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by
Sara Jacy Muhler

Polymeric coatings offer a relatively simple and cost-effective method of protecting steel assets
from corrosion. Without this protection, corrosion can weaken the structural integrity of the steel
and jeopardise the lifespan of the asset. In some cases, corrosion can cause catastrophic failures
that risk lives as well as economic and environmental damage. It has long been theorised that
structural and crosslinking inhomogeneities in the cured polymer coating may represent micro- or
nano-scale defects in the barrier properties of a coating, allowing the ingress of exogenous
materials. This work confirms the feasibility of detecting these inhomogeneities with established
analysis techniques, attempts to correlate the polymer structures found with electrical properties,
understand the mechanisms that link polymer structure and electrical properties, and ultimately
use this new understanding to enhance anti-corrosive coatings.

Samples of cured isophthalic unsaturated polyester are exposed to salt fog before examination
using an Alicona InfiniteFocus 3D optical microscope and MAC Ill Agilent 5500 Atomic Force
Microscope in various modes. Other studies have reported microstructural features in
unsaturated polyesters; the expected structure was a three-dimensional cellular structure with
microgels of unsaturated polyester connected by polystyrene branches. After only 15 minutes of
salt fog exposure, the polymer began to show this structure. Current Sensing Atomic Force
Microscope (CSAFM) scans attempt to correlate these structures with highly localised electrical
properties but were unsuccessful. Theories of ion migration and conductivity in polymers are
discussed with relation to CSAFM and a commercially available unsaturated polyester coating.
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AC: alternating current

AFM: Atomic Force Microscope

AM: Amplitude modulation

ASTM: an organisation providing voluntary technical standards and testing

methods. www.astm.org (formerly the American Section of the
International Association for Testing Materials, now ASTM
International)

Catalyst: a substance that increases the reaction rate without being consumed

in the reaction [1]

CSAFM: Current Sensing Atomic Force Microscopy

DMA.: dimethylaniline (see chemicals)

DSM: manufacturer of resins and functional materials. www.dsm.com
EIS: Electrochemical Impedance Spectroscopy

EU: European Union

FM: Force modulation

ISO: International Standards Organisation www.iso.org

KPFM: Kelvin Probe Force Microscopy (also KFM)

MEKP: Methylethylketone peroxide (see chemicals)

NACE: Formerly the National Association of Corrosion Engineers, NACE

International is now an international body covering all aspects of

corrosion management. www.nace.org

NPG: Neopentylglycol (chemical)
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SSPC: Formerly the Steel Structures Painting Council, SSPC (now the Society

for Protective Coatings) is a “non-profit professional society concerned

with the use of coatings to protect industrial steel structures”.

WWW.SSPC.org
STM: Scanning Tunnelling Microscopy
Te: glass transition temperature (°C)

XXVii



Thixotropy:

Topography:
Unsaturated polyester
film (or coating):
Unsaturated polyester

polymer:

Unsaturated polyester
resin:

UP:

XXviii

The behaviour of a material such that when a constant shear is applied,
the viscosity is reduced over time (also called shear thinning). When
the shear is removed, the original viscosity is recovered over a period
of time. [2]

a three-dimensional map of a surface

the solid produced by curing/crosslinking the resin

the unsaturated polyester polymer, prior to blending into a commercial
resin

Generally, a polyester is formed by the condensation reaction of a
bifunctional alcohol (glycol) with a bifunctional acid [3]

a commercially available mix of unsaturated polyester polymer and
styrene, with or without additional additives

unsaturated polyester resin



CHEMICALS

1,2-propane glycol

Cobalt (1) ethylhexanoate

(cobalt accelerator)

DMA (Dimethylanaline)

Isophthalic acid:

Maleic anhydride

Methylethylketone peroxide (MEKP)

Orthophthalic acid

Styrene

OH
O/ j i
/O; :O\ ,OH

XXiX






1 INTRODUCTION

1.1 CONTEXT

Global steel demand is projected to reach 1805 million metric tonnes in 2020 [4], though this has
been reduced slightly from previous projections due to the global economic effects of Covid 19,
the projections remain for steady growth. Steel is used in a wide range of goods and projects,
including manufacturing, automotive and construction sectors [5]. This work will focus on the
construction sector, primarily marine applications. Despite its popularity as a construction
material, structural steel is unstable in most “real world” conditions and tends towards the
reversion to its natural state of rust and ore. Corrosion can weaken the structural integrity of the

material and jeopardise the lifespan of the asset. The global cost of this corrosion is often

Figure 1: An example of a commercially formulated system in the field:
Orange Denso Unsaturated Polyester coating protects a support pile in a
marine environment. (Photo courtesy of Winn & Coales (Denso) Ltd.)
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estimated, with one recent assessment exceeding 1 trillion dollars in the US alone [6]. In addition
to the financial costs of corrosion, in some cases it can cause catastrophic failures that risk lives as
well as environmental and reputational damage. Due to the high potential costs of corrosion,
technological efforts over many years have focused on the development of coatings that protect
assets from corrosion, thus increasing the lifespan of the asset and reducing maintenance and
replacement costs [7]. There are many types of corrosion and therefore many strategies to

prevent corrosion- though most are outside the scope of this work.

Figure 2: Schematic of some generalised uses of coatings, including unsaturated polyesters. Zone A: Marine.
Unsaturated polyesters are commonly used around marine areas including retaining walls, oil rigs, splash-zone of riser
piles or jetty piles, tank exteriors, and some ship applications. Unsaturated polyesters can be used for water inlet/outlet
pipes and tanks or reservoirs of water. However, tanks containing chemicals will generally require more chemical
resistance and be coated with several layers of vinyl esters. Zone B: Underground. Epoxies make great protective
coatings, but their tendency to chalk when exposed to light means they are best suited for underground applications (or
under a UV resistant topcoat).

Polymeric coatings, including unsaturated polyester coatings based on an unsaturated polyester
resin and normally cured with an organic peroxide, play a vital role in the protection of metallic
materials around the world, from consumer goods to vast megastructures. Figure 1 is an example
of an unsaturated polyester coating applied to piles in a marine environment. Figure 2 shows
some areas of use of unsaturated polyester coatings and some other protective coating
applications. Most automotive, aerospace, and domestic applications requiring performance

coatings are coated in the factory whereas unsaturated polyesters are traditionally for structures
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coated in the field where curing options are more limited. Zone A in Figure 2 shows some
common uses of unsaturated polyester, marine retaining walls, riser piles, seawater inlets and
offshore platforms. By contrast, underground areas like Zone B tend to be epoxies, or
oil/wax/bitumen tape applications where UV stability is not required. Factory applied polymer
coating technologies might include powder coatings, electrocoat, multilayer polypropylene, fusion

bonded epoxies, heat-cured enamels, or oil, wax, and bitumen based liquids.

The advantages of polymeric coatings include a comparatively small equipment investment,
relatively low expense, and the ability to apply them in a wide variety of locations and conditions.
They provide a physical barrier and, in some cases, a chemical form of corrosion protection by the
addition of corrosion inhibiting additives and pigments. These additions enhance the
performance of the protective coating, but are often classified as hazardous to health and the
environment. To ensure their protective properties over the coating lifespan, most use high
guantities which can be released into the environment. Hence, novel approaches to the
enhancement of corrosion protection without the use of hazardous materials are of tremendous

interest to industry.

1.2 RELEVANCE

Unsaturated polyester resins represent a large global industry. Within the composites industry,
unsaturated polyester resins are the most commonly used thermoset resins, accounting for 66%
of the global market in 2007 [8]. A 2013 market research study indicated that the global
unsaturated polyester market was worth USD 6.54 billion in 2012. The same research estimated
that figure would increase to USD 10.48 billion by 2019 [9]. In perhaps a warning on relying too
heavily on market research, the same group indicated in 2018 that the global unsaturated
polyester resins market was worth USD 5.7 billion in 2017, but would reach USD 7.3B by the end
of 2022 of which isophthalic unsaturated polyesters would account for around 35% of the value.
Another group predicted in 2019 that unsaturated polyesters would reach USD 12 Billion by 2020
and have one of the highest market shares of all thermoset resins [10]. Despite being an older
technology, it is clear that unsaturated polyesters represent a large and growing market.
Unsaturated polyesters are used globally for the manufacture of a wide assortment of products,
including pipes, tanks, gratings and high-performance components for the marine and automotive
industry. In addition to cast articles, unsaturated polyesters are a key technology for the

protective coating industry.
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Unsaturated polyester coatings are still widely used in industry [11] and performance is still of
interest to coating formulators, manufacturers and others in the supply chain. However, many of
the analytical techniques used today were not available when unsaturated polyesters were first
developed. These techniques generally require significant investment that prevents its use by all
but the largest coating formulators and academic institutions. In the academic sphere, interest is

often focused on emerging technologies.

Historical research relied on instrumentation that could not resolve the micro and nano-scale
features to investigate individual performance. These macroscopic studies contributed to the
understanding and improvement of coatings by long-term performance studies and comparisons
as well as some bulk studies of smaller samples in an attempt to isolate features. Although their

presence could be inferred, direct measurement was not possible at that time.

Some more recent research has utilised the lateral resolution of the Atomic Force Microscope
(AFM) to investigate the performance of unsaturated polyester systems. However, much of this
research has focused on unsaturated polyester as part of a composite system. While this is
undeniably how many unsaturated polyesters are used, the presence of the composite material is
designed to affect the performance of the system and thus naturally obscures the performance of
the polymer. While it is also important to consider how components work together, this work
aims to consider the polymer itself. A polymer is literally a chain of monomers, if one of those
links in the chain can be shown to be the weak link, future polymer development can be modified

accordingly, and performance improved for both coatings and composite systems.

It has been hypothesised that extremely localised inhomogeneities in the crosslinking and
structure of the polymer coating may contribute to the location of corrosion [12]. This work aims
to correlate the location and type of microstructures in cured unsaturated polyester resin to the
initiation of the corrosion reaction (Figure 3). Densely packed polymer chains are expected to be
a stronger barrier to the water, ions, oxygen, and electrical current required for the corrosion
reaction than a coating with free volume voids. Barrier properties are discussed further in Section

2.4.1.
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Loosely cross-linked coating— Densely cross-linked coating—
electrical circuit complete electrical path blocked

lon permeation

Figure 3: 2D Schematic of the possible effect of microstructure on ion diffusion through a coating.

Corrosion is an inherently electrochemical process, so the electrochemical properties of the
coating are relevant to the corrosion prevention performance. It has previously been reported
that reduced electrical resistance of an organic coating sample due to damage or ageing
correlates with increased susceptibility of the substrate to corrosion [13]-[15]. Additionally,
capacitance and dielectric constant should correlate with corrosion [16]. Electrical Impedance
Spectroscopy (EIS) has confirmed the development of localised defects [17], but as the data is
integrated over an entire surface [18] it is not possible to identify or map the defects with this
method. By using the Atomic Force Microscope (AFM) in electrical modes, it is possible to map

the electrical properties of the coating with high lateral resolution.

Current commercial unsaturated polyester coatings may be single or multiple coats, with or
without primer. In order to look at the resin properties, the test system will be a comparatively
thin layer of unsaturated polyester, without primer (Figure 4) or further additives. This work
focuses on the resin properties, therefore additives such as anti-corrosive pigments and rheology
modifiers will be avoided. It is important to use a reduced coating thickness rather than a
commercially used thickness for two reasons: a thin layer will minimise the interaction of multiple
microstructures above one point on the substrate, and a thin layer will presumably allow the
rapid assessment of coating-substrate interactions. Commerically available coatings are designed
to last years if not decades before defects occur, and this timeframe is beyond the scope of the

project.

Although the simplified formulation and thin samples allow the work to progress within the time
limits of the project, there are pros and cons to applying academic research to commercial
coatings. A wider variety of tests and equipment are available in academic research, though

modification to formulations, sample preparation, and test conditions may be required. All
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deviations from commercial formulations risk having academic conclusions that are generalised.
In some cases general conclusions on fundementals can be relevant across a wide range of
commercial formulations. However, it is also possible for academic conclusions to be too
generalised to be relevant or useful for any commercial formualtions. While it is not expected
that performance could be extrapolated liniarly, the mechanisms governing the interaction of the
microstructure with the environment (water, oxygen, and ions) were expected to remain relevant
In retrospect, differences in the thickness and constraints from solid particles like glass flakes may

have a significant affect on the way polymer microstructures form and perform.

1000 pm
Typical commercial coating ~1000 um thickness
500 um
50 um Test coating ~15 um thickness

Figure 4: Schematic comparison of commercial coating thickness vs test coating thickness.

This work is comprised of several key stages:
1. Confirm the feasibility of detecting polymer microstructures with current techniques;
2. Map the polymer microstructures together with the electrical properties;

3. Understand the mechanisms that link morphology and electrical properties.

Polymers usually comprise the majority of a protective coating volume. They are therefore crucial
to the overall performance of the formulated coating. It is possible to improve on a good
commercial resin with carefully selected fillers and additives, but a poorly performing polymer will
always be a weak link in the system. Unsaturated polyester polymers are copolymers with an

additional polystyrene phase added to form the commercial resin. This complexity means that
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information on the performance of the bulk polymer may not correspond to the individual
components. The motivation of this work is to identify the chemical components that introduce
areas of weakness in terms of corrosion protection, and therefore may be locations for the onset
of corrosion. This new understanding will allow formulators to enhance anti-corrosive coatings to

meet the new challenges of more extreme in-service conditions and extended durability.

1.3 AIMS AND OBJECTIVES

Improvement in the ability of unsaturated polyesters to protect metallic substrates from
corrosion is motivated by commercial, industrial and environmental interests. As the polymer
comprises the majority of the coating, it is logical to focus improvement efforts on the
unsaturated polymer and commercially blended resin. Additionally, many of the latest
advancements of analytical techniques have not yet been applied to the study of unsaturated

polyesters.

Following on from the characterisation of the polymer network by Lee & Hsu in 1988 [19] and the
understanding of how electrical properties of the coating affects the corrosion reaction by
Leidheiser in 1980 [14], the ultimate aim of this project is to investigate the relationship between
the microstructure and the corrosion protection of unsaturated polyester coatings. To achieve
this aim, the following objectives are explored in this thesis:

e Atomic Force Microscopy (AFM) will be the main method of interrogation of the samples
on a nanometre scale. Several analytical techniques will need to be used together to
produce a meaningful correlation.

o Current sensing AFM and Kelvin probe AFM will be used to investigate and map
the electrical properties of the cured polymer sample.

o 3D optical microscopy will be used to provide an overview of the sample and
assist in orienting samples and overlaying correlations.

e Where it is necessary to expose the samples to environmental stresses in order to obtain
a measurable response from the samples, water and sodium chloride salt solutions will
be used.

e Once all of the data are collected, theories of conductivity in polymers and ion migration
will be discussed with reference to CSAFM and a commercially available unsaturated

polyester coating.
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It is expected that several research questions will be answered during the course of this work.
1. Are polymer microstructures visible with current techniques?
a. What methods are available and suitable for distinguishing microstructures?
b. What sample treatments are necessary to produce consistent results?
c. Canthe unsaturated polyester be distinguished from the styrene?
2. What electrical properties can be measured in the microstructures?
3. What are the features in the microstructure (physical, chemical) that allow ion migration
(and therefore corrosion) to proceed before other areas?
4. Canthe electrical properties of a microstructure type or polymer chemistry be correlated

with the onset of corrosion?

1.4 OVERVIEW

This thesis comprises ten sections. Background information is given in Chapter 2 and covers the
industrial and academic aspects of corrosion and unsaturated polyesters. Chapter 3 explores the
background and relevance of instrumentation used in this work. Specific methodology used for
testing is recorded in Chapter 4. Chapters 5 and 6 present and discuss the results of the testing
performed. Chapter 7 discusses and summarises results from the full thesis, with conclusions in

Chapter 8 and possible future work in Chapter 9. References may be found in Chapter 10.



2 BACKGROUND

As with most modern research, this work combines a number of concepts from distinct branches
of science and engineering. In view of this, some introductory information for several key areas is
presented here drawing on knowledge from both academia and industry in order to establish the
underlying principles necessary for the on-going investigation. Section 2.1 covers unsaturated
polyesters. Section 2.2 contains a brief summary of the relevant characteristics of the carbon
steel used in this work. In Section 2.3 mechanisms of corrosion protection by organic coatings are
discussed. Section 2.5 gives general information on the way unsaturated polyester coatings are
selected and used in industrial settings. Ways in which academic usage differs from industrial

usage are highlighted in Section 2.6. Section 2.7 briefly summarises this section.

2.1 UNSATURATED POLYESTERS

While polyesters as a whole are a very common type of polymer for a wide variety of uses,
unsaturated polyesters represent a much smaller subsection. Additionally, the polymer goes
through several stages during this work, so the following nomenclature will be used to help
differentiate where necessary. ‘Unsaturated polyester polymer’ refers to the polymer itself
before it is blended into a commercial resin. ‘Unsaturated polyester resin’ denotes to the
commercially available mix, including styrene, before it is cured. ‘Unsaturated polyester film’ (or

coating) means the solid produced by curing (i.e. crosslinking) the resin.

2.1.1 Commercial development

Unsaturated polyester resins have wide acceptance and potential for growth due to their proven
performance over the past 70 years. Unsaturated polyester resin technology was patented in
1942 by Cyanamid Company, USA [20]. Demand for metal outstripped supply during the war, so
unsaturated polyesters found use as composites in marine and aviation industries. Over the
years, the use of unsaturated polyesters expanded into mouldings, pulltrusion, and coatings.
Each of these new industries came with technical challenges which ultimately pushed the
boundaries of what could be achieved with unsaturated polyester resins [21]. Over 1000 patents

relating to various aspects of unsaturated polyesters have been granted [22].

In the late 1940s vinyl esters were introduced [6][7][24], though they would not be
commercialised until 1965 [25]. By using a bisphenol A condensation polymer with
methylmethacrylate acid as a cap end, the hydrolytic stability was improved over previous

unsaturated polyester polymers [26]. Further developments included reduced styrene levels and
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flame retardancy [11][27]. Due to cost pressures, unsaturated polyesters are still chosen over

vinyl esters in all but the most demanding applications.

In order to increase curing rates and properties to commercially valuable levels, unsaturated
polyester resins are generally cut with styrene monomer; this brought additional challenges. Prior
to 1947, unsaturated polyester resins were frequently shipped in dry ice to prevent the
premature reaction of the styrene monomer [22]. This disadvantage was initially overcome in
1944 by adding a small amount of a blend of selected phenolic material and a base [28]. This
stabilization of the styrene allowed the cost of storage and transportation to decrease

considerably.

By modifying the components of the polyester polymer, scientists were able to alter the
properties of the resin itself. Using isophthalic acid instead of orthophthalic acid improved the
resistance to degradation caused by water [29]. Orthophthalic acid has a solubility in water of
5.74 g L' at 20 °C [30] whereas isophthalic acid has a solubility in water of only 120 mg L' at 25°C
[31]. The reduced solubility of the isophthalic acid reduces the hydrophilicity caused by residual

monomers and is expected to reduce monomer washout when exposed to water as well.

The addition of certain copolymers have been shown to increase the toughness and flexibility of
the cured polymer [32][33][34]. As with any commercial product, financial pressures are ever-
present. However, in some cases, cost of the system could be offset by longer lifespans or
reduced maintenance. A thorough understanding of performance capabilities is essential for
making the case to the customer. In addition to understanding the limits of current products,
every producer aims to improve the performance of their products — giving them an edge in the
marketplace. For example, as industry becomes more global there is demand for products that

work in more challenging climates and environmental conditions.

2.1.1.1 Legislative situation

Historically, each country would make its own regulations regarding hazardous chemicals.
Although the UK introduced a series of statutes beginning in 1993 on Chemical Hazards
Information Packaging and Supply (CHIP) in line with the European Union, the United States relied
on its own system, Toxic Substances Control Act (TSCA). These systems were substantially
different, with the USA taking the approach of assuming all existing chemicals did not produce
undue risk and requiring the registration of new chemicals not already listed. In this system, the

burden of proof of potential harm lies entirely with the Environmental Protection Agency (EPA).
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The TSCA system was reformed in 2016 with a risk-based approach and prioritizing evaluation of

existing chemicals.

As far back as 1992, the United Nations began discussing the need for harmonisation in the

classification of chemicals at the United Nations Conference on Environment and Development

(UNCED, 1992 - Chapter 19 of Agenda 21). The first revision of the Globally Harmonised System

(GHS) was published in December 2002 and is updated every two years. Though not a legally

binding treaty, the GHS forms a framework from which countries adopt criteria and endpoints as

desired. Unfortunately, this “pick-and-mix” approach has not yet resulted in the harmonisation of

classification originally envisioned and some products will still have vastly different classifications

in different jurisdictions (Figure 5). However, pictograms and phrases are generally uniform and

physical classifications generally follow the European Agreement concerning the International

Carriage of Dangerous Goods by Road (ADR).

Example Classification

EU Classification

US Classification

China Classification

D-Limonene 0.25%
Toluene 1.5%
Methanol 3%
Zinc Oxide 3%

SO

WARNING

May cause damage to
organs.

Toxic to aquatic life with
long lasting effects.
Contains d-Limonene. May
produce an allergic
reaction

O P

DANGER

Combustible Liquid.

May cause an allergic skin
reaction.

Suspected of damaging
the unborn child.

Causes damage to organs.
May cause damage to
organs through prolonged
or repeated exposure.

&

DANGER

Combustible Liquid.
Causes mild skin irritation.
May cause an allergic skin
reaction.

Suspected of damaging
the unborn child.

Causes damage to organs.
May cause damage to
organs through prolonged
or repeated exposure.
Toxic to aquatic life with
long lasting effects.

Figure 5: Example mixture classified in three GHS jurisdictions. Note differences in pictogram, signal word, and hazard
statements in each jurisdiction. Courtesy of Safeware Quasar (now UL) [35]

The European Union implemented the GHS framework within Regulation (EC) No 1272/2008 of

the European Parliament and of the Council of 16" December 2008 on classification, labelling and

packaging of substances and mixtures (CLP). In the EU, this legislation is implemented alongside

Regulation (EC) No 1907/2006 of the European Parliament and of the Council of 18" December

2006 concerning the Registration, Evaluation, Authorisation and Restriction of Chemicals (REACH)
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which established a European Chemicals Agency (ECHA) and introduced a broad registration
scheme. In contrast to the TSCA scheme, REACH puts the onus on chemical producers and
importers to prove chemicals do not present undue risk. These two pieces of legislation are

closely related and form the foundation of chemical regulation in Europe.

Under REACH [36], the EU has begun to restrict the use and limit the exposure to harmful
chemicals. Though many are classified as hazardous, none of the main components of
unsaturated polyesters are yet restricted for use in coatings [37]. This is a shifting situation and
many companies are developing less hazardous solutions in advance. Cobalt compounds are
commonly used as promotors in the cure. DSM has recently patented the use of some copper
compounds, avoiding the use of the heavy metal [38] while AkzoNobel has commercially available
promotors using copper, manganese and iron [39]. Additionally, the harmonized classification of
styrene in the EU, a major component of nearly all unsaturated polyester coatings, has been
amended to include “suspected of damaging the unborn child” [40] and other hazard statements
have followed. The industry has responded by developing styrene-free unsaturated polyesters
[41]. Despite these technological advances, there are still fundamental challenges to overcome.
For instance, coating inhomogeneity has been shown to exist in free-radical cured polymers, such
as unsaturated polyesters [42]. Changes in the polymer formulation have also been shown to
result in variations in the molecular polarity — causing differences in the resulting polymer

structure [43] and ultimate performance.

2.1.2  Resin production

Commercially, unsaturated polyester polymers are produced by a condensation reaction of a di-
acid and a glycol. Various reagents may be used depending on the properties desired, but some
common ones include propane diol, ethylene glycol, and isophthalic or orthophthalic acid [29].
The acid or anhydride is reacted with the diol to form an ester (Reaction 1). This condensation
reaction produces water, which may be removed to control the hydrolysis of the ester. From a
commercial standpoint, the water must be removed for the reaction to progress [44]. By using di-
acids and glycols, the esterification reaction can proceed beyond the single reaction (monoester)
shown in Reaction 1 to produce polyester chains. The formation of monoesters proceeds at 60°C
to 130°C, while the polycondensation occurs above 160°C [25]. Progression of the polymerisation
in Reaction 1 would result in a polyester, but without the unsaturation required for crosslinking
later. In order to produce an unsaturated polyester, another reagent must be introduced to
provide double bonds in the backbone of the polymer [45]. The commercial resin used in this
work is understood to use maleic anhydride for the unsaturation. However, other molecules may

also be used. To avoid unwanted gelling, unsaturated polyester polymers are generally limited to
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a molecular weight of around 3000 g mol™ [25], which equates to approximately 14 repeating
units. Figure 6 shows a possible unsaturated polyester molecule resulting from the

polymerisation of isophthalic acid, maleic anhydride and propylene glycol.

Reaction 1: Esterification of isophthalic acid with propylene glycol.

O O e . G,

HO
HO OH + /\/%O y + H0

OH

The choice of reagents can affect the properties of the final resin and cured coating. One of the
most well-known differences, is the performance variation between orthophthalic and isophthalic
acid [29]. The orthophthalic acid can be introduced as an anhydride, which reduces the reaction
time and thereby the cost. However, the orthophthalic acid is soluble in water. Any unreacted
monomer would remain soluble, contributing to osmotic pressure differences thereby causing
blisters and reducing corrosion protection [26]. Additionally, any soluble components might be
washed out of the cured film, leaving voids through which corrosion reactants may enter. For this

work, commercially available isophthalic unsaturated polyester resin is used.
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0 2
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Figure 6: One possible chemical structure of an unsaturated polyester molecule produced from the polymerisation of
isophthalic acid, maleic anhydride and propylene glycol. The unsaturation (example highlighted in orange) that gives
these resins their common name (i.e., unsaturated polyesters) is produced by a ring-opening step during the reaction
with maleic anhydride. In contrast, the isophthalic acid monomer (example highlighted in blue) retains its ring structure
after polymerisation. One instance of carbon atoms from the propylene glycol are highlighted in green.

Unsaturated polyester polymers are rarely used on their own due to their low T; —around 25°C
[46]. Their soft and ductile nature makes unsaturated polyester polymers unsuitable for most
industrial applications; fortunately, the introduction of styrene monomer has a dramatic effect. In
general, increasing the content of styrene monomer increases the T, of the final polymer [47]. In
commercially available resins for industrial use, the typical styrene content is around 40-45%.
These figures vary due to target viscosity, though additional variation occurs post-production —
primarily due to evaporation [48]. Styrene content has been found to affect several physical
properties of the cured film. In addition to the variation in Tg, styrene has been found to affect
the storage modulus, crosslink density and volumetric contraction on curing [48] as well as the
size of microgels formed during curing [19]. In some cases, the lack of a full cure can make

styrene behave more as a plasticiser than copolymer [49].
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Additionally, the chain length and quantity of the reagents used can be tailored to produce an
unsaturated polyester backbone with the desired proportion of reactive sites which affects the
cross-link density and hence the macroscopic properties of the cured film. Table 1 shows some
properties of commercially available unsaturated polyester resins. It is clear from this data that
the performance characteristics of unsaturated polyesters vary, and must be selected with the
project parameters in mind. Simply specifying an Isophthalic unsaturated polyester from a
particular supplier might result in a resin that resists heat up to 120°C or only 65°C. This wide
range of properties should not be considered a disadvantage as it allows customers greater scope

of choice within the cost/performance balance.

Table 1: Typical properties of various unsaturated polyester resins, as cured (note: not all data is provided by
manufacturers for all products; Resin types: Ortho — produced with orthophthalic acid, Iso — produced with isophthalic
acid, NPG- produced with neopentylglycol)

Brand Reichhold (Polylite) Polynt (Norsodyne) DSM

P69 | 1717 | 0288
Product 480 | 250 | 680 | 720 | 23100 | 46100 | 36238 | 44281 | | | o1 | (53

Iso- Iso-

Type Ortho NPG Iso Iso Ortho NPG Iso Iso Ortho |Iso Iso
Styrene |, 43 (38 |3 |- ; ; ; 45 45 - %
content
Tensile 70 70 |45 |78 |60 60 70 70 75 65 75-80 | MPa
strength
Tensile 25 (14 |35 |18 |21 |41 |26 (34 |35 [2526 |%
elongation
Tensile 3700|3600 |3800 |3650 |4050 3330 |3633 |3530 [3800 [3600 |°290  |mpa
modulus 4100
Flexural =150 1140 |0 |140 |70 125|112 140 |120 |120 |- MPa
strength
Flexural = 1000|3500 |3700 |3500 [3250 [3725 [3125 |3460 |3700 |3600 |- MPa
modulus
Heat
distortion |86 102|125 |86 |72 92 93 95 90 105 |6575 |°C
temp.

2.1.3 Coating formulation

Resins are rarely used alone. Generally, they are formulated into coatings with other materials
that fall into four broad categories; resin, solvent, pigments, and additives [53]. Details of typical
systems are outlined in this section. Much of the recent work published relates to composite
systems. While these are closer to the actual usage, the addition of fibres and other ingredients
can mask the performance of the polymer. By returning to the fundamental base structure of the
system and focusing on the polymer performance, it is envisioned that the whole system will be

improved.
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2.1.3.1 Resin

As mentioned in Section 2.1.2, the commercial unsaturated polyester resin is already a copolymer
blended with styrene. The monomers chosen and the styrene content contribute to the
properties of the resin as a whole. However, there is little data available showing the effects of
each chemical species. The absence of mapping and modelling data from the cured polymer has

left a gap in the knowledge. The “weak link” in unsaturated polyester resins is unknown.

In some cases, the resin (also called the binder) is blended with other polymers to enhance the
properties. Unsaturated polyesters are occasionally blended with more flexible polymers to
improve elasticity. However, this can reduce the chemical resistance and other properties as

increasing flexibility often reduces the crosslink density.

2.1.3.2 Solvent

Many coatings rely on solvent to reduce the viscosity during application. For unsaturated
polyesters, the styrene monomer behaves as a solvent to reduce viscosity, but it is generally
considered a reactive diluent as most of it reacts to become polystyrene and copolymers. In this
work, additional styrene is not added to optimise viscosity as styrene content is known to affect

the properties of the cured resin.

2.1.3.3 Pigments

Pigments are a wide group, generally comprising small solid particles. The most well known group
of pigments are colourants; however, pigments may also be functional. For example, zinc
phosphate might be added to improve the corrosion performance or aluminium tri hydride might
be used to improve the flame resistance. Fillers are also generally considered to be part of the
pigment category. Depending on the formulation, several colourants and even multiple
functional pigments or fillers might be used. Unsaturated polyesters are often used with glass

flake primarily to slow water ingress through the coating.

2.1.3.4 Additives

The category of additives generally comprises all the materials added in small quantities (typically
<5 wt.%) to make relatively small adjustments to the coating performance. As such, this category
can have some overlap with functional pigments. Additives represent a wide range of chemistry
and attributes. Some of the more common additives include wetting agents, defoamers, and

rheology modifiers.
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2.1.3.5 Model system

In this work, the resin is tested with a minimum of extra materials- just what is required to cure

Background

the resin (Cobalt (1) ethylhexanoate, dimethyl analine, and methylethylketone peroxide). As

many of the additional raw materials in a formulation are generally designed to improve the

corrosion performance, any additional components would change the results and lengthen the

testing time by an unknowable amount. The aim of this work is to determine the performance of

unsaturated polyester resin without the obscuring effect of other additions.

Unfortunately, restricting the work to the polyester resin does introduce some other challenges.

Many researchers who work with thin polymer films rely on solvents to reduce the viscosity and

achieve a thinner film during spin coating. In this case, adding solvents or additional styrene

would change the microstructure and invalidate the results for the commercial resin.

2.1.4 Curing

2.1.4.1  Formulation and Reaction

In contrast to the condensation polymerisation
used to form the resin polymer, curing uses a
free-radical copolymerisation of the
unsaturated polyester and styrene monomer
[54]. Although a range of organic peroxides can
be used to initiate the cure of unsaturated
polyester resin, methylethylketone peroxide
(MEKP) is widely used commercially, and will be
used in this work. However, pure MEKP is
explosive, so all commercially available MEKP is
desensitised (see Aside 1 [55]). In this work, the
MEKP is desensitised with aliphatic esters. In
addition to the MEKP, accelerators, promotors,

and inhibitors can be used to control the

reaction kinetics.

Colloquially, organic peroxides are often
imprecisely referred to as catalysts. In this
context, organic peroxides are not true catalysts

as they are consumed in the redox reaction;

Aside 1: Properties and Hazards of Organic

Peroxides [55]

“Organic peroxides are organic chemicals
which contain the unstable -0-0 peroxy
linkage in their molecular structure. They are
highly reactive, combustible and thermally
unstable substances which may undergo self-
accelerating decomposition. They also possess
oxidising characteristics and will react, often
violently, with organic matter and chemical
reducing agents. A limited number of liquid
compositions are low flash point, highly

flammable liquids.”

“In the pure state some are detonable and
easily initiated. These properties are
suppressed or removed by dilution or
phlegmatisation (desensitisation) with liquids
such as water and phthalates. Even so,
commercially available organic peroxides

are capable of self-heating and runaway

decomposition.”
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however, they may be referred to as initiators as they initiate the curing reaction. The unstable
peroxy linkage in the organic peroxide is broken (either by a metal promotor, as in Reaction 2, or
by heat and ageing) resulting in free radical species which initiate the crosslinking reactions.
Although organic peroxides will eventually initiate the curing reactions alone, it may take elevated
temperatures or many days. These reaction rates are impractical for commercial use. In order to
increase the reaction kinetics at room temperature, one or more promotors are used. As
mentioned previously, cobalt compounds are often used to promote ambient curing. In this
system, the role of the promotor is to accelerate the redox degradation of the organic peroxide
(Reaction 2). Paradoxically, as the cobalt is not consumed in the reaction, it could be considered a

catalyst.

Reaction 2: Redox degradation of the organic peroxide [56]. “R” in chemical reactions commonly denotes a general
organic structure where variations may be possible. In this work, methylethylketone peroxide was used.

1) ROOH + Co%* > RO + OH™ + Co3*

2) ROOH + Co3* > ROO  + H* + Co?*

There are many MEKP solutions commercially available to control cure speeds and ensure
optimum performance for a wide variety of chemistries and conditions. For example, the MEKP
designed for vinyl ester resins are mostly MEKP dimer to avoid the foaming caused by MEKP
monomer and hydrogen peroxide [57]. The MEKP used in this work is a common commercial

grade comprised of the dimer as well as the monomer and a small amount of hydrogen peroxide.

2.1.4.2  Cured Structure

Considerable work has been done to characterise the curing and structure of these polymers.
There are six possible crosslinking structures: (i) intermolecular unsaturated polyester with a
styrene bridge (Figure 7), (ii) direct intermolecular crosslinking (Figure 8), (iii) intramolecular
crosslinking with a styrene bridge (Figure 9), (iv) direct intramolecular crosslinking (Figure 10), (v)
branch growth, (vi) and styrene polymerisation (Figure 11) [19][58][59]. Using reaction kinetics, it
has been shown that polyester microgels form first, then a styrene network forms around the
microgels [19] (Figure 12) which may be a result of phase separation during the cure [60]. Itis
unclear from the literature if this curing mechanism leaves gaps in the film between the microgels
and polystyrene bridges. Voids are most likely to be formed at the end of the cure, when the
polymers have the lowest mobility due to crosslinking that has already occurred. Sample
preparation methods that fracture and wash the samples cannot be relied on to answer this
guestion, but large gaps are not expected in a protective coating that has been used commercially

for many years. Previous work has relied heavily on the use of Scanning Electron Microscopy

18



Background

(SEM). While this is able to achieve the resolution required (micrometre scale), the extensive
sample preparation required (fracturing and coating with conductive metal) may have distorted
the microstructures found — especially for the partially cured samples. Additionally, no

information regarding the individual performance of the structures is provided.

Multiple mechanisms have been proposed: ring formation by intramolecular reactions, reduced
reactivity of pendant vinyl groups, and steric hindrance of the vinyl groups due to microgel
formation [61]. However, temperature has been shown to influence reactivity of the
components; at room temperature styrene monomer plays less of a role at the outset of the
reaction, whereas, at 90°C the difference is much smaller [62]. This may be due to an increased
activation energy for high styrene content [47]. Measuring the effect of temperature on the cure
is complicated by the significant exotherm of the curing reaction. Though the cure has been
monitored by FTIR [62] and Raman Spectroscopy [63][64], the microstructure evolution has not

been directly observed in situ.

Figure 7: Two unsaturated polyester molecules crosslinked by a styrene bridge (2 molecules). The crosslinked area is
circled in green.
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Figure 8: Direct intermolecular crosslinking of two unsaturated polyester molecules. New bond is highlighted in orange
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Figure 9: Intramolecular crosslinking of an unsaturated polyester molecule via a styrene bridge. The styrene bridge (3
monomers) is highlighted in blue.
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Figure 10: Direct intramolecular crosslinking of an unsaturated polyester molecule. Crosslinked area is highlighted in
yellow.
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Figure 11: Polystyrene with six monomers. The MEKP from the free radical generation can be seen on the left, and the
latest free radical is highlighted in pink.
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Figure 12: Schematic of the cured polymer. (a.) Unsaturated Polyester resin: chains of unsaturated polyester (orange)
surrounded by styrene monomer (blue dots). (b.) Unsaturated polyester (orange) form concentrated microgels first. (c.)
As the cure progresses, the styrene monomer (shown as blue circles) polymerise to form polystyrene branches. It is not
clear if this curing process leaves gaps in the film between the microgels and polystyrene branches.

Variations in the curing reactions can have measurable effects on the properties of the resultant
polymer [65]. When it was shown that temperature changed the reactivity of the styrene, it was
also revealed to have a large effect on the tensile strength and size of the microgels [62]. These
differences in the microstructure may contribute to the differences in T, Polystyrene has a higher
density of aromatic rings which restrict the molecular movement, thus increasing the
temperature required to transition from vibrational movement to rubbery movements [3]. Size,
shape, and distribution of the different polymers could affect the final properties. Because
unsaturated polyester itself is comparatively soft at room temperature (Tg around 25°C), styrene
contributes a great deal to the final properties of the polymer. Indeed, it has been concluded that
styrene concentration has a greater effect on the microstructure of the polymer than variations in
the composition of the unsaturated polyester [46]. These microstructures have been shown to be
affected by styrene content and curing temperatures [62]. Additional work has been done to
demonstrate the effect of styrene content [43][44] and curing temperature [62] on the
mechanical properties. Little work has been done to determine the relationship between the
morphology and the properties of resins [48]. While mechanical information is important, it is

only part of the complete performance required of anti-corrosive coatings.

2.1.5 Summary
Though the curing of unsaturated polyester resins has been studied by modern techniques, there

are fewer data on the open published literature relating the type and formation of the
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morphologies of polymers and the ultimate performance of the coating. Recent advances in
optical microscopy (OM) and atomic force microscopy (AFM) have allowed additional insight into
the nano- and micro-structures formed during polymer curing. Serre, Vayer & Erre identified
microgels, nanogels and voids by tapping mode AFM [66] after fracturing and soaking in
dichloromethane. These were connected by aggregated nanogels. However, the chemical nature
of these was not determined. There is still work to be done to characterise the structures and link

them with localised performance.

2.2 CARBON STEEL

Steel is an alloy primarily made up of iron with up to around 1.5% carbon [1]. A wide range of
steels can be produced by varying the amount of carbon and other elements. In general, higher
carbon content indicates more brittle steel. In structural projects, where a large amount of steel
is required, carbon steel is generally chosen for its low cost [67]. BS EN 10130 DCO1 steel was
chosen for this work as it is a basic carbon steel without large amounts of elements that improve
the corrosion resistance. The chemical composition as dictated by the standard is a maximum of
0.12% carbon, 0.045% phosphorus, 0.045% sulphur and 0.60% manganese by ladle analysis [68].
Generally, carbon and phosphorus are thought to have a positive effect on corrosion resistance,
whereas manganese is neutral and sulphur has a large negative effect on corrosion resistance
[69]. Specific rates of corrosion and effects of alloy elements may vary with environmental

conditions [70].

2.3 CORROSION

There are many types of corrosion that occur in different conditions, but only those that are
relevant to this work will be presented here— namely aerobic corrosion in atmospheric or

submerged conditions.

As with all structural materials, considerable energy is used to convert the raw iron ore to steel.
This conversion imbues the materials with necessary and desirable properties, but introduces
thermodynamic instability [71]. Steel is unstable in most “real world” conditions and tends
towards the reversion to its natural state of rust and ore. The chemical reaction of steel with
oxygen and moisture to form hydrated oxides is generally called corrosion. There are many
strategies employed to control (i.e., reduce to an acceptable level) this corrosion. Control of
corrosion by means of organic coatings forms the basis of this work and will be discussed in

Section 2.4 and throughout, while this section covers the basic concepts of corrosion.
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2.3.1  Atmospheric and Aerobic corrosion

Corrosion is an electrochemical process requiring an anode and cathode to be electrically
connected. Real-world corrosion bears little resemblance to the standard laboratory electrode
set-up. In practice, the metal surface becomes both the cathode and the anode in localised areas.
Though these electrochemically active areas may be relatively distant, they must be connected by
an electrolyte. Therefore, an aqueous environment with water and soluble ionic species (an
electrolyte) are often necessary for corrosion to occur. Although chemical reactions can occur
anaerobically, oxygen is also necessary at the anode for the oxidation reaction that results in the
familiar red corrosion products. Aerobic corrosion is more energetically favourable, and will occur

preferentially over anaerobic corrosion [72].

Iron hydroxide forms and
precipitates, then oxidises to

form rust Water drop

o / 0:
Cathode

Cathodic reaction:
oxygen from the air is
reduced, forming
hydroxide ions

Anodic reaction: Iron from
the substrate is oxidised and
becomes soluble

Figure 13: Diagram of aerobic corrosion [1]. Once the electrical circuit is connected, the corrosion reactions are
favourable and proceed. At the interface of the electrolyte and steel, oxygen is dissolved into the electrolyte, producing
hydroxide ions and carrying electrons away from the iron surface. Iron is oxidised at the anode, allowing electrons to
move towards the cathode. The iron hydroxide forms and the surface and diffuses into the bulk of the electrolyte, where
it precipitates and oxidises further to the familiar red rust.

Figure 13 shows a schematic of the aerobic corrosion of iron in water condensation, though the
process is the same for immersed conditions as well. Atmospheric oxygen dissolves in the water
producing hydroxide ions at the cathode (see Reaction 3) as electrons move from the anode to

the cathode.

Reaction 3: Production of hydroxide ions at the cathode [1].

03 (g) + 2H,0() + 4e™ — 4OH@q) E° =0.401 V vs Standard hydrogen electrode (SHE) [73]

it
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Metallic iron is oxidized to Fe?* as shown in Reaction 4.

Reaction 4: Iron moves into solution at the anode [1].

Fe(s) = Feldy) + 2e” E° =-0.447 V vs SHE [73]

The iron ions and hydroxide ions meet in the aqueous solution and react to precipitate iron (ll)
hydroxide according to Reaction 5. This precipitate is then oxidised by dissolved oxygen to form

hematite, which is expected to be the predominant deposit in aerobic corrosion [67] (Reaction 6).

Reaction 5: Formation of the precipitate [1].

Fefgq) + 20H(,q) — Fe(OH), (s

Reaction 6: Conversion to rust [1].

4Fe(OH)2 (S) + 02 (g) - 2F8203 " HZO(S) + 2H20(1)

2.3.2  Reaction rates and relevant factors
While industry may talk colloquially of stopping or preventing corrosion, it is generally accepted to
mean reduced to a negligible level over a time period. Corrosion is difficult to prevent entirely; it

is important to note that the rate of the reaction is highly dependent on local conditions [71].

2.3.2.1 Pourbaix Diagram (potential/pH)

In addition to corrosion protection by coatings, some metals can be protected by electrochemical
methods. In some cases, the corrosion product itself forms a protective film (passivity), the other
method is to reduce the driving force to a level such that the reaction does not occur (immunity)

[74].

Some alloys are protected by the initial corrosion product. These “passive layers” provide a
barrier to the environment, and must be chemically stable and strongly adhering to provide
protection [71]. Aluminium and stainless steels can significantly reduce corrosion this way.
However, aside from pickling reactions, mild steel forms a loosely adhering layer of oxide that

does not form an effective atmospheric barrier.

Cathodic protection, which is commonly used industrially, uses current to protect the asset.

“A metal can be prevented from corroding in a liquid by impressing a sufficiently
negative potential so that its ions are restrained from entering the ambient

liquid.” [75]
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As shown in Figure 13 (p25), metal loss occurs at the anode and electrons flow from the anode to
the cathode. For cathodic protection, electrons are provided from another source (either as
current directly or from a sacrificial anode) preventing the protected area from becoming the
anode and therefore averting corrosion and metal loss. This is considered immunity from

corrosion.

In considering the potential required to confer immunity to an area of metal, pH also has a role.
To quickly visualise this information, potential-pH diagrams (also called Pourbaix diagrams) are

used [76]. These can be very complex, but Figure 14

(taken from [74]) gives a simplified Pourbaix diagram
foriron in aqueous solution. Immunity is achieved
across all pH levels at a potential of less than about -
0.7 V, whereas passivity can only be achieved at
higher pH. Lines A and B relate to the stability of

water. At potential-pH values above line A, O is

POTENTIAL

generated, whereas below line B H; is generated.

According to the data in this diagram, it is not

IMMUNITY

possible to provide immunity to the metal without -1.2 4

also generating H, gas. This could be an issue due to e

[ T Ll T
.. 2 4 6 8 o 12

flammability and concerns over hydrogen oH

Figure 14: Pourbaix diagram for iron at 10 M

ferrous ions in aqueous solution (taken from

[74])

embrittlement, which will not be covered here.

2.3.2.2 Environmental factors

Industry has endeavoured to define and classify the corrosivity of environments to which steel
structures may be exposed [77]. This improves the understanding of the severity of the
environment and the potential performance of coatings by those who specify coating systems for

the steel structures.

Table 2 summarises information on some standardised corrosivity classifications.
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Table 2: Corrosivity of environments, summarised from [71][77]

ISO Annual metal loss .
Class Exterior
category  (low carbon steel)

Heated buildings with clean
Very low Cc1 <10 g/m? atmospheres, eg, offices, shops,
schools, hotels, etc

Low Cc2 10-200 g/m? Rural areas, low pollution, dry

Urban and industrial atmospheres
Medium C3 200-400 g/m? Moderate SO, pollution
Moderate coastal CI

High c4 400-650 g/m? Industrial and coastal

Industry with high humidity and

Very high industrial C5 650-1500 g/m? !
aggressive atmosphere

Very high marine .
(1SO updated to X 650-1500 g/m? Marlne F(?astal, offshore,
high salinity

“extreme corrosivity”)

As moisture is required for the reaction, it should not come as a surprise that humidity is relevant
to the reaction rates. However, it has been shown that corrosion rates of iron in pure, unpolluted
air, even at 100% humidity are relatively low [71][78]. Unfortunately for those attempting to
protect metals, even 0.01% sulphur dioxide increases the corrosion dramatically at humidity over
60%-70% [71][78] (see Figure 15). Additionally, precipitated solid particles were found to increase
the corrosion rate by providing nucleation sites for the reactants. These contaminants are
common, particularly in urban areas where concentrations of atmospheric pollutants are greater.
They may be dirt, sand, or chemical precipitants. In addition to atmospheric pollutants, soluble
salts such as sodium chloride are ever-present in marine and coastal areas. These increase
corrosion rates by hygroscopically attracting water to the surfaces, as well as providing the

electrolyte [71].
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Air polluted
with SO, and
solid particles

Corrosion loss

Air
polluted
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Figure 15: at humidity levels above 60-70%, corrosion rates of steel in a polluted environment increase dramatically,
taken from [71].

Pollution is also a concern in submerged conditions. It is well known that sodium chloride and

acidic conditions increase the rate of corrosion, but the hardness of water (carbon dioxide,

calcium carbonate, bicarbonate) is also relevant [71]. Marine growth and biological corrosion are

outside the scope of this work and will not be discussed. As with any chemical reaction,

temperature is a factor in the rate of reaction.
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Atmospheric

Splash zone

High tide

Figure 16: Zones of marine corrosion; Sea Bed: covered by sea bed, but may still be wet; Submerged: constantly
underwater; Tidal: slow cycle of wet and dry; Splash zone: fast cycles of wet and dry; Atmospheric: never submerged, but
prone to condensation

Typical steel structures that are exposed to marine environments are piles, offshore platforms,
vessels and other structures that are immersed in seawater. A steel structure in a marine

environment may be exposed to five different corrosion zones depending of the position of its
parts relative to the sea level: namely atmospheric, splash, tidal, submerged and seabed-

embedded zones (Figure 16). Overall, the corrosion performance and characteristics of steel is
different in each zone [79]. The main factors that affect the corrosion rate of steel are salinity,
dissolved oxygen concentration, temperature, pH carbonate, pollutants and biological activity.

The characteristics of seawater with respect to these factors is summarised in Table 3.
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Table 3: Environmental factors in seawater corrosion [79]

Salinity Open sea: Variation with horizontal location is small, 32-36 parts per
thousand (ppt).
Near river outlets: Lower
Variation with depth: very small
Dissolved Surface water: (1) Near the equilibrium saturation concentration with
oxygen atmospheric oxygen at a given temperature [6 ppm (in the tropics), 11 ppm

concentration

(in the Arctic)]. (2) Can be supersaturated due to photosynthesis by
microorganisms (up to 200%) and entrainment of air bubbles (up to ~10%).
Variation with depth: (1) Tends to be undersaturated due to consumption
by the biological oxidation of organic matter. (2) Goes through a minimum
at intermediate depths (400-2400 m deep).

Temperature

Surface water: In the open ocean, variations are in the range of -2°C to 35°C
depending on the latitude, season, currents, etc.

Variation with depth: Drops with depth. The difference with depth and
season may be large or small depending on the location.

pH

Surface water: (1) Lies between 7.5 and 8.3 in the open ocean depending on
the concentration of dissolved carbon dioxide determined by air-sea
exchange and photosynthesis activity. (2) Microbiological activity affects
the pH; e.g., lower pH by the formation of carbon dioxide through the
process of biochemical oxidation and higher pH values by the reduction of
carbon dioxide through the process of photosynthesis. (3) Affected by
pollutants in the coastal waters.

Variation with depth: Tends to show a profile similar to that of dissolved
oxygen (the biochemical oxidation that consumes dissolved oxygen
generates carbon dioxide, reducing the pH value).

Carbonate

Surface water: Nearly always supersaturated with respect to CaCOs (200-
500 %) favoured by high pH values and moderate temperatures.
Variation with depth: Saturation state with respect to CaCOs decreases as
the result of lower temperature and pH. Undersaturated in deep waters
(e.g., below 200-300 m).

Pollutants

H,S may be 50 ppm or higher in polluted waters in estuaries, harbours, ports
and basins.
Ammonia may be high in inshore and harbours.

Biological
activity

Bacteria form biofilms (slime)
Weeds grow from spores
Animals (e.g., barnacles, tubeworms and hydroids) adhere.

2.4 CORROSION PROTECTION BY ORGANIC COATINGS

The comprehensive mechanism by which organic coatings protect reactive metal substrates is not

yet fully understood. It is generally agreed that the organic coating provides a physical barrier to

water, ions and oxygen [80][81] — insulating the metallic surface from the corrosive environment
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—thus preventing the cathodic reaction. However, the fallacy of the barrier model was revealed
in the late 1940s, when researchers determined that most practical paint films (including those
known to provide protection in the field) allowed far more moisture (and, in most instances, more
oxygen) through the coating to the metallic surface than those levels of such reactants that would
be necessary to sustain the cathodic reaction (see Table 4, Table 5) [82]. Thus, additional

mechanisms must also be considered.

Table 4: Transmission of water and oxygen through protective coating films [82]

Coating type Transmission of water ¥ | Transmission of oxygen %
Chlorinated rubber primer 203 3017

Chlorinated polymer 2615 33+2

Coal tar epoxy 30+1 213+38

Aluminized epoxy mastic 4216 110137

Titanium dioxide pigmented alkyd 25816 595149

Red lead/linseed oil primer 214+3 734142

tg of water m2 day?, 25 pum film, 95% RH and 38°C
t mL of oxygen m=2 day~?, 100 um film, 85% RH, 38°C and 1 atmosphere O,

Table 5: Threshold quantity necessary to support corrosion rate of 70 mg Fe cm™2 y~1, which is the corrosion rate of
unprotected mild steel in a typical industrial environment (unprotected or maximum corrosion rate)

Transmission of water t Transmission of oxygen #

Required reactants 0.93 575

tg of water m2 day1, 25 um film, 95% RH and 38°C
¥ mL of oxygen m=2 day~?, 100 um film, 85% RH, 38°C and 1 atmosphere O,

2.4.1 Barrier properties

It seems to be fairly obvious that organic coatings provide some corrosion protection by
presenting a physical barrier - baring migration of water, oxygen, and/or ions to the surface [17].
Intuitively, the thicker the coating, the better the barrier properties, as it takes longer for the
water, oxygen, and ions to penetrate the organic coating [83]. No organic coating is a complete
barrier to water, oxygen, and ions. In general, water and oxygen diffusion rates of organic
coatings are far too high to be the limiting factor in the corrosion reaction (Table 4, Table 5), but
ion solubility is typically quite low [80][84]. Early hypotheses also suggested that carbonyl groups
in the polymer backbone could become negatively charged in the presence of water, thus

preventing the penetration of anions [84].

Further investigation into the nature of the barrier properties of organic coatings led to two
possibilities. The first, that the eventual penetration of water, oxygen, and ions facilitated the

development of conductive pathways through the organic coating. Prevention of ion migration is
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key requirement of a corrosion resistant coating, but it is believed that migration of ions is linked
to the migration of water [17]. It has been proposed that after a period of time, small, localised
“pores” form, allowing water and ions through the coatings [17] though further work has cast

doubt on this theory [85][86].

Another proposed mechanism suggests that ions move through the bulk of the polymer, but this
migration is favoured in areas of localised ionic character [18][86][87]. Recent work using
fluoroprobes seem to confirm this mechanism [87], though it does not rule out the above theory
of pores. Additionally, ionic species were detected moving through the epoxy coating, but this

was not confirmed to produce conductivity.

" III

2.4.2 Insulation properties and “D” and “I” areas

It is generally understood that corrosion begins at the areas of a coating where the electrical
resistance is lower than the rest of the film [12]. Early studies cut samples into small squares
(approximately 1 cm?) and measuring the resistance over that area. While this allowed the
determination that samples with lower resistance were more susceptible to corrosion than those
with higher resistance, it did not allow investigation into the size or location of the areas of lower

III”

resistance. The samples were classified as either “I” (indirect, high resistance) or “D” (direct,
lower resistance). Later work improved the resolution to a few square mm via the wire beam
electrode [12]. Although they cite Mayne et al. for the assertion, “most inhomogeneity of
coatings is not due to pores or fissures but instead due to the inhomogeneous bonding within the
polymer film”, polymer bonding cannot be investigated on this scale. Clearly, lateral resolution
must be vastly improved to investigate and map defects in molecular bonding. By working in

electrical modes of AFM, this work attempts to reduce the lateral resolution to investigate

electrical differences in the polymer bonding.

Corrosion is an electrochemical process, and therefore the electrical properties of the corrosion-
prevention coating are expected to be of utmost relevance. In some cases of pipeline coatings,
compatibility of a failed coating with cathodic protection systems is believed to be an
electrochemical property of the coating [88]. For a coating to perform well with cathodic
protection, any eventual failure must be in such a way to allow the cathodic protection to
operate. Additionally, each coating has a breakdown voltage that, if exceeded would risk damage
to the coating. While this is not usually a danger in cathodic protection, it should be considered
before performing holiday testing. Laboratory electrochemical techniques offer an opportunity to

identify areas vulnerable to corrosion before they would be visible [89]. Electrochemical
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Impedance Spectroscopy (EIS) has confirmed the development of localised defects [17], but as the
data is integrated over an entire surface [18] it is not possible to identify or map the defects with
this method. Other groups have previously used wire-beam electrodes as well as cutting up
individual samples to measure the electrical inhomogeneity of polymer coatings [12]. Using these
methods and conventional kelvin probes, the resistance is integrated across the whole surface of
the coating, and mapping of the electrical properties is not possible. The difficulty with these
techniques is that they only indicate if an inhomogeneity exists, not the size, number or location.
A technique with improved spatial resolution is desirable. In this work, CSAFM and KPFM
(Sections 3.2.3.5 and 3.2.3.4) have been used to attempt to improve the understanding in this

area.

2.4.2.1 Cathodic disbondment

Once the corrosion reaction has begun, further coating degradation occurs from the production of
hydroxide at the cathode [81]. Indeed, hydroxide production at a defect in the coating has long
been known to cause de-adhesion [90], also known as cathodic disbondment [91]. Cathodic
disbondment reduces the effectiveness of the organic coating by accelerating the loss of adhesion
and thereby the loss of barrier properties [67]. Additionally, there is risk of deep localised

corrosion under disbonded coatings [92]. (see Section 2.5.6.3)

2.4.3 Adhesion

If an organic coating is going to provide a barrier and protect the surface from corrosion, it is fairly
obvious that the coating must remain in contact with the surface. Adhesion is of key significance
and is affected by many of the other concepts presented throughout this section. The basics will
be presented here, while interactions will be discussed where relevant. Importantly within the
chemical curing process internal stress may develop, arising from solvent release and/or
polymerisation, which will increase as film thickness increases. The stress produced may be
capable to overcoming the adhesion of the coating, even over abrasive blasted surfaces. In less
extreme cases, residual internal strain remaining within the coating after curing will inevitably
reduce the amount of tensile stress from of sources (in service stress, thermal stresses, etc.) that

the coating is able to withstand before delaminating.

As corrosion occurs at the surface of the metal substrate, the interface of the metal with the
polymer is of great importance. Adhesion has long been identified as an important characteristic
in protective coatings, but there is not a straightforward relationship between adhesion strength

and corrosion protection [93]. Some studies concluded that wet adhesion strength is key to
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improved performance though this does not seem to be generally agreed [94]. While it is
important that the coating remain in place, some purposely low-adhesion (by traditional test
methods) systems are successful by utilizing low cohesive forces as well. When these coatings are

|ll

subjected to “traditional” adhesion tests, the coating purposely fails cohesively, leaving some
material on the surface and some on the test grip. As long as material remains on the surface,
there is some corrosion protection. Typical coating protections that successfully employ this

method include grease tapes, petrolatum tapes, and viscoelastic materials.

Previous research has reported that polymers in a blend can have preferential adsorption
characteristics to the substrate [95][93]. As unsaturated polyesters also have a polystyrene
portion with different characteristics, adsorption may contribute to differences in corrosion

protection.

2.5 INDUSTRIAL APPLICATION, USE, AND TESTING OF PROTECTIVE COATING SYSTEMS

This section follows the procedures of a typical industrial application of unsaturated polyester
coating, including alternative methods. Some of the common test methods used for unsaturated

polyester coatings in the UK are also described.

2.5.1 Overview of Industrial Coatings Projects
Industrial coatings projects can span multiple phases over many years and involving several

stakeholders. Some of the common roles and responsibilities are mentioned here.

2.5.1.1 Asset Owner
The owner of the asset (e.g. pipeline, oil rig, refinery, etc) may specify the parameters of the

project, or may contract that work to a specifier.

2.5.1.2 Specifier

The specifier may be employed directly by the asset owner for companies with a large number of
assets (e.g. BP) or may be a specialist consultancy hired for the project. The role of the specifier is
to write and agree the job specification, including what materials to use, application parameters,
inspection schedule, training requirements, etc. Deviations from the job specification are

generally agreed with the specifier.

2.5.1.3 Manufacturer
The company that has manufactured the coatings. The manufacturer provides technical

properties, application recommendations, and performance test data. They may also participate
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in a pre-qualification trial, and/or a pre-production trial. In some cases, the coating materials may

be supplied by another company handling procurement (supplier).

2.5.1.4 Contractor
In large projects the asset owner may employ a contractor to oversee all aspects of the work. The
contractor would then contract portions of the job with specialists. This is more common on jobs

that require multiple specialties (e.g. pipelaying, coating, construction, etc).

2.5.1.5 Applicator

The application is responsible for applying the coating materials according to the job specification
(which overrules, but generally follows the manufacturers recommendations). The applicator
would participate in a pre-production trial to ensure the applied coating meets the job

specification.

2.5.1.6 Coating Inspector

The role of the coating inspector is to represent the interests of the asset owner in verifying that
the job specification has been followed. The coating inspector is normally onsite daily, recording
materials information: batch numbers, usage rates, etc. Additionally, the coating inspector will
perform tests on the applied coating in accordance with the job specification. To avoid conflicts of

interest, the coating inspector should be employed by the asset owner.

2.5.1.7 Pre-qualification trial (PQT)
A pre-qualification trial enables manufacturers to demonstrate that their coating material is

expected to perform well within the scope of the job.

2.5.1.8 Pre-production trial (PPT)
A pre-production trial is a further test designed to ensure all parties and materials can work
together to provide the coating performance expected. A pre-production trial is normally

specified material applied by the applicator in a test area representative of the job conditions.

2.5.2 Considerations for coating selection

During the development of a coating and during validation for various projects, coatings are
subjected to a variety of standardised test methods to help determine the suitability of the
coating. Formulated industrial coatings are generally supplied with a technical data sheet
indicating typical properties. Some are important to the application and use of the coating, and
some are important to the final performance. It is common for a coating to be selected from a

group of potential products via a pre-qualification trial (PQT) [96].
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Gel or cure time of unsaturated polyester coatings is particularly difficult to quote due to the
overwhelming influence of sample size and shape, temperature as well as commercial initiator. In
practice, a manufacturer will typically follow an internally set method. This ensures comparability
with other internal measurements, but not with external measurements or on-site conditions.
The cure kinetics has been studied by DSC [97][98] but this type of equipment is not available for
many coatings formulators and impractical for on-site use. The decomposition of the peroxide
initiator begins a small exotherm which is soon overwhelmed by a larger exotherm from the
reaction of polyester and styrene double bonds [97]. The cure time is often inferred by
monitoring the heat generated by the exothermic reaction using only a thermocouple. The
reported value might be time to peak temperature or time between two specified temperatures

(e.g., 35°C to peak) depending on the method.

Flashpoint is generally a safety concern. In some situations, unsaturated polyesters cannot be
used due to the flashpoint of the styrene monomer (26-32°C). In the past, some open-cup
methods have been used, but the industry has started to move towards closed-cup methods.

There are many methods used, including ASTM D93, EN ISO 1516, EN ISO 2719, etc. [99].

Depending on the service conditions, strength and flexibility of the final coating may be relevant.
Most of the final properties are heavily influenced by the resin selection. A selection of properties

of various unsaturated resins is shown in Table 1, p 15.

Although more common in vinyl ester coatings, the chemical resistance can also be important for
considering unsaturated polyester coatings. Indeed, strong chemical resistance requirements will

generally direct a specifier from unsaturated polyester coatings to vinyl esters for tank linings.

Once a coating system is selected, its performance and application is often trialled in conditions as

close to the intended use as a pre-production trial (PPT) [96].

2.5.3 Surface preparation and testing

For all industrial coatings, surface preparation is an important part of the process. However, as
this work is focused on the defects in the coating, it will not address issues arising from poor
surface preparation or engineering design, e.g., sharp edges, hard to reach corners, bolts or

welds.

Surface contaminants such as dirt, soluble salts, oils, greases and metalworking fluids must be

removed from the surface prior to work, or they risk being spread further [100]. Proprietary
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detergents and cleaning solutions [101][102] are available, as well as solvent cleaning processes.
It is important not to skip this step as the following “cleaning” processes do not remove chemical

surface contaminants such as salts and oils.

Once the surface is free of contaminants, the surface itself must be considered. If the steel
substrate is newly manufactured, it is likely to have mill scale. This is a serious problem as mill
scale tends to be loosely adhering and increases the corrosion rates, though the mechanism is not
fully understood [103]. If the coating were applied on top, it could lead to delamination of both
the mill scale and the coating. Additionally, mill scale has a more positive galvanic potential than

carbon steel and can therefore set up a galvanic cell — causing corrosion [71][104].

2.5.3.1 Tool cleaning

Tool cleaning is necessary in some cases where conditions prohibit the use of abrasive blast
cleaning. However, it is considered less effective that blast cleaning as it is not generally useful
for adherent material [105]. Tool cleaning is separated into two types; hand and power. Hand
tool cleaning involves the use of a wire brush or other scraper to manually remove loose scale
rust and paint. It also provides very little surface profile and takes a long time. Common

inspection standards include ISO 8501-1, St2 or St 3, SSPC-SP2.

Power tool cleaning is more efficient than hand-tool cleaning, but it requires more equipment,
and a power source — usually either electricity or compressed air. Some common power tools
include rotary wire brushes, impact tools and grinders. Common inspection standards include

SSPC-SP 3, SSPC-SP 11 and 1SO 8501-1 [105].

2.5.3.2 Abrasive blast cleaning

Abrasive blast cleaning utilises high pressure air to accelerate an abrasive particle toward the
substrate. The abrasive can reach speeds of around 720 kph [105]. The impact of the abrasive on
the substrate removes adherent contaminants as well as loosely adherent material and some
base metal. Common abrasives include crushed slag, natural mineral grit, and ceramic grit.
Contrary to popular terminology, sand is no longer commonly used in the EU as a blasting
abrasive due to the content of silica which can cause silicosis of the lungs. However, it may still be

in use in some parts of the USA.

2.5.3.3  Water cleaning
Water blast cleaning has two advantages over traditional abrasive blast cleaning. It avoids dust
formation and helps wash away soluble surface contamination. Water jetting uses only water,

whereas water blast cleaning uses water combined with an abrasive. Water jetting can use a
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wide range of pressures from low (below 34 MPa) to ultrahigh (above 210 MPa) depending on the
cleaning and surface preparation required. However, even ultrahigh pressure water jetting will
not produce a surface profile [105]. Water blasting does produce a surface profile, but it is
generally less than the dry equivalent [105]. As the freshly cleaned metal surface will be
particularly active, it is common practice to add inhibitor (often nitrites or amines) to the water to

avoid “flash rust”.

2.5.3.4 Surface testing

There are three main criteria specified for surfaces. The first is the type and degree of cleaning.
ISO 8501-1 is a commonly used visual standard of cleaning by abrasive blast and takes into
account the condition of the steel after removal of previous coatings and mill scale. This scale is
differentiated by the condition of the steel. New steel looks significantly different to previously
corroded steel and cleaning will not make refurbished steel look visually like new steel.
Additionally, the NACE/SSPC and Swedish Standards are also commonly used. A grade of Sa2 %
by the Swedish Standard (SIS 055900) is approximately equivalent to NACE/SSPC of Near-white
Metal (NACE No 2, SSPC No 10). This is the most common rating required by polymeric coatings,

though some are marketed as particularly tolerant to poor surface preparation.

In addition to the condition of the steel, the surface profile may be specified. Surface profile is
thought to enhance adhesion by increasing the contact area and providing a mechanical anchor.
In the field, the surface profile may be measured by replica tape which uses a conformable foam
layer on a PVC backing. The foam layer is pressed into the surface and is an imprint of the surface
is created. This method produces a record which can be taken away and referred to at a later
date. Relevant standards include: ASTM D4417, NACE RP0287, and ISO 8503-5. Other methods,
such as the needle profilometer measure the distance from peak to valley (ASTM D4417-B, SSPC
PA17) (see Figure 17). All of these methods require multiple measurements to achieve an average
profile. However, the surface comparator is a physical reference standard used to qualitatively
compare a graded surface with the surface to be measured. These are quick and easy, but require
more experience and judgement than quantitative methods. Relevant standards include: ASTM
D4417-A, ISO 8503-1, and SSPC 17. A typical profile for unsaturated polyester coatings would be
on the order of 50-100 pum. This is normally a figure that the manufacturer is comfortable with

based on industrial consensus and experience.
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Figure 17: schematic of a profile measurement by profilometer. Several measurements of peaks to valleys are taken and
the average is reported.

Once the substrate has been confirmed to be sufficiently abraded and profiled, surface
contaminants may be measured. Qils are difficult to measure quantitatively, but as they can
cause loss of adhesion some qualitative detection may be employed. Methods include using

ultraviolet light or solvents to detect oils and other hydrocarbon contaminants.

Soluble salts are often measured to reduce the likelihood of osmotic blistering (described in
Section 2.5.6.1). A common method of measuring soluble salts is the Bresle test. This involves
using a patch of known area to contain a known volume of distilled water. The water dissolves
the soluble salts and is then removed for conductivity testing. Although no information on type of
salt is given, the test is relatively easy to perform in the field. Relevant standards include ISO
8502-6 and ISO 8502-9. There is significant debate regarding the merit of testing for all salts
indiscriminately vs testing specifically for chlorides — which are known to have a greater effect on

the corrosion performance [106][107][108].

2.5.4 Application

Unsaturated polyester coatings are generally applied by spray, though they may also be applied
by brush, roller, or lay-up. Spray application involves using high pressure to force the liquid
coating through a small orifice in the spray gun tip, thus “atomising” the paint, i.e., reducing it to
very small liquid droplets [105]. The liquid droplets land (mostly) on the substrate and ideally
flow together to form a continuous film of uniform thickness. In practice, this is not always the
case as surface contaminants or other factors can change the ability of these droplets to flow; see
Sections 2.5.5 and 2.5.6. However, most application defects can be identified and corrected prior

to the conclusion of the project.

2.5.5 Application Defects

Industrial coating projects often employ coating inspectors to provide an impartial record of the
process to the asset owner, thus helping ensure that the project specification is followed.
Inspection methods are limited by the location of the structure. In some cases, this can be a

remote pipeline or offshore installation without easy access to utilities.
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2.5.5.1 Macro defects

Due to the high costs associated with coating failure, many projects employ specially trained
coating inspectors to monitor surface preparation and atmospheric conditions as well as examine
the coating for application and cure defects. Macroscopic failures are usually visible or detectable
during the installation process. These could be insufficient coating thickness or “holidays”,
blisters, pinholes, cracks, sags or runs, craters or insufficient cure. To prevent the failure at these
defects, they must be repaired before the job is complete. As these defects are well established
as focal points for the initiation of corrosion, this work will consider only samples without macro

defects.
2.5.6  Failure modes

2.5.6.1 Osmotic blistering

While substrate cleanliness usually does not present a problem in small, lab-scale samples, it can
be a serious issue in an industrial setting causing osmotic blistering. Osmotic blistering is not yet
completely understood, but it is generally agreed to require four conditions: (1) a semi-permeable
membrane (paint film), (2) a relatively impermeable substrate, (3) water-soluble solids or salts

that cannot pass through the membrane, and (4) a concentration gradient [109].

As coatings have a low permeability to ions [80][84], they behave as a semi-permeable
membranes [110]. Water passes through the coating and dissolves any soluble salt contamination
on the substrate surface. When the salts or solids are too large to diffuse through the paint film,
but water is able to move through the film, this sets up a concentration gradient across the paint
film. In order to balance the difference in concentration, water flows through the paint film from
the dilute side (coating surface) to the concentrated side (coating-substrate interface). This
concentration gradient drives more water across the paint film, towards the substrate [109]. As
water acumulates at the substrate-coating interface, the coating is forced away from the
substrate, causing blistering or cracking (Figure 18). This does not continue indefinitely as the

forces will eventually equilibrate [111].
The main ion of concern in an industrial environement is chlorides — mainly due to their high

corrosion activity. Other ions such as sulphates and some water-soluble solvents may also cause

osmotic blistering [109].
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Figure 18: Schematic of osmotic blister. A membrane that is permeable to water but not permeable to ions or other
contamination creates a concentration gradient causing water to move towards the higher concentration of ions at the
coating-substrate interface.

Although the blister is visually undesireable, the consequences of blistering go beyond visual.
Under the blister, corrosion may occur. In some cases, the blister can still form enough of a
barrier to electrical current to prevent cathodic protection from functioning [88], see Section

2.5.6.3.

2.5.6.2 Cracking

Cracking defects are generally visible and can penetrate fully or partially through the coating
[105]. In either case, they reduce the distance reactants must penetrate to reach the substrate
and engage in the corrosion reaction. Cracking can be due to curing defects, substrate movement

or coating ageing. In service, the area must be removed and re-coated.

2.5.6.3 Cathodic disbondment

In high-value or high-consequence situations, the risk of failure prompts investment in
complementary corrosion protection. In submerged or buried conditions, cathodic protection is
commonly used in conjunction with coatings. In the event that the coating fails or is damaged,
the cathodic protection becomes active to protect the substrate (Figure 19). The principle of
cathodic protection is to supply a current to the structure such that any exposed substrate
becomes cathodic rather than anodic [112]. The electrical potential of the metal is made negative
by the application of a voltage, such that positively charged cations (such as Fe?* cations) are
unable to leave the metal lattice [84]. Cathodic polarisation has also been observed as the pH of

the solution rises, decreasing the corrosion reaction [113].
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Figure 19: Simple schematic of cathodic protection. The current supplied completes the circuit at the coating defect,
causing the exposed metal to become cathodic rather than anodic.

However, cathodic protection can have negative effects as well. Above a certain potential, water
is reduced to produce hydrogen (Reaction 7). The high pH caused by the production of hydroxyl
ions can also damage some coatings. Additionally, the production of hydrogen can cause a
physical lifting effect [114]. Where the coating is lifted due to a cathodic reaction, it is termed

cathodic disbondment or cathodic delamination.

Reaction 7: Reduction of water to produce hydrogen [115]

ZHZO(I) +2e” - H, ® + ZOH(_aq)

In test conditions where the electrolyte is saturated with nitrogen so a rust product cannot form,
the metal may still be solubilised; though the disbondment only occurred during the cathodic

reaction [93].

2.5.6.4 Non-cathodic loss of adhesion

Many factors can contribute to the loss of adhesion of a coating. Excluding surface contamination
and cathodic disbondment, which is discussed separately in Section 2.5.6.3, the mechanisms of
adhesion loss include degradation of the substrate or the coating at the interface, as well as

displacement of the bonds by water or hydroxide [93][116].
2.5.7 Service Life

2.5.7.1  Monitoring and detectability of failures

Since it is not possible to continuously monitor every part of the asset for corrosion, the operators
must use all available data to assess the risk of corrosion. Most assets are large and encompass
several different environmental conditions and may be susceptible to different types of corrosion.
The operators must consider the severity of the consequence of failure together with the ease of

detection (Figure 20). The best case is that the risk of consequences is low and that corrosion is
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easy to detect. However, in some cases, the risk of consequences might be catastrophic (major
spills, explosions, etc) and the corrosion difficult to detect due to accessibility, types of corrosion,

etc. Operators will need to consider these risks when establishing a maintenance plan.

Despite all the known failure modes, and remediation steps taken, coating failure still occurs in
unpredictable and seemingly defect-free locations [94]. This work aims to consider inherent,

currently undetectable defects in the coating resin to help predict where corrosion will begin.
Detectability — easy to detect

Low Risk Moderate Risk

(low severity (high severity,
and easlily but easy to
detectable) detect)

Low severity : ; ; High severity
consequences of failure Moderate Risk High Risk consequences of failure

low severity, (high severity
but difficult to and difficult
detect) to detect)

Detectability — difficult to detect

Figure 20: Risk matrix of severity and detectability. Potential coating failures with severe consequences must be
allocated more testing resources.

2.6 ACADEMIC APPLICATION AND TESTING OF PROTECTIVE COATINGS

2.6.1 Surface preparation

Most surface preparation techniques that can be achieved in the field can also be achieved in a
laboratory setting. However, in some cases, it can be difficult to replicate the result. For
example, abrasive blast cleaning of small samples can deform the samples to an unacceptable

degree.

In addition to the surface preparation techniques available to duplicate industrial techniques, a
range of techniques suitable for small samples is also available. Surface grinding and polishing is
often used to create a flat, uniform surface for academic study. This would be impossible to

achieve in the field (and undesirable due to the lack of a surface profile — see Section 2.5.3.2). For
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industrial applications, higher surface profile (around 50um) is desirable because the increased

surface area and mechanical interlocking can greatly improve adhesion.

2.6.2 Application
Similarly, to surface preparation, most of the same techniques are available to apply the coating,
plus a few more specialised techniques. For example, spin coating is often used in a laboratory

setting to achieve a flat, uniform, coating of low thickness.
2.6.3 Testing

2.6.3.1 Micro defects

One of the main objectives of a corrosion resistant coating is to provide a barrier, thus blocking
the path of ions between localised anodes and cathodes [80]. Unfortunately, all polymer coatings
also have some degree of permeability to oxygen and moisture that changes over the life of the
coating. The permeability of the polymer generally depends on a number of factors, including the
hydrophobicity of the polymer, the density of the crosslinking, and the completeness (degree) of
curing. High-performance anti-corrosion coatings often use plate shaped talc or glass to improve
the resistance to moisture permeation. Even in these highly loaded coatings, the polymer matrix
is a vital part of the protection and any improvement of the polymer would be likely to improve
the system overall. As the diffusion rates for moisture and oxygen through most organic
corrosion protection coatings far exceeds that which is required for the corrosion reaction to
proceed (Table 4 p32), it is important to note that ion solubility within the coatings is typically

very small [80].

2.6.3.2 Chemical inhomogeneity

As mentioned in Section 2.1.1, commercial unsaturated polyesters are irregular molecules of
around 3000 g mol™. Commercially, these are blended with styrene. Even if the application of
the liquid is homogeneous, the components within it may not be arranged homogeneously. This
leads to an inhomogeneous structure on the micro- or nanoscale. The dual phase nature of
unsaturated polyester polymer in styrene lends itself to preferential association of the styrene
phase to the surface and/or substrate interface. Coatings may have regions of crystalline
structure, variations in crosslink density and differences in molecular structure. It has been
hypothesised that extremely localised inhomogeneities in the crosslinking and structure of the
polymer coating may contribute to the onset of corrosion. As mentioned earlier, considerable
work has been done to characterise the structure of cured unsaturated polyester coatings. It has

been shown that polyester microgels form first, then a styrene network forms around the
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microgels [19]. By forming separate areas of polyester and styrene, the cured polymer shows
structural differences. It is hypothesised here that differences in the electrical properties, and

therefore the corrosion resistance will also be shown in later stages of this work.

In addition to inhomogeneity in the polymer itself, pores and voids exist within the cured
polymer. It has been reported that the free volume hole size of an unsaturated polyester in
styrene measured by Positron Annihilation Spectroscopy (PAS) is approximately 0.069 nm?3, which
makes up approximately 2.25% of the cured volume [117]. Given the volume of the pores,

assuming a spherical pore, the diameter of a pore should be on the order of 0.5 nm.

2.7 SUMMARY

Corrosion of metals in atmospheric conditions has been thoroughly examined from both an
academic and industrial context and is generally well understood. Through industrial case studies
and macro techniques, it has been clearly proven that organic coatings do inhibit corrosion.
However, the way in which organic coatings can prevent corrosion is somewhat less clear. The

specific criteria and mechanisms for an academic perspective are not fully understood.

Unsaturated polyester coatings have been similarly researched from both industrial and academic
perspectives. The properties of the cured polymer are of great interest to the industrial
community and has therefore been exhaustively measured in many configurations. The curing
and its effect on the polymer properties have also been thoroughly examined. As analytical
techniques have improved, some academic investigation of the fundamental polymer has been
done. However, as techniques have further improved in the last 20-30 years, academic focus has

shifted away from the fundamentals of older technologies such as unsaturated polyester coatings.

There is significant industrial value and unexplored academic potential in the investigation of the
corrosion prevention mechanisms of unsaturated polyesters using relatively new analytical
techniques. It has previously been reported that reduced electrical resistance of an organic
coating correlates with increased susceptibility of the substrate to corrosion [14]. Additionally,

capacitance and dielectric constant should correlate with corrosion potential [16].

Using currently available detection methods, polymer structure and morphology will be probed to
identify those responsible for the majority of electrical activity. The identification of electrical
activity within a coating has previously been limited to a bulk sample. CSAFM allows high-

resolution mapping of these electrical features that was previously unachievable (refer to Section
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3.2.3.5). By mapping the electrical resistance and correlating it to chemical structures within the
polymer, it will be possible to relate the chemical structure and morphology to the electrical
properties (and infer the onset of corrosion). Highly specific data relating the structural,
morphological and phase features to the electrical activity will help explain performance
differences and elucidate the mechanism of corrosion protection by organic coatings that is not
currently fully understood (Section 2.4). This new information source will allow resin
manufacturers to pinpoint the weakest link in their corrosion protection resins. Using this
information, they will be able to optimise the polymer for corrosion projects — giving a significant

commercial advantage.
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3 INSTRUMENTATION

3.1 ALICONA INFINITEFocus 3D OPTICAL MICROSCOPE

The Alicona InfiniteFocus 3D Optical Microscope works as a regular optical microscope with the
ability to easily capture images. It has the added feature of capturing images from a range of
depths and angles to reproduce a topographical map of the surface. There are some limitations
to the topographical mapping though. Light travels in straight lines and cannot divert around
particularly rough or jagged surfaces to map crags or valleys. Figure 21 shows a schematic

demonstrating how a rough surface can block some features from view.

¥ g

Figure 21: Schematic of problematic crag in a sample for 3D microscopy. In this case, the cameras (in black) cannot
“see” the surface highlighted in red as it is blocked from view by the nearby peaks.

Additionally, optical microscopy is not suitable for the extremely small measurements required to
determine the sub-micron structure. It has limitations that stem directly from the use of visible

light. The resolution is limited by the wavelength of the light. Reductions in wavelength to near-
ultraviolet, as well as techniques using electron beams can cause degradation of organic samples

during examination.

3.2 ATtomic FORCE Microscopy (AFM)

3.2.1 History and Invention

Scanning Tunnelling Microscopy (STM) was invented in the late 1970s by Binnig and Rohrer at IBM
Zurich [118], for which they were subsequently awarded the 1986 Nobel Prize in physics. This
precursor to the Atomic Force Microscope (AFM) moved away from using light and optics and

instead made use of the vacuum tunnelling effect, also known as quantum tunnelling. If a bias
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voltage is applied to a conductive sample and conductive tip very close together, the tunnelling of
electrons in the vacuum were measured. Later STM are able to measure in air or liquid. STM
measurements are particularly dependant on the distance from the STM to the cantilever and use
the forces exerted on the probe by the sample surface, the system was highly susceptible to noise
from surrounding vibration. Unfortunately, the STM required precise control of the tip/sample
distance, was limited to conductive samples, and was more suitable for a vacuum environment.

Fortunately, these limitations were soon overcome by the AFM [119].

photodetector

cantilever

scan line

force

000
” tip atoms
= =1 = = surface atoms

Figure 22: Schematic of Atomic force microscope (AFM). (Modified from Agilent AFM 5500 user’s guide [120])

3.2.2  Principles of Atomic force microscopy (AFM)

AFM does not use light and is therefore free from the resolution limitations of optical microscopy.
Instead of relying on the tunnelling of electrons, the AFM measures the very small forces between
the tip and the sample; initially the tip and sample were in contact. Later versions of AFM used a
laser to measure the deflection of the cantilever and therefore, the force exerted by the sample
[121]. This improvement allowed non-contact and ‘tapping’ modes. AFM is a powerful and
adaptable tool for the investigation of surfaces including polymers. Since its introduction, several

advances have resulted in additional modes, expanding the range of surfaces that can be imaged
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and information that can be obtained. The strength of the AFM lies in its ability to measure forces

on the pico-newton (pN) scale with high spatial resolution [122].

Figure 22 shows a schematic of a standard AFM [120]. A micro-fabricated tapered tip is mounted
on the end of a flexible cantilever with a low spring stiffness/modulus. The tip is brought into
contact with the sample and scanned across the sample surface. As the tip interacts with the
surface, the laser light is reflected onto a photodetector. Very small forces at the tip deflect the

cantilever and the resulting movement in the reflected laser light is recorded and interpreted.

Cantilever deflection is used to measure the forces caused by tip-surface interactions; Figure 23
shows how the cantilever is expected to deflect through the approach and retraction. At
relatively long distances (>10 um), there is no interaction between the tip and the sample surface,
therefore the cantilever remains in its natural state. However, once the tip is brought within
range of the electrostatic forces (few microns) [123], the tip is attracted forwards the surface,
causing the cantilever to deflect. This deflection is interpreted by the AFM as a force. At some
distance, the forces will cause the tip to “snap” into contact with the surface. If the tip is moved
closer still to the surface, the outer orbitals of the tip and surface atoms will interact and the
cantilever will deflect in the opposite direction, measuring a repulsive force. As the cantilever is
moved away from the surface, an adhesive force is measured by the deflection of the cantilever

towards the surface.

Approach Retraction
> >
No interaction No interaction
Attraction '
Q/,— Indentation Adhesion
Contact (Repulsion) N

—_—

Figure 23: AFM Cantilever deflection during approach and retraction.

A force-distance curve is commonly used to show forces measured by AFM. Figure 24 shows a
generalised force-distance curve for illustrative purposes. As the probe tip approaches the
sample surface (shown by the red line) it begins at zero force (point A). Eventually, it reaches a
point in which force interactions are measurable (point B) and the AFM measures attractive forces

and “snaps” to the surface. Moving past this point, the forces quickly become repulsive as the
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atomic orbitals overlap and indentation may occur (point C). As the probe retracts from the
surface, it follows the slope of the approach data, but then shows a greater attractive force

through a longer distance (point D) — this is reported as adhesion.

c-

- Slope data

repulsive

Probe approach

o
=
=
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I data

Force / Deflection
>

attractive

Y

Figure 24: lllustrative force distance curve [124].

Depending on the distance between the tip and sample, different forces dominate the tip-sample

interactions. Table 6 shows some of the main forces.

Table 6: Main forces measured by AFM [122], [125]-[127]

Type of force Typical distance
Electrostatic 100 nm

Van der Waals 10 nm

Capillary 2-50 nm
Hydrogen bonding 0.2 nm

Contact (elasticity and viscosity) 0.1 nm

Born repulsion (overlap of orbitals) 0

The low spring stiffness/modulus of the cantilever ensures that small forces can be measured.
Indeed, as the cantilever and tip approach the surface, long-range forces such as electrostatic
forces will deflect the cantilever. Cantilevers may be around 125 pum in length, though they may
be shorter than 10 um or longer than 500 um for specialist applications [128]. AFM are usually

set up to measure multiple properties at the same time.
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a. Contact mode b. non-contact mode c. tapping mode
(no oscillation) (smaller amplitude) (larger amplitude)
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Figure 25: Comparison of tip locations and oscillation amplitude of AFM modes.

3.2.3 AFM Modes
AFM can be operated in several different modes. Each has advantages and disadvantages and

gives different types of information. The relevant modes are summarised here.

3.2.3.1 Contact Mode

AFM was introduced in contact mode in 1986 as an extension of Scanning Tunnelling Microscopy
(STM) [119]. The tip is moved into contact with the sample surface and then moved along the
surface while maintaining a constant force [125] (Figure 25 a) without oscillation [129]. This
mode allows reconstruction of a topographical image, as well as gathering friction data [120].
However, because the tip is in contact with the surface of the sample, it can introduce

contamination and both the tip and sample may be damaged [126].

3.2.3.2 Non-contact mode

Non-contact mode AFM was introduced in 1987 [130]. In non-contact mode the tip does not
touch the sample surface (Figure 25 b). Instead, the cantilever with the tip at the end is vibrated
at its resonant frequency with a tip-sample distance of 30-150 A. This method does not give the
friction information available with contact mode but is not damaging to the sample surface. This
can be used for topography of very delicate samples — such as biological cells [131]. However, the
topography is less reliable and can have reduced resolution. As the tip does not touch the
sample, contamination of dirt or liquid condensation can be more difficult to distinguish from the
true sample. Additionally, the lateral resolution is reduced compared with contact mode due to

the longer tip-sample distance [126].

3.2.3.3 Tapping mode
Tapping mode sought to combine the advantages of contact and non-contact modes. As in non-
contact mode, the cantilever is vibrated at near its resonant frequency. However, in tapping

mode, the amplitude is much larger (Figure 25 c). The distance is such that at the lowest point in
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the oscillation, the tip briefly comes in contact with the sample surface. Because the probe is only
in contact with the surface for a fraction of a second, the dragging action is minimised — along
with damage to the sample, making this mode particularly beneficial for use with soft samples
[122][123]. The tip-surface forces recorded during the oscillation cause alteration of the
amplitude, phase and the frequency of the oscillation. In this way, topography, phase and
amplitude data are simultaneously collected and mapped [120]. Friction data is not available in

this mode.

3.2.3.4  Kelvin Probe Force Microscopy (KPFM)

Following on from using the Atomic Force Microscope in tapping mode, it became possible to
measure charges on the surface [134], [135], Kelvin probe force microscopy was introduced in
1991 [89]. This allowed high resolution mapping of contact potential differences. Kelvin Probe
Force Microscopy is a variation of AFM that uses amplitude modulation to detect the surface
potential [136]. In this method, the cantilever is vibrated at a known frequency. As electrostatic
forces interact with the tip, the change in amplitude is measured and converted into an image of
surface potential. The vibrating tip oscillates through a range of tip-sample distances. At the
peak, the tip-sample distance is largest, and surface-tip interaction at its lowest. At an oscillation
minimum, the tip-sample distance is at its minimum value, while sample-tip interaction is at a
maximum. Unfortunately, if tips with comparatively large mass are used, the effects of the
oscillation can overwhelm the signal used to determine surface potential [136]. Additionally, at
large tip-sample distances, the side interactions are not negligible. However, at small tip-sample
distances (less than 10 nm), the electric field strongly concentrates at the tip apex [137] making
the forces at the side of the tip less relevant. In order to maximise this effect, the tip and
cantilever should be carefully chosen. It has been reported that a long, slender, slightly blunt tip

attached to a cantilever of minimal width and surface area [138].

Due to the way KPFM (or sometimes called KFM) measures surface potential, there are two

modes, KFM — AM and KFM — FM [139].

“For the detection of the electrostatic force, an a.c.-voltage with a frequency w is applied
between tip and sample. Two different methods can be employed for the measurement: the
frequency modulation (FM) mode or amplitude modulation (AM) mode detection. In FM-
mode the oscillation of the frequency shift at w is measured, which is proportional to the
gradient of the electrostatic force. In AM-mode the amplitude of the cantilever oscillation at

w is measured which is proportional to the electrostatic force itself.” [140]
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Although AM appears to be the more direct measurement, the FM measurements are more
suitable for extremely flat samples as the tip must be kept much closer to the surface (<30 nm)
[139]. Although AM mode can tolerate the tip farther from the surface, increasing the tip-sample
distance for both methods increases the error. And, with AM-KFM, the measured surface
potential is always smaller than the actual value due to errors in the measurement and the effect
of averaging over a larger area [139][140]. The KPFM mode used in this work is AM-KFM due to

the topographical differences in the exposed samples.

Using KPFM, a variety of information can be mapped simultaneously. Precise mapping of the
surface potential differences can be achieved together with the topography [79][127]. In some
configurations other electrical properties can also be measured, including capacitance (CSAFM,
Section 3.2.3.5) [120][125]{131][132]. Itis particularly important to map the electrical properties
of the coatings because current understanding links the electrical resistance to the corrosion
performance [13][72][77][133]. However, KPFM is a surface method and cannot measure the

electrical current (and therefore resistance) through a sample like current sensing AFM (CSAFM).

3.2.3.5 Current Sensing Atomic Force Microscopy (CSAFM)

Current Sensing AFM is a contact mode with the ability to investigate the resistance between the
tip and a plane electrode (usually the substrate) [144]. In CSAFM a conductive tip (usually Pt
coated) and a conductive substrate [145]. The tip is in contact with the sample and the circuit is
completed by a connection to the substrate. A constant voltage (called bias voltage) is applied to
the sample and the tip is kept at a virtual ground to measure the current as well as topography
and friction [120]. This difference between the charge produced at the tip and the ground at the
substrate is the bias, which can be positive or negative. The resolution for electrical features is a

few nanometres [144].

It is hypothesised that heterogeneity of the electrical resistance of a coating will relate to the
microstructure within the coating and the corrosion performance. The resistance in air is less
than the resistance of a polymer, so areas of lower density would be expected to have lower
resistance than areas with more densely packed polymers. However, the microstructure of the
polymer is also expected to play a part. As discussed in Section 5.3, p82, the formation of
polyester microgels during curing may encapsulate more hydrophilic chain ends and therefore
concentrate the ions that are expected to increase conductivity through the polymer. These
structures are key areas of interest in this work. However, challenges exist in preparing samples

such that enough current passes through the sample to be detected.
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3.2.4  Mapping types

3.2.4.1 Topography
A topographical map is produced by the vertical movement of the scanner in either contact or

tapping mode [129]. From this data, surface roughness can be calculated.

3.2.4.2 Phase
The phase image is constructed by comparing the recorded oscillation of the cantilever with the

expected oscillation (Figure 26) [146].

Phase difference (phase angle @)

( Expected signal

Detected signal

Figure 26: Simple illustration of phase shift in atomic force microscopy

If the surface is highly uniform, the phase difference will also be uniform, and the resulting image
will not show features. Therefore, phase imaging relies on changes in the phase difference in
different locations rather than purely the difference from the expected signal. Phase imaging
aims to map the differences in friction, adhesion and viscoelasticity [129]. However,
topographical variations can also cause artefacts in the phase image. For example, a valley may
show increased adhesion due to increased contact area without the chemical and mechanical
differences phase is designed to detect [129]. It has been reported that the phase shift is caused

by multiple forces combining to cause energy dissipation [146].

3.2.4.3  Friction
Friction is measured using the lateral forces detected by the AFM. Variations in frictions will
cause a twisting motion on the tip and cantilever [120]. This twisting motion is reported in volts.

Topography will also influence the reported friction data.
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Although basic contact modes are not commonly used. Friction data can be mapped from
CSAFM. Additionally, friction data from AFM or Scanning Force Microscopy (SFM) can be useful in

tribological studies of materials [147].

3.2.4.4 CSAFM (Current map)
The CSAFM image is constructed using the current measured between the sample electrode

(usually the substrate) and the AFM tip [120].

3.3 SUMMARY

The Alicona Infinite Focus 3D microscope is a powerful tool for looking at surfaces on the
microscale. AFM is a remarkably flexible tool for interrogating sample surfaces (and some internal
structures) on nanoscales. Combining the information from these two instruments should give a

good picture of the sample surface and structure.
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4 EXPERIMENTAL METHODOLOGY

In this section, some of the variations on experimental methodology will be discussed. After
refining the methods over several attempts, results from two methods will be presented in this

work. Both methods will be presented in this section.

The first set of samples had less surface preparation of the steel, and used a spin coater to apply
the resin. This method was generally unable to reduce the thickness beyond approximately 15
um.

Sample set 1: spin coated, approximately 15 pum thickness

The second set of samples used a more highly polished surface and were cured under a coverglass
to reduce the thickness beyond what was achievable by spin-coating.

Sample set 2: cured under coverglass, 5 um thickness

4.1 THEORY AND MACROSCOPIC PRECEDENT

For details on industrial selection and applications, see Section 2.5.

For details on academic application and testing, see Section 2.6.

4.2 POLYMER SELECTION

Many different coating chemistries are used in industrial, marine and anti-corrosive coatings. It
was not initially clear which would enable the clear interrogation of surface and microstructural
features. Both epoxy-amine and isophthalic unsaturated polyester-MEKP were considered,
however initial testing showed epoxy-amine polymers to be unsuitable due to lack of visible
changes in the surface in the time allotted. Isophthalic unsaturated polyester polymers were

selected and epoxy-amine coatings will not be discussed further.

4.2.1 Isophthalic unsaturated polyester polymers

As discussed in Section 2.1, unsaturated polyester polymers are a condensation polymer resin in
styrene initiated with an organic peroxide. Microstructures do form during the crosslinking
process, as reported in literature [18][39][46][56][57] (Section 2.1.4.2). This will be confirmed by

the results discussed in Chapter 5.

Several different unsaturated polyester resins were screened for use in this work. All resins and

crosslinking agents used are commercially available. Table 1, p15, gives some of the typical

59



Chapter 4

properties of the unsaturated polyester resins used in this work compared with others. The
unsaturated polyester resin chosen is commercially available and is marketed as a base resin
without the acceleration and thixotropy additives. To preserve commercially sensitive
information, specific brands and product names of commercially available materials are not

disclosed.

All commercially available unsaturated polyester resins are comprised of unsaturated polyester
blended in styrene (or similar reactive diluent). It is not possible to examine the properties of the
individual components. Some research groups have removed the styrene by vacuum evaporation,
but this would certainly leave traces which may interfere with high-resolution techniques such as
AFM. Attempts to synthesise a pure unsaturated polyester polymer similar to the commercially
available polyester resin were unsuccessful as the parameters must be tightly controlled to
produce the desired molecular weight. This proved not to be feasible within the working day with

available equipment.

4.3 POLYMER FORMULATION

All components of the formulation are commercially available. The unaccelerated, non-
thixotropic isophthalic resin was first accelerated by mixing 800 g of resin with 1.2 g of 10%
solution of dimethylanaline (DMA) in styrene and 1.2 g of cobalt (Il) 2-ethylhexanoate, 6% Co, in
an aromatic solvent mixture. The accelerated resin is stable at room temperatures for at least

several months.

4.4 SAMPLE PREPARATION AND CROSSLINKING

4.41 Sample set 1 —for Tapping mode AFM and KPFM

BS EN 10130 DCO1! steel plates (see Section 2.2), with dimensions 40 mm x 40 mm of were cut
from a 1 mm thick sheet with a guillotine. Each plate was wiped with xylene and a lint-free cloth.
After drying, the plates were rinsed in a bath of methanol and dried following the Japanese
Industrial Standard (JIS Z 2371). No abrasion was used, so the substrate profile was typical for
cold-rolled steel according to BS EN 10130 DCO1. Alicona measurements indicate a profile of less
than one micrometer (see Figure 32 and Figure 33, p65) Abrasive blast cleaning was attempted,
but the treatment caused the panels to deform. To produce the thinnest coating possible, a

custom spin-coater was used.

! Not generally alloy quality steel: max C 0.12%, max P, S 0.45%, and max Mn 0.6%
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These samples were spin coated, but coating thickness varied too much to reliably determine the
resistivity. As soon as the activator is added to the resin, the viscosity begins to increase. As
multiple samples were coated from the same sample, the resulting thickness of the coating
increased. Samples from early in the coating run were used to keep the thickness and variation to

a minimum. Typical thicknesses were around 15 um, but could vary by several micrometres.

4.42 Sample set 2 —for CSAFM

Electrical resistance is directly related to the thickness of a polymeric coating. After several
attempts with a combination of spin coaters and surface tension reducing additives, it was not
possible to make the coating surface completely flat. Nor is it possible to map the coating
thickness. Therefore, it was decided that the best solution would be to control the flatness of the
surface at the interface and map the topography - which would relate to the coating thickness.
For the CSAFM samples, the metal surface (BS EN 10130 DCO1 steel, in 20 mm squares) was
polished with decreasing sized grit, finishing with 1 um. This gave the surface a mirror-like
appearance. This surface was rinsed with acetone to remove dust and allowed to evaporate prior

to coating.

To achieve tightly controlled 5 um thickness, precision milled stainless steel shims were placed on
the polished surface (Figure 27), the initiated resin was dropped onto the surface and then a clean
microscope coverglass was placed on top. In order to counter the tendency of the resin to gather
and push up the coverglass, a nut of 10.3g was placed on top (Figure 28). However, it is unclear
how the tendency of the resin to shrink (around 2%) during cure would affect the final thickness.
Glass was an ideal surface for the top of the sample as the cured polymer is well known to have
low adhesion to glass and could generally be removed intact with little force. Obviously damaged

samples were discarded. A finished sample is shown in Figure 29.

Figure 27: polished samples with 5 um spacer shim
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Figure 28: polished samples with stainless steel spacer shims, coating, coverglass and 10.3g weight (nut)

-

Figure 29: coated sample after the coverglass is removed, target CSAFM test area is circled in blue

443 Curing

To initiate the crosslinking reaction, 2% (by weight) of MEKP was mixed with the resin sample
immediately before coating. Polyester samples were cured at ambient conditions. As these types
of coatings are commonly used in a variety of field applications at a wide range of temperatures,
this is not expected to cause any issues or performance differences. Samples (except for 5 um
thickness) were prepared in uncontrolled ambient lab conditions. During the sample preparation,
the ambient temperature in the lab varied considerably, from 21°C to 28°C. This caused some
variation in pot life. This was noted as approximately 10 samples were coated with each mixture
using the spin coater. They tended to increase in thickness, presumably due to increasing
viscosity during crosslinking. To minimise this issue, the samples selected were from the start of

each coating run.

For the 5 um thickness samples, the ambient temperature was more tightly controlled around

23°C.
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45 COATING THICKNESS

Initially, the samples were measured for
Aside 2: Electromagnetic Induction Coating
coating thickness using Elcometer 456 (see Thickness Gauges

Aside 2 [148]). The samples were then . ) .
“Electronic coating thickness gauges for

weighed to determine thickness more measuring on magnetic substrate materials use
accurately. Each metal sample was weighed the electromagnetic induction principle. A
three-coil probe system is used where the
central coil is powered by the instrument and
the other two coils, either side of the central
coil, detect the resulting magnetic field. The
signal generated by the instrument is sinusoidal

and therefore an alternating magnetic field is

( established round the central coil.”
Figure 30: Elcometer 456 Coating thickness Gauges
(see Aside 2) [148] “When there is no magnetic materials [SIC]

to four decimal places using an analytical influencing the probe then the magnetic field

cuts through the other two coils equally. As the

balance (Ohaus Adventurer AR2140). The )
probe is brought closer to the uncoated

metal was then coated and the polymer substrate the field becomes unbalanced with

cured. The final piece was weighed again. more field cutting the nearest coil and less

. cutting the furthest coil. This produces a net
The area of each sample was measured using . o
voltage between the two coils which is a

a metal ruler. The cured density of the resin measure of the distance to the substrate (the

. . H H ”
was measured using water displacement coating thickness).

method in a graduated cylinder. Using this
data, the film thickness was calculated. However, this is an average thickness and does not map

the thickness.

4.6 SALT FOG EXPOSURE

An Ascott cc450ip (Figure 31), commercially available salt fog chamber, was running ASTM B1172
neutral salt fog. In order to minimise edge effects on small pieces caused by accumulation of
condensed salt solution on the holder, each piece was connected to a larger plate by a small
magnet. The plates were then arranged at the appropriate angle in the salt fog chamber holders.
The samples were exposed to salt fog for a specified amount of time (15 mins to 4 h). After
exposure, they were rinsed in deionised water and dried to remove salt and discontinue any
corrosion reaction. For operational reasons, samples were examined by Alicona and AFM two to

three days after the initial salt fog exposure. It was not possible to examine the same location on

235°C, 5% sodium chloride solution, 1-2 mm h* fallout, pH 6.5-7.2
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samples before and after exposure, so unexposed samples were examined alongside those

exposed to salt fog.

Figure 31: Ascott cc450ip salt fog chamber.

4.7 ATOMIC FORCE MICROSCOPY

An Agilent AFM 5500 was used in AC mode. As a starting point, tapping mode was chosen to
examine topography and phase of the samples. The cantilever frequency was auto-tuned to 300
kHz. As a major aim of this work was to determine suitable methodology, scan sizes from 1 um to
50 um were explored. The speed was generally 1.9 lines per second, but lower speeds were also

used.

Pointprobe® — silicon SPM-sensor NCHR® AFM probes produced by Nano World were purchased
from Windsor Scientific. The Agilent AFM 5500 was also used in KPFM modes (see Section
3.2.3.4). KFM FM mode did not give clear images and will not be presented. KFM AM was more
suitable for polymer imaging and initial images are presented in Section 5.2.2. The changes in
topography of the unsaturated polyester coating samples after exposure to salt fog may be the
reason that results were difficult to obtain with KPFM-FM, as mentioned in Section 3.2.3.4, this
method requires the tip to be kept very close to the surface — which is difficult for samples that

are not extremely flat.

3 Typical technical data: Thickness 4 um, length 125 pum, width 30 um, resonance frequency 320 kHz, force
constant 42 N m, detector side is Al coated

64



Experimental Methodology

For CSAFM, a platinum coated conductive tip was used (Bruker OSCM-PT-R3). The nose cone had
a preamp sensitivity of 0.1 nA V1. A suitable set point was determined from a force-distance
curve at each scan location. A variety of sample bias voltages and tip bias voltages were explored,

and the most successful results will be presented in Chapter 6.

4.8 ALICONA INFINITEFOcus 3D OPTICAL MICROSCOPE

To supplement the information gained by the AFM, an Alicona InfiniteFocus 3D optical
microscope was used. This allowed the visualisation of larger sections of the sample- up to 6mm

across.

4.9 SUPPLEMENTAL IMAGES

Figure 32: BS EN 10130 DCO1 steel surface — optical image from Alicona Infinite Focus at 100x magnification.
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Figure 33: BS EN 10130 DCO1 steel surface profile - Alicona Infinite Focus (100x).
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5 RESULTS AND DISCUSSION — VERIFICATION OF MICROSTRUCTURE

Samples of commercially available unsaturated polyester resin were spin coated and cured on
mild steel plates wiped with solvent (see experimental method for sample set 1 in Chapter 4 for
details). The coated samples naturally reached a lower thickness limit of around 10-15 pum. Due
to viscosity and wetting properties of the resin, it was not possible to reduce the thickness further
by this application method without materially altering the properties of the resin. This limitation
is not an issue for surface measurements, but the high resistance of the polymer means that the

breakdown voltage may be beyond the capability of the instrumentation.

This chapter details the results indicating that microstructures were detectable optically and with
the atomic force microscope (AFM) using minimal exposure to salt fog (ASTM B117: 5 wt.% NaCl,
100% relative humidity and 35°C) and without the solvent washes and cracking required in other
studies. This has the advantage of preserving the polymer morphology being investigated, but

has less direct investigation of the structures in the bulk of the polymer. This is not ideal, but the

electrical properties will be investigated through the polymers in Chapter 6.

5.1 ALICONA OPTICAL MICROSCOPY

Unexposed samples are entirely clear, and the underlying substrate is clearly visible through the
coating, but no coating features are visible (Figure 52, p85). A comparison of uncoated and
coated steel is shown in Figure 34. After a salt fog exposure of only 15 minutes (Figure 53, p86),
structures in the cured film are clearly visible via optical microscopy. Since only a short exposure
time leads to marked changes in surface texture, it is hypothesised that these begin immediately
on exposure, but the rate of change has not been investigated in this work as it is only used to
reveal structures. Artificial ageing generally and ASTM B117 particularly are commonly used
methods of evaluating coating performance. However, it is well understood that these methods
do not always give results that can be related to real-world performance. In this case, the salt fog
is used to reveal features rather than to relate to expected performance over a specified time

period.
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Figure 34: Alicona optical images - 2.5x magnification, top row: uncoated steel surface (left) and coated surface (right),
Second row: exposed to salt fog: 15 min (left) and 30 min (right)

After 30 minutes of ASTM B117 salt fog exposure, the polymer samples still remain relatively
transparent, and care must be taken to focus the Alicona on the polymer sample surface rather
than the steel substrate/polymer interface (both are shown in Figure 35). Although it may seem
obvious which is the polymer depth and which is the substrate, it was compared with an image of
uncoated steel (Figure 34 and Figure 51). Once the Alicona is focused on the polymer, a two-

phase structure is clearly visible.
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Results and Discussion — Verification of microstructure

Figure 35: Non-thixotropic isophthalic unsaturated polyester cured with 2% MEKP, 30 minute salt fog exposure - Alicona
Infinite Focus: A —focus depth: polymer; B —focus depth: substrate; C —focus depth: polymer; D —focus depth: substrate.
Box shown in red in A and B indicates the area of the detail shown in C and D. Image C shows the predicted microgels
and branched structure.

As discussed previously (Section 2.1.4.2) the published literature indicates an expected polymer
structure of microgels of unsaturated polyester surrounded by a network of polymerised styrene
[19].

Figure 36 (p70, taken from [19]) is an SEM image of a coral-like structure of cured polyester. The
structure was found to vary with the degree of unsaturation and styrene content. The degree of
unsaturation of this commercial resin is unknown; the styrene content is 45%, but the molar ratio
cannot be calculated without the molecular weight of the commercial polymer, which is
unavailable. As the structure does not correspond with the flake-like structure found by Yang and
Lee [19], it is unlikely that this resin has the low-styrene molar ratio associated with that
morphology. Figure 35(C) shows small globules in a branched network. The globules in this image
are on the order of 1-20 um in diameter. These are surrounded by a matrix that appears to

branch to other groups of microgels.
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Figure 36: SEM micrographs of ST/S-8 samples with MR=6.67/1 (taken from [19](figure 7))

Although the structure of microgels and polystyrene network have been hypothesised and
reported elsewhere, they have not been reported via optical microscopy. Optical methods are
large-scale compared to other methods used in this work and by other research groups. Alicona
images generally encompass an area of hundreds or thousands of um square, with a maximum
resolution of around 1 um. Scanning electron microscopy (SEM) bypasses the resolution
limitations of optical microscopy by using electrons rather than light to produce the image. While
this improves the maximum resolution, it does introduce other limitations. Some samples may be
damaged by the beam of electrons itself as it heats the sample. These are generally biological
samples, but may also be some polymer samples [149]. SEM requires conductive samples. Non-
conductive samples are generally coated with gold or other metals to make an SEM image
possible. In some cases, this process can obscure delicate features. The process of depositing the
metal can damage the sample itself, or obscure fine detail. Typical coating thicknesses are on the
order of 10 nm, so features smaller than that may be obscured. Additionally, SEM is performed in
a high vacuum. Again, biological samples risk damage, but polymer samples may also be changed
if unreacted monomers with low boiling points (such as styrene) may be removed from the
sample unintentionally. Although SEM is a powerful imaging technique, these limitations suggest

that polymer microstructures should be confirmed with other techniques.
Yang and Lee attributed the large pores in

Figure 36 (ST/S-8 MR = 6.67 samples) to the unreacted monomers washed away by

dichloromethane treatment prior to SEM [19]. They noted that the application of a post-cure
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increased the styrene conversion and filled some of the pores observed (Figure 37), unfortunately
pore size for either cure schedule was not specifically reported. The samples in this work did not
undergo a specific post-cure as this is generally impractical in the field of pipeline coatings.
However, the temperature during cure was not controlled and the maximum exotherm is
determined by sample geometry (as thin samples will cool faster than samples cast for volume).
The degree of cure was not measured, but as these are commercial resins under industrial usage

conditions, it is unlikely that severe under-curing would occur.

Figure 37: SEM micrographs of ST/S-10 samples with MR = 4/1 before (left) and after (right) post cure of 1 h at 200°C,
from [19] (figures 4a and 10),

Even in the post-cured sample, the SEM shows holes in the polymer structure that are up to 5 um
in diameter. These would not be visible without magnification, but would allow water, oxygen,
and ions to flow freely through the “protective” coating. In practice, these voids cannot be
present in the finished protective coating. Yang, et al attributed these to unreacted monomers,

and free chains removed by the dichloromethane treatment [19].

Another group who used a laser to ablate the surface rather than solvent to wash away
monomers obtained SEM images suggesting a closely packed morphology of nodules without
obvious pores (Figure 38) [26]. At 25 mJ cm™ the styrene polymer is removed, and the polyester
remains. This implies that a large portion of the surface polymer is expected to be polystyrene
rather than polyester. A closely packed structure indicates that the unreacted monomers and
untangled polymers presumed washed out by Yang, et al., may encompass a significant portion of
the protective coating. These may represent a weak point in the coating. None of these
techniques has the resolution required to see the expected pores of 0.5 nm diameter reported
[117]. Alternatively, the apparent microstructure visible in Figure 38 may be due to a surface

energy minimisation effect from the laser treatment. Laser ablation has been found to affect the
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morphology of polymers [150]. The surface presented may be evidence of damage. This work

aims to avoid the damage of surfaces and morphology caused by these treatment methods.

Figure 38: SEM observation of unsaturated polyester G703 material with 45 wt.% styrene (A45 sample) after ArF laser
excimer treatment (193 nm radiation) with (c) 25 mJ cm? (taken from [26])— the closely packed structure shown here
indicates that the unreacted monomers and untangled polymers presumed washed out by Yang, et al, in

Figure 36 may encompass a significant portion of the protective coating.

The 3D rendering images by Alicona InfiniteFocus (Figure 39 and Figure 40) also show changes in
the topography of the samples after salt fog exposure following the branched network visible in
Figure 35. In Figure 40, the difference between the peaks and valleys is approximately between
30 um and 40 um, however, the original total film thickness was measured at only 10 um. This
suggests the explanation is not erosion or pitting of the surface. Much of the polymer surface and
branching between nodules is expected to be polystyrene, and that polystyrene is reasonably
permeable to water [151], this may be evidence of a swelling phenomenon rather than pitting.
Polymers generally are known to swell during water absorption, but they are also susceptible to
washing out of monomers or smaller molecules. Though both are possible, on such short

timescales water absorption is the more likely phenomenon here.
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Height

Figure 39: Alicona InfiniteFocus 3D microscope image of the area shown in Figure 35 C, D. The areas expected to be
polystyrene branches show raised topography compared to the rest of the polymer after 15 minutes of salt fog exposure.
Imaged area is 287 um by 217 um.
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Figure 40: Alicona InfiniteFocus 3D microscope image of unsaturated polyester after 1 h of salt fog exposure. Imaged
area is 714 um wide by 542 um.

While it seems clear that the topographical changes are caused by a swelling effect rather than an
erosion effect, it is unclear how fast these changes progress. A series of images are shown in
Figure 41, Figure 42, and Figure 43. It seems the topographical changes do increase with time,
though not linearly. There are no reported data for the swelling of unsaturated polyesters in salt
fog or water vapour. However, it has been reported that hydrogels of sodium poly(acrylic acid) in
a polymer matrix rely on swelling to bridge the distances between microgels and facilitate water

transport [152]. Similarly poly(3,4-ethylene dioxythiophene polystyrene sulfonate (PEDOT:PSS)
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thin films swell when exposed to water vapour, though in this case the surrounding polystyrene

sulfonate shell that swells rather than the PEDOT cores [153].

Figure 41: Alicona InfiniteFocus 3D microscope image of unsaturated polyester unexposed to salt fog. Left: 5x
magnification, right 20x magnification. Aside from occasional features shown (right) the surface is relatively flat.

Figure 42: Alicona InfiniteFocus 3D microscope image of unsaturated polyester after 1h of salt fog exposure. Left: 5x
maghnification, right 20x magnification. The branched structure is clearly showing, though this is expected to be swelling
rather than erosion as the difference between peaks and valleys is around 20-30 um and the original thickness is around
10 um.

Figure 43: Alicona InfiniteFocus 3D microscope image of unsaturated polyester after 4h of salt fog exposure. Left: 5x
magnification, right 20x magnification. The branched structure is clearly showing, though this is expected to be swelling
rather than erosion as the difference between peaks and valleys is around 50-60 um and the original thickness is around
10 um.

The expected microstructure of unsaturated polyester coatings has been confirmed by optical
microscopy with reference to published SEM. In order to consider the effects on a smaller scale,

the microstructure was investigated by AFM as well.
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5.2 Atomic FORCE MIcrRoscoprY (AFM)

Due to the limitations of the vertical movement of the cantilever, AFM scans perform better on
small areas without large peaks or valleys. Although exposure to salt fog is purposely used to
reveal topographical features in the samples, shorter exposure times reduce these maxima and
minima slightly. This improves the ease of scanning by AFM, but may not reveal as many surface
structures as longer exposure. However, keeping a short exposure time is justified as features
revealed by longer exposures are still undetectable if the topography exceeds the vertical limits of
the instrument. The AFM scans of the non-thixotropic isophthalic unsaturated polyester exposed
to 15 minutes of salt fog (Figure 44 and Figure 45) show a similar structure to the optical images

with sphere-like microgels, or globules and faint 2D rings in the relatively flat amorphous phase.

5.2.1 Tapping mode

AFM images are on a decidedly smaller scale than either the optical microscopy or the SEM
images. This presents the opportunity to see features that would not have been visible in the
other techniques. Globular structures are clearly visible in both topographical and phase images.
These are of a similar shape, but smaller size than those seen by other imaging techniques. This
may be due to a wide range of structure sizes present. Faint rings are visible in the phase images,
primarily at very small scale and typically 750 nm in diameter (Figure 45, right). These are far too
large to be aromatic rings in the polyester’s chemical structure (sub-nanometre- roughly 300
picometres), but could be evidence of the expected network of polyester globules connected by
styrene bridges previously reported [18][54][56]. It is unlikely that the visible features formed
following the structure of the steel below, but a 5 um tapping mode AFM image of the uncoated
steel substrate is provided for comparison in the supplemental images section at the end of this
chapter (Figure 55, p87).
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Figure 44: Non-thixotropic isophthalic unsaturated polyester cured with 1% MEKP, 15 minute salt fog exposure - AFM
topography (left) and phase (right). Spherical globules with a diameter of around 0.5-1.5 um are more clearly visible in
the phase diagram. One of these globules, which is expected to be polyester, is indicated by the arrow and is visible on a
relatively featureless background. Detail contained in the red box shown in Figure 45.
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Figure 45: (Detail of Figure 44) Non-thixotropic isophthalic unsaturated polyester cured with 1% MEKP, 15 minute salt
fog exposure - AFM topography (left) and phase (right) In this detail image part of a single spherical globule is visible at
the bottom of the image in bright yellow. This is expected to be polyester. Rings of approximately 200 nm in diameter
are visible in this image. While they are too large to be aromatic rings in the polystyrene, they may be evidence of
similarly sized globules in the bulk of the polymer. A single ring is indicated in blue, with two others indicated by arrows.

Overall, the AFM scans show globules surrounded by a less structured background. While the
topography is generally flat, there are some overlapping rings of around 200 nm in the phase scan
(Figure 45, right). The globule appears to have an approximate diameter of 100-200 nm, which is
much smaller than those seen in the SEM or Alicona images above or SEM after ArF laser excimer
treatment [26]. However, it is much closer to the value of 30 nm reported by Gu, et al, after the
degradation of the film using 3 M NaOH solution for varying intervals up to 50 days [133]. These
rings are too large to be aromatic rings in the styrene molecule (which would be around 0.3 nm).
They are also too large to be a single coil of unsaturated polyester microgel which is reported to

be less than 100 A (10 nm) [19]. Predicted pores of 0.5 nm diameter [117] are not visible.
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Figure 46: Non-thixotropic isophthalic unsaturated polyester cured with 1% MEKP, 15 minute salt fog exposure - AFM
profile of view shown in Figure 45.

The AFM profile (Figure 46) indicates the globules are on the order of 10 nm in height from the
surrounding area, however the diameter is larger and it is likely that only part of the globule

protrudes from the surrounding resin. This is similar to the average diameter of 30 nm reported
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by Gu, et al. in 2001 [133]. Looking at Figure 44 however, the average diameter looks more like

50-100 nm.

5.2.2 Kelvin Probe Force Microscopy (KPFM)

There are theories that once application defects are disregarded, coating inhomogeneity is due
primarily to differences in bonding within the polymer film [12]. Unfortunately, this
heterogeneity cannot be seen using visual methods. However, the two polymers and even the
monomers within the polyester have variations in polarity that may influence the electrical
characteristics of the sample. The electrical properties are of utmost interest due to their
contribution to their ability to resist or allow the passage of ions and electrical current to
complete the corrosion cell. A few test measurements were made to verify the potential of
further investigation. All of the images in this section were made using KFM-AM. KFM-AM is
more suited to samples with topographical features, but does tend to under-report the surface

potential values (see Section 3.2.3.4).

Using KPFM, the surface potential of a coating may be mapped with high spatial resolution. The
surface potential gives an indication of the electrical activity at the surface, but does not
necessarily give information on the electrical insulation properties of the coating. As one of the
main functions of the coating is to provide a barrier to ions, it is important to determine the

resistance to current passing through the coating. This will be discussed in Chapter 6.

One of the benefits of AFM, is that multiple properties can be mapped concurrently. Figure 47
shows topography, phase, amplitude, kelvin phase, surface potential, and x-component. This is
particularly useful as it has proven essentially impossible with current equipment to pinpoint
particular locations or features for further investigation once the sample has been moved out of
the imaging area. While the Agilent AFM5500 does have an optical microscope to assist in
choosing an area to image, using it to find features on the nanoscale for AFM imaging has proved
impossible. Newer AFMs are starting to feature a high-resolution optical scan over a large area to

find features in the sample.

Figure 47 shows how multiple layers of information can be simultaneously mapped via KFM with
complementary results. The topography scan (top left) shows a gently sloping valley with the hint
of some spherical features and a single large globule of around 50nm in height and 125 nm in
diameter. The phase image (top right) resolves the large feature into a combination of high and
low phase information. The topography is not visible, but the amorphous background is scattered

with small areas of higher phase. These may be areas of softer resin as softer resin can cause a
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small dissipation of energy if the interaction with the cantilever is not completely elastic. The
polyester portion of the cured polymer is expected to be much softer, with a lower T than the

surrounding polystyrene.

Figure 47: Unaccelerated, non-thixotropic isophthalic unsaturated polyester (15 minute salt fog exposure) imaged in a
valley- AFM properties concurrently scanned: Topography (top left), phase (top right), amplitude (middle left), kelvin
phase (middle right), surface potential (bottom left), x-component (bottom right)
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Amplitude (middle left) shows very little differences across the sample. In KFM-AM mode the
error is minimised by keeping the tip a constant distance from the sample and this may restrict
the amplitude response [139]. The Kelvin phase (middle right) is recorded from amount the
alternating current (AC) signal is out of expected phase. It isn’t clear what physical property these
data might be related to, possibly a tendency toward ground or a slight electrical dissipation like

the regular phase image.

The surface potential image (bottom left of Figure 47) is unfortunately not as clear as desired.
However, higher surface potential is visible following the branches of a network. This same
network is seen more clearly in the x-component image (bottom right). The x-component is a
measure of the forces on the tip in the same direction as the scan movement. Between these two
images it seems the surface potential may drag slightly as the tip moves across the surface. The
polymer coating is expected to be generally non-conductive, but charges on the surface of the
sample might be affected by the tip and voltage as it moves across the surface. If the surface
charges produce a drag effect on the tip, that drag would be recorded in the x-component image,

which clearly shows more activity in the same branched network as the surface potential image.

The features in Figure 47 appear to support the reported structure of unsaturated polyester
microgels (seen in the phase image, top right) surrounded by a network of higher surface
potential polystyrene. The polystyrene is expected to have a higher electron density across the
polymer due to the aromatic nature of the ring (see Figure 9, p21). As discussed above, all of the
features seen here are too small to be single molecules of polyester (~10 nm) or of a benzene ring

in the polymer (~0.3 nm).

Interestingly, the x-component image of Figure 47 (bottom right) is very similar to the published
image shown in Figure 38, p72. These KFM images add to the weight of evidence confirming the
expected structure. This work advances the evidence by providing samples that are not solvent
washed, fractured, nor laser ablated. Direct AFM detection of the microstructure of a sample of
commercially available, unsaturated polyester coating treated only with a standard accelerated

ageing test method has not been reported elsewhere.

It is encouraging to find that electrical differences in the polymer sample can be detected by the
AFM. While surface electrical properties may be of interest for determining where water might
penetrate first, ultimately the electrical conductivity through the polymer will give the greatest

insight into the way electrons move through the coating to complete the corrosion cell.
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5.2.2.1 Additional resin

In addition to the commercially available, unaccelerated, non-thixotropic, isophthalic unsaturated
polyester resin used elsewhere in this work, a similar resin from another manufacturer was
prepared in the same way and imaged. This resin was not chosen for further work for several
reasons. It remained soft and sticky when cured which was impractical for general use and
changes in the curing formulation would be required- thus introducing questions on the
comparability of the two resins. The cured polymer remained completely clear after salt fog
exposure and no Alicona images of the polymer could be obtained. However, the samples
remained relatively flat and a large scan was obtainable (see Figure 48). Obviously, the
disadvantage of the large scan is that small features are not visible. However, it is interesting to
see how the surface potential is concentrated across a broad swathe of this resin, rather than
evenly spaced in a small network. The principles of surface potential are discussed in Section
3.2.3.4. ltis unclear what would cause this concentration, though each commercial resin is likely

to have slightly different phase separation as well as other properties.

u] 10 20 30 40 50 pm

Figure 48: Alternative commercially-available, unaccelerated, non-thixotropic isophthalic unsaturated polyester —
topography (left) and KFM AM surface potential (right) exposed to 30 minutes ASTM B117 salt fog
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Figure 49: Alternative commercially-available, unaccelerated, non-thixotropic isophthalic unsaturated polyester —
topography (top left), Amplitude (top right), and Phase (bottom) exposed to 15 minute ASTM B117 salt fog

As shown in Figure 49, the alternative resin also shows a series of overlapping spheres that
strongly resembles Figure 45, p76. There is also some similarity to the closely packed structure
seen in Figure 38, p72. Although this resin was not used throughout this work, there is some
evidence of a closely packed microgel structure in two different commercially available
unsaturated polyester resins without the destructive sample preparation methods used in other
studies. The first order flatten function is a linear subtraction method used to level the sample

and reveal features that might otherwise be obscured by a tilt of the surface.
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5.3 DISCUSSION OF PHYSICAL CHANGES

During the curing of unsaturated polyester resins, phase separation is observed between the
styrene and the polyester fractions [43]. In this case, phase separation refers to the way a
uniform liquid blend of polyester and styrene monomer do not remain uniformly distributed in
the cured polymer. Instead, the polyester forms microgels and the styrene forms bridges as well
as covering the surface [43]. The extent of the phase separation depends on several factors
including the molecular weight of the unsaturated polyester polymer and the cure temperature
[154]. The phase separation in reactive systems may be induced by the resin composition during
curing [61]. However, styrene is relatively non-polar in both its monomeric and polymeric forms.
Crosslinking of the polar chain ends of the unsaturated polyester should decrease the degree of
polarity, not increase it — causing phase separation. Increased molecular weight reduces the
proportion of hydrophilic chain ends in the mixture [154]. In contrast, the styrene is hydrophobic
in nature [154]. In general, increasing the molecular weight of the unsaturated polyester polymer
increases the solubility in styrene and decreases the water absorption of the cured coating
[154].It may be possible that the exothermic nature of the curing reaction leads to a temperature
increase that facilitates the phase separation. Indeed, it has been reported that phase separation
is dependent on the temperature during curing [62]. The nature and extent of the phase
separation is key to the formation of the microstructure and therefore understanding the phase

separation is essential for understanding polymer performance.

As previously discussed (Sections 2.1.2 and 2.1.4.1), unsaturated polyester resins are a blend of an
unsaturated polyester (in this case polymerised from isophthalic acid, maleic anhydride and
propylene glycol) in styrene monomer. As the cure progresses, the unsaturated polyester forms
microgels, surrounding the more polar chain ends. The non-polar styrene monomer crosslinks
with the polyester and also into polystyrene bridges and possibly at the surface (see Figure 38,
p72). Polystyrene is more hydrophobic than unsaturated polyester due it its non-polar nature,
and styrene is known to increase the hydrophobicity of the final resin once blended. However, it
is not currently possible to correlate the unsaturated polyester hydrophobicity with the
performance of the final coating due to the effect of curing with styrene. It is thought that the
glassy nature of polystyrene together with the hindrance of the ester groups when cured in
polystyrene reduce the hydrophilicity [155]. Indeed, the phase separation and microstructure see
in the cured unsaturated polyester resin cannot occur in the unsaturated polyester alone. Thus,
the microgel structure that folds the more hydrophilic chain ends towards the centre would not
occur. These differences may account for the blended resin being far less hydrophilic than the

cured unsaturated polyester polymer.
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Even through pure polystyrene is relatively hydrophobic, water is still absorbed. Water
absorption is related to the size, location, and availability of “holes” in the polymer [156]. These
are not holes in the macroscopic sense, but only of a size to accommodate one or a few water
molecules. The rate of water transport is governed by the affinity of the polymer to water at that
site. When the water molecules permeate the coating, they fill the free volume and cause a
plasticisation effect [157]. This plasticisation reduces the 7§ in a similar way to annealing by
allowing the polymer chains to rearrange. Water ingress to a commercial isophthalic, propylene
glycol unsaturated polyester cured with MEKP is expected to be around 1%, resulting in a drop in

the 7, of about 8K due to plasticisation [155].

After moving through the surface layer, the water is expected to migrate preferentially to the
unsaturated polyester microgels where the unreacted chain ends and ester linkages are more
hydrophilic (Figure 50). Water can cause a scission of the ester linkage [155], which in turn leads
to additional chain ends and additional hydrophilicity. While there is evidence that some
monomers and unreacted molecules may be washed away [158], the dominant effect of salt fog
seen in this work is to swell the clusters of polyester nodules. This might explain the wide variety

of size ranges visible as the permeation progresses and how these appear to increase over time.

o Topography visible ~

Figure 50: schematic of water absorption and subsequent swelling of the unsaturated polyester coating. (a) the water
penetrates the styrene surface and migrates towards the unsaturated polyester microgels, (b) attracted by the
hydrophilic chain ends, the water is absorbed by the polyester microgels. Once inside, the water starts to swell the
microgels, (c) hydrolysis of the ester bond increases the hydrophilicity of the polymer microgels. Additional water causes
swelling that protrudes above the surface — rendering them visible to optical and AFM instrumentation.

The salt fog (as with real-world exposure scenarios) are not solely water. ASTM B117 is a mixture
of water and ions. Sodium chloride is purposely added to the water, but there may also be some
ions present from the water source. De-ionised water is specified, and any residual ions are
generally considered negligible to the artificial acceleration of the corrosion reaction. It is well

established that certain ions such as Cl" accelerate corrosion more than other ions [159].
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lons and water appear to mutually influence the way in which both move through the polymer
coating. lons cannot move without the presence of water, but their presence also seems to
facilitate the passage of water through the coating by introducing polar character to a relatively
non-polar polymer [160]. There is some discussion regarding the creation or pores or transport
channels where water permeates more easily. Previous studies have found that localised water
uptake creates permeant changes in the morphological structure, causing previously soaked
samples to absorb more water when exposed to a humid environment or soaked again [161]. The
hypothesised pores are on a scale too small to be seen directly by the techniques in this work.

However, some of the theories are also discussed later with relation to thin films (Section 6.2.2).

There is some debate regarding the difference in permeability to liquid water or humidity [151]
which may suggest that coatings are more permeable to water vapour due to the higher velocity
of water vapour molecules or to the way the water molecules cluster in vapour form
[162][163][164]. It is reported that liquid water and water vapor do no act the same way after
absorption into the polymer film and at the interface. Differences in molecular placement and
groupings can still be detected after absorption. Unfortunately, it remains unclear how these two
forms differ in their effect on polymer degradation in the bulk or in the corrosion reaction at the
interface. In practice, a salt fog (and real-world exposure) is a mixture of both liquid water and
water vapour. Clarifying the differences between water vapour and liquid water is beyond the
scope of this work, and as a clear understanding has eluded researchers thus far it may be a

Herculean task to reach a clear understanding at this time.

5.4 SUMMARY

Short term exposure to salt-fog has induced changes in the surface that are visible optically and
detectable with the AFM. These features conform to the structures expected in an unsaturated

polyester coating. The physical changes seen optically and by AFM methods were discussed.

Electrical properties at the surface of the sample were examined by Kelvin Probe AFM. The
presence of surface potential features independent of the topographical features suggests
differences in electrical properties may continue though the bulk of the polymer film. For the
corrosion reaction to proceed, an electrolyte must reach the metal-coating interface. This
transport mechanism is governed by electrical properties within the coating. In the next chapter
electrical properties through the coating will be examined by CSAFM. Quantitative

measurements will be attempted.
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5.5 SUPPLEMENTAL IMAGES

Figure 51: Uncoated steel, this sample has some surface rust and pitting, but the general grain and structure can be
seen. A similar grain and structure can be seen below the polymer in Figure 35, D.

Figure 52: Alicona image of cured unexposed unsaturated polyester. The polymer is entirely transparent, and all features
are of the steel substrate below. Uncoated steel can be seen in Figure 51, p85.

85



Chapter 5

Figure 54: 2D Image of Figure 40
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Figure 55: uncoated steel samples by tapping mode AFM. Topography indicates a profile under 100 nm.
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Figure 56: Non-thixotropic isophthalic unsaturated polyester cured with 1% MEKP, unexposed — tapping mode AFM
topography (left) and phase (right) the non-thixotropic isophthalic unsaturated polyester show a generally smooth and
uniform surface. In contrast to the optical image, the steel substrate is not visible in the AFM scans.
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6 FURTHER RESULTS AND DISCUSSION — ELECTRICAL PROPERTIES BY

CURRENT SENSING ATOMIC FORCE MICROSCOPY

The previous chapter confirmed the presence of microstructures in the 15um thick samples of
cured unsaturated polyester coating. These microstructures conform to the expected
arrangement in published literature of spherical globules of unsaturated polyester polymer
connected by branches of polystyrene. KPFM was able to differentiate the surface potentials of

these structures (Section 5.2.2).

While the confirmation of microstructures without fracturing and dissolving part of the sample is
an improvement over previous methods, this work aims to relate the electrical properties to these
microstructures to facilitate further work in anticipating the onset of localised corrosion. The
electrochemical nature of the corrosion reaction means that the ability for current to flow
through the coating is of great interest. Using the AFM tip and the steel substrate as electrodes,
the current through a sample may be precisely mapped by Current Sensing Atomic Force

Microscopy (CSAFM).

6.1 15 puM THICKNESS, 15 MINUTES OF DI WATER IMMERSION

Resistance is dependent on the path length, in this case through the coating. Therefore, it is
essential to minimise the variation in thickness. In Chapter 5, salt fog was used to reveal the
microstructures, but it also caused topographical changes as the water was absorbed. A 15 um
thick, unexposed sample of cured unsaturated polyester resin was scanned, without notable

features. A typical scan has been added to the appendix of this section (Figure 79, p112).

6.1.1 CSAFM

In an attempt to expose a feature without causing significant topographical changes shown after
exposure to ASTM B117 salt fog, a large drop of deionised water was applied to the surface of the
15 um thick sample for 15 minutes at room temperature. After this treatment, water was
absorbed from the surface using paper towel and CSAFM was performed. The differences in
topographical changes between a mixture of liquid water, ions, and water vapour in a salt fog and
exposure to liquid deionised water alone might be of interest to future researchers in the context
of the effects of humidity vs liquid water discussed in Section 5.3, but will not be discussed further

here.
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Using a sample bias voltage of 0V, a baseline image was scanned. Based on Ohm’s law, this
should not produce any current and the response may be attributed to topographical and
frictional information being picked up across multiple channels. The maximum current found was
2 pA, at location A (Figure 57). Despite the image scale only reaching 4 nm, the AFM measured
topographical value of -44 nm at this location. This should be considered a minimum value as
deep craters with a narrow opening can cause an error due to the inability of the probe to scan
accurately down the sides of the crater to measure the true depth or due to the maximum
movement of the probe on the z-axis. A long, sharp probe tip can reduce this error to some
extent, but physical limitations will always exist. Wide, sloping features are less prone to this
error. A different location in the bulk (B) with a topographical value of 0.1 nm had a current of 0.1

pA (Figure 57, also Figure 81, p113). This scan was also performed at two positive sample bias

voltages and summarised in Table 7.
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Figure 57: AFM images of cured unsaturated polyester resin exposed to 15 minutes of deionised water immersion. 0V
sample bias. At the point indicated, -44nm and 2 pA, as measured by the AFM. (Scan with measurement at point B
indicated in Figure 81, p113)

Table 7: Summary of current response obtained at two estimated film thicknesses and three sample biases

i i Measured
Figures Sample bias voltage Current Topography

Figure 57, A oV 2 pA 44 nm
Figure 57, B

(also Figure 81, p113) ov 0.1 pA 0.1nm
Figure 58, A 0.2V 2 pA 226 nm
Figure 58, B

(also Figure 82p114) 0.2V 0.03 pA 0.20 nm
Figure 59, A 3V 2 pA 40 nm
Figure 59, B

(also Figure 83, p115) 3V 0.03 pA 0.2nm
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At first glance the data in Table 7 are not encouraging. The current was found to be 2 pA at point
A with a sample bias voltage of 0 V as well as 0.2 V and 3 V. The measurements at increased
voltage do not show current in excess of the baseline measurement of 2 pA. However, the

measurements may still be interesting.
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Figure 58: 0.2V sample bias voltage
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Figure 59: 3V sample bias voltage

Looking at location A vs location B on this sample, the sample is at least 26 to 44 nm thinner at
location A is than location B — around 0.3% of the total thickness. It is no surprise that the thinner
coating allows more current to pass through. However, the difference in resistance can be shown
to be far greater than would be expected from reduced thickness alone. Other factors will also

come into play, including the increase in contact area due to topographical valleys in the surface.

Voltage (V), resistance (R), and current (/) are related by Ohm’s law (Eqn. 4). In CSAFM mode the

Voltage (sample bias voltage) is set and the current is measured. The resistance can be calculated
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from the other two parameters. However, the resistance is dependent on the sample geometry.
To compare materials using different geometries, resistivity (o) is used; the relationship between
resistance and resistivity is given in Eqn. 5. In order to calculate resistivity from resistance, we will
need to know the length and the area of the sample. In this case the path length for electrical
resistance is the thickness of the sample — either 5 um (location B) or the reduced thickness

(location A).

Determining the area (A, Egn. 5) is somewhat more complicated as it requires estimating the area
in which the AFM tip in contact with the sample. Although several methods can be used, all are
estimates and have strengths and weaknesses. In this work, a relatively simple estimation is used
which assumes a purely elastic contact [165]. Polymers are by nature relatively elastic and AFM
uses small forces and short times which suggest an elastic contact is a reasonable assumption.

The method of calculating the area of contact is described below.

The radius of the contact zone of AFM probe in contact with surface (a) [165] can be expressed
using Hertzian contact mechanics (assuming a purely elastic contact):

a

Figure 60: Schematic of the contact area () from Eqn 1. In this model, depth is taken into account using Young's modulus
and force and the radius is used to calculate the area using ma?.

= (3 4F§t)1/3 ...... 1)

Where, loading, in this case imaging force, F, in [nN] can be determined using

F=k«DSxf (2)

We can also replace the Young’s modulus (E) of each contacting body (metal AFM tip and
polymer sample) by the ‘reduced’ value
1 1-vf 1-vj

— =4 2 3
E* 5 E )

And

k = lever spring constant (typical 0.3 N m™ as given by AFM probe specification);

92



Further Results and Discussion — Electrical properties by Current Sensing Atomic Force Microscopy

DS = Deflection sensitivity determined from FD curves (see Figure 80, Annex, p112); 148.4 nm V'
f = set point or the force in V used to image surfaces 0.119 V;

R: = tip radius (AFM probe) (<30 nm, >>8 nm — taken to be around 20 nm);

E* = the reduced modulus of tip and substrate (E,: Pt = 163 GPa [166), E,: polymer 3.6 GPa®);

v = Poisson’s ratio of tip and sample (v,: Pt = 0.39 [166], v,: polymer 0.4 typical [167]).

When all terms are put into Eqn. 1, the radius of the tip contact area (a, Eqn. 1) is 2.6 nm and the

area of contact between the AFM probe and the polymer surface is 21 nm?.

Then, using the definition of resistance:

R=1 @
- 1 ------
as well as the equation for volume resistivity (p) [168].
The expression for volume resistivity is:
A
p=R-—- (5)

l

where,

p = resistivity;
R =resistance;
A = area;

[ = path length (in this case, the coating thickness).

The area is assumed to be constant, though in practice it cannot be due to the way slight
topographical valleys can increase the contact area between the probe and the surface. The
actual difference is expected to be fractions of a nanometer and the effect on the resistance value
would therefore be much less than the measured difference. The path length is also not constant
across the surface. To compensate for this, two points (single path lengths) were chosen to
compare. The resistivity is independent of thickness and thus should be a property of the
material (polymer sample). The precise thickness of the coating at this location is not known and
therefore an approximate value of 10 um is used. Table 8 and Table 9 show that the resistivity is
significantly lower at location A than location B. There may be some slight variation in the area of
contact between the tip and the sample that cannot be accounted for. However, the reduction in

path length (sample thickness) is taken into account during the calculation and therefore the

4 From supplier TDS
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resistivities should be similar, unless there are significant differences in the sample material at
that point. It is hypothesised that the differences could be evidence of polymer microstructures.
However, resistivity could also be affected by moisture present in the sample, ions, or impurities

unrelated to the microstructure.

Table 8: Calculated resistance values at point B (bulk) and A (feature). Voltage 3 V, current 0.03 pA and 2 pA (Table 7),
area 21 nm? (calculated above), length as indicated in the table for an approximate value of 10 um for B and 42 nm less
at point A.

3V Point B (bulk) Point A (feature)
Thickness 10 um 9.96 um
Resistivity (Q m) 210OQm 310m

Table 9: Calculated resistance values at point B (bulk) and A (feature). Voltage 0.2 V, current 0.03 pA, and 2 pA (Table
7), area 21 nm2 (calculated above), length as indicated in the table for an approximate value of 10 um for B and 26 nm
less at point A.

0.2V Point B (bulk) Point A (feature)
Thickness 10 um 9.97 um
Resistivity (Q m) 14Q0Qm 0.20m

Unfortunately, as these values are not significantly different from the baseline, firm conclusions
cannot be drawn. However, it is interesting that the resistivity at the two locations varies by a
factor of 100 over repeated measurements and multiple voltages. Despite being referred to as a
“law” many materials do not obey Ohm’s Law [169]. Current does not always increase linearly
with applied voltage, and some materials will only obey Ohm’s Law over a certain voltage range.
From a molecular perspective, application of a voltage causes electrons to move (on average,
after collisions) in a particular direction [169]. Metals and other conductors are expected to have
a relatively uniform resistance throughout the structure. Semi-conductors, like polymers, have a
more complicated structure that means electrons will encounter areas of higher and lower
resistance as they travel through the sample. The aromatic nature of polystyrene compared with
the primarily aliphatic unsaturated polyester, contrasted with residual free-radicals, unreacted
monomers, and absorbed water and ions makes this a far more complex system for conductivity
and resistance. Even if samples do not follow Ohm’s Law, the electrical properties may still be of
interest for the corrosion reaction. Breakdown voltage is discussed in more detail further in

Section 6.4.2.

Despite a longstanding rule of thumb that increased electrical resistance improves corrosion
performance, there is no understanding or agreement as to how much resistance is desirable or
required. Indeed, the rule of thumb on the importance of electrical resistance has been

challenged in the USA by Polyguard, after a number of significant failures due to electrical
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shielding of a disbonded coating opened an opportunity for a different commercial approach.
Similar failures were not prevalent in the EU due less common use of affected materials.
Measurements of the bulk polymer with an ohmmeter (Amprobe 30XR-A) gives a resistivity of
around 40 QOm. This is in line with AFM measurements at 3 V. It’s unclear what voltage is used by
the ohmmeter, and the resistance (and therefore resistivity) of unsaturated polyester has been

shown to vary with voltage nonlinearly.

6.1.2 Summary

CSAFM has detected a feature with electrical resistivity properties that may be different from the
bulk polymer. This type of inhomogeneity is likely the result of bonding within the polymer
coating. Uniform thickness is essential for calculating the resistivity. Ideally, the resistance
through the coating could be mapped, and the structures identified simultaneously. Polymers are
known to have high electrical resistance and seem to exceed the limits of the AFM at this
thickness. It is thought that thinner coatings will bring the current into a range for better

detection. Samples with reduced thickness will be examined in the next section, 6.2.

6.2 THIN FILMS (5 pm)

6.2.1 CSAFM

Following the somewhat successful detection of electrical features of a cured unsaturated
polyester coating by CSAFM, it was reasoned that thinner samples would increase the current
through the coating — bringing it into a more easily detectable range. Thus, samples were
prepared by applying coating onto highly polished steel and manually reducing the thickness by
way of a 5 um spacing shim and a microscope coverglass (see Section 4.4.2). Once the samples

were cured, the coverglass was removed and the samples analysed by CSAFM.

In the previous section, resistivity of the polymer was calculated to be around 0.2-14 Om at low
voltage and 3-210 Om at 3V. If the thickness of the new samples is 5 um, and a similar voltage is
used, the current should be between 0.06 and 4 pA. The AFM nose sensitivity is 0.1 nA V', so
unfortunately this would not fit well with the expected detectability, though slightly higher than

the previous section.
In the same way as described in section 6.1, a baseline was measured at 0 V (and therefore 0

current). Additional current measured after applying a voltage to the sample would enable the

resistance to be mapped. The differences seen in the map could correlate to microstructures in
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the bulk of the sample, and theoretically could be evidence of areas more susceptible to allowing

the passage of reactants (water, oxygen, and ions) and ultimately the corrosion reaction.
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Figure 61: Baseline scan of 5 um thick samples of cured unsaturated polyester coating on polished steel surface, sample
bias voltage of 0 V, Topography (left) and CSAFM current (right)

To confirm the baseline response, a 10 um area was scanned with a sample bias voltage setat 0 V
(Figure 61). Based on the definition of resistance, this should not produce any current and the
response can be attributed to topographical information being picked up across multiple

channels. Baseline current measurement is taken to be - 0.4 to 0.3 pA.

pm Topography - Trace - Main - Flatten:2nd order nm pm CSAFMAux BNC - Trace - Main - Fistten 18t order PA
0 o oS r

o - = s

-0.1
02
03

04

Figure 62: Scan of 5 um thick samples of cured unsaturated polyester coating on polished steel surface, sample bias

voltage of -5 V —same area as Figure 61 but with higher sample bias voltage, no visible change in current response,
Topography (left) and CSAFM current (right)

The same area as Figure 61 was imaged with a sample bias voltage of -5 V (Figure 62). If, as
expected, the current was flowing through the sample we would expect a current greater than

the baseline. The image is almost exactly the same, with a current range of -0.4 to 0.3 pA. As this
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was also shown in the baseline scan, it can be inferred that no additional current was produced by

the sample bias voltage.

The same area as Figure 61 and Figure 62 was imaged with a sample bias voltage of -7.5 V (Figure

63). Unfortunately, again the measurement does not detect any current in excess of the baseline

from Figure 61.

Finally, the same area was imaged with a sample bias voltage of -10 V (Figure 64). This is the
maximum voltage achievable by the instrument. However, as seen in the previous images, the
current does not vary from the baseline current visible in Figure 61. Thus, 10 V did not produce

an additional current response in these 5 um samples.
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Figure 63: Scan of 5 um thick samples of cured unsaturated polyester coating on polished steel surface, sample bias -7.5

V —same area as Figure 61 but with higher sample bias voltage, no visible change in current response, Topography (left)
and CSAFM current (right)
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Figure 64: Scan of 5 um thick samples of cured unsaturated polyester coating on polished steel surface, sample bias -10
V —same area as Figure 61 but with higher sample bias voltage, no visible change in current response at maximum
voltage capable by Agilent AFM 5500, Topography (left) and CSAFM current (right)
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6.2.1.1 Summary

Unexposed 5 um thick samples of unsaturated polyester coating do not show a CSAFM response
beyond the baseline as the bias voltage is increased. The results indicate that this unsaturated
polyester resin does not follow Ohm’s law within the voltage range achievable with current
instrumentation and sample geometry. It is unclear if alternative test criteria would significantly
change the result. A discussion of some theories of ion migration and conductivity in polymers

follows.

6.2.2 Mechanisms of ion migration

As mentioned previously in Sections 2.4.1 and 5.3, one theory of the breakdown of corrosion
prevention by organic coatings postulates that the exposure to water forms pores in the coating.
These pores then remain after drying and allow for water and ions to penetrate more easily after
repeated wet/dry cycles. An alternate theory suggests that the ions move through the bulk of

the coating facilitated by areas of localised ionic character.

Both the Alicona and AFM (Chapter 5) do show irreversible changes to the topography of the
samples when exposed to a salt fog. However, the expected size of pore-like structures is not
clear from literature. However, pores just large enough to accommodate a few water molecules
and ions would be significantly less than 1 nm in diameter and may not be obvious at the surface.
Figure 65 shows a small scan of unsaturated polyester coating sample after exposure to 30
minutes of ASTM B117 salt fog. Small features are visible in the scan, but it is unclear if these are
evidence of pores, or simply clusters of polyester microgels. Strong difference in the phase scan

suggest these are more likely to be microgels.
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Figure 65: Tapping mode AFM scan of ~15 um thick cured unsaturated polyester coating after 30 minutes salt fog
exposure. Small dips in the surface of the coating might be evidence of pores formed, but also could be attributed to
polyester microgel. Agilent AFM 5500 AC tapping mode.
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Figure 66 shows a CSAFM scan on a similar scale to Figure 65. While the tapping mode AFM scan
shows some features revealed by the exposure to salt fog, the CSAFM does not show any features

at all. Unfortunately, attempts to link the features (whether pores or microgels) were

unsuccessful.
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Figure 66: CSAFM scan of ~5 um thick sample of cured unsaturated polyester coating after 15 minutes of ASTM B117
salt fog exposure, Agilent AFM 5500, tip bias voltage of 5V. No features can be attributed to pores or polyester
microgels.

6.3 VALIDATION USING VHS TAPE

Given the lack of expected response, the equipment
manufacturer was contacted for advice on validating the
machine and procedure (now Keysight Technologies for the

Agilent AFM5500). It was recommended to use standard VHS

tape (Figure 67) to validate as the conductive particles
encapsulated in the tape should be discernibly different from Figure 67: typical VHS tape cartridge

the polymer film substrate.

VHS tape is constructed in three layers [170]. The substrate is a polyester film backing for
stability. The top layer is a made of tiny particles of metal oxide (iron oxides or chrome dioxide)
which magnetise to record the information. These two layers are joined by a layer of adhesive.
During a CSAFM scan, more current passes through the conductive metal than the surrounding

binder and substrate, so the particles can be detected.

A small portion of VHS tape was mounted to a steel panel using conductive glue to ensure

electrical contact with the substrate electrode.
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6.3.1 CSAFM

An area of the VHS tape was imaged with and sample bias voltage of 0 V, to establish the baseline
(Figure 68, top — left and right). The CSAFM scan does pick up some current independently of the
topography, this is considered the baseline value. The same area was then scanned with a sample
bias of 1 V (Figure 68, bottom — left and right). With a sample bias voltage of 1V, the current
increases to around 20 pA. This is a difference of around 18 pA. Although it was not clear what

magnitude would be expected, Keysight Technologies indicated that particles should be clearly

discernible.
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Figure 68: CSAFM scans of VHS tape. Topography (Left, top and bottom), CSAFM (Right, top and bottom), sample bias 0
V (top, left and right); sample bias voltage of 1 V, (bottom, left and right). Increasing the sample bias voltage from 0 V
to 1V, the peak current increases from around 2 pA to around 20 pA.

In a smaller scale image of the VHS tape, Figure 69 shows that a sample bias voltage of only 0.4V
produces a current of 2.8 pA, independent of any topographical features. In these scans,

maximum current is expected to correspond to locations of metal oxides in the VHS tape.
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Figure 69: CSAFM scans of VHS tape. Topography (Left), CSAFM (Right), sample bias voltage of 0.4 V. Areas of higher

conductivity are white in the CSAFM scan, and do not correspond with any topographical features in the topography
scan.

There is significant variation among maximum current of VHS samples at the same voltage. Itis
clear that at lower sample bias voltage the current results are lower and appear to be more
reproducible (Figure 70). The images of VHS samples were easier to obtain at low sample bias
voltage. In general, large scan sizes tended to have larger maximum current. This may be due to
the increased probability of a high current location in a larger scan. Although, all of the
conductive areas appear as bright spots near the maximum in all images — the conductive features
do not appear to have varying resistances within the detectable range. The VHS sample appears
to obey Ohm’s Law at low voltages, but more data points would be required to make a clearer
determination on the actual relationship. Microscopically, the conductive particles fabricated into
VHS tape seem to make a consistent path through the sample. Regions of higher and lower

conductivity are expected due to the nature of the VHS tape (conductive particles in a less

conductive polymer matrix).
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Variation of current with sample bias for standard VHS tape by

CSAFM
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Figure 70: variation of current with sample bias voltage for standard VHS tape by CSAFM. For validation purposes,
maximum current is measured at a feature, where the conductive path is strongest.

6.3.2 Summary
The CSAFM setup and method was experimentally validated with VHS tape, as recommended by
Keysight technologies. The lack of CSAFM response in unsaturated polyester samples is not due

to equipment or method.

6.4 BARRIERS TO CONDUCTIVITY

It is clear that samples of VHS tape do produce a CSAFM response, as expected, and that the
samples of unsaturated polyester resin do not. However, it is not clear why. Some theories of

conductivities in polymers are discussed.

6.4.1 Tunnelling distances and Activation Energy

Recent work on quantum tunnelling suggests that electrons could tunnel approximately 1-10 nm
to reach a suitably conductive location [171]. Unsaturated polyester coatings and their
microstructures of interest will always be too thick for the electron to tunnel directly through
them. However, a concentration of water and ions is always present, and tends to increase with
aging. It is postulated here that there is a critical point at which there are sufficient ions to
complete a conductive path through the coating. Prior to this point, the volume between

electrically active sites is too far for the electrons to jump and no conductivity is detectable.
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Warfield and Petree noted in 1961 that physical processes are governed by the same concepts as
chemical kinetic processes, and applied this to electrical conductivity of polymers [172]. They
postulated that the electrical resistivity dependence on temperature is governed by the chemical
kinetics of ion generation with a minimum activation energy and three ion sources. The majority
of ions are residual monomers and other unreacted impurities that can easily move within the
polymer network when an electrical potential is applied. Additional ions are formed by thermal
dissociation and background radiation. In general, highly crosslinked polymers (like polyester and,
to a lesser extent, polystyrene) had relatively high E. 46 Kcal mol? (polyester, and 30 Kcal mol™* for
styrene). It is not surprising that densely crosslinked polymers would require additional energy to

create mobile ions.

All of these AFM measurements were performed at ambient temperature. Elevated
temperatures are known to accelerate ageing and degradation — possibly in part due to the
generation of ions within the polymer. Although further work could be done at elevated
temperatures, this would be outside the scope of this work as it aims to determine contributory

factors and predict corrosion location prior to defects and degradation.

6.4.2 Capacitance

The setup for CSAFM may be compared to a capacitor — two electrodes separated by an insulator
or weakly conducting substance [169] (Figure 71). The insulator prevents the current from
flowing from one electrode to another, however the application of a voltage creates a potential
across the two electrodes. In the AFM, either the tip or the sample is set to a bias voltage, setting
up a potential between the tip and the substrate with the polymer sample filling the entire gap.
In the case of the AFM, the voltages are relatively small (0 V to 10 V). In theory, the bias voltage
can be charged at the start of the scan. It is unclear if a quick scan speed affects the bias voltage

applied if some current moves though the sample.

CSAFM Traditional capacitor

Figure 71: Schematic comparison of CSAFM and traditional capacitor
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In a capacitor filled with a dielectric, no current will pass through the dielectric until the
breakdown potential is exceeded. Polystyrene has a published dielectric strength of 24 kV mm*
[169]. For samples of polystyrene of 5 um thickness, the AFM would not be expected to detect
current through the sample because the 10 V equipment maximum would not exceed the
breakdown potential (120 V um™). However, a commercially available unsaturated polyester was
reported to have a breakdown potential of 8 kV mm™ (40 V um™) [173]. These are macroscopic
values. If the polystyrene is 24 kV mm™ and the average is 8 kV mm?, the value of the
unsaturated polyester alone, would be expected to be somewhat lower. For the dielectric
breakdown of to be exceeded, it would need to be within 10 V per 5 um, or 2 V um™. It is unclear
if the unsaturated polyester alone would be that low, or if any area through the entire thickness
of the sample would be low enough to overcome the dielectric breakdown. However, exceeding
the breakdown potential would create ions and therefore increase the conductivity by damaging

the sample.

A wide difference between the dielectric strength of the polyester and the polystyrene would be
ideal for the detection on a nanometre scale, if the lateral resolution were sufficient to distinguish

between the areas rich in each of the two types of polymer without damaging the sample.

6.4.3 Differences in microstructure between 15 um and 5 pm

When Reiter and Naptolitano discussed the effect of thickness on the properties of glassy polymer
films [174] they concluded that preparation methods are key to understanding the differences in
the resulting properties due to the way polymers modify their conformation when cured in
confinement. In industrial situations unsaturated polyester coatings are normally spray applied or
sometimes by brush, lay-up, or roller. Each of these are expected to give slight differences,
though they are not expected to be perceptible in practice. Spray application is likely to be the
most irreproducible due to many competing factors, such as air pressure, tip size, temperature,
rheology, etc. There is more styrene lost during spray application than other methods, and this is
known to affect the microstructure of the cured coating (Sections 2.1 and 5.1). Spray applied
samples can also be more unpredictably porous if the surface tension of the liquid resin does not
allow both the full wetting of the surface and for the landed droplets to coalesce to a continuous
film. Differences might be detectable in academic studies, but these application methods are

generally impractical for the small-scale samples required.

Most academic work is done on solvent-reduced, spin-coated films of tens of nanometre
thickness, though these are rarely crosslinked polymers. These may be useful to consider

foundational principles, these polymers are very far removed from commercial coatings. The idea
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that thinner films have weaker entanglements may still apply. Fewer molecules will be in the bulk
of the sample — though it is unclear how much this would affect polyester coils expected to be less
than 100 A (10 nm) [19]. The scale effect of reducing polymer thicknesses to the range of
nanometres is extensively studied and in the process of being understood. However, these

effects are not reported for samples in the 5 to 15 um range.

In addition to weaker entanglements [174], thin films have been found to have lower T due to
the reduced free volume for thermal expansion [157]. Considerable work has been done on the
way Ty is affected by film thickness and various annealing schemes [175]. Annealing below the T;
was found to increase the surface diffusion and create unusual ageing phenomena [174]. Itis
unclear how this may relate to performance in accelerated ageing tests which often use

temperature to accelerate the results.

Curing the sample under a coverglass may have effects beyond that of constraining the
microstructure via entanglements. A resin/glass interface is materially different than a resin/air
interface in several ways. The solid glass provides more of a physical constraint than air, but it is
unclear how this physical restraint affects the surface and the microstructures within. Generally,
it might be expected to constrain the microstructures from forming in three dimensions.
Conversely, resins tend to shrink during cure and the capillary forces from the liquid surface could
induce the resin to fill the entire volume rather than shrinking back as would normally occur in air.
It is unclear which of these opposing forces would dominate and if the constrained coating will be
denser due to physical limitations or less dense due to filling the space that would otherwise be

shrinkage.

In addition to the physical constraint of a resin/glass interface, the reduction in air at the surface,
particularly oxygen could be relevant. Unsaturated polyester coatings are known to have issues
with oxygen inhibition during curing. Oxygen at the surface during cure may retard the reaction
such that the coating remains soft, sticky, and not fully cured. Commercial coating formulations
often contain a wax that helps to keep oxygen from the surface and also claims to supress styrene
evaporation. While this resin has not shown any signs of oxygen inhibition in these samples,
nonetheless there may be invisible effects to the reduction of oxygen at the surface —such as a

fuller cure.
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6.4.3.1 Contact angle measurements

The hydrophobic or hydrophilic nature of a sample surface can be measured by the contact angle
of distilled water on a surface. Figure 72 shows the idealised drop on a uniform, smooth,
impermeable surface. Young’s equation relates the contact angle on an ideal surface to the

surface energy (equation 6) [176].

Hydrophobic Hydrophilic

Figure 72: Schematic of contact angles of a water drop on idealised surfaces.

Ys1 + ycos =y, L. (6)
Where:

ys is solid/liquid interfacial energy
y is liquid/gas surface tension

Yso is solid/gas surface energy

However, in practice, surfaces are not ideal. Although attempts were made to keep the samples
smooth for the purposes of AFM, they are not ideally smooth, and the topography changed during
exposure to salt fog. There are two possible models for the effect of a rough surface on contact
angle. The Wenzel model assumes the whole surface is wetted under the drop as in Figure 74,
whereas the Cassie-Baxter model aims to take into account air entrapped under the water drop

(Figure 73)[177][178].

cosf. = ficosO1—f, L (7)
Where the predicted or corrected contact angle is cos .,

f1 is the total area of solid under the drop,

cos 0 is the contact angle for a smooth sample

f> is the area under air.

Nb: the contact angle of air/water is assumed to be 180°, which reduces cos 8, to 1.
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Figure 73: Depiction of the Cassie-Baxter model of contact angle on a surface with topographical features filled with air

Wenzel equation:

cos6, =rcosb;
Where the Wenzel contact angle (6,,) is obtained by a using a roughness factor (r) rather than a

projected area.

Figure 74: Depiction of the Wenzel model of surface wetting, which assumes a rough surface with the water droplet
filling the topography of the surface

Unfortunately, samples in the real world are even more complex than these models. The degree
to which air might be entrapped in the topography of the sample is difficult to estimate. The
samples do not have uniform peaks and valleys as depicted in Figure 74 (see Section 6.6, p112).
Additionally, the solid sample is not homogeneous and is comprised of both polystyrene and
polyester molecules. This could be modelled with the full Cassie equation summing the
proportions of each surface (including air, if entrapped). However, this modelling is beyond the
scope of this thesis. In addition to challenges due to heterogeneity of the surface, the samples
exposed to salt fog are likely to have sodium chloride surface contamination. These ions could
introduce error by tending to decrease the contact angle by an unknown amount. Despite the
likely error in the absolute contact angle measurements, the samples were measured to consider

possible trends.

After the AFM measurements, the contact angle was measured on a variety of samples. Figure 75
shows the contact angle of samples after treatment with salt fog. The contact angle decreases
significantly with salt fog exposure, indicating reduced hydrophobicity at the surface. Increased

duration of salt fog exposure appears to reduce the contact angle in a relatively linear manner,
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though additional data points would be beneficial. (Samples were made for the AFM and longer

exposure times were not available at the time of test.)

100

90

Contact angle (%)

unexposed 15min salt fog 30 min salt fog

5 um S 6pm e Linear (S5um)  seeeeeees Linear (16um)

Figure 75: Contact angle of distilled water on unsaturated polyester resin of two thicknesses exposed to salt fog with
error bars of one standard deviation. Hydrophobicity clearly decreases with increased exposure to salt fog. This effect is
reduced for the thinner sample.

As discussed above, it is understood that the increased topographical changes (though small)
affect the contact angle and therefore measured surface energy of the samples. Table 10 show
the uncorrected contact angle values together with topography measurements by Alicona and
AFM. These two measurements result in significantly different values due to the sample area
used. Indeed, even the trends are different. The roughness of the unexposed 15 um thick sample
is larger than the exposed values by Alicona, but smaller by AFM. At 2.5x magnification, the
Alicona images an area of approximately 5.6 x 4.3 mm, whereas the AFM scans in Table 10 are
only 10 um square. The Alicona method gives a more accurate picture of the roughness
encountered by a contact angle water drop due to its larger scale. Additionally, the period of any

waviness of the sample may be too large to be detected by the AFM.
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Table 10: Uncorrected contact angle of distilled water on sample surfaces of two thicknesses exposed to salt fog, and
roughness data by Alicona and AFM.

Contact angle | R, by Alicona 2.5x | AFM topography 10um scan
unexposed 78.6° 1311 nm <2 nm, Figure 84, p116
§ 15 min salt fog 62.8° 927 nm <80 nm, Figure 85, p117
< | 30 min salt fog 44.6° 981 nm <30 nm, Figure 86, p118
£ | unexposed 85.7° unavailable <10nm, Figure 87, p119
3
v | 15 min salt fog 80.7° unavailable <20 nm, Figure 88, p120

In addition to the reduced change in contact angle with salt fog exposure, thinner samples were
more hydrophobic when unexposed (Figure 76). This trend did not remain linear at much higher
thicknesses, but did continue. It would be counter-intuitive to think that extremely thick samples
would eventually become hydrophilic. Again, additional data points would be beneficial to this
discussion. Traditionally, barrier coatings are applied at the maximum thickness without drips or
sagging to provide the longest path for water to penetrate to the asset surface. If the
hydrophobicity decreases with thickness, this may not be the most performance enhancing

strategy — nor the most cost-effective.

Contact angle of distilled water on various thicknesses of unsaturated polyester resin on steel

90
85

80

Contact angle (°)

60

45

Thickness (um)

Figure 76: Contact angle on samples of unsaturated polyester coating over a range of thicknesses. The contact angle is
reduced at higher thicknesses indicating that thinner films become increasingly more hydrophobic.
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As well as considering the effect of salt fog exposure, contact angles of thin (5 um) samples
exposed to other treatments were measured (Figure 77). The salt fog showed the largest
decrease in contact angle — corresponding to the largest decrease in hydrophobicity. This is
interesting as ASTM B117 is a combination of several of the other treatments. The salt fog
encompasses liquid water condensation, water vapour, and a 35°C temperature, as well as ions.
Exposure to distilled water in liquid form showed the second-largest reduction in contact angle,
suggesting that it is the strongest driver of hydrophobicity reduction in the salt fog — though the
effect of ions cannot be judged by these samples. As discussed previously (Section 5.3), annealing
below the T, (like 35°C) causes a drop in the T; of around 8K. The T, was not measured, but the
contact angle decreased slightly, but within the margin of error. Interestingly, the sample
exposed to humidity showed a small increase in hydrophobicity. This is larger than the change

due to heat, but may still be within margins of error.

95

90 +
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80
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70 +
65 1
60 -
55
50 -.
45 I

unexposed 35°C heat 1h humidity Distilled water salt fog

Contact angle (%)

Treatment

Figure 77: Contact angle of distilled water on 5 um thick unsaturated polyester resin exposed to various treatments with
error bars of one standard deviation

By looking at two different scales in chapter 5, features were found that were tens of microns as
well as hundreds of nanometres. By reducing the film thickness and curing under a coverglass,
the volume available for these structures is reduced and the surface interface has changed. There
may no longer be enough material available to form the microgel structure seen in previous

chapter, and thus the salt fog exposure would no longer produce the same raised structure
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(Figure 78). Without microgels, the areas of concentrated hydrophilic nature are greatly reduced,
and the changes are reduced from 3-dimensional to 2-dimensions. This may reduce the water
absorption generally, and would reduce the swelling caused by the concentration of water
absorption in hydrophilic areas. Without microstructures, the coating would be a comparatively
uniform blend of styrene and unsaturated polyester. As such, it would be essentially impossible
to detect any areas of increased conductivity. Therefore, further reducing the sample thickness to
bring the dielectric breakdown potential into a range compatible with the instrument might

prevent the microstructures from forming and any relevant data from being collected.

H,O
a. / b. H,O C.
— —_—

Figure 78: (compare with Figure 50, p83) Schematic visualising the way a thin film (around 5 um) with an irregular
polymer structure would not concentrate the water and ions, therefore absorbing less water and distributing it more
evenly, thus not swelling microstructures visibly above the background polystyrene. In Figure 50, water is absorbed by
the polyester microgels, the volume of the microstructures increases, eventually raising them above the surface of the
polystyrene.

6.5 SUMMARY

The CSAFM equipment and method were validated by scanning a sample of VHS tape. This
produced a detectable increase in current as the voltage was increased. However, a change in
current above the baseline was not detected for unsaturated polyester coating samples. It was
shown that this unsaturated polyester coating does not obey Ohm’s Law in the voltage range of 0

to-10 V.

Scale effects were shown for much larger thicknesses than previously reported. Thinner films
exhibit greater hydrophobicity across a wide range of thicknesses. This may be due to significant
changes in the microstructure formation during cure. The microstructure seen in the thick
samples of clusters of polyester microgels surrounded by polystyrene branches is not seen in the
thin films. However, the more uniform microstructure of the thin films has shown some

advantages in hydrophobicity and resistance to ageing and deterioration.
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6.6 SUPPLEMENTAL IMAGES
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Figure 79: typical scan of cured unsaturated polyester resin, unexposed. Due to software issues, the CSAFM is reported
as mV rather than mA. Keysight were contacted but were unable to provide a solution to this issue.
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Figure 80: Force distance curve for the images in Figure 57. Deflection sensitivity was measured to be 148.4 nm V-1
(from -2V to -1.88V, in red). The hysteresis seen in this curve (compare to ideal force distance curve Figure 24, p52) may
be due to viscoelastic deformation, piezo drift or both.
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Figure 81: same as Figure 57, p90, but with different location indicated measuring topography
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Figure 82: 0.2 V, same as Figure 58 - other location
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Figure 83: same as Figure 59 with other location highlighted (3V)
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Figure 84: AFM topography and line profile of 15 um thickness unsaturated polyester, unexposed
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Figure 85: AFM topography and line profile of 15 um thickness unsaturated polyester, 15 minute salt fog exposure
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Figure 86: AFM topography and line profile of 15 um thickness unsaturated polyester, 30 minute salt fog exposure
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Figure 87: AFM topography and line profile of 5 um thickness unsaturated polyester cured under coverglass, unexposed
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Figure 88: AFM topography and line profile of 5 um thickness unsaturated polyester cured under coverglass, 15 min salt
fog exposure
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/7 GENERAL DISCUSSION

Unsaturated polyester coatings are still strong players in the marine and protective coating
markets due to their long history of use and their comparatively cost-effective protection.
Instrumentation that was not available when unsaturated polyester coatings were first
commercialised has been used to investigate long-standing questions regarding the polymer

morphology and mechanisms of corrosion protection.

Commercial unsaturated polyester coatings are comprised of unsaturated polyester polymer and
styrene monomer. Styrene monomer is relatively non-polar while the unsaturated polyester
contains polar chain ends. These differences lead to a phase separation where the unsaturated
polyester forms coils and then microgels, which are surrounded and crosslinked with the styrene
monomer or chains of polystyrene. Previous work has relied on fracturing, solvent washing, or
laser ablating to reveal and confirm the two-phase microstructure. After only a short exposure to
ASTM B117 salt fog, these microstructures were visible by optical microscopy and AFM. Although
salt fog is also a treatment, it is designed to simulate conditions experienced in the field, whereas

the previous treatments are wholly artificial.

The polymer provides the majority of the performance of a commercial coating and therefore the
properties given by the microstructures are of great interest. Marine protective coatings prevent
corrosion by baring the passage of ions through the coating to the surface. The migration of
water and ions through the coating is governed by the electrical nature of the coating. lons and
water must have sufficient physical space to move, but transport is also enhanced by electrical
current and polar regions in the polymer. Electrical current requires an electrical path using
existing charge within the coating at short enough distances to jump. Freshly applied, defect-free
coatings do not contain enough charges to make the electrical connection. However, after
exposure to light, water, ions, etc, these charges become more prevalent in the coating — through
migration or degradation of the polymer. Eventually, the ions reach the interface and the

corrosion reaction proceeds.

In considering how the water and ions are likely to migrate through the coating, the electrical
properties of the microstructures are relevant. KPFM measures the surface potential at high
lateral resolution and has shown that polyester and polystyrene are detectably different. CSAFM
has the ability to map current through a sample, as validated by standard VHS tape. However, the
prevalence of charges was too low to complete the circuit for freshly prepared polymer samples

at 15 um thickness. Thinner samples (5 um) were prepared and exposed to various treatments.
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Thinner samples were expected to respond more quickly to exposure, following the traditional
logic of barrier properties. However, these samples proved to be more highly hydrophobic than

the thick films.

Increased hydrophobicity in thin films is an unexpected and interesting result. In addition to this
surface effect, the microstructure visible previously, was no longer visible. Scale effects have
previously been reported in polymers in the range of 10s to 100s of nanometres. Differences
have not been previously reported for polymers between 15 um and 5 um. In practice, these
coatings are not used in thicknesses of 5 um or 15 um, but 750-1000 um. This work has produced
some evidence that hydrophobicity decreases with increasing thickness and thus the ease of
polymer degradation increases past 15 um, though it is unclear how the effects scale to
thicknesses 100x greater. In addition to the overall thickness, commercial formulations are not
made up of resin alone (Section 2.1.3). The addition of liquid additives and solid particles gives
rise to the possibility of countless microscopic interfaces throughout the coating. If these were to
constrain the coating to a small dimension between these interfaces, it is unclear if the scale

effects shown here would still apply.
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8 CONCLUSIONS

Alicona optical microscopy and atomic force microscopy were able to produce images of the
polymer microstructure without the potentially damaging methods of solvent washing, laser
ablation, and cracking used in previous studies. These images are important direct corroboration
of the predicted microstructure for the first time.

e |t was confirmed that a branched network similar to those previously reported [19] could
be seen in one commercially available, unaccelerated, non-thixotropic isophthalic
unsaturated polyester resin after short-term exposure to salt fog when scanned by an
Alicona InfiniteFocus 3D Optical microscope (Figure 40, p73) and an Atomic Force
Microscope (Figure 44 and Figure 45, p76).

o The features imaged by AFM are on a much smaller scale than the features and
surface profile changes seen by the Alicona. This has shown that the structure
formed contains clusters of microgels and globules in a wide range of sizes from
nanometres to micrometres.

o KPFM analysis indicated that differences in surface potential can also be detected
after exposure to salt fog (Figure 47, p78).

o CSAFM analysis (Chapter 6) showed that the microstructure does appear to have
differences in electrical properties at 15 um thickness. However, films of 5 um
lack the expected microstructure, but possess greater, more stable
hydrophobicity. These previously unreported scale effects may have applications

for commercial formulations.

After visual and AFM confirmation of the expected microstructure, attempts to correlate these
structures with highly localised electrical properties were unsuccessful due to previously
unreported scale effects. Based on the results and discussion contained herein, the following

generalised theory of conductivity in polymers is suggested.

Unsaturated polyester resins form coils to shield the polar ends from the non-polar styrene.
During curing, there is some additional movement due to increased temperature, but the free-
radical curing timescale of around 30-60 minutes allows the phase separation to occur.
Unreacted monomers, water, and ions are generally separated into the more polar phase.
Initially, these polar regions are too far apart to facilitate conductivity through the polymer.
However, as the coating is exposed to water and ions, these move preferentially towards the

polar molecules, causing the swelling seen in Chapter 5. As water moves through the coating, it
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hydrolyses polymer molecules at ester linkages (Section 5.3), increasing the number of chain ends
in regions of previously non-polar character. This self-perpetuating effect increases the
availability for charge transport as well as the ease of water and ion migration. At some point, a
critical volume of charge is available, and the electrical path through the coating can be
completed. Unfortunately, it is not yet possible to link any structures to higher probability of
hydrolysis. Though reasons for the lack of conductivity cannot be conclusively determined from
this work, it has added to the pool of scientific evidence surrounding theories of ion migration and

conductivity in polymers.

In the samples where the curing was constrained, the influence of the glass interface may have
caused a denser packing of polystyrene molecules. These are naturally more hydrophobic and
account for some of the surface hydrophobicity seen by the contact angle measurements in
Section 6.4.3. The effects of this interface must penetrate beyond the surface though, as the
microstructure seen in Chapter 5 is not visible in these samples. It is unclear how this effect is
passed through several microns of coating. However, it seems clear that the delocalised nature of
the polar chain ends, residual water, ions, and monomers avoids the strongly polar regions that
attract further water — causing hydrolysis. Methods of incorporating this into commercial

development should be investigated further.
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9 FUTURE WORK

There are several areas that this work could be expanded. Perhaps most simply, the electrical
properties could be investigated with a higher bias voltage. Instrumentation is always improving
and features on new machines that allow a greater field of vision while selecting areas to scan
would also be of great interest. If features could be located repeatedly, it may be possible to
confirm how the topographical and structural changes progress after exposure to salt fog or other

environmental stressors.

The more interesting work, however, would be to further explore the scale effects. Polymer scale
effects are widely reported for monolayers or thicknesses in the tens of nanometres. Significant
behavioural changes in polymers have not been previously reported between 5 um and 10 um
thickness. As it is unclear if this is a gradual change or there is a minimum volume for the
structures to form. It would also be interesting to consider thicknesses below 5 um. This could
further advance the formulation of coatings by identifying a target microstructure which may be

engineered through formulation or polymer design.

Formulation of a protective coating has always been a balance — of cost vs performance, of
chemical resistance vs flexibility, of durability vs ease of use. A great deal of the assumptions
these balances are based on come from long-standing, but ultimately unproven rules of thumb.
Old theories of barrier properties have argued that thicker films give the water and ions a longer
path to travel, increasing protective time. The work here challenges that long-held assumption. If
thinner films are less prone to hydrolysis and degradation, it will be a challenge to bring that

technology to the next generation of coatings.
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