the
corrosion protection lifetime vs. similar Zn-richirpers over steel substrates in accelerated tests,
the standard procedure for complete testing oftifpe of corrosion protection coating systems
for steel substrates is to examine their perforraancthe top coated systems. The topcoat would
not only improve barrier property, but also prevemttal pigment self-corrosion [1]. In the
standard procedure, the Zn-Mg rich primers wereaxpiosed to the test environment directly,
but would be top coated. The use of topcoats oiMgrrich primers and Zn rich primer can
possibly change the details of their performancexposure. In this chapter, an epoxy sealing
primer was coated on top of all of the primes talate the barrier protection that is provided by
most topcoats. The whole coating systems with #edirgy primer on top of the metal rich
primers were tested in accelerated corrosion tasts the details of their performance was
evaluated by visual inspection, thickness measun&gsnand electrochemical characterizations.

8.2. Experimental Methods
8.2.1. Materials
A Zn rich primer and Zn-Mg rich primers wereepared as shown in Tables 7.1 and
7.2. MIL-DTL-53022 D Type Il primer, bought from 8twin Williams, was used as the sealing
primer. The sealing primer was sprayed over a weekn temperature cured films of Zn-rich
primer and Zn-Mg rich primers, and cured for anotlieek at the room temperature.
8.2.2. Characterization Studies
An Elcometer 345 FS was used to measure thertbgskof organic coatings on steel S36

substrate. A Gamry Potentiostat Reference 600 wad €or potentiodynamic polarization test
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and electrochemical impedance measurement. Théalee was DHS, which comprised of
0.35wt%(NH,),S0, and 0.05wt%NaCl in distilled water. Potentiodyanmic polarizatioras
performed starting at -1.8V vs SCE and ending QW8\SCE with scan rate 1mV/s. EIS data
was collected over a 0.01Hz to 100kHz frequencygeawith a 10mV rms amplitude at
10points/dec.
8.2.3. Experimental Set-up

The experimental set-up was the same as the img@nl set-up described in section
7.2.3. The topcoat/primer systems with the segtirigner on top of the metal rich primers was
put into the accelerated corrosion test chambers @raracterized with visual inspection,
thickness measurements, and electrochemical ckeawtions.

8.3. Results and Discussions
8.3.1. B117 Corrosion Performance

Visual pictures of different primer systems aftgpesure to the ASTM B117 corrosion
test environment are shown in Figure 8.1. The prisystem Zn1Mg9 had adhesion failure after
24 hours of ASTM B117 test exposure, with the caatpeeled off from the substrate. The
Zn5Mg5 primer system had adhesion failure afteh@@rs ASTM B117 exposure, with blisters
formed on the surface. After 120 hours of ASTM Bldxposure, both the primer system
Zn10MgO0 and the primer system Zn9Mgl showed theesidh failure with blisters formed on
the surface. The blisters grew bigger with 120 hAa&TM B117 corrosion test for Zn5Mg5
primer system and with 432 hour ASTM B117 corrosiest for both Zn10Mg0 and Zn9Mg1l
primer systems. From Table 8.1, it could be fourat Zn-rich primer had rust a little earlier than
Zn-Mg rich primers with Mg volume concentration dethan 50% and showed blisters at the

same with Zn-Mg rich primers with Mg volume congatibn less than 30%. The blisters
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formed earlier with more Mg particles inside, dodhe high reactivity of Mg particles in B117
corrosion test [2]. To compare with bare primer€hapter 7, the top-coated primer systems had
earlier rust formation for some Zn-Mg rich primessjch as Zn10Mg0 primer and Zn9Mgl

primer. The others had blister formation later teamilarly exposed primer only systems.

K AXEX

120hour our

Figure 8.1. Different primer systems with ASTM B1datrosion test for different time periods.

Table 8.1. Visual results of different primer systewith ASTM B117 corrosion test

Formulation| Rust/hour| Blister/hour
Zn0OMgO 24 192
Zn10Mg0 24 192
Zn9Mgl 72 192
Zn8Mg2 72 192
Zn7Mg3 72 192
Zn6Mg4 72 120
Zn5Mg5 72 120
Zn4Mg6 24 72
Zn3Mg7 24 72
Zn2Mg8 24 72
Zn1Mg9 24 24

Electrochemical tests were shown in Figures 8.2 &B8d From Figure 8.2, it could be

found that the impedance decreased with the B1pdsexe time. This can be attributed to the
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barrier property failures, since the sealing prim@oxy could not resist water penetration during
B117 corrosion test [3]. Zn-Mg rich primers withgher volume concentration of Mg particles
failed in barrier properties faster than Zn-Mg rpriimer with lower volume concentration of Mg
particles. The reason might be due to the blistenétion, as shown in Table 8.1 with the higher
concentration of Mg particles resulted into theliearblister formation, which discussed in
Chapter 7 may be attributed to the high reactioityg particles. Potentiodynamic polarization
tests showed no significant change in total curusnpotential results with exposure. However
the open circuit potential moved into a positiveediion faster vs. exposure time for Zn-Mg rich
primers with the higher volume concentration of phgticles than 60vt%, which may indicate a
quicker cathodic protection failure, due to highensumption rate of Mg particles, as discussed
in Chapter 7. The primers had the similar behavieith the bare primers in Chapter 7 in a

longer period.
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Figure 8.2. Electrochemical impedance measurenwémti§ferent primer systems with different
periods of ASTM B117 corrosion tests (A) and thgédance at 0.01 Hz for different primer
systems with different periods of ASTM B117 corarstests (B).
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Figure 8.3. Potentiodynamic polarization scansitbéi@nt primer systems with different periods
of ASTM B117 corrosion tests.

In conclusion, for ASTM B117 corrosion test, thealsgg primer served as a barrier
protection to aid the corrosion mitigation to irese the lifetime, since the rust formation and
blister formation appeared later than those of lpmmer systems. However, without enough
resistance, the corrosion behaviors were simildh wiose of bare primers in the exposure to

ASTM B117 corrosion test.

8.3.2. Prohesion™ Corrosion Performance
Visual pictures of different primer systems exgmbsinder the Prohesion™ corrosion test
protocol are shown in Figure 8.4. All the primestgyns did not have any significant adhesion

failure until 336 hours of Prohesion™ test exposih 899 hours of Prohesion™ exposure,
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the Zn-rich primer and Zn9Mg1 primer systems shoegge delamination. In contrast, Zn8Mg2,
Zn7Mg3, Zn6Mg4, and Zn5Mg5 primer systems stillwbd good adhesion to the substrates

without any blisters or edge delamination.

our our

XK

Zn9Mgl

Figure 8.4. Different primer systems with Prohe&tonorrosion test for different time periods.

Table 8.2. Visual results of different primer systewith ASTM B117 corrosion test

Formulation| Rust/hour| Edge delamination/hou

=

Zn0Mg0 72 889
Zn10Mg0 144 889
Zn9Mg1l 144 889

Zn8Mg2 | 144
Zn7Mg3 | 144
Zn6Mgd | 144
Zn5Mg5 | 144

Zn4Mg6 144 889
Zn3Mg7 144 889
Zn2Mg8 144 889
Zn1Mg9 144 889

Electrochemical test results are shown in Figur8sa8d 8.6. From Figure 8.5, it can be
seen that the impedance increased initially with Bnohesion™ exposure time and then stayed
relatively constant. This may be attributed to toating system barrier properties. With the
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cyclic corrosion test, sealing primers still shovgead barrier properties in the test period for all
primer systems. Potentiodynamic polarization tektsved no significant change in current. The
corrosion potential did not change significantlther. All these indicated a continuing cathodic
protection of the steel by the primers during Psidre™ exposure. With both electrochemical
impedance test and potentiodynamic polarizatioty iesould be seen that barrier properties

stayed well and cathodic protections were stiifiiect in the test periods.
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Figure 8.5. Electrochemical impedance measurenwémti§ferent primer systems with different
periods of Prohesion™ corrosion tests (A) and tiygeidance at 0.01 Hz for different primer
systems with different periods of Prohesion™ caagests (B).
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Figure 8.6. Potentiodynamic polarization scansitbéi@nt primer systems with different periods
of Prohesion™ corrosion tests.

In conclusion, for Prohesion™ corrosion test, tlealiag primer served as barrier
protections to aid the corrosion mitigation to ewse the lifetime. The barrier protection
maintained well during the test periods. The rustiation and the white corrosion products
appeared later than that of bare primer systemgdmeantime, it also increased the cathodic
protection periods for all the primer systems. Hegveedge delamination at the scribe area was

the main failure of the coating system.
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8.3.3. Discussion of ASTM B117 and Prohesion™ Corrosiorid?mance

In the previous investigations, sealing primerseased the coating lifetime and cathodic
protection than the coating systems without seafinmers, described in Chapter 7. Sealing
primers severed as barrier protections for both7Bddrrosion test and Prohesion™ corrosion
test. Unlike the coating systems without sealingprs with failure modes of rust and blister on
the surface of coatings, the coating systems wedlirsg primers on the top had two failure
modes for ASTM B117 corrosion test and for Prohe®focorrosion test respectively. For
ASTM B117 corrosion test, rusts and blisters ondhdace were the main failures regardless
there were active metal particles inside. The distwere mainly caused by cathodic
delamination due to the easy oxygen penetraticoutiir the conductive channels by iGh [4,
5], since rust could be seen underneath the Idistdren the blisters were broken. However,
primers with higher concentration of Mg particlesdhblisters earlier than primers with lower
concentration of Mg particles, which indicated hoygkn evolution and osmotic effect might take
part into the blister formation, as discussed iraj@ar 7. For Prohesion™ corrosion test, edge
delaminations on the scribe were the main failupessible due to the corrosion products built
up [6] with the evidence of the high impedance #redwhite corrosion products on the surface,
and the thermal stress caused by the cyclic betsaid with the different thermal conductivity
of metal rich primers and sealing primers. The @sion products of Mg particles had a higher
density than Mg particles, while the corrosion prad of Zn particles had a lower density than
Zn particles. Mg corrosion products would causerimal compression stress, while Zn corrosion
products would cause internal tension stress. tfighinternal tension stress possibly causing

delamination [8], primers with higher concentratiohZn particles would fail faster by edge
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delamination. However, porous Mg corrosion prodé¢twould possibly give poor interfacial
adhesion, resulting into delamination. So primeith vhigher concentration of Mg particles
would be quicker for edge delamination. With thenbined behaviors, Zn8Mg2 and Zn7Mg3
primers showed better edge delamination resistémae other primers. For both of failures
appeared around the scribe area, it confirmedttigasealing primers served as barrier protection.
8.4. Conclusions
The sealing primer served as barrier protectwrbbth ASTM B117 corrosion test and

Prohesion™ corrosion test with a durable perioccaihodic protection, compared with the bare

primers in Chapter 7. The different behaviors BTM B117 corrosion test and in Prohesion™

corrosion test are listed in the followings.

1. Primers exposed to ASTM B117 corrosion test shollistiers with further delamination as
the main failure, while primes exposed to Prohe%lomorrosion test showed edge
delamination at the scribed area as the main &ilur

2. Impedance of coatings maintained for Prohesion™os@n test, while decreased for
ASTM B117 corrosion test. It may be due that camosproducts could be built up for
Prohesion™ corrosion test, while could not stayX8TM B117 corrosion test.

3. It showed a quicker coating failure in ASTM Bl1l7rrosion test than Prohesion™
corrosion test. The higher concentration of iGh in ASTM B117 corrosion test than in
Prohesion™ corrosion test resulted into more ancemapid blister formation.
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9. CONCLUSIONSAND FUTURE RECOMMENDATIONS
9.1. Conclusions

In these studies, active metal rich primers, pigteg@ with mixtures of (Zn + Mg)
pigments and Zn-rich primer with sealing primertba top were exposed under two accelerated
test environments, ASTM B117 and Prohesion™ exmgopustocols. The mechanism of Zn-Mg
rich primer which gives distinct improvement of ghpigmentation vs Zn pigment only was
proposed to be the stabilized simonkollete cormsimducts caused by the basic environment
with the reaction of Mg particles, and to be thenpementary volume effect between Mg and
Zn corrosion behaviors. The performance of Zn-Mgp primer with the sealing primer on the
top improved considerably compared with bare Zn#dy primer. The improvement was not
only by the appearance integrity but also by theation of the cathodic protection, due to the
barrier protection of the sealing primer. Zn-Mghrigrimer with sealing primer on the top still
showed the significant improvement vs Zn rich primmgth sealing primer on the top in
Prohesion™ corrosion test. However, it was notdodtian Zn rich primer with sealing primer
on the top in B117 corrosion test. This is comsistwith the exposure behavior of Mg-rich
systems over Al in which the B117 exposure seernezhtise blister problems which could be
stopped by exposure to G{1,2].

During the project, different coating systems aadous exposure conditions have been
investigated. Following conclusions can be proposed
1. To improve the corrosion mitigation of coating gyss, optimized Mg concentration

should be included to supply a basic environmedttaravoid too many voids left by the

reaction of Mg particles.

2. Sealing primer increased the durability of coafia@iture by its barrier protection.
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3. For bare metal primer system, the main failure leser formation and rust formation
in both ASTM B117 corrosion test and Prohesion™asion test. The main failure for
metal rich primer with sealing primer on in ASTM B/lcorrosion test was still blister
formation. However, the main failure for metal righmer with sealing primer on in
Prohesion™ corrosion test was edge delamination.

9.2. Recommendations for Future Research
In order to further improve Zn rich primer with thecorporation of Mg patrticles,
suggestions on experiments are as followings.

1. Field test is very important to evaluate organiatows performance, especially when
carbon dioxide could not only decrease hydrogeduyrbrate of Mg particles but also
form good barriers with the reaction to Mg partic|2].

2. More characterization should be done to verify pnaposed conclusions, especially with
SEM. SEM with EDS technique could not investig&te torphology of coatings to
check the porosity of coatings, but also charamerorrosion products especially
underneath coatings to explain the corrosion psooegsonably.

3. Electrochemical mapping techniques should alsglpéead to explain the complicated
three metal systems, for example the initiatiothefcorrosion sites, the anodic area, and
the cathodic area as well as the corrosion curiiér@.mapping techniques would help
define the role of each metal and its reactioniratbe corrosion system, and may clarify
the mechanism of Zn-Mg rich primer for the protentof steel.

4. Possible addition of MgC#£20o the (Zn + Mg) rich primer formulae could alletgzearly

blistering problems as has been seen with Mg-rigttiogs [1].
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