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Abstract

Organic coatings are widely used for the corrosion protection of metals in marine
environments because they provide good protection against corrosion at a relatively low cost.
In marine environments, active corrosion in enclosed systems, such as ballast tanks or
corrosion under insulation (CUI), cannot be effectively halted by organic coatings. The
maximum operating temperature for organic coating systems is often defined by dry heat
exposure, but this is not highly relevant to enclosed environments under water immersion

where the maximum operating temperature of the coating is dramatically reduced.

In this study, the ability of phenolic-epoxy coatings to prevent corrosion in enclosed
environments was investigated. In enclosed environments, metals are often exposed to
aggressive conditions, such as high temperature (isothermal or cyclic conditions), corrosive
salts such as seawater and various pH levels. To evaluate the performance of phenolic-epoxy
coatings under enclosed conditions, the performance of freshly coated carbon-steel panels was

compared with that of coated specimens after thermal treatment at 120 °C.

Case study | focused on simulating the effect of carbon steel in closed environments
(i.e., CUI conditions or ballast tanks). To evaluate the corrosion behaviour and mechanism
when the samples were immersed in 3.5 wt. %NaCl solution vs. exposed to condensation

conditions. Electrochemical methods were applied to monitor corrosion.

In case study I1, a phenolic-epoxy coating was exposed to different heating conditions
(isothermal or cyclic temperatures) based on high dry temperatures. The highest performance
of the coated panels was observed after exposure to thermal cycling (22-120 °C) for 40 d,

whereas cracking of the coating was observed after treatment at 150 °C for 3 d.

In case study IlI, the corrosion performance of panels coated with commercial
phenolic epoxy was analysed after exposure to thermal cycling (22-120 °C for 40 d) and
compared to that of freshly coated specimens. Accelerated corrosion tests were conducted in
(3.5 and 5.0 wt. % NaCl solutions) in an enclosed system at 80 °C for 60 d. The effect of
chloride ions on the coatings was investigated by visual observation (degree of blistering and
degree of degradation around an artificial scribe in the coating) and electrochemical
measurements. More significant degradation of the freshly coated panels was observed after
exposure to 3.5 wt. % NaCl than 5.0 wt.% NaCl. The exposure of the organic coatings to heat

provided improved resistance against severe marine conditions.

Case study IV compared the performance of phenolic-epoxy-coated panels before and

after thermal exposure (thermal cycling; 22—120 °C for 40 d). The effect of the solution pH (4

I



or 8) on the coated specimens was evaluated in simulated seawater (3.5 wt. % NacCl solutions)
at 80 °C for 60 d. These tests aimed to mimic the acidic/alkaline marine environments as
different enclosed environments with different pH ranges. The results of electrochemical
measurements and the degree of blistering and delamination around scribed regions of the
coated panels showed that the alkaline 3.5 wt. % NaCl solution caused greater coating
degradation than a similar acidic solution. In contrast, thermal treatment of the coated panels

improved corrosion protection against severe marine conditions at both pH levels.

Overall, this study identified the conditions under which phenolic-epoxy coatings
provide maximum corrosion protection to steel in enclosed environments. In conclusion, the
case studies demonstrate that heat treatment of the coated panels improves their coating
performance in enclosed environments.
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CHAPTER 1

INTRODUCTION
1.1 Background

Corrosion is a significant global problem which has not only an environmental impact in
terms of material damage and pollution, but also has a huge economic impact because of the
material loss in industries and the budget set aside for corrosion control and maintenance of
equipment and systems subjected to corrosion. Almost every metallic material that we use in
our daily life is subjected to corrosion in one way or another. Corrosion can be considered to
be a natural phenomenon in which pure metals and alloys form a stable compound after the
interaction with a surrounding corrosive environment chemically or electrochemically [1].
Corrosion is an electrochemical phenomenon which requires four components: anode,
cathode, electrolyte and an electrical connection [2]. A chain of electrochemical processes
takes place during the corrosion process which involves the dissolution of metal ions into the
electrolytic solution at the anode, which is, comparatively, a more active site during the
electrochemical phenomenon. Following that, the electrons are transferred from the metal
undergoing corrosion to a cathode, through an electric current through the metal [3] and an

ionic current traversing the solution completes the electrical circuit.

Variation in the temperature of the aqueous medium affects rates of corrosion. With rising
temperature, kinetics of reactions increases. However, oxygen solubility decreases with
increasing temperature. Thus, in the open system, corrosion rate is reportedly peaked around
80 °C [4].

On the contrary, corrosion rate tends to increase with temperature in an enclosed
environment [5]. Additionally, the micro-environment created in an enclosed space can be
complicated, such as insulated steel piping and vessels, storage tanks, bilge, or ballast tanks
[6-9,10].

An effective method for controlling corrosion is the isolation of the metallic material
to be protected from the corrosive media by a protective coating. Coatings are still the most
commonly utilised technique for protecting metallic materials against corrosion [11].
Protective coatings (organic or metallic) are used as the barrier to prevent corrosion of the
metallic substrate. It acts as a barrier preventing corrosive species to reach the metal

underneath the coating [12].

General characteristics for an efficient coating system are good adhesion, durability

and corrosion resistance. Corrosion resistance provided by coatings depends upon: (1) surface



preparation, (2) the application procedure, and (3) coating properties [12]. In addition, when
coatings are used, the entire coating system, not just the coating itself, must be carefully
considered. For example, SP0198-2010 [13] recommends coatings for insulated austenitic
and carbon steels. However, coating degradation is still inevitable even after proper selection
of a type of coating and following the specifications, particularly when exposed to an
aggressive corrosion environment. For instance, most coatings function well in moderate
temperature but high temperature exposure can cause some coatings to be brittle, less flexible,

and leading to cracks [14].

For carbon steel, the coating types recommended by NACE publication SP0198 for
hot water immersion conditions are amine-cured-coal tar epoxy, and epoxy-phenolic [15].
Metallic coating such as thermally sprayed aluminium (TSA) coatings have performed
successfully in marine and high-temperature environments. Inorganic zinc coating has dry

heat resistance, but serious failures have been reported in wet environments [12].

Organic coatings as an effective means of corrosion protection have been widely
applied in enclosed environments [16,18] that may be subjected to aggressive corrosive
environments involving seawater, high temperature and humidity. Kristian Haraldsen
implemented a steam heating system in conjunction with a test flow loop to evaluate three
types of coating (high temperature inorganic copolymer coating, phenolic epoxy coating, and
thermally sprayed aluminium (TSA)) at 140 °C. The test results show that phenolic epoxy

coating had the best performance among all the coating tested [19].

Despite the efficiency of coatings in the SP0198 standard [13] to application at
elevated temperatures, phenolic epoxy coating was selected to be applied on carbon steel to
deal with wet/ dry conditions to mitigate corrosion among all coatings types as a result of a
previous study [19]. Phenolic-epoxy coatings results from reaction between epoxy resins and
hardening agents, thereby forming a protective layer [20]. Such resins are known to confer
excellent mechanical properties [21-22], chemical resistance [23], anti-corrosive properties
[24-25] and thermal stability [26-27] due to their highly cross-linked nature. Nonetheless, for
every application reliant on the mechanical or barrier properties of an epoxy resin, wet
conditions (moisture or immersion) are a key consideration in the evaluation of long-term
performance. Yet, to date, a comprehensive mechanical understanding of the effect wet

environments on the corrosion process in closed systems remain elusive.

Corrosion under insulation (CUI) occurs when water is continually replenishing
oxygen at a steel-insulation interface where the steel temperature ranges between -4 °C to 175
°C [28]. Another example is in the ballast tank where temperature could rise to 80 °C (in a

car-carrier ship) due to the heat treatment effect [29]. The closed environment is a complex



process because it interfaces with several factors. Thus, each aspect and factor must be
individually examined. When coatings are under insulation or in closed systems, various
parameters can contribute to the degradation of organic coatings, such as dissolved oxygen,
ionic species, temperature such as isothermal or cyclic conditions, and pH ranges.

The majority of studies have focused on model epoxy resins [30,32-33]. Little
attention has been given to industrial systems, which typically comprise a complex mixture of
resin and cross linkers with pigments, fillers and numerous additives. Typical additives have
been shown to be hygroscopic, so that water uptake may be dependent on their concentration
and distribution [34-35]. Furthermore, relatively few studies have reported Kinetic
investigations of the water uptake for epoxy-phenolic systems. Suzuki et al. [36-37] measured
free volume for a range of epoxy-phenolic and found a direct correlation between free volume
and water uptake. However, the effect of resin polarity was neglected. Conversely, Zhang et
al. [24] examined two epoxy-phenolic systems and reported greater water sorption for the

coating containing less free-volume.

So far, there is a lack in the demonstration and understanding of a phenolic epoxy
coating, particularly commercial formulations regarding their ability to prevent corrosion in
aggressive conditions such as high temperature (isothermal or cyclic conditions), corrosive

salt such as seawater concentrations, and different pH levels.

1.2 Objectives

Based on literature review, there is a lack of understanding about phenolic epoxy
coatings exposed to elevated temperatures. In particular, the effects of simultaneous
immersion and condensation, mimicking a closed environment, on the coating behaviour have

not been widely investigated. On this basis, the objectives of this study are set as follows:

1. Investigate the effect of immersion and condensation on corrosion behaviours of bare
carbon steel.

2. Evaluate thermal degradation of a phenolic epoxy coating and its effects on the
coating’s performance.

3. Evaluate the post curing effects on the performance of a phenolic epoxy coating
exposed to varying NaCl concentrations through immersion and condensation.

4. Study the effects of pH (alkaline/ acidic) on phenolic epoxy coating behaviour.



1.3 Thesis structure
This thesis is structured as follows:

Chapter 2 introduces literature review into electrochemical corrosion and a review of
the causes of carbon steel corrosion, particularly in an enclosed environment. Corrosion
products that form on carbon steel surfaces are discussed. Afterwards, detail on the types of
coatings commonly used are given, with emphasis on the chemical properties and structure of
phenolic epoxy coatings. Finally, factors that may contribute to the failure of organic coating
in wet conditions and advanced methods for investigating organic coatings’ protective

properties and degradation mechanisms are explained.

Chapter 3 presents the experimental investigation into the influences of environment,
i.e., immersion and condensation, on corrosion behaviour of carbon steel. The experimental
design aimed to mimic an enclosed environment where multiple micro-environments
concurrently exist. The study employed electrochemical techniques including electrochemical
noise and electrochemical impedance spectroscopy to monitor corrosion behaviour. Key
findings indicated that specimens immersed in a bulk solution at a constant temperature
exhibited the highest weight loss and corrosion pattern was uniform. At the same time, carbon

steel samples exposed to condensing conditions suffered localised corrosion.

Chapter 4 studied the effects of thermal exposure on the behaviour of a phenolic epoxy
coating. The performance of the coated panels improved after thermal exposure at 120 °C for
40 d, as manifested by the high EIS impedance and increased adhesion force between coating
and metal. The coating degradation was observed at 150 °C after 3 d by the appearance of

creaks on the surface of coated panels.

Chapter 5 evaluated the roles of NaCl concentrations and pH on the performance of
the selected phenolic epoxy coating, when exposed to water condensation and immersion in
NaCl solution. Furthermore, the post curing effect was investigated by comparing the
behaviour of fresh coating and pre-heated coating under the same exposure conditions. Degree
of delamination and blistering were used to quantify the coating performance. Cross sectional
analysis of the coating and corrosion products was performed to gain a better insight into the

behaviour observed.

Chapter 6 summarises the achievements and limitations of this study along with some

recommendations for the future work.



CHAPTER 2

LITERATURE REVIEW

2.1 Electrochemical corrosion

Corrosion refers to the degradation of a material caused by its interaction with the
environment. Metal is particularly susceptible to corrosion owing to its low thermodynamic
stability. During metallic corrosion, electrons, ions, and atoms are exchanged as the metal
oxidises to a more stable oxidation state, known as the metallic oxide state [38]. In contrast,
materials with lower electrical conductivity, such as polymers, degrade owing to a
combination of physical alterations and chemical reactions, resulting in bond scissions and
bulk material dissolution [39]. In this thesis, the term "corrosion" is used only to refer to the

oxidation of carbon steel.

When iron is exposed to water or oxygen, an iron-oxide layer is formed on its surface.
Initially, this layer is composed of goethite (a- FeOOH), lepidocrocite (y-FeOOH) or a mixture
of the two. This process occurs because of the following electrochemical redox reaction:

4Fe + 30, + 2H,0 — 4Fe00H (2-1)

All redox reactions can be divided into two half reactions that occur simultaneously
on spatially separable electrodes. The anode functions as the oxidizing electrode, and the
cathode serves as the reducing electrode. An anode, a cathode, the electrical pathway between
them, and a conductive medium (e.g. electrolyte) between them are sufficient to form an
electrochemical corrosion cell in which the redox reaction occurs (Figure 2-1) [40]. To operate
the electrochemical cell, a constant supply of electrons must be available and transferred to
the electrochemical species, and ions must flow freely between the electrodes to maintain the

neutrality of the system [41].
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Figure 2-1: Electrochemical corrosion cell in top view and cross section [42].

When metallic materials undergo corrosion, metal oxidation (Equation (2-2) is usually
the anodic reaction. However, the occurrence of cathodic reaction depends on the
environmental conditions. In acidic and anaerobic conditions, the most common cathodic
reaction is hydrogen evolution, while oxygen reduction is the most common reaction in
aerated solutions [43]. Table 2-1 shows the potential cathodic reactions that can occur on iron
exposed to various electrolytes (2-3) to (2-6). All of these reactions occur simultaneously on

the metal surface but to varying degrees [44].



Table 2-1: The anodic and cathodic reactions that take place during iron corrosion.

Anodic reaction Cathodic reaction

0, +4H* + 4e~ > H,0 (2-3) Oxygen
1/,0, + Hy0 +2e™ - 20H~ (2-4) | reduction
Fe - Fe?* +2e~ (2-2) -
2H* +2e¢e~ > H, (2-5) Hydrogen

2H,0 + 2e~ - H, + 20H™ (2-6) | evaluation

The cathodic reaction (hydrogen evolution) is relatively slow in neutral and acidic
media and does not remarkably contribute to the corrosion caused by the oxygen-reduction
reaction [45]. Cox et al. demonstrated that as dissolved oxygen concentrations increase, the
rate of corrosion initially increases, producing a predominantly granular form of magnetite
(Fes04). At high oxygen concentrations, a passive film composed of ferric oxide is formed,
which decreases the rate of corrosion. However, at low pH, hydrogen evolution tends to
remove the passive film. The hydrogen evolution reaction considerably affects the
composition, structure, electrical performance, and mechanical properties of the passive film
and decreases its stability [46]

Once the iron has been dissolved, a few different reactions can occur. Under neutral
aerobic conditions, dissolved iron ions can be oxidised to Fe®*, which then precipitates out
into amorphous iron oxide-hydroxides. Hematite (a-Fe>O3s) or maghemite (y-Fe»Os) can also

be formed by further crystallisation.

2Fe?* +1/,0, + 3H,0 > 2Fe0(OH) + 4H* (2-7)
However, under anaerobic conditions, the following reaction can occur:

Fe + 2H,0 - Fe(OH), + H, (2-8)

Although Fe (OH): is unstable under these conditions, it can still react with other elements to

produce magnetite (FesO.).
3Fe(OH), = Fe30, + 2H,0 + H, (2-9)

Fes04 can also be formed when dissolved oxygen is exhausted; this reaction increases

the local acidity.

2Fe0(OH) + Fe?t - Fe;0, + 2H* (2-10)



Under aerobic and anaerobic conditions, the oxide layers formed on the iron surface
can reduce the rate of corrosion. The thickness and consistency of these oxide layers
considerably depend on temperature, pH, and electrolyte composition [48].

The addition of sodium chloride to distilled, aerated water considerably increases the
rate of iron corrosion. The chloride ions make the medium more conductive, allowing the
current to flow between the anode and cathode areas that are far apart [45]. At room
temperature, the rate of corrosion increases as the salt concentration increases and decreases
if the concentration of NaCl exceeds 3.0 wt.% [49]. Iron corrodes faster when placed in a
dilute NaCl solution because more of the dissolved oxygen can reach the cathode. However,
if NaCl concentration exceeds 3.0 wt.%, the solubility of oxygen decreases and the corrosion
rate goes down [49].

2.2 Corrosion in enclosed environments

Carbon steel can be immersed in condensed water in an enclosed environment. The
oxygen content in condensed water is higher than in aqueous water; therefore, different
corrosion processes may occur under these two conditions. Figure 2-2 shows the various types
of corrosion that can occur on coated carbon steel in the enclosed spaces because of different
environmental conditions. Ballast tanks are often in direct contact with sea water, moisture,
and chloride ions. Therefore, among the various compartments of a cargo ship, a ballast tank
is subject to the highest level of corrosion [50]. The corrosion patterns of ballast tanks are not
uniform across the entire tank, and each region exhibits a distinct pattern. The distinctions are
most evident in the empty section of the tank. In this section, the headspace is subject to
condensation and is accessible to air and oxygen. Therefore, the rate of atmospheric corrosion
is faster than the rate of corrosion in areas that are immersed in water ((Figure 2-2 a) and
(Figure 2-2 b)) [51]. Figure 2-2c shows the normal corrosion distribution at the base of an

insulated pipe and localised corrosion along the sides of the pipe.
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Figure 2-2: Corrosion of carbon steel in enclosed environments; (a-b) inside a ballast

water tank used to stabilise a ship [52] (c) under insulation [53].

Corrosion largely depends on temperature. As temperature increases, the kinetic
energy of reactant molecules increases. The rate of corrosion typically increases with
increasing temperature [54]. According to Fontana et al. [55], the corrosion rate of an enclosed
system increases with increasing temperature as the oxygen is readily available. In contrast,
the corrosion rate of an open system first increases with increasing temperature and then
decreases as the temperature rises above ~80 °C as shown in Figure 2-3. The solubility of
oxygen decreases with temperature, and the concentration of dissolved oxygen approaches



zero at 100 °C [5]. However, in closed systems, oxygen is confined in the gas phase at high
temperatures, which increases its partial pressure. This in turn increases its solubility in water,
thereby increasing the corrosion rate [56]. As documented in NACE SP0198 and APl PR583,
the most critical temperature range for preventing the CUI of carbon steel is 50-175 °C [56-
57]. Moreover, the corrosion rate of the carbon steel increases with the temperature under

insulation [57].

A ballast tank can be used as a heat exchanger with a freshwater cooling system. The
maximum temperature of ballast water measured on board a car-carrier ship was 80 °C [58].
The temperature inside the ballast tank is 80 °C. This causes the water inside the tank to
condense, which creates a humid atmosphere in the headspace of the tank.
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Figure 2-3: Effect of temperature on metal corrosion in water [5].

In closed systems, such as carbon steel under thermal insulation (Figure 2-4), water
or moisture penetrates the insulation and becomes trapped between the insulation and
jacketing. When evaporation occurs, the water cannot escape the closed system, and it
condenses on the inner surface of the jacketing (water barrier). Water accumulates on the
internal metal cladding and then migrates back to the hot surface [59]. Thus, it is plausible
two distinct micro-environments are created within this closed system, the lowest part with a
highly conductive electrolyte and the top section with a relatively lower conductivity from
condensed water. Furthermore, in ballast tanks, owing to the cyclical charge and discharge of

seawater as well as the motion of the ship at sea, regions exist where the electrolyte
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concentration on surfaces above the water level has low concentration of CI. Also,
condensation occurring at the underside of the top surface.

Break in cladding metal

Gas phase Evaporated water

(low concentration of Cl)

Spacers

Liguid phase
(high concentration of CI)

Insulation material .
Steel pipe Metal cladding

Figure 2-4: Cross-section of an insulated pipe with a breakage, describing water cycling in

a closed system.

For carbon steel, the rate of CUI can be 20 times higher than that under naturally
aerated atmospheric conditions when water or condensed moisture penetrate the insulation
[60]. The CUI of carbon steel can be uniform or localised, whereas the CUI of stainless steel

is mainly localised in the form of pits and stress corrosion cracking [61].

In addition, temperature plays a vital role in both anodic and the cathodic reactions.
Figure 2-5 shows the polarisation curves for carbon steel in 3.5 wt.% NaCl at different
temperatures (20-95 °C) [62]. These data clearly indicate that both the anodic and the cathodic
reactions are enhanced at higher temperatures. The increase in the current corrosion rate (Icorr)
of carbon steel corresponds to the decrease in the corrosion resistance of carbon steel with

increasing temperature.
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Figure 2-5: Potentiodynamic polarization curves of carbon steel in 3.5 wt.% NaCl solution
at different temperatures [62].

Alkalinity typically decreases the rate of corrosion because the concentration of H*
and the rate of hydrogen reduction decrease [63]. The pH of an electrolyte considerably
depends on its external environment and can be affected by acid rain or condensation
processes [56-57]. The pH of sea water ranges between 8.0-8.3. According to the ASTM C871
standard, the pH of an insulation material can be between 6-14 depending on its type as
illustrated in Figure 2-6 [64]. The pH of water in the ballast tank of a ship during its voyage
from the Baltic Sea to the open Atlantic Coast of Europe for 15 days was 7.34-8.17 [65]. The
pH of the ballast water collected from container ships that travelled from Mexico to Japan was
between 7.44-8.25 [66].
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Figure 2-6: Level of pH for different insulation materials.

2.3 Protective coatings

Protective coatings are an effective way to reduce corrosion in humid conditions. Such
coatings protect the metal surface from moisture [57] and prevent the infiltration of oxygen

and corrosive electrolytes [67-69].

The following paragraphs introduce various types of coatings and their limitations.

They also describe the standards that are used to evaluate the performance of the coatings.

Thermal spray aluminium (TSA) is a metallic coating that can be applied to process
equipment, storage containers, and pipes. TSA has a service life of more than 25 years and
offers a high degree of adhesion and corrosion resistance to the exposed steel substrate [70-
71]. However, TSA needs to be closely monitored, as premature failures (as early as 8-15
years) have been reported, particularly in insulation systems [59]. Damage to the TSA coating

on steel can accelerate its degradation, with a subsequent reduction in its service life [72].

Polysiloxane polymers (or high-build silicones) comprise synthetic compounds of
repeating siloxane units and have excellent tolerance to high temperatures and ultraviolet
radiation. Polysiloxane thermal coatings have been evaluated for CUI mitigation [73].
However, a second-generation polysiloxane coating exhibited blistering and cracking after

exposure to CUI conditions and thermal cycling [73].

All coatings deteriorate over time, especially under wet insulation where moisture is

trapped inside the annular space, resulting in water accumulation. Excessive water and
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corrosive electrolytes can further corrode the metal substrate if the protective coating is
damaged during use [74].

Researchers have used various test configurations to evaluate the coating performance
under CUI conditions. For instance, a vertical pipe system was employed to investigate the
coating performance under insulation. In this process, an insulated pipe was placed on a hot
platform, and the coating performance was evaluated along the length of the pipe under a
temperature gradient [75]. Furthermore, a high-temperature test apparatus was developed to
investigate the coating performance on a square pipe under insulation [76]. In another study,
a steam heating system and a test loop were employed to assess the performances of three
different coatings (high-temperature inorganic copolymer, phenolic epoxy, and TSA) at 140
°C [60]. The results showed that the phenolic epoxy coating was the most effective among the
tested coatings.

NACE SP0198 recommends that phenolic epoxy, novolac epoxy, and high-build
epoxy should be used as thermal insulation coatings for metals [57]. Phenolic epoxy coatings
provide protection against CUI over a long period of time in the temperature range of 3-150
°C [60]. However, these coatings may degrade during operation at temperatures outside this

range or when exposed to excessive moisture with corrosive components and high pH [77].

Figure 2-7 gives a short summary of a few coating types currently used to protect the
metals against corrosion at elevated temperatures. The organic coatings include benzoxazine,
phenolic and novolac epoxies. These coatings provide excellent protection against water and
salt damage but can degrade at high temperatures. The inorganic coatings include zinc
silicates, which offer higher thermal resistance than organic coatings and can provide good
corrosion resistance. Historically, these coatings have been used on insulated pipes with some
success; however, they degrade prematurely in wet and hot conditions. At temperatures above
60 °C, zinc and zinc oxide have a very high dissolution rate, and under certain pH levels, the
polarity between zinc and iron changes. Consequently, iron starts protecting zinc instead of
the opposite, as intended. This results in the rapid degradation of the coating system and the
corrosion of steel. Thin-film silicone is an inorganic silicate with excellent thermal properties.
It does not possess the disadvantages associated with zinc silicates owing to the absence of
the zinc pigment. Metallic coatings, including TSA, SisN4 and zinc, have great anti-corrosive
properties and are the optimal choice for long-term protection. However, these coatings are
expensive and difficult to apply consistently, particularly in maintenance settings, making

them unsuitable for many applications [78].
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Figure 2-7: Some of anticorrosive coatings for protecting metallic materials against elevated
temperatures [79].

A new methodology for assessing the structural integrity of coatings was developed
by examining the morphology of blisters, cracks, and rust layers formed after corrosion [80].
A cyclic test plan that includes wet and dry tests, heating and cooling, and regular exposure to
corrosive electrolytes such as, NaCl or (NH4)2SQO4 solutions, was designed to simulate inland
industrial settings. This test plan is recommended as the most effective simulation method for
evaluating the interactions between different environmental elements [81]. IMO PSPC [82],
ASTM D5894 [83], proposed ISO 12944-6 [84], and modified NACE TM-0184 [85] are
widely used standards to evaluate coated metal under cyclic weathering conditions. However,
the issues regarding coating degradation in enclosed environments are still unresolved, and no
agreements on standardised test apparatus for coating degradation in closed environments

have been made.

2.3.1 Phenolic-epoxy coatings

In the early 1900s, Leo Baekeland first synthesized phenolic resins via the
condensation reaction of para-phenylphenol with formaldehyde. Phenolic resins are classified
according to the conditions used in their preparation. Figure 2-8 shows the chemical structure
of novolac resins, which are prepared via condensation under acidic conditions. However,
resole resins (Figure 2-9) are prepared via alkaline polymerisation (Figure 2-9). Phenolic
resins are often combined with other resins, which increases their resistance towards acidic
and salt solutions [86-87]. However, strong alkaline solutions can reduce their hardness by
attacking their exposed hydroxyl groups [87-88]. The combination of phenolic resins and

alkyds provides enhanced resistance against solvents [87].
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Figure 2-8: Chemical structure of novolac phenolic resin [89].

. [ oH
2
OH—C | CH,——OH

CH,

Figure 2-9: Chemical structure of resole phenolic resin (prepared from para-cresol) [89].

Figure 2-10 shows the condensation reaction between bisphenol-A and

epichlorohydrin to form epoxy materials.

The reactivity of these materials is caused by the oxirane ring, which reacts with acidic
and alkaline compounds to produce a thermoset resin through polymerisation. Polymer chains
composed of diglycidyl ether of bisphenol A (DGEBA) are formed with diglycidyl ethers as
end groups. Other potential epoxy sites that could be reactive are the epoxy hydroxyl groups,
which have some steric freedom to bond with other polymer chains and form hydrogen bonds.
The molecular weight (MW) of epoxy resins determines their state and viscosity. When the
number of repeating units, n=24, the epoxy resin solidifies. In addition, epichlorohydrin can
react with phenolic or polyhydroxy aromatic compounds to form novolac epoxies (Figure 2-
11) [90-91].

CH,

/\ | \ ;
2CHz—CH—CHz—0‘@‘C\‘@>OH LOH> CHZ/—CH—CH2—04@7C|1‘—@70—HZC—HC/—\C}

CHj CH;,

Epichorohydrin Bisphenol A Diglycidyl Ether Bisphenol A

Figure 2-10: Chemical reaction of bisphenol-A with epichlorohydrin to form DGEBA
[91].
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Figure 2- 11: Chemical reaction to form epoxy-novolac [91].

As the MW of the epoxy resin is increased, the chemical and solvent resistances
increase, along with the flexibility and impact resistance [92]. Increasing the amount of
phenolic resin improves the overall chemical and solvent resistance of phenolic-epoxy

coatings while enhancing the flexibility and providing resistance to alkaline solutions [92].

Epoxy polymerisation can occur by heteropolymerisation or homopolymerisation
reactions. Heteropolymerisation involves the addition of a hardener (curing agent) to the
epoxy to form a macromolecular network. The efficiency of the hardener depends on the
polymer curing or ageing conditions (temperature and time) [90-91]. Phenolic epoxy coatings
are cured properly when exposed to a high dry temperature, as discussed later in this thesis. A
stoichiometric amount of hardener is used so that the rate of the polymerisation reaction is
maintained until its completion. However, some unreacted groups can become trapped
between the macromolecules and adversely affect the polymer product [90]. The amount of
hardener used determines the curing properties of the epoxy network. In contrast,

homopolymerisation uses a catalyst that initiates polymerisation between resin monomers.

Amine compounds are widely used as curing agents for epoxy coatings. They provide
rapid curing at room temperature (usually within 1-2 h), which is accelerated at higher

temperatures [91]. The produced coatings have excellent electrical properties, chemical and
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solvent resistance, and thermal and vacuum stability. These characteristics are improved when
the coatings are postcured or cured at high temperatures. Amine compounds used to cure
epoxies are categorized into twelve distinct types (Table 2-2). Aliphatic (straight chain) and
aromatic amines react readily with epoxy resins, as shown in Figure 2-12, when the epoxy is
cured using ethylenediamine [91].

18



Table 2-2: Formations of amine hardeners and catalysts [91].

Type Aliphatic Aromatic

Alicyclic

Heterocyclic

Primary R—NH, QNHz

o

H,N
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N

H,N

H
Secondary R—NH—R @N —@

¢ S NH

Tertiary R—N—R N\
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Figure 2-12: Cross-linking reaction between DGEBA and ethylenediamine [91].

In phenolic-epoxy systems, the density of the polymer is directly related to its glass
transition temperature (Tg) [93-94]. Cross-linking is important because it also impacts the
polymer packing coefficient (ratio of van der Waals volume to the molar volume of the
structural unit) and free volume. The lengths of the DGEBA polymeric chains increased when
it was cured with tetrafunctional metaphenylene. The amount of curing agent was increased
according to its physical dimensions during thermal expansion [94]. A study on the
relationship between functionalisation and mechanical properties in epoxies cured with
diaminodiphenyl sulfone (DDS) revealed a direct correlation between the improved network

structure and increased polymer strength [95].

The adhesion of epoxy resins can be attributed to the highly polar and surface-active
epoxy molecules, which form chemical bonds and allow mechanical interlocking with the
substrate. The numerous ether bonds in epoxy resin and their available electron pair (from
oxygen atoms) allow for hydrogen bonding between the coating and the metal substrate [91].
The aromatic ether moieties in the epoxy resin form stronger hydrogen bonds because the
oxygen in the resin is more electronegative [91]. Moreover, the hydroxyl groups of the epoxy
resin provide hydrogen atoms that bond together. Each hydrogen bond has a force of attraction
of ~5 kcal/mol; therefore, the adhesive force between the epoxy coating and the substrate is
strong [91].
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2.3.2. Permeation of corrosive species through organic coatings

Organic coatings protect metal surfaces by providing a physical barrier to the
diffusion of water, oxygen, and ions that lengthens diffusion pathways of corrosive species
between the environment and metal surface [96]. Electrochemical reaction under a coating
can only occur if there is sufficient penetration and accumulation of water and oxygen at the

substrate/coating interface to enable the cathodic oxygen reduction reaction to occur [97]:

0, + 2H,0 + 4e~ - 40H~ (2-11)

However, these coatings consist of networks of polymer chains with associated free-
volume, pores, and defects. The porosity and defects can form channels for the transport of
corrosive species to the metal surface, which can decrease the resistance and barrier properties

of the coating and ultimately lead to adhesive failure [97].

2.3.2.1 Water transport through coatings

Water can permeate a coating by three mechanisms: (1) a concentration gradient of
ions is created upon immersion in an aqueous solution or exposure to high relative humidity,
resulting in true diffusion through the polymer; (2) osmosis due to impurities or corrosion
products at the interface between the metal and coating; and (3) pores and defects in the
coating formed by poor curing, improper solvent evaporation, poor interaction between binder
and additives, or entrapment of air during application enable diffusion by capillary action [97-
98]. The permeation of water through the coating and subsequent accumulation at the
substrate—coating interface can lead to adhesion loss, blister formation, and pathways for ionic
transport. It was demonstrated that water transport through a substrate—organic-coating
interface could be approximately two orders of magnitude faster than that through a bulk
coating, although hydrated ions have similar transport rates at the interface and coating [98-
99].

The coating capacitance is crucial for determining the water barrier properties of an
organic coating [100]. Moreover, it can be used to evaluate the volume fraction of water in the
coating and the kinetics of water uptake [101]. Figure 2-13 shows that there are three distinct
stages of water uptake: (1) homogeneous diffusion of water into the coating, (2) a steady-state
plateau of little-to-no water uptake (coating saturation), and (3) a further increase in water
uptake due to local bulk water accumulation and swelling [102-103]. Swelling of the coating
can then lead to adhesion loss, blister formation, and corrosion reactions at the substrate—

coating interface.
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Numerous studies have investigated the penetration of water into coatings [102-104].
Initial studies on water uptake used single-layer systems and AC measurements to determine
the changes in coating capacitance and the water uptake by coating [102]. Other studies
investigated coating systems with two organic layers (primer and topcoat), each with a distinct
role, swelling behaviour [105-106], hydrolysis properties [107], and effect on lowering of T
[108-109]. It was reported that the quality of the interface between the two organic coatings
greatly influences the impedance of the system [110]. Later, the in situ wetting and drying
behaviour of a primer—top-coat interface was evaluated by EIS using embedded electrodes
and a two-layer model was developed [111]. It was confirmed that the assumptions generally

applied to single-layer systems do not hold for the primer—top-coat interface.

2.3.2.2 Oxygen penetration

Oxygen is a key component in the oxygen reduction reaction shown by reaction (2-
11) [112]. The primary mechanism of oxygen transport is diffusion through pores and defects
in the coating [96]. However, as in the case of water, oxygen can also permeate through dense
coatings due to the free volume of the polymer. In contrast to water, oxygen does not interact
as readily with the polymers in the coating during transport to the interface. Negligible
swelling or rearrangement of the polymer chains occurs during oxygen transport. Therefore,
oxygen diffusion is primarily due to the properties of the polymeric structure, such as the
polarity, degree of cross-linking, and Tg4. A hydrophilic polymer can limit oxygen permeation
by promoting hydrogen bonding, which can enhance the crystallinity and dense packing of the
structure. It has been shown that the addition of polar groups to a hydrophobic backbone can
significantly decrease oxygen permeability [96,113-114]. Similarly, cross-linking can limit

oxygen diffusion by decreasing the polymer chain mobility and increasing the MW [96].
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Finally, as Tqincreases, the free volume of the coating decreases, thereby reducing the oxygen
diffusion rate.

2.3.2.3 lonic transport

For corrosion to occur under a coating, there must be an electrochemical double-layer
(build-up of ionic species) at the metal surface [112]. It has been shown that the diffusion rate
of ions through an intact coating is small due to the low dielectric constant of the coating
[115]. During the initial stages of water penetration through the coating, ionic transport is
limited to the ionization of fixed polymeric groups that allow for the transport of oppositely
charged ions. As water penetration substantially increases, the dielectric constant of the
coating increases, creating pathways for hydrated ions to the substrate—coating interface [115-
116]. Therefore, any ionic species present at the substrate—coating interface before primer
application cannot diffuse away from the interfacial region and may exacerbate corrosion
[117].

2.3.3 Adhesive failure

A coating system must adhere well to the metal substrate to provide adequate
protection. It was postulated that the degree of corrosion protection provided by a coating
depends more on maintaining adhesion at the substrate—coating interface than providing a
physical barrier [118]. Adhesion can be achieved through five mechanisms: (1) mechanical
interlocking, (2) chemical bonding, (3) electrostatic effects, (4) adsorption, and (5) diffusion
[119-120]. The primary adhesion mechanisms for organic coatings on metal surfaces are

mechanical and chemical bonding.

Mechanical adhesion involves the interlocking of the coating with surface
irregularities provided by a rough substrate surface [90]. With an absence of surface
roughness, interfacial attractive forces are the only forces binding the substrate and coating.
With the addition of surface roughness, the coating fills the indentations and hence, the
substrate or coating material must be broken for delamination to occur. In addition, surface
roughness increases the surface area available for bonding, which requires that more bonds
are broken upon delamination. Therefore, the adhesion strength increases with increasing
surface roughness. However, the coating must be able to fully penetrate all of the undercuts
in the substrate, otherwise, corrosive species can accumulate and attack the bare substrate

upon permeation through the coating [121].

Chemical adhesion is primarily based on the bonding between the polymer chains in
the organic coating (polar group) (R—OH) and the hydroxide layer on the steel surface (Me—

OH). The latter is part of a thin oxide—hydroxide passivation layer formed on the metal surface
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due to environmental oxidation, which is a polar (hydrophilic) layer [122]. When an organic
coating is immersed in an aqueous solution or exposed to high humidity, the most common
failure modes are poor wet adhesion [98,121], blistering [123], and filiform corrosion
[118,124]. The primary method for minimising failure under humid conditions is to reduce
the relative humidity, although this is not always simple or practical.

2.3.3.1 Wet adhesion loss

Wet adhesion loss refers to the loss of adhesion between a metal substrate and coating
in the presence of an electrolyte or water, without the formation of a blister [98,119,121].
Leidheiser and Funke refer to wet adhesion loss as “water disbondment™ to emphasise the loss
of adhesion including water vapour as an additional factor [125]. Current knowledge of the
effects of water accumulation at the substrate—coating interface is based on the work of
Haagen and Funke [126], who proposed that water permeating through a coating could cause
delamination of the coating, which is defined as poor wet adhesion [121]. The permeation of
water into a coating only results in corrosion of the underlying metal if the coating delaminates
from the substrate [90,122,126]. Wet adhesion loss occurs when the attractive forces between
the substrate and water or between the coating and water are stronger than the adhesion force
between the substrate and coating [98], resulting in the displacement of the coating [119,127].
Figure 2-14 shows the chemical bonding occurring at the substrate—coating interface under
dry and wet conditions. Furthermore, the debonding process is not instantaneous and there are
intermediate stages in which wet adhesion loss can be partially recovered if the coating is
dried [119,122,128].
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Figure 2-14: Schematic of the substrate—coating interfacial bonds under (a) dry and (b)

wet conditions. Adapted from [119].

In 1987, Leidheiser and Funk [125] confirmed that wet adhesion loss is a consequence
of a continuous or discontinuous water layer at the substrate—coating interface. Water
permeates through the coating and gathers at the interface. In support of Haagen and Funk

[126], the authors stated that water accumulation requires local areas where the substrate and
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coating are not well bonded. Finally, they noted that the water layer grows laterally due to
stress associated with water condensation.

The mechanical properties of a polymer, such as its Ty, determine the quality of a
polymer coating and must be considered in both dry and wet conditions [129]. It was shown
that to achieve a high-quality coating system, the layer adjacent to the substrate should have a
Ty above ambient temperature. If the Tq of the polymer is too low, the high chain mobility
facilitates the sliding of adhesive bonds at the substrate—coating interface and displacement of

the coating in the presence of water.

2.3.3.2 Blistering

Blistering is considered a crucial coating failure mode for steel systems [130]. It is the
first visible sign of failure of an organic coating immersed in an aqueous solution or exposed
to high humidity and indicates insufficient corrosion protection [123]. Upon water uptake and
subsequent swelling of the coating, localised coating delamination can occur along the
substrate—coating interface. Absorbed water then accumulates at the delamination sites to form
a blister. There are two primary mechanisms of blister initiation, although others have been
suggested: (1) osmotic pressure at the interface and (2) mechanical stresses. The former refers
to the chemical activity of water above and below the coating, where the difference is typically
caused by atmospheric contaminates or residual salts at the interface that lower the water
activity. Water transport is driven by the difference in chemical potential between the outside
coating surface and internal blister surface [131]. Van der Meer-Lerk and Heertjes showed
that the accumulation of salt at the interface dictated the formation of blisters [132]. The
osmotic pressure mechanism is considered to be the most significant and should be
accompanied by an associated visible release of internal pressure upon rupture. However, in
practice, no visible release of internal pressure has been observed [123]. It was proposed that
instead, this process should be thought of as continual build-up and release of pressure, which
supports the lack of a noticeable pressure release. In addition, absorbed water at the interface
can produce mechanical stresses (compressive stress inside a blister and tensile stress outside
the blister) that stretch the interfacial bonds between the substrate and coating. This stress can
form blisters, especially at weakly adhered points along the interface. However, this
mechanism is frequently criticised. It was suggested that the mechanical stresses from small

amounts of absorbed water are probably relieved before blistering [123].

Coating applications should meet the minimum industrial requirements for substrate
surface preparation and the specified wet-film and dry-film thicknesses, which are essential
for ensuring appropriate coating performance. A coating will not provide its intended service

life if it is applied over salt/ corrosive medium due to contamination (lack of surface
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preparation). The adhesion strength between the coating and substrate may decrease if the
substrate surface is not adequately prepared (Figure 2-15). Surface contamination decreases
adhesion and create initiation points for osmatic gradients associated with soluble salts in the
bulk solution, resulting in the degradation of the coating [145].

Figure 2-15: Coating degradation in poor surface preparation. (a) Adhesion failure of the
coating result of surface contamination. (b) Blistering on the coating caused by chlorides

ions on substrate surface prior to metal coating [133].

2.3.3.3 Filiform corrosion

Sharman [134] was the first to study “filiform corrosion” in 1944. Sharman observed
this phenomenon under coatings on steel substrates and noted that it spread quite rapidly (~2.5
cm per month). Filiform corrosion is characterised by the development of filaments with an
“active head” filled with liquid and a “tail” of solid corrosion products that lifts and penetrates
the organic coating [118]. Corrosion occurs in the active head, while the tail is thought to be
inactive, although, there is no distinct boundary between the two regions [135]. Filiform
corrosion is initiated at defect sites in the coating, such as scratches, edges, and areas of
adhesion loss. Water and oxygen are necessary components for the oxygen reduction reaction
to occur. Finally, there must be an aggressive ionic environment, where chlorides enhance
filiform corrosion. Figure 2-16 shows a filament travelling across the metal substrate with the
filament head acting as an anode and the filament tail acting as a cathode. The driving force
for this type of growth is believed to be an oxygen gradient cell between the anodic head and
cathodic tail [118].
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Figure 2-16: Schematic of the structure of a filament in filiform corrosion [136].

In 1959, Kaesche proposed a mechanism to describe water and oxygen transport to
the active head through a mass-transfer pathway in the porous tail [136]. It was observed that
oxygen was prevalent at the back of the active head, but no verification of this hypothesis was
given. In 1983, Ruggeri and Beck [135] experimentally confirmed the mechanism proposed
by Kaesche [136]. By cutting the filament tail, peeling back the coating, and closing off the
part of the tail emerging from the surface, the corrosion process was effectively terminated
[135]. Similarly, when the pathway was reopened, the corrosion process started again.

2.3.3.4 Cracking failure of coating

Cracking failure occurs when a dry coated film begins to degrade before its expected
life span due to the formation of cracks on one or more coating layers.[137]. Cracking is the
term used to describe damage to the coating during operation. Generally, it is caused by
various product and material factors such as an excessive film thickness, which results in film
shrinkage due to excessive application, poor product formulation, inadequate application
intervals, and incorrect surface preparation [138-139]. Cracking is an undesirable
characteristic of the protective coating due to embrittlement or the loss of flexibility of the
coating as it ages.

Ringsberg et al. [140] investigated the rate at which coatings disintegrate after they
were applied to steel substrates. They used a four-point bend test on two coatings to determine
the loss of flexibility with ageing. They wanted to find out if there was a way to measure how
long coatings last over time. They suggested that cracking is caused by the stress produced
inside the coating because of environmental factors, such as changes in temperature, water

exposure, and wet and dry cycling. [140].

Organic coatings are often used in ballast tanks to prevent corrosion [16]. The limited
literature on ballast tank coating, particularly on coating failure assessment, makes this a
difficult subject area. Cracking failure is a common occurrence in ballast tanks. [141].

According to Mills and Elliasson [142] the deterioration of the coating in the ballast tank from
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both wet and dry cycling (mechanical fatigue) leads to a decrease in the protective efficacy of
the coating.

Dei et al. [143] confirmed that cracking in epoxy coatings on the ballast tank surface

occurs because of stress due to temperature variations.

Zhang et al. [144] proposed that the deterioration of the epoxy-based coatings resulted
from the accumulation of thermal stress during the ballast operation. In addition, they
confirmed that the performance characteristics of coatings largely depend on the environment
in which they are applied (in-service environment). The cohesive strength of the coating
decreases as the immersion period increases; hence, the breaking of hydrogen bonds due to
water results in the degradation of the coating.

Ringsberg [145] stated that thermal fatigue caused by corrosive conditions (e.g.
seawater) may considerably damage ballast tank coatings. Therefore, it is important to
emphasize that the combined effects of seawater and temperature may increase the likelihood

of cracking failure.

Pederson et al. [78] evaluated the performance of various coatings, including organic
epoxy and inorganic silicone, under insulating conditions. The coated panels were subjected
to a range of temperatures, spanning from 300 °C to 650 °C, for a 24 h duration at each
temperature level. Subsequent to each thermal cycle, the panels were inspected for the
presence of cracks. Extensive micro-cracking was observed in thin-film silicone after 18 d of
exposure to 650 °C. High-build silicone exhibited its first signs of cracking at 300 °C. Novolac
epoxy developed cracks after 9 d when exposed to a temperature of 250 °C. Failure in the

form of cracks in epoxy mastic material was noted at 200 °C after a 20 d exposure period.
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2.4 Typical methods for investigating protective properties and

degradation mechanisms.

2.4.1 Surface characterisation methods

2.4.1.1 Time of flight—secondary ion mass spectroscopy

This technique analyses the secondary particles emitted from a target surface
bombarded by primary particles, i.e., ions, electrons, neutral atoms, and high-energy photons
(usually between 1-15 keV). Most emitted particles are neutral. Secondary ions can be
positively or negatively charged and are analysed using mass spectrometry. The fragment
peaks of the spectrum may be characteristic of the substrate material itself, materials adsorbed
on the substrate, or surface contaminants and impurities. Figure 2-17 illustrates the sputtering
process in a schematic manner [146].

primary ions
Bis* fragments

‘molecular’ ions

@ A+ B c+ AB+ ABCH

Figure 2-17: Schematic of the SIMS process.

There are three different mechanisms by which secondary particles are released from
the surface after impact by a primary particle, which depend on the particle energy. (1) Single
knock-on (or collisional sputtering) occurs when the energy of the particle is lower than 1 kV
and the current flow is also low. After primary-particle collisions, if the atom/particle has
enough energy to overcome the surface binding, it is released from the surface. (2) If the
energy and current are high enough, an internal flow of moving target atoms passes through
the sample surface, which causes a linear cascade or "collision sputtering™. (3) A spike regime
(thermal sputtering) occurs at a high degree of electron excitation. Figure 2-18 shows the

schematics of the sputtering processes involving elastic collisions [147].
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Figure 2-18: Schematics of sputtering by elastic collisions. (a) Single knock-on regime,

(b) linear cascade regime, and (c) spike regime.

Spectrometry can be conducted in either static or dynamic modes. Static secondary
ion mass spectroscopy (SSIMS) is operated at a lower incident primary-beam current density
than dynamic SIMS (DSIMS). In SSIMS, the typical current flux is below 1 nA cm2. There
is very little damage to the surface at chemically sputtered. DSIMS, on the other hand, uses a
much more intense primary-beam and etches the sample surface, causing a lot of surface
damage. The emitted particulate is continuously determined as a ratio to the depth of the
original surface. DSIMS usually only looks at atomic ions. However, there are other methods
like SSIMS or DSIMS used for different types of analysis. The main use of SSIMS is to
determine the chemical composition of a surface and it's useful for surface science, like
adhesion studies. It is also the most widely used for organic material analysis. DSIMS is
widely employed for chemical composition analysis as a result of depth (several hundreds of

monolayers) because of its etching ability.

SSIMS has proven to be an effective tool for analysing organic materials. These
organic materials are chemically bonded, and the primary collision energy is converted into
molecular vibrations, resulting in energy exchange within the organic layers through
vibrational excitation. SIMS systems mainly consist of a primary ion source and a mass

analyser [147], as described in the following sections.

2.4.1.1.1 Primary ion sources

The primary ion beam produced by an ion gun has an ionic energy of 1-15 keV. The
ion beam bombards the sample, resulting in the emission of secondary ions via the processes
described above. In SIMS, especially SSIMS, an electron-impact ion source is used for
analysis. Electrons are generated from a hot filament to provide sufficient energy to ionize the
source gas. The primary beam typically comprises caesium (Cs*) or bismuth (Bi*) ions. An
electrostatic or magnetic field controls the beam. Bi* sources with small spot sizes (200 nm)

and low beam current (1.1 pA) are used for ToF-SIMS analysis [148].
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2.4.1.1.2 Mass analysers

In the case of SIMS, it is essential to obtain the maximum amount of information from
a surface. To detect the total yield of secondary ions produced from the surface, the detection
system should be optimised. SIMS uses three types of mass analysers: quadrupole, magnetic
sector, and ToF [148].

Quadrupole mass analysers operate by applying a direct current (DC) and an
alternating current (AC) to four adjacent rods. As the ions pass through the analyser, they are
separated by weight. An electrostatic filter is inserted between the sample and the analyser
because ions with high Kkinetic energy cannot be separated. The analyser only permits the
transfer of ions in a sequential manner and analyses the target ions in the range of low to high
molecular weights [148].

Magnetic sector analysers are typically employed for DSIMM, i.e., depth profile
analysis, which is usually combined with imaging. A fixed potential is applied to the ions prior
to their entry into the magnetic field. The separation of the ions is determined by their mass to
charge (m/z) ratio. The mass resolution depends on the size of the magnets. This analyser has
a high transmission resolution and a high mass detection rate. However, it has several
limitations, such as slow mass scanning speed and difficulties in generating a true ultrahigh

vacuum [148].

ToF mass analysers are suitable for analysing complex organic materials that require
a high mass range. ToF analysers are better than magnetic sector analysers because they have
better mass resolution, transferability, and sensitivity. The ToF value is directly proportional

to the m/z value of the ions, and the mass spectrum is plotted as intensity versus m/z.

2.4.1.1.3. Detection of hydrocarbon polymers

The secondary ion spectra of aliphatic polymers comprise signals from CiHn*
clusters, with m = n... 2n+1. Compared to saturated polymers, there is a greater weighting of
the C, clusters of ions containing more hydrogen atoms. The C,Hn"* clusters extend to a much

higher mass (m/z), which indicates the MW of the polymer chain structure [149].

Yiu et al. [150] examined the surface characteristics of liquid polymers to detect
hydrocarbon segments. The mass spectrum of the polymer surface enriched with CxH,* was

measured. The hydrocarbon group fragment obtained at the end was Ci1Hq".

Treverton et al. [151] identified certain elements of epoxy coating using ToF-SIMS.
The study focused on the chemistry and molecular structure of epoxy resins. High-molecular-

weight epoxy resins comprise oligomers composed of glycols and phenols.
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The curing process of epoxy resin depends on the composition and concentration of
the hardener. Firas et al. [152] investigated the curing reactions of epoxy resins by studying
the C«HyN," ions observed in the mass spectrum of cured resin samples. When the
concentration of the aliphatic hydrocarbon hardener ions is higher, the crosslinking density of

the resin increases.

2.4.1.2 Raman spectroscopy

Raman spectroscopy was used to investigate the corrosion mechanism under the
coating and to identify the iron oxides in the corrosion layer beneath the polymer. Raman
spectra of typical iron oxides have been published in the literature and can be used as reference
spectra [153-154]. The highest frequencies for different oxides are shown in Table 2-3. These
frequencies are based on the spectra of samples recovered from the field. All peaks were
matched with those of iron oxide standards. The Raman spectra was interpreted in terms of
peak intensity ratios, shape, and frequency. It is possible that hematite and maghemite may be
formed from other iron oxides due to heating from the Raman laser; therefore, the laser power
was adjusted to reduce the damage.

Table 2-3: Characteristic Raman wavelengths of various iron oxides [153-154].

Raman Frequencies Feature Oxides

136-147 Sharp Akaganeite, Goethite
247-250 Goethite, Lepidocrocite
298-300 Goethite

305-320 Akaganeite

380-400 Akaganeite, Goethite, Lepidocrocite
408-415 Shoulder Akaganeite

470-480 Weak Goethite

495-502 Ferrihydrite

510 Green rust

529 Lepidocrocite

532-540 Akaganeite

545-552 Weak Goethite

667-690 Broad Goethite, Magnetite
710-725 Broad Akaganeite, Maghemite
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De Faria et al. used Raman spectrometry to study corrosion [155]. Corrosion products
of steel when immersed in 0.5 M H,SO4 borate buffer (pH = 8.4) and in carbonate/ bicarbonate
buffer (pH = 8.9) solutions, iron oxy hydroxides, goethite and lepidocrocite were found [164].

According to numerous research papers, corrosion products typically consist of
several layers of iron oxide [86,156-159]. Over time, rust accumulates in layers, and the
composition of rust can vary depending on the environmental conditions (e.g. atmosphere,
aeration) [160]. In addition, material composition with other corrosive parameters such as

chloride ion content, pH, and temperature affects corrosion products [161]. For example, Xin
Zhang identified that lepidocrocite (y-FeOOH) is found in the outer layers exposed to the

environment. At the same time, goethite (a-FeOOH) or magnetite (Fe304) formed in the inner
parts, and the thickness of layers depended on the corrosion conditions [162]. Earlier studies
by Reguer and coworkers [163] investigated the chloride containing corrosion products.
Earlier study by S. Savoye et al. observed through Raman spectroscopy analysis that corrosion
products had two layers when exposed to carbonate and oxygen. The inner layer comprises a-

FeOOH, while the outer layer forms Fe.O; and Fe;O,4 [161].

2.4.1.3 Fourier-transform infrared spectroscopy

The chemical and physical behaviour of a coating system must be clarified so that
predictions can be made regarding the subsequent properties of the protective coating. Fourier-
transform infrared spectroscopy (FTIR) is used to study the chemical bonds initiated under
processing conditions that affect the final coating properties [164]. Figure 2-19 illustrates that
infrared radiation is generated from a source and travels through an aperture that modulates
the irradiance of the sample. The beam passes through an interferometer that converts it into
a special signal that contains all IR frequencies. The beam finally reaches the detector, where
the final signal is detected and converted into digital data that is then sent to the computer for
spectral processing. The resulting spectrum provides information on the chemical bonds of
the sample, e.g., an organic coating, to identify changes in the bonds as a function of the

experimental/environmental conditions [153].
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Figure 2-19: Schematic of the working principle of an FT-IR spectrometer [165].

Webb carried out the depth profile studies of solid organic films to measure the time
and surface depth of the obtained infrared spectrophotometric data [166]. Hill [167] studied
the degradation of plasticized poly(vinyl chloride) using IR spectroscopy. The samples
exposed to ultraviolet radiation and natural weathering yielded degradation manifest by
absorption bands at 3200 (OH), 1400 (C-H bending), and 1720 cm™ (C =0). The band in the
3700-3100 cm* range is attributed to the presence of OH groups (from hydrolysis products,
alcohol residues, and absorbed water) [168-170] and primary and secondary N—H groups that
absorb in this region [171-173]. The bands at 2931 and 2870 cm™* are assigned to the C-H
stretching vibrations of the alkyl groups [168-170] and N-H vibrations [171]. The intermediate
band at 1640 cm™ is attributed to the bending vibration of water molecules absorbed by the
coating [172,174]. The band near 1600 cm, more notorious in the high amine cured coatings
DETA (1:1) and 3A (1:1), can be assigned to N-H deformation modes in the -NH. group,
indicating that a small amount of the crosslinking agent remained unreacted [171-172].

2.4.1.4 Thermal analysis

Thermal analysis techniques are employed to determine the correlation between
temperature and particular physical characteristics of a material [175]. The thermal methods
used in this study were DSC (Differential Scanning Calorimetry) and TGA (Thermal

Gravimetric Analysis).

DSC applies a linear temperature ramp to a sample to obtain quantitative calorimetric
information. In polymer research, the Ty is obtained from DSC data, which gives information
about the mobility of the polymer chains [176]. A polymer state is rubbery above T4 and glassy
below Tg4 [175]. Moreover, a higher T indicates a higher cross-link density of the polymer and

lower segment mobility.

34



TGA measures the mass of a polymer sample during heating [177]. Polymers typically
lose mass when subjected to a slow rate of heating at low oxidation temperatures [178].

The mass loss can be caused by (1) release of volatile components, such as adsorbed
moisture, solvents, or oligomers of low molecular-weight that generally evaporate between
50-100 °C and 300 °C; (2) loss of reaction products (e.g., water or formaldehyde) from
phenolic or amino resins curing (~100-250 °C); (3) chain scission is the process of creating
volatile degradation products that usually need temperatures higher than 200 °C but not higher
than 800 °C [175]. TGA can observe all these mass loss processes to get data on thermal

stability and ageing caused by thermal and thermo-oxidation processes [175].

2.4.1.5 Microscopy and elemental analyses

Scanning electron microscopy (SEM) was used to investigate the morphology of the
sample surfaces. SEM focuses a beam of high-energy electrons over the specimen surface,
and signals are emitted from the interaction between the specimen and the electron beam,
including low-energy secondary electrons, high-energy backscattered electron sources, and
characteristic X-rays from the constituent elements. These signals are used to form three-
dimensional images that provide information about the topography, morphology, chemical

composition, and grain or crystallographic orientation [194].

Energy-dispersive X-ray spectroscopy (EDS) is used to characterise the elemental
composition of a specimen. EDS systems are often combined with an adequately equipped
SEM. The primary electron beam causes the emission of X-rays from the sample surface. The
X-rays emitted correspond to the atomic states of the elements. An energy dispersion detector
analyses the X-rays and the EDS spectrum, showing the peaks corresponding to the elements.
This study used a 15 keV energy to SEM-EDS for elemental analysis on the substrate and
coated samples [194]. SEM-EDS provides valuable information about the failure mode of a
coating, which is specifically related to surface structure, microcracks, contaminants, and
corrosion products. The analysis of prepared cross-sections can focus on the areas of a coating
containing microcracks, blisters, and delamination, which provide information about its

morphology and elemental composition.

2.4.2 Electrochemical technique

2.4.2.1 Electrochemical impedance spectroscopy

As corrosion is an electrochemical process, many electrochemical techniques have
been employed over the years to study corrosion of coated metals [43]. However, owing to

the high resistance of organic coatings, traditional direct-current (DC) methods cannot be used
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to analyse coated metal systems [118]. Therefore, alternating current (AC) techniques, such
as EIS must be used. EIS is often used to characterise corrosion protection of coated-metal
systems because it is a simple and non-destructive test [102]. Experiments are conducted using
a potentiostat with a standard three-electrode setup consisting of the coated sample as the
working electrode (WE), a counter electrode (CE), and a reference electrode (RE). By
applying a small AC sinusoidal potential to the working electrode (WE), the voltage signal
(usually 10-20 mV) on the coated metallic sample can be detected [179-180]. The current of
the coated sample can be measured over a range of frequencies from 100 kHz to a few mHz
[97,181]. Hence, the impedance, which is the resistance to the flow of AC of an
electrochemical system, can be calculated according to an extension of Ohm’s law for AC

circuits:
Z(w) =V(w,t)/I(w,t) (2-12)

Here, Z is the impedance (Q2), w is the angular frequency (rad/s), V is the applied AC
voltage (V), tis time, and I is the measured AC (A). The absolute impedance, |Z|, has a real
component (Z’) due to resistance (energy loss) and an imaginary component (Z’) due to
capacitive reactance (energy storage). EIS results are typically reported in the form of a Bode
plot: |Z] (©2) vs. frequency (Hz), or a Nyquist plot: -Z” (Q) vs. Z’ () [181], as shown in Figure
2-20.
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Figure 2-20: Examples of a (a) Nyquist plot and (b) Bode plot for a single time constant of
the coating (Qcoat).

Subsequently, the EIS data are analysed using electrical equivalent circuit models. An
intact coating is well described by the Randles model (Figure 2-21). EIS data are commonly
modelled using the constant phase element (Q) because ideal capacitors cannot be used to
model experimental data because of non-uniform coatings, surface roughness, or the
inhomogeneous distribution of the current. As the coatings become more porous or local
defects occur, the model becomes more complex (Figure 2-22a), and the Warburg impedance
in the equivalent circuit is added to represent electrochemical and diffusion processes that
deteriorate the coating, as illustrated in (Figure 2-22b) [182-183].
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Figure 2-21: Equivalent electrical circuit used to describe an intact coating. Rs is the
solution resistance, Qcoat i the constant phase element of the coating, and Reoat is the

resistance of the coating.
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Figure 2-22: Equivalent electrical circuits used to describe defective coatings. Qa is the
constant phase element of the double layer, Ren is the charge-transfer resistance, and W is

the Warburg impedance.

EIS is a highly effective method for evaluating the corrosion resistance of a coating
applied on the metal surface, and an 1SO 16773-1 standard has been issued [184]. EIS is often
used to determine the water content and diffusion coefficient of the coating before and after
its exposure to environmental conditions. To provide corrosion protection to steel, it has been
proposed that a coating barrier should have a minimum initial impedance of 10® Q-cm? [182],
In addition, after the exposure of the coating to environmental conditions, the impedance
should have decreased by no more than three orders of magnitude [185]. Regardless of coating
thickness, blisters were observed when the impedance of the coating dropped below 10° Q-cm?
[185]. Further in-depth EIS studies [186-187] were conducted to predict the performance of

organic coatings, which provide quantitative measurements to determine the failure time and
the changes in the system.
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2.4.2.2 Electrochemical noise

The electrochemical noise (EN) technique measures spontaneous fluctuations in
potential and current and serves as a valuable tool to gaining insights various types of

corrosion, including general and localised corrosion.

Iverson [188] was among the pioneers in applying EN for corrosion research in the
late 1960s. Concurrently, theoretical investigations into EN induced by electrochemical
reactions were undertaken by Fleischmann, Oldfield [189], Tyagai [190] and Baker [191].
Initial efforts in corrosion research focused on examining either potential or current
fluctuations in isolation under galvanostatic or potentiostatic conditions [192-195]. Eden and
Hladky [196] employed a zero-resistance ammeter (ZRA) to concurrently capture and

interpret both potential and current noise data.

Potentiostatic current noise measurements have been particularly informative in the
study of passivity and pitting corrosion of diverse materials as well as in understanding
corrosion mechanisms [197-199]. Conversely, there exists a limited body of literature on
galvanostat potential noise measurements [200-201]. While both methodologies constitute
valid research avenues, they may introduce disturbances that do not faithfully represent actual
corrosion conditions, thus rendering them less suitable for accurate corrosion monitoring [202-
203]. In contrast, ZRA-based and EN measurements permit the simultaneous recording of
potential and current noise arising from the electrode's natural corrosion, i.e., at open circuit
potintial [203]. This methods have gained considerable attention in recent years owing to their
ease of setup, non-destructive nature, non-intrusive characteristics, and notably, their

capability to detect localized corrosion [204-207].

2.4.3 Physical characterisation techniques

2.4.3.1 Pull-off adhesion tests

A pull-off adhesion test measures the adhesion strength of a coating against a substrate
by measuring the maximum vertical tensile force required to pull the coating away from the
substrate [208]. For this, a stud or dolly is attached to the coating with an adhesive (Figure 2-
23), and then pulled away from the substrate in the standard direction at a specific rate while
the force is measured. Adhesive selection is a vital factor that influences adhesion testing. The
cohesive strength of the adhesive should be larger than that of the coating—substrate interface
[209]. The adhesive should not penetrate or interact with the coating [210]. This method has
some limitations. For example, the adhesive components can penetrate the coating and reach
coating—substrate interface [211]. Finally, it is important to note that these measurements are

usually performed in a dry environment, which do not simulate practical operating conditions.
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Therefore, the results do not give a true measure of the durability of a coated sample [212].
The presence of water at the coating—substrate interface is known to reduce adhesion [117]. A
few studies have attempts to determine adhesion under wet conditions. However, this does not
seem to be a valid approach because when an adhesive is applied to a surface exposed to water,
it takes an extended amount of time for the adhesive to recover its properties [213].
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Figure 2-23: Photograph of the dolly attached to a specimen ready for pull-off adhesion

tests.
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Effect of Chloride lons and Temperature on the Corrosion of

Carbon Steel in Closed Environments

Abstract

This case study investigated carbon steel corrosion in an enclosed environment, where
one set of steel specimens was immersed in 3.5 wt. % NaCl solution and another was exposed
to humid (condensation) conditions. Electrochemical noise and electrochemical impedance
spectroscopy techniques were used to monitor real-time corrosion behaviour. The samples
were evaluated with surface characterisation techniques including optical light microscopy,
SEM-EDS, and Raman spectroscopy. The results showed that carbon steel immersed in the
liquid phase at a constant temperature exhibited the highest weight loss. However, the carbon
steel exposed to water condensation (gas phase) at 80 °C exhibited extensive localised

corrosion.

Keywords: Carbon steel; SEM; EIS; EN; Localised corrosion and weight loss
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3.1. Introduction

Carbon steel is a widely used engineering material owing to its cost-effectiveness and
high strength, accounting for approximately 85% of the annual steel production worldwide
[1]. Despite it is limited corrosion resistance, carbon steel is used in marine applications,
desalination plants, pipelines, and ballast tanks in ships [2]. Carbon steel is electrically
conducting, so its corrosion process is influenced by the properties of the solution in which it
is immersed or exposed to, such as the salt concentration [3], humidity [4], dissolved oxygen
content [5], and temperature [6]. In areas such as ballast tanks or insulated metal structures,
carbon steel can be exposed to two distinct environments, i.e., immersion and condensation.
Thus, different corrosion behaviours are observed in these two scenarios. Previous studies
showed that the temperature, relative humidity, and chloride ion concentration affect the
corrosion rate of materials, and complex interactions exist among these factors [7-10]. It was
reported that the immersion time and chloride concentration are the critical factors
determining the severity of corrosion [4]. However, another study argued that the temperature
and relative humidity were more important [11]. Because of these conflicting conclusions,
further investigation is required.

Sodium chloride (NaCl) solution is a typical electroconductive media that can destroy
the dense iron oxide layer formed on steel via reactions with chloride ions (CI) [12]. The
nanometre-thick oxide passivation film on the steel resists overall corrosion, but it is
susceptible to severe localised attack in certain aggressive media [13]. The most well-known
inducer of localised passive film breakdown is chloride ions. Despite the enormous amount of
experimental data and diverse hypotheses and models proposed to date [3,14-16], the
influence of chloride ions on the corrosion product is still not sufficiently understood and the
relationship between the chloride ions and temperature remains one of the most important and

basic problems in corrosion science.

The present work aimed to distinguish the two potential environments produced by
the constant exposure to water evaporation and condensation in an enclosed space, simulated
using a 3.5 wt.% NaCl solution. Several methods were used to characterise corrosion products,
including SEM-EDS and Raman spectroscopy. Electrochemical techniques such as
electrochemical noise (EN) and electrochemical impedance spectroscopy (EIS) were used to
derive insight into localised corrosion activity and obtain real-time corrosion rates. Uniform
corrosion rates were determined using a weight-loss technique and the severity of localised

corrosion was quantified using a 3D surface profilometer.
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3.2. Experimental

3.2.1 Materials and corrosion solutions

Carbon steel (AS 3678/ Grade 250) similar to grade ASTM A 36 [17] was used, with
a nominal composition of 0.22 C, 0.55 Si, 1.7 Mn, 0.04 P, 0.03 S (wt.%), and balance of Fe.
The specimens were cut to dimensions of 20 mm x 20 mm x 2.5 mm. All specimens were
coated with a cationic epoxy using an electrodeposition system (PowerCron 6000 CX). The
electrocoated parts were placed in an oven to cure at 170 °C for 20 min. Then, the surface of
each sample was wet ground with up to 600-grit SiC paper and rinsed with deionised water
and ethanol. The surface was then dried with nitrogen gas and stored in a desiccator until
required. The exposed surface area of the specimens was 4 cm?. Before testing, the samples
were weighed with an analytical balance (0.1 mg precision). In each weight-loss experiment,
three samples were prepared for analysis. The electrochemical probe was made with three
identical carbon steel coupons (AS 3678/Grade250) with dimensions of 19 mm x 4 mm x 2.5
mm. Each coupon was soldered to an electrical wire. The three metal coupons were placed in
parallel and mounted 1 mm apart using epoxy resin as shown in Figure 3-1. The exposed
surface area of each coupon was 19 mm x 4 mm, which was wet ground up to 600 grit with
SiC paper and rinsed with deionised water and ethanol. The test solution was 3.5 wt.% NaCl,
prepared from deionised water and reagent grade NaCl (99.7%). The pH of the solution was
5.5 at 22 °C, as determined by a pH sensor (Hanna Instruments), which was used without

further adjustment.

Epoxy resin

Figure 3-1: Schematic of the three identical steel coupons mounted in resin that were used

for electrochemical tests. Dimensions are shown in mm.

3.2.2 Test procedures

A schematic of the test setup is shown in Figure 3-2. Two temperature conditions were
applied: either a constant temperature of 80 °C (isothermal) or thermal cycling between 25

and 80 °C (cyclic). For thermal cycling, the temperature of the test solution was maintained at
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25 °C for 4 h and then increased to 80 °C at 20 °C/min and maintained for 20 h. The
temperature was reduced from 80 to 25 °C at 2.8 °C/min, and the same interval was applied
when the temperature was increased from 25 to 80 °C. Two test durations were analysed (5
and 21 d). The initial pH of the test solution was 7.08 after the temperature reached a steady
state at 80 °C. The pH of the condensed water in the gas phase was not obtained because the
liquid volume was insufficient to measure the pH. Three weight-loss specimens and the
electrochemical probe (Figure 3-2) were placed on the top level of a holder made from
polytetrafluoroethylene (PTFE), and the samples were then exposed to the humid gas above

the solution.

Once the test cell was assembled, the test solution (3.5 wt. % NaCl) was transferred
to the cell, where it can come into contact with the samples in the top section. Although the
temperature of the solution was 80 °C, the surface of the sample in the gas phase was 75.5 °C,
as measured by a thermocouple. The size of the glass cell was 2 L and the height of the liquid
was 100 mm. Three samples and an electrochemical probe were placed onto a sample holder
60 mm above the water line, whereas the other specimens and an electrochemical probe were
immersed in the solution to a depth of 50 mm below the water line. The test cell was fitted
with a condenser to prevent liquid loss. The test solution was mildly agitated with a PTFE-

coated magnetic stirring bar to maintain the uniform temperature.

Two electrochemical methods (EIS and EN) were performed using the same probe
(Figure 3-1) to monitor the corrosion activity of the steel samples. EIS was performed on the
samples immersed in the solution using a multi-channel potentiostat (VSP300, Bio-Logic
Science Instruments). The three identical carbon-steel coupons were used as working,
reference, and counter electrodes. The sample was stabilised for 30 min at the open circuit
potential (OCP) before an AC excitation voltage of 10 mV was applied over a frequency range
of 100 kHz to 10 mHz at 10 points per decade. The impedance spectra were analysed using
EC-lab software (Bio-logic. Inc.). EIS was conducted twice a day (approximately every 12 h)
during the corrosion test period. EN measurements were conducted on both groups of samples
(condensation and immersion) using a potentiostat operated in zero-resistance ammeter mode.
The sampling frequency was 2 Hz. EN data were obtained over a period of 1 h twice a day

(approximately every 12 h) during the corrosion test period.
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Figure 3-2: Schematic of the corrosion test setup for condensation and immersion

conditions.

3.2.3 Post-test analysis

3.2.3.1 Weight loss method for determining the corrosion rate

After exposure to the corrosive environments, the corrosion products formed on the
carbon steel surfaces were removed using Clark's solution (SnCl2-2H,0 59.5 g/L, Sh,O3 20
g/L, and 1000 mL of 32 wt. % HCI). The specimens were then air-dried before being weighed
on an analytical balance with a precision of 0.1 mg following the procedures described in
ASTM G1-03 [17]. The corrosion rate (CR; mm-y™) values were calculated as follows:

K x (W, —W;)

3-1
AXTXD (3-1)

CR

Here, K is a constant corrosion rate (87600 mm-y*), Wo (g) denotes the initial mass of a
sample, W, (g) represents the final mass of the sample upon the removal of the rust layer, D
(g-cm™®) is the density of carbon steel, A (cm?) is the exposed surface area of the sample, and

T (h) is the exposure time.

3.2.3.2 Localised corrosion analysed by surface profilometry

Surface profilometry was performed using optical microscopy (Infinite Focus G4,

Alicona) to determine the extent of localised corrosion, based on the maximum pit depths. For

62



each condition, three samples were scanned to measure the maximum pit depth. The time-
averaged pitting rate was calculated from Equation (3-2) to determine the penetration rate of
the deepest pit on the metal surface for each exposure time (5 and 21 days).

Pitting rate () = -SRIy 0365 (3-2)

y exposure time (d)

3.2.3.3 Corrosion product characterisation

The morphology and elemental composition of the corrosion products were
characterised by SEM; Mira Instrument, Tescan) combined with EDS. Aztec software (Oxford
Instruments) was used to collect X-ray signals from the metal surface and analyse the
elemental composition of the corrosion layers formed on the metal surfaces exposed to both
the liquid and gas phases. Test specimens were mounted in resin and then cross-sectioned
using an Accutom-50 system (Struers, Denmark), followed by polishing using 1200 grit SiC

paper.

The chemical composition of the corrosion products was analysed by Raman
spectroscopy (Labram 1B model, France). The samples were excited using a He—Ne laser with
an excitation wavelength of 632.82 nm and power of 2 mW (full power). Spectra were
collected using a 150 um slit, 1100 um confocal hole (fully open), 50x objective, 1800
lines/mm diffraction grating, and a Peltier-cooled charge-coupled device detector. The data
collection time was 16 accumulations of 60 s each. The Raman shift was calibrated against

the Raman line of silicon (wavenumber of 520.7 cm™).

3.3. Results and discussion

3.3.1 Uniform corrosion

The uniform corrosion rates were obtained from weight-loss measurements of three
samples retrieved from the test cells after 5 and 21 days of testing under the different test
conditions. The results are shown in Figure 3-3, where the error bars represent the standard
deviation from the average of the three samples. After 5 d of exposure, the mean corrosion
rate of the specimens immersed in the solution at 80 °C was the lowest (i.e., 0.3 mm-y?).
However, considering the standard deviations, the corrosion rates under all conditions, except
that of the sample immersed at 80 °C, were not significantly different. The corrosion rates
increased with time for all the samples under different exposure conditions. However, the
highest corrosion rate after 21 d was observed for the immersed samples at 80 °C, with a value

of 2.37 mm-yL. As the corrosion kinetics are influenced by the exposure temperature, the
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differences in the corrosion rates of the steel in the solution under isothermal and cycling
conditions are attributed to the different times that the steel was exposed to high temperatures.
Several factors affect the rate and extent of corrosion, including time, temperature, and ionic
species (such as NaCl). The loss of metal increases over time and the concentration of the
ionic species and temperature accelerate the corrosion process. In contrast, the steel samples
tested under condensation conditions had similar weight-loss corrosion rates, regardless of the
temperature conditions.
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Figure 3-3: Uniform corrosion rates calculated from the weight loss of carbon steel tested

Duration (day)

under immersed or condensation conditions and isothermal or cyclic temperature profiles
after (@) 5 d and (b) 21 d.

3.3.2 Localised corrosion

Figure 3-4 shows profilometry images of the corrosion samples after 21 d of exposure.
The colour variations indicate features of different heights on the metal surface, where red
indicates the deepest pits. Pitting corrosion was apparent for all samples, except those
immersed in solution and subjected to thermal cycling. The most aggressive localised
corrosion was observed for the condensation conditions, both isothermal and cyclic, as shown
in Figure 3-4a and Figure 3-4c, respectively, and Table 3-1. The pit depth increased over time.
For instance, the maximum pit depth measured for the isothermal condensation sample was
51 pm after 5 d of exposure, which increased to 185 um after 21 d (Figure 3-5). The pitting
rates determined from the pit depth and exposure time (Table 3-1) were lower for the
immersion conditions than the condensation conditions. For instance, the pitting rate was 1.1
mm-y for the isothermal immersion samples, while a rate of 3.7 mm-y*was measured for the
isothermal condensation samples. A decrease in the pitting rate over time was observed for all
conditions, except for the cyclic condensation samples, which exhibited an increase in the
pitting rate over time from 1.6 to 2.2 mm-y. The calculated pitting factors, defined as the
pitting rate divided by the weight-loss corrosion rate (ASTM G46 [17]), were 1.04 and 1.02
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for the immersed samples after 21 d of exposure to isothermal and cycling conditions,
respectively. The pitting factors close to one indicate uniform corrosion. For the condensation
samples, the pitting factors were 1.96 and 1.32 for isothermal and cyclic conditions,
respectively. Thus, the samples exposed to condensation conditions were more prone to

localised corrosion than the immersed samples.
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Figure 3-4: Surface height profiles of the carbon steel samples after 21 d of exposure to (a)

isothermal condensation, (b) isothermal immersion, (c) cyclic condensation, and (d) cyclic

immersion conditions
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Figure 3-5: Surface height profiles of the deepest pit in the carbon steel exposed to

isothermal condensation conditions after (a) 5 d and (b) 21 d of exposure

Table 3-1: Maximum pit depths and local corrosion rates of the samples exposed to various

corrosion conditions.

Exposure time

5d 21d
Condition
Depth (um)/ pitting rate Depth (um)/ pitting rate
(mm-y") (mm-y")
Isothermal immersion 15/1.1 43/0.7
Cyclic immersion 6/0.4 16/0.3
Isothermal condensation 51/3.7 185/3.2
Cyclic condensation 22/1.6 124 /2.2

3.3.3 Corrosion product layer
3.3.3.1 Morphology and composition

Figure 3-6 shows cross-sectional SEM images of the steel coupons after corrosion
tests. Local corrosion (circled areas) is observed for all samples, except the cyclic immersion
group, which shows a uniform oxide layer covering the metal surface with no observable pits.
Three layers of corrosion product are apparent on this sample. The inner and outer layers are
uniform and compact, while the intermediate film is porous. The thickness of the corrosion
product is ~75-100 pum, which is markedly thicker than those formed under other conditions.
An SEM image of the top surface of this sample is shown in Figure 3-7. A uniform corrosion-
product film creates a physical barrier against the diffusion of oxygen and corrosive ions,

which reduces the corrosion rate and the tendency for local corrosion.

The cross-sectional SEM images show that the corrosion product layers are thinner

than that of the cyclic immersion group for all other test conditions. The layer thicknesses
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varied from a few pm to 20 um and some areas showed no visible corrosion products. In
addition, cracks were observed in the corrosion product layer, as shown in Figure 3-8.
Although the cracks could have developed as the samples dried, it is worth noting that all
specimens were prepared and processed the same way and no cracks were observed for the
samples without localised corrosion.

(a) _ (b)

Det: BSE WD: 14.96 mm 11 | MIRA3 TESCA!
SEM HV: 15,0 kV View flold: 167 pm 50 ym
Bl: 14.00 SM: RESOLUTION Curtin Univeraity

Det: BSE WD: 19.90 mm MIRA3 TESCAI

SEM HV: 15.0 kv View field: 211 ym 50 pm

Bl: 14.00 SM: RESOLUTION Curtin University

(0

Det: BSE Wo:18A3mm | | | | 14 ¢y | Det. BSE + In-Beam BSE WD: 15,58 mm L1 \ MIRA3 TESCAN|

SEM HV: 15.0 kV View fleld: 164 pm 50 ym . View field: 157 pm 50 pm
BI: 14.00 SM: RESOLUTION Curtin University - 14. SM: RESOLUTION Curtin University

Figure 3-6: Cross-sectional SEM images of corrosion-product layers formed on the (a)
isothermal condensation, (b) isothermal immersion, (c) cyclic condensation, and (d) cyclic

immersion samples. The circled areas indicate areas of local corrosion.
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Figure 3-7: SEM image of the surface of the corrosion product layer on the cyclic

immersion sample after 21 d.

Figure 3-7 and 3-8 show the corrosion morphologies of carbon steel exposed to
different concentrations of the NaCl solution and temperature. The corrosion product became
heavier and thicker in higher concentrations of NaCl and under thermal cycling. The corrosion
morphologies are consistent with the corrosion rates and localised corrosion depths. The
highest corrosion rate was observed for the samples with thinner and cracked corrosion-
product layers.

(a) (b)

Electron Image 1 Electron Image 1

| - ee—|
50pm

Figure 3-8: (a) Cross-sectional and (b) surface SEM images of carbon steel after 21 d of

isothermal immersion.
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EDS maps of the corrosion products formed on the samples exposed to isothermal
immersion and condensation conditions are shown in Figure 3-9a and 3-9b, respectively. The
colour intensity is proportional to the concentration of the target element in the analysed
region. In both cases, the corrosion product layer consists of only iron and oxygen, consistent
with iron oxide. Chloride was identified only inside the corrosion pits and its concentration
was highest at the bottom of the pit and decreased consistently toward the pit edges. A previous
study showed that during pitting corrosion of carbon steel exposed to chloride ions, FeCls
accumulated in the centre of the pit cavity and was laterally walled by iron oxides [4]. The
diffusion of iron ions away from the active pit surface controls further pit growth. Iron oxides
form the exterior wall of the pit, creating a diffusion barrier for mass transport that maintains

concentrated local chemistry, thereby providing suitable conditions for pit growth.
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Figure 3-9: EDS maps of the corrosion product layers formed on the metal surfaces after 21

d of exposure to isothermal (a) immersion and (b) condensation conditions.
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3.3.4 Chemical composition

Figure 3-10 shows the Raman spectra of the top layer of the corrosion products formed
on the specimen surfaces after 21 d of exposure to the various corrosion conditions. Strong
peaks are observed at 225, 250, 290, 293 and 379 cm™, and moderate peaks are observed at
411, 412,528, 611 and 650 cm™. These peaks are consistent with those of hematite (a-Fe203)
and lepidocrocite (y-FeOOH) as the major corrosion products on steel surfaces [18-22]. For
all specimen groups, the strongest peaks in the Raman spectra are narrow doublet peaks at 225
and 290-293 cm, with weaker broad peaks formed at approximately 411, 412 and 415 cm™.
These findings indicate that the major corrosion product on the steel specimens was a-Fe;O3
[19-20]. In the case of the cyclic immersion sample (Figure 3-10d), additional characteristic
peaks are observed at 250, 379, and 528 cm™, indicating the presence of y-FeOOH [18-22] in
addition to a-Fe2Os. Note that other iron corrosion products could have formed within the
corrosion-product layer or near the metal surface, which could not be detected by Raman
spectroscopy due to its limited depth range.

It is also noted that under isothermal conditions, the pH of the immersion liquid at the
end of the experiment was 5.19 (measured at 80 °C), which is more acidic than the original
solution. In contrast, the solution used for cyclic tests had a final pH of 6.43 (at 80 °C). This
variation in solution acidity may have contributed to the observed differences in the local

corrosion tendency under the two different temperature profiles.

From the analysis of the pits and corrosion products, the following corrosion reaction

at the anode is proposed:
2Fe > 2Fe?" +4e” (3-3)

Three main cathodic reactions can occur (equations (3-4) to (3-6)). At neutral pH and OCP,
water and hydrogen reduction reactions (equations (3-5) and (3-6)) can be neglected. Thus,
oxygen reduction (equation (3-4)) was the dominant cathodic reaction under the conditions

used in this study.

2H,0 + 2e~ — H, + 20H" (3-4)
2H* +2e~ - H, (3-5)
0, + 4H,0 + 4e~ — 40H" (3-6)
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The formation of Fe(OH), as the corrosion product (equation (3-8)) results in the
production of H* [23-24]. Fe(OH). is then further oxidised in the presence of dissolved oxygen
(equation (3-9)). Equation (3-7) is equivalent to equations ((3-3) and (3-6))

2Fe + 0, + 2H,0 — 2Fe?* + 40H~ (3-7)

Fe?* + 2H,0 — Fe(OH), + 2H™ (3-8)
1

2Fe(OH), + 502 + H,0 - 2Fe(0OH); (3-9)

Then, the following reaction occurs to form an initial rust layer composed of y-FeOOH:

Fe(OH); — FeOOH + H,0 (3-10)

On the initial rust layer, y-FeOOH steadily forms in a solution containing NaCl. The
v-FeOOH corrosion layer played a major role in the development of the corrosion-product
layer in wet conditions. Akaganeite (B-FeOOH) starts to form after the formation of y-FeOOH
in the presence of chloride ions [25], which were detected in the centre of the corrosion pits
in this study (Figure 3-9). The local acidification due to the diffusion of chloride ions balances
the positive charge of Fe?* generated by corrosion [13]. The microenvironment in the pit is
characterised by a low pH and high CI- concentration, which aggravate corrosion [26]. Finally,

y-FeOOH is transformed into a-Fe2Os asa more stable oxide [27-28].

2Fe00H - Fe,05 + H,0 (3-11)
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Figure 3-10: Raman spectra of corrosion-product layers formed on the steel specimens

after 21 d of exposure to the various corrosion conditions.

3.3.5 Electrochemical behaviour

The Nyquist curves in Figure 3-11 show only one semicircle, related to double-layer
capacitance, which varies significantly as a function of immersion time. The impedance
magnitude of the semicircle in the curves measured for the cyclic corrosion samples increased
gradually, implying a decrease in the corrosion rate, which could be attributed to a thicker rust
layer (Figure 3-6). It is inferred that the corrosion rate of carbon steel in a 3.5 wt. % NaCl
solution during thermal cycling is limited by the diffusion of the electrolyte through the oxide
layer. The effect of this layer became significant after 9 d, evidenced by the high impedance
(Figure 3-11). The corrosion product did not effectively reduce the corrosion rate during the
first 5 d, but a significant reduction was observed after 21 d for the isothermal immersion
samples, with a rate of 0.8 mm-y* (Figure 3-3). Under isothermal immersion conditions, the
impedance changes between 14 and 21 d could indicate changes in the corrosion layer, such
as the growth of cracks, as shown in Figure 3-8. As the layer of corrosion products formed
under these conditions was porous and thin, it was likely ineffective in hindering the diffusion

of chloride ions, resulting in localised corrosion.
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Figure 3-11: Nyquist plots of steel specimens after immersion for various periods in 3.5

wt. % NaCl solution under (a) isothermal or (b) cyclic conditions.

The electrical equivalent circuit shown in Figure 3-13 was used to fit the EIS curves,
and the good fits prove that this circuit is suitable [29-30]. In the circuit, Qc is a constant phase
element (CPE) of a corrosion product, Rs is the solution resistance, and Rc is the resistance of
the corrosion product. The CPE of the electrical double layer is denoted as Qq and the charge
transfer resistance is represented as Rq. The extracted parameters are listed Table 3-2 and
Table 3-3 for the isothermal and cyclic immersion data, respectively. In the case of the
isothermal samples, Rs is between 5.0 and 5.81 Q.cm? and did not change significantly over
time. Comparing the Rc values shows that thermal cycling resulted in the highest resistance
(1132 Q-cm~2 after 21 d), consistent with a thicker corrosion product. After 14 d, Rc deceased
(300 Q.cm™), indicating a less homogeneous and more porous iron oxide film, consistent with
the intermediation layer in the cross-sectional SEM image in Figure 3-6d. However, the Rc
values of the isothermal samples fluctuated, consistent with the changes in the morphology
and thickness of the corrosion product (e.g., Figure 3-6b). The R increased from 478 to 2177
Q.cm? after 21 d of thermal cycling, which is attributed to a decrease in weight loss compared
with that of the isothermal sample. In the case of the isothermal sample, compared to day 1,
the Re; values were lower after 9 and 14 d of corrosion, confirming an increase in weight loss

over time (Figure 3-3b).

74



(@)

3.5x10°
* 1d
. od
&~ 3.0x10°{ =8g A 14d
£ xR = 21d
Q ", — Fitline
S 2sxa0 Al
()
=}
2
% 2.0x10° A
€ A‘i
8 1.5x10° AlHg
c A'¥
I N
kel Ay
@ K8y
S 1.0x10° hag
£ X’ *i-d_
- **“*fln”
k3 POAa
5.0x10" FHEE R
T T T T T T
2 -1 1 2 3 4 5
Log (freq) (Hz)
(©
0 (= * 1d
3.5x10° A o] ad
«— A 144
5  3.0x10° ] 21d|
d — Fitline
[
g ***** .
0 L]
§ 2.5x10f A%
n
c o A X
2 2.0x10° X
E ** A:'
8 1.5x10° * AR
% * AR
* AN
3 * AR
Q *
Q 0 A
£ 1.0x10 *** llll.
K *y ARpsmmangng
5.0x10" Aok ko]
T T T T T
-2 1 2 3 4 5

Log (freq) (Hz)

(b)

Phase angle (°)

(d)

Phase angle (°)

Log (freq) (Hz)

0 x
**...
***“i
10+, W2
N f
%
20 * 1d
*
AAAA“ 3 od
304w * & ¥ A 14d
s £ ym = 21d
A. * A...-l B — Fitline
404\ W x PO
A o sk
n | » N
A \ | &
. -
50 o u> ¥
A mg S 8 X
A, In.aft*****
A
.60 -
T T T T
2 -1 1 2 4 5
Log (freq) (Hz)
0 —
‘i‘"
25, P
-10 4, AN A
AR
204 1 f am
.
.30 4 * ¥
A Y
x N * 1d
-40 4 A N od
w A A 14d
-50 ** m 21d
N K-“***** A. ~— Fitline
60 ] A
adag00 A
ha,000"
-70 " u
SpagE
-80 T T T T
-2 1 1 2 4

Figure 3-12: Bode plots: (a,c) impedance and (b,d) phase angle of steel specimens after

immersion for various periods in 3.5 wt.% NaCl solution under (a,b) isothermal or (c,d)

cyclic conditions.

The final curves measured after 21 d of immersion were fit using the circuit shown

in Figure 3-13.
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Table 3-2: EIS fitting parameters for the cyclic immersion samples.

Duration Rs Q- e Rc Qct et Ret X2
(day) (- cm?) (F.s*1-cm™2) (- cm?) (F.s*1-cm™2) (Q-cm?)
1 5.05 0.18x102 0.76 296.2 0.27x10-3 0.71 478.4 0.104
9 5.21 0.24x103 0.84 737 0.151x103 0.82 1854 0.044
14 5.81 0.39x10-3 0.85 300 0.41x10-3 0.84 2470 0.027
21 5.42 0.114x10° 0.89 1132 0.125x103 0.74 2177 0.036

Table 3-3: EIS fitting parameters for the isothermal immersion samples.

Rs Q- e Rc Qct et Ret X2
(2 cm?) (F.s*1-cm™2) (- cm?) (F.s*1-cm™2) (2 cm?)
1 3.0 0.79x1073 0.76 33.1 0.58x101 0.97 900 0.455
9 3.01 0.12x102 0.75 1466 0.015x10! 0.94 106.2 0.035
14 3.02 0.71x10-3 0.72 1426 0.24x101 0.86 1629 0.024
21 3.13 0.88x103 0.703 1390 0.157x103 0.743 885.3 0.0046
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Typical EN signals obtained for the specimens treated under the various corrosion
conditions are shown in Figure 3-14. The magnitudes of the potential signals are significantly
lower for the immersion samples than the condensation samples (inset of Figure 3-14a). The
measured potential is the potential difference between a couple of carbon steel electrodes and
the third steel electrode (same material and geometry). The condensation samples had a
thinner electrolyte layer on the surface of the three electrodes and the surface coverage of
electrolyte may be different between samples, resulting in a larger potential difference. In
contrast, when the test probe comprising the three steel electrodes was fully immersed in the
liquid phase, the electrolyte coverage of all three electrodes is the same, resulting in a small
potential difference. The magnitudes of the current signals show an opposite trend, i.e., a larger

current signal was measured for the immersion case than the condensation case.
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In EN signals, the shape and frequency of the transients are correlated with different
corrosion mechanisms. Figure 3-15 shows the details of the typical transients extracted from
the EN signals displayed in Figure 3-14. The sharp increase/decrease followed by a slow
decrease/increase in current and potential indicate the initiation and propagation of pitting
[31]. Such transients were observed for all samples (Figure 3-15(a—c)) as indicated by the
green boxes, except for the cyclic immersion sample (Figure 3-15 (d)). Therefore, it is inferred
that the steel samples exposed to thermal cycling and immersion underwent uniform corrosion
[32], while the other systems were dominated by localised corrosion over the test period. In
the case of isothermal immersion (Figure 3-15 (c)), the duration of the current transient
indicated by the green box is ~30 s, and the current decreased to the baseline before the next
transient began. In comparison, for the condensation samples (Figure 3-15 (a, b)), the high
current was not able to return to the original value before the next current increase event
occurred. This could be related to the growth of the pit, resulting in larger localised corrosion
depths [33]. This is consistent with the maximum localised corrosion depth values measured
for the weight loss samples (Table 3-1), which show that the steel samples exposed to
condensation conditions had deeper corrosion pits than those exposed to immersion

conditions.
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steel samples subjected to (a) isothermal condensation, (b) cyclic condensation, (c)
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3.4. Conclusions

This case study investigated the corrosion behaviour of carbon steel under simulated
closed environments (fully immersed in 3.5 wt. % NaCl solution or exposed to condensation
conditions). The effect of isothermal or cyclic temperature conditions (up to a maximum
temperature of 80 °C) was investigated. Based on the results, the following conclusions were

drawn.

e Localised corrosion was observed on the surfaces of the samples corroded under
condensation conditions, while uniform corrosion was dominant for the immersed
samples.

e Thermal cycling appears to promote the formation of a protective corrosion-product
layer on the carbon steel surface, thus creating an effective barrier and reducing the
extent of localised corrosion under immersion conditions.

e Hematite was the dominant corrosion product under all conditions. Lepidocrocite was

detected only on the immersed sample under thermal cycling.
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epoxy coating after exposure to high temperatures, Journal of corrosion and materials

degradation, under revision.

This chapter presents the submitted manuscript with modified formats and contents

that match the overall style of the thesis.
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Performance of Phenolic-Epoxy Coatings after Exposure to High

Temperatures

Abstract

Phenolic-epoxy coatings, which are designed to protect substrates from thermal
damage, are widely applied in many fields. There remains an inadequate understanding of
how such coatings change during their service life after exposure to various temperature
conditions. To further elucidate this issue, this case study investigated the effects of high
temperatures on carbon steel panels coated with phenolic epoxy and exposed to different
heating conditions. A general trend of decreasing barrier performance was observed after
exposure to 150 °C for 3 d, as evidenced by the appearance of cracks on the panel surfaces. In
contrast, the coating performance improved after exposure to isothermal conditions (120 °C)
or thermal cycling from room temperature to 120 °C, as indicated by the increased low-
frequency impedance modulus values of the coating. This unexpected improvement was
further examined by characterising the coatings using FTIR, TGA, DSC, pull-off adhesion
tests, and ToF-SIMS. The maximum pull-off adhesion force (24.9 + 3.6 MPa) was measured

after thermal cycling for 40 d.

Keywords: Carbon steel; EIS; ToF-SIMS; Phenolic epoxy; Pull-off adhesion.
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4.1 Introduction

Corrosion protection of metallic substrates is a traditional application of organic
coatings, which remains one of the most cost-effective means of providing practical corrosion
protection. Controlling corrosion by applying coatings is very important, especially for
structures that are subjected to corrosive environments during use. If failure of the protective
coating occurs, the functionality of the coated structure can be threatened. The main goal of
corrosion-protection coatings is to provide long-term protection to increase the practical
service life of the substrate [1]. In certain applications, the coating must be sufficiently flexible
to withstand deformation due to thermal expansion/contraction. Cracks must not occur during
heating after the coating is cured, as this indicates the degradation of the polymer coating,
which may result in eventual adhesive failure [2].

Epoxy coatings are two-component systems consisting of an epoxy compound and a
hardener, which react to form a cured network [3]. Phenolic epoxy coatings are an effective
and inexpensive method for providing protection against thermal damage and CUI [4]. The
polymer cross-links to form a network during curing, resulting in a coating with high
resistance to heat and the diffusion of corrosive substances, which is considered an important
factor governing the physical properties of the cured resin and corrosion resistance,
particularly for amine- or anhydride-cured epoxy resins [5]. However, there is no clear
consensus on the effect of cross-linking on the coating performance, partly because the
methods for changing the cross-linking density introduce problems, such as changes in the
chemical structure of epoxy resin or hardener when exposed to high temperatures [6]. This
can damage the polymer network by chemical bond scission (chain scission), which creates

small molecular fragments [2].

The aim of this case study was to evaluate the behaviour of a phenolic epoxy under
thermal exposure. Many methods were used to characterise the chemical and physical changes
in the phenolic epoxy, such as pull-off adhesion, EIS, TGA, DSC, FTIR, and ToF-SIMS.
These methods provided information about the cross-linked structures after the degradation of

the epoxy coatings and the thermal stability of the coatings under different conditions.

4.2 Experiments

4.2.1 Materials

Carbon steel plates (A3678/ Grade 250) with a nominal composition of 0.04 C, 0.2 Si,
5.5 M, 0.005 P, 0.003 S, 0.03 Al, 0.22 Mo, 0.30 Ni, 0.39 Cr, and balance of Fe (wt.%), and
dimensions of 170 mm x 50 mm x 6 mm were used as substrates. The steel plates were coated

with a commercial amine-cured phenolic-epoxy coating (Dulux coating company, Australia).
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The chemical composition of the hazardous constituents from the SDS of the coating is shown
in Table 4-1. The supplier applied one layer of the epoxy coating to the carbon steel substrates
using an airless spray gun. The coating thickness was measured using a digital gauge
(PosiTector 6000) with the appropriate gauge and calibration standards (MP 2527).
Measurements were performed at a minimum of five points on the sample surface. The

maximum operating temperature of the coating is 120 °C (dry heat).

Table 4-1: Composition of the phenolic epoxy coating.

Phenolic epoxy Proportion
Bisphenol-A epoxy resin 10-30%
Benzyl alcohol 1-10%
Bisphenol-F epoxy resin 1-10%
Methylisobutyl ketone 1-10%
Xylene 1-10%
Ingredient determined to be non-hazardous Balance
or below reporting limits

Amine hardener Proportion
Isophorone diamine >60%

4.2.2 Exposure conditions

The coated panels were divided into two groups (six samples each) and exposed to
dry heat in an oven (Binder GmbH, FDL 115, Germany). The isothermal group was dried at
a constant temperature (120 °C), while for the cyclic group was subjected to thermal cycling

(22 to 120 °C) following 1SO 19277:2018 (dry thermal cycling) [7]. The thermal cycling
process is illustrated in Figure 4-1
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Figure 4-1: Dry thermal cycling profile (temperature vs time).

The samples for thermal cycling were removed from the oven, cooled at room
temperature for 4 h and then placed into the oven again at 120 °C for 20 h. The isothermal and
cycled samples were taken out of the furnace for examination after 20, 40, and 60 d.
Additionally, one coated panel was exposed to 150 °C under isothermal conditions to

accelerate the thermal degradation.

4.3 Characterisation techniques

4.3.1 Pull-off adhesion strength

During adhesion-strength testing, the force required to pull a specified test diameter
of a coating away from its substrate using a hydraulic pump is measured. Adhesion tests were
conducted using an automatic adhesion tester (PosiTest® AT-A), following ASTM D4541-02
[8]. The aluminium dolly was 14 mm in size. All dollies and the coating surface were abraded
with 1200 grit SiC paper to enhance the mechanical anchoring with the adhesive. The dollies
were cleaned with acetone to remove any contamination before they were affixed to the
coating. The adhesion tests were performed 24 h after the dollies were affixed on the coated
panels with epoxy adhesive (Resinlab EP11 HT). The measurements were conducted in
triplicate. Before attaching the dolly to the coating surface, the coating around the dolly was
cut using a hole saw and removed. Equation (4-1) was used to calculate the percentage change
in the adhesion strength of the coating, which compares the strengths before (pre-exposure)
and after (post-exposure) the sample was exposed to dry heating.

post exposure™ — pre exposure

Adhesi h ch %) = x1 4-1
dhesion strength change (%) hoSt exposure 00 (4-1)

* The pre-exposure adhesion strength was 11.6 + 1.1 MPa.

4.3.2 EIS

The performance of the coating before and after thermal exposure was evaluated using
EIS. A glass tube with an exposed area of 14.6 cm? and 8 cm height was placed on the coated
panel and tightly sealed with a mechanical clamp, as shown in Figure 4-2. The electrolyte was
3.5 wt% NaCl solution at 24 + 1 °C and the total volume of electrolyte in the glass cell was
100 mL. A conventional three- electrode cell was used, consisting of an ionode probe filled
with 3 M of KCI electrolyte as a reference electrode (with its tip placed 1-3 mm from the

coating surface), a platinum mesh as a counter electrode, and the coated carbon steel as the
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working electrode. EIS measurements were conducted using a Gamry potentionstat (Interface
1010E™) at the OCP. A 20 mV (r.m.s) sinusoidal perturbation was applied in the frequency
range of 100 KHz to 10 mHz, and six points per decade were measured. The EIS curves were
analysed using Gamry Echem Analyst™ software.

Reference
electrode

Counter
electrode

Electrolyte
3.5 wt.% NaCl

Working
electrode (coated panel)

H > -

= oW -

Figure 4-2: Schematic of the electrochemical cell used for testing the epoxy-coated metal

sheets.

4.3.3 Thermal analysis

A Mettler Toledo AG (Switzerland) system was used for both TGA and DSC. The
measurements were conducted in the temperature range of 35-800 °C at the heating rate of 10
°C min* under an air flow (0.01 L min™). First, 5 mg samples scraped from the top layer of
the coating surface were placed in a 40 pL platinum open pan. For TGA analysis, the sample
weight as a function of temperature was measured. At the end of each run, the experimental
data were used to plot the percentage of undegraded sample (1-D) % as a function of
temperature, where D = (Wo-W)/Wo; Wo and W are the masses of sample at the starting point
and during scanning. The experiments were performed in duplicate to obtain weight loss data.
The initial weight loss of the pre-exposed sample was related to water loss [9]. For DSC
analysis, the heat flow of the samples was measured to evaluate the enthalpy and temperature

of the observed phase transitions.

434 FTIR

FTIR was used to determine the chemical changes in the polymer chains and the
behaviours of all bands that are generated in hydrocarbon chains as a result of thermal

exposure. A Nicolet iS50 was used to obtain the FTIR spectra, which is fitted with a dedicated
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single-bounce diamond ATR purged with dry nitrogen. Specimens were obtained by scraping
several milligrams of material from the surface of the coating, which was then finely ground
in an agate mortar. All samples were measured using 64-scan data accumulation over the range

of 500-4000 cm™ at a spectral resolution of 4 cm™™.

4.3.5 ToF-SIMS

ToF-SIMS analyses were performed using an IONTOF M6 ToF-SIMS system
operated with a Bis* primary ion source (30 keV) and an electron flood source for charge
compensation. The pulsed primary ion beam current was 1.1 pA and the primary ion dose
density was below the static SIMS limit of 10 ions cm™. Positive ion mass spectra were
acquired from 100 um x 100 um areas with a cycle time of 100 us. The spectroscopy analytical
mode was used, resulting in a mass resolution above 7500 at m/z=29. SurfaceLab software
(IONTOF Gmbh, Germany; version 7.2) with integrated multivariate statistical analysis was
used to analyse the data. Principle component analysis was used to identify variations between
spectra obtained from different samples.

Three coated panels were subjected to ToF-SIMS analysis, namely, a fresh sample
used as a control, the sample exposed to 150 °C, and a selected sample after thermal exposure
to cycling at 22 to 120 °C. Cross-sectional samples were prepared using a sandwich method
(Figure 4-3) to minimise edge effects, which are deleterious for ToF-SIMS. The surface was
prepared for analysis by wet grinding using SiC paper up to 1200 grit and then rinsing with

deionised water and ethanol, followed by air drying.

™ Cross section of three coated panels
(sandwich sample)

25« 120°C Pre-exposure

Figure 4-3: Arrangement of the three coated panels used for ToF-SIMS measurements.
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4.4 Results and discussion

4.4.1 Pull-off adhesion strength

The pull-off strength measurements were conducted on the samples before and after
20, 40, and 60 days of exposure to isothermal or cyclic conditions (maximum temperature of
120 °C). Table 4-2 presents the adhesion strengths of the epoxy coatings as a function of time
and dry heating condition. All tests were performed on duplicate coating panels with three
measurements on each panel. As the exposure time increased from 0 to 60 d, the adhesion
strength of all specimens increased. The highest value was ~24.9 MPa for the sample cycled
for 40 d, corresponding to an increase of 53.4% compared to the initial condition. Moreover,
the adhesion strength of the isothermal specimen after 40 d was high (20.2 MPa) with an
increase of 42.6%. Furthermore, phenolic epoxy showed similar adhesion strengths (13.7—
14.2 MPa) for all other exposure conditions and times. These results confirm that the adhesion
properties of the organic coatings on the substrate improved for all samples after dry heat
exposure. A previous study reported that the pull-off strength between the coating and metal
substrate increases as the coating thickness decreases [10]. To confirm this, the coating
thickness around the dolly was measured using a digital PosiTector 6000, which indicated that
the distance from the dolly to the edge of the coated panel was 16.0 + 1 mm. Figure 4-4
compares the pull-off strength with the coating thickness around the dolly for all coated panels.
The thickness varied between 163 and 320 pum. No obvious correlation between the coating
thickness and pull-off strength was observed for the various samples and most of the data

points were under the fit line.

Table 4-2: Pull-off adhesion strengths for all tested samples.

) Adhesion strength ) Adhesion strength )
Duration Adhesion ] Adhesion
(MPa) at constant ) (MPa)at cycling ]
(day) increase (%) increase (%)
temperature temperature
20 13.7+0.8 15.3 14.3+£1.6 18.9
40 20.2+2.9 42.6 24.91£3.6 53.4
60 14.2+ 2.4 18.3 13.1+2.2 11.5
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Figure 4-4: Pull-off adhesive strength as a function of the coating thickness for isothermal

(C) and cycled (T) samples.

The area fractions of certain failure modes (cohesion, adhesion, and glue) of the
detached adhesive surfaces after pull-off tests were calculated using ImageJ software [11].
Cohesion is defined as the internal strength of a coating resulting from the various interactions
within the coating (single material), while adhesion refers to the bonding between the coating
and metal substrate (two materials). Furthermore, a mixed failure mode describes the case
when failure of cohesion and adhesion occurs simultaneously. In this case, the ratio between
adhesive and cohesive areas can be determined. Additionally, failure can also occur in the
adherent (i.e., the glue between the coating and dolly in these tests) if the coating adhesion is
stronger than the adherent and the coating remains intact after test. Figure 4-5 shows the area
fractions of the three failure modes (glue, cohesion, and adhesion) expressed as percentages.
For the control sample (pre-exposure), adhesive failure is dominant. However, after thermal
exposure, loss of cohesion is the major failure mode. As the pull-off adhesion tests measure
the weakest bond among the coating/steel, coating, and coating/dolly, the results indicated that

the bond strength between the coating/substrate increased after thermal exposure.
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Figure 4-5: Area fractions of the failure modes of (a) isothermal and (b) cycled samples

after pull-off adhesion tests.

In conclusion, it was found that the pull-off strength increased after thermal exposure
and the failure mode changed from failure mainly at the metal/adhesive interface to failure
mainly within the coating, indicating that the interfacial bond strength between the substrate
and coating improved after heating. The water-induced weakening of the adhesive could
induce a reduction in adhesive energy at the metal interface [12]. After the coating was
exposed to heat, the moisture content within the coating system decreases, thereby driving a

shift in the dominant failure mode from adhesion to cohesion.

4.4.2 Electrochemical properties

The Nyquist plots of the electrochemical impedance of the coated panels show three
distinct features, representing three different mechanisms (Figure 4-6). The pre-exposure
sample showed low resistance. The EIS plots show semi-circles as capacitive loops that differ
at high frequency and an oblique line at low frequency. These findings imply that a corrosive
medium diffused into the coating—metal interface. The plot for the 120 °C isothermal sample
is characterised by a single semi-circle with high impedance, suggesting that water penetrated
the coating but did not reach the coating—metal interface. In contrast, the plot for the 150 °C
isothermal sample shows double capacitive loops, indicating that the coating delaminated

from the substrate (Figure 4-3).

Figure 4-7 shows the evolution of Bode plots over time for the various thermal
treatments. All coatings exhibited capacitive behaviour, with a single time constant covering

a wide range of frequencies and a high impedance modulus at low frequency (indicating the
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resistance of the system) between 10® Q-cm? for the pre-exposed samples and almost 10%
Q-cm?for the coated samples after thermal treatment. The higher impedance of the coating
after thermal treatment implies that exposing the coated panels to 120 °C forms a more durable
barrier to the penetration of electrolytes. A simple equivalent circuit used for fitting the EIS
data is shown in Figure 4-8a, comprising Rs, coating resistance Reat, and CPE of the coating
Qcoat. This circuit is commonly used for systems with a single time constant [13-14]. After 3
d of isothermal exposure to 150 °C, large cracks appeared on the coating (as shown in Figure
4-3), which may have resulted in the corrosion of the metal surface under the cracks due to
electrolyte penetration before EIS was conducted. To account for the coating degradation, the
EIS curves for this sample were fit using the modified equivalent electrical circuit presented
in Figure 4-8b [15]. The shape of the plots for a coated metal, with two minima for the phase
plot. The one at high frequency reflects the physical behaviour of the coating (Qcoat, Reoat),
while the one at intermediate frequencies corresponds to the corrosion reactions at the coating—
substrate interface (Qua, Ret). The low Reoar and Re: values indicate a low resistance to electrolyte
diffusion through the coating and a significant corrosion reaction at the interface, respectively.
The reactive impedance is equal to the sum of Rt and R, i.e., 2.51x 10 4 Q-cm?,

The data in Table 4-3 andTable 4-4 summarise the resistance and capacitance values.
The Reoat Value increases from 108 Q-cm? for the pre-exposure sample to 10° Q-cm? after
thermal treatment. The maximum value of Rcoa after 40 d of isothermal treatment was 3.18 x
10 1°Q-cm?, while the highest equivalent value after thermal cycling was 3.38 x 10 1° Q-cm?.
Progressive improvement in the dielectric properties over time is also indicated by the Qcoat
data. The Qcoat Values for the coatings (10-*° F-cm) exposed to isothermal treatment at 120 °C
are much lower than that of the control (10° F-cm). In addition, the Qccatand Qa values for
the coating exposed to isothermal heating at 150 °C for 3 d increased compared to the control,
implying the diffusion of corrosive species through the coating and contact with the metal
substrate (Table 4-5).
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Figure 4-6: Nyquist plots of phenolic-epoxy-coated steel samples after immersion in 3.5

wit% NaCl solution: (a) cycled and (b) isothermal heat treatment (120 °C maximum

temperature).
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coating).

Table 4-3: EIS fitting parameters for the 120 °C isothermal samples

Duratlon Rcoa[ Qcoa[
Ncoat X?
(day) (Q-cm?) (F.s*1-cm™?)

Pre-exposure 8.12x108 1.8x10°° 0.84 5.55x 103
20 d 1.03x 1010 3.90 x 10 10 0.965 8.05x 10
40d 3.18x 1010 5.23x 1010 0.994 3.63x10°°
60d 1.48 x 1010 4.66 x 10 10 0.977 1.46 x 10 *

Table 4-4: EIS fitting parameters for the 120 °C cycled samples

Duration Reoat Qeoat )
ncoat X
(day) (Q-cm?) (F.s*1.-cm™2)
Pre-exposure 8.12x 108 1.8x10° 0.84 5.55x 1073
20d 2.36x101 4,36 x 1010 0.991 1.46 x 10
40d 3.38x101% 573x1010 0.998 9.48x10*
60d 3.29x101% 5.03x 1010 0.968 1.51x10"*

100



Table 4-5: EIS fitting parameters for the 150 °C isothermal samples after 3 d of exposure.

Rcoat Rct Qcoat le
Neoat Nai X?
@Q-cm?) (Q-cm?) (F.s*1-cm™?) (F.s*1t-cm™?)

11x104 135x10*4 4.62x10* 0.98 214 %107 071 237x10*

4.4.3 Thermal behaviour

TGA and differential TGA (DTGA) results are shown in Figure 4-9. The major
reactions are the dehydration of the coating with the formation of a double bond in the polymer
chain, double bond isomerisation, and allyl-oxygen bond scission [16]. The DTGA curves in
Figure 4-9b and Figure 4-9d show a single endothermal peak at the same temperature region,
close to 350 °C, for all coated panels. After heat treatment, two endothermic peaks are
observed at 121 and 348 °C. This is due to the different temperature ranges of reactions of this
sample. The peak at 121 °C could be due to the phase separation of the epoxy mixture during
dehydration [17]. The second peak of the pre-exposure phenolic epoxy (at 348 °C) is
considered the highest endothermic peak of all samples. This indicates that material
decomposition accelerates at 348 °C [18]. Thermal damage during heating leads to a
considerable loss of compounds, which in turn causes rapid degradation of the coating [17].
Subsequently, all coated panels show low endothermic peaks because of the formation of
highly cross-linked structures and reduced reaction rates related to diminished chain mobility,

which minimises the decomposition of compounds in the coating [17].
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Figure 4-9: (a, ¢) TGA and (b, d) DTGA curves measured in air for phenolic-epoxy heat

treated to a maximum of 120 °C under (a, b) isothermal or (c, d) cyclic conditions.

The Tq is an important parameter for identifying changes in the physical properties of
polymers in their transition from a rigid glassy state to a softer rubbery state. The DSC curves
used to determine the Tq values of the coated samples are shown in Figure 4-10. The lower Tq
indicates the easier movement of molecules due to a less dense epoxy cross-linked network
(lower MW) [19]. The Ty values of the phenolic-epoxy coating increased after different
periods of exposure to 120 °C. The initial Tyof 43.5 °C increased to 49.35 £ 1 °C after thermal
cycling and 49.55 + 1 °C after isothermal treatment for different durations. This emphasises
that epoxy molecules have a high molecular chain strength and high MW after exposure to
heating at 120 °C [19]. The pre-exposure coating shows two heat-flow peaks, corresponding
to a melting process and the presence of organic solvents. Low-MW solvents have a large
effect on the results of DSC purity determinations. The volatile impurities of substances with

melting points above approximately 80 °C can evaporate [20].
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Figure 4-10: DSC curves used to determine the Tg values of phenolic epoxy coatings heat

treated to a maximum of 120 °C under (a, b) isothermal or (c, d) cyclic conditions.

4.4.4 Chemical properties

The FTIR spectra of the phenolic epoxy coatings exposed to different thermal
conditions are shown in Figure 4-11. The absorption bands at 1650 and 1725 cm™ increased
with increasing exposure time, which could be due to the effect of the high temperature on the
fresh coating, i.e., the formation of carbonyl groups [23]. In the hydroxyl domain (~3800—
2500 cm™) [24], only minor changes were observed after 40 d of heat treatment. The C=C
stretching vibration is normally observed at 1665-1675 cm for the trans configuration and at
1635-1665 cm for the cis configuration [24]. Consequently, the prominent band at 1730 cm-
Lis assigned to the characteristic C=0 stretching frequency [25].
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Figure 4-11: FTIR spectra phenolic epoxy coatings before and after heat treatment to a

maximum of 120 °C under (a) cyclic or (b) isothermal.

The molecular-level changes in the structure that can occur in the phenolic epoxy-
coating during thermal treatment are illustrated below. A representative molecular structure
of epoxy resins (diglycidyl ether of bisphenol A; DGEBA) is shown in Figure 4-12 To

interpret the thermal behaviour of the epoxy resin, the simplest DGEBA resin with n = 0 is
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considered. Moreover, the curing of epoxy resin systems is strongly dependent on the type of
hardener. To explain the structure of the heat-treated resins as simply as possible, an aliphatic
amine curing agent, ethylene diamine (EDA), is considered. A stoichiometric mixture contains
two molecules of EDA bonded with two molecules of DGEBA. The structure of the resultant
product is shown in Figure 4-13a. The carbonyl group formed in an epoxy resin is surrounded
by adjacent —CH,—groups. The bands at 1725 cm™ are assigned to the characteristic C=0
stretch frequency, which is expected to result in absorption in the region for alkyl-substituted
carbonyls [23]. The presence of double bonds in the amine linkages is indicated by the C=C
stretching vibration. These peaks at 1650 cm™ are the result of shifting alkane frequencies
arising from adjacent amine groups [24]. The changes in the structure of the carbonyl groups
form pendant —OH groups, and double bonds form in the amine linkages of the epoxy resin.
Reactions involving the evolved hydrogen, such as the formation of carbonyl groups and
double bonds in the amine linkage, and possibly cross-linking between molecules, are shown
in Figure 4-13b. These reactions tend to make the molecular network more rigid, thus affecting

the mechanical properties as shown in Table 4-2 and Figure 4-5.

CHQ cng OH
c‘\ / o@—@—o CH;—CH—CH,~—
CH
ch/ ] CHs 1

Figure 4-12: Chemical structure of DGEBA as a typical resin.
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4.4.5 Molecular structure of the coatings

The molecular composition of the coatings was studied by ToF-SIMS. Figure 4-14
shows a variation in the intensity of the secondary ion peaks of positive ions for the coatings
used in this study (exposed to three different thermal treatment conditions). The assignments
of the peaks were initially based on reference libraries and the literature for DGEBA [24-27].
The CxHyO" ions were identified as the single-ring ions in the resin, the nitrogen-containing
hydrocarbon ions (CxHyN") are related to the epoxy hardener, while the aliphatic hydrocarbon
ions (CxH") indicate structural density [26]. The MW of the hydrocarbon ions provides
significant information about the cross-linking to the hydrocarbon structure in the phenolic
epoxy coatings. The ToF-SIMS analysis focused on the sample with the highest adhesion
strength, which was subjected to thermal cycling between 22 °C and 120 °C for 40 d. Cracks
were present on the coating of the similar sample cycled to 150 °C. To investigate the
differences between these samples, ToF-SIMS was used to investigate the molecular

composition of the coating to identify the changes in the epoxy structure at high temperatures.
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Figure 4-14: Positive ion ToF-SIMS spectra (field of view 0.1 mm x 0.1 mm, indicated in

the inset optical microscopy images of cross-sections of single-layer coatings). The

highest MW ions (CxHyO+, CxHyN+, and CxH+) with intensities above 10 counts are

labelled. (a,b)Pre-exposure, (c,d) cyclic treatment up to 120 °C for 40 d, and (e,f)

isothermal treatment at 150 °C for 3 d.
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Measurements were taken at two locations for each coating, as indicated by the red
squares in the inset microscopy images in Figure 4-14. The mass range of 400-640 m/z shows
contributions from three high-MW components. The highest aliphatic hydrocarbon weight
was identified for CasH*, C3gH", C42H", Cs,H", and CsgH™ for all three thermal conditions. The
results for the unexposed control sample were compared with those for the heat-treated
samples (thermal cycling to 120 °C or isothermal treatment at 150 °C). The cycled sample had
the highest MW and the aliphatic hydrocarbon was Cs,H*, which indicates enhanced cross-
linking between the epoxy resin and curing agent (hardener) during thermal exposure [27]. At
the higher temperature of 150 °C, epoxy chain scission occurred, resulting in a reduction in
C-C bonding. A reduction in aliphatic hydrocarbon indicates a network rupture and a
reduction in network density, which is due to the low MW aliphatic hydrocarbon CssH*. Other
explanations might be a heat-induced condensation reaction or the formation of polyaromatic
structures at the surface [26-27].

The other significant polymer group is resin molecules, which is indicated by the
oxygen-containing hydrocarbon molecules revealed by the ToF-SIMS positive ion spectra
(Figure 4-14). CsHa7O", CagHss0*, CasHerO", CasHesO*, CaoHeoO*, and Css H73O* were
observed for the resin material. No differences attributable to the network density were
observed in the spectra of the sample treated at 150 °C and the unexposed control sample. The
increased development of hydrocarbon molecules during thermal cycling increased the MW
of the resin material to Ca3Hs7O". This indicates that the cross-linking of the resin enhanced
the oligomer bonds and distributions in the resin. This chain length provides better-balanced

mechanical and thermal properties [24].

Another contribution appears in the C.HyN* ion fragments, such as CaoH2oN",
CsoH2oN*, Ca7H3sN*, CagH22N*, and CssHzsN*. Figure 4-14 show significant changes in long-
chain hydrocarbon ions that contain nitrogen. The structural density and cross-linking
reactions in the hardener component increased when the coating was exposed to thermal
cycling for 40 days, reaching Ca7HssN™. This indicates a discrete physical phenomenon in
which the concentrations of ions produced during thermal cycling increase in the hardener and
resin. The structural changes at the interfaces of adhesive joints provide valuable information

regarding the adhesive/coating surface and interfaces (adhesion chemistry).

In the case of the sample treated at 150 °C, the hydrocarbon ions containing nitrogen
(CaoH29N* to CzsH7N™) had lower MW than those identified for the control sample. The
hardener component suffered chain scission as a result of thermomechanical stresses, resulting
in structural damage [27]. Thermal stress generates mechanical pressure at the surface and in

the bulk resulting in crack initiation and propagation. Organics coatings can be damaged at
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elevated temperatures due to the outgassing of volatiles, dehydration, and shrinkage, where
the latter results in the generation of cracks [25].

The ToF-SIMS results provide insight about the possible changes in chemistry of the
coating. The results indicated that the molecular composition of the sample changed after
heating, observed as changes in the intensities of ions reported to be related to the chain

structure of epoxy components, which are consistent with the mechanical testing results.

4.5 Conclusions

This study investigated the chemical and physical changes of phenolic—epoxy coatings

after exposure to elevated temperatures. The following conclusions were drawn.

¢ Phenolic-epoxy coatings underwent post-curing when exposed to 120 °C for up to 40
d, resulting in enhanced coating performance, as demonstrated by the increased
adhesion strengths and high impedance of the coatings.

o After further exposure for 60 d, the opposite results were obtained; i.e., coating
degradation was evidenced by lower adhesion strengths.

e The ToF-SIMS results demonstrated enhanced cross-linking after thermal exposure

due to the generation of larger hydrocarbon fragments.
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CHAPTER 5

S. Ahmed, K. Lepkova, T. Becker, T. Pojtanabuntoeng, The Performance of Phenolic
Epoxy Coating after Thermal Exposure for Corrosion Protection in Marine Environments,
paper no.C2023-19046, AMPP Annual conference + Expo, 2023. The conference paper

covered NaCl concentration’s influence on the performance of the phenolic epoxy coating.

This chapter presents the published paper with modified formats and contents that

match the overall style of the thesis.
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Influences of NaCl and pH on a Phenolic Epoxy Coating

Abstract

The behaviour of a commercial phenolic epoxy coating on carbon steel panels was
examined after exposure to thermal cycling (22 to 120 °C for 40 d). Two groups of samples
(before and after thermal treatment) were immersed in solutions with 3.5 or 5 wt. % NaCl or
exposed to water condensation at 80 °C for 60 d, which had pH of 7.3 (without further
adjusting). The effect of pH was evaluated at pH 4 and 8 in 3.5 wt% NaCl solution. All tests
were conducted for 60 days. In each experiment, samples consisted of both scribed and un-
scribed panels. The coated panels were assessed with electrochemical impedance
spectroscopy at the end of the experiment.

The EIS results, and the degree of blistering and delamination around the scribed
regions of the panels suggested that 3.5 wt. % NaCl caused greater degradation than did 5 wt.

% NaCl. The coating degradation was more prominent at pH 8 compared to pH 4.

The thermal exposure improved corrosion protection of the coating as evidenced by
an increased impedance of the specimens, the absence of blisters on the panel surfaces and the
reduced delamination around the scribe areas of the thermal cycling panels compared with the

freshly coated samples.

Keywords: Carbon steel; Phenolic-epoxy coating; pH; EIS; Delamination
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5.1 Introduction

The application of organic coatings is the most widely used method of for external
corrosion protection [1-2]. Its corrosion protective abilities depend on physical, chemical and
mechanical properties including adhesion to a substrate and essential barrier properties against
corrosive species, such as water and oxygen [3-4]. The durability of corrosion protection
coatings is evaluated based on their effectiveness in providing long-term protection to metallic

substrates when these materials are exposed to aggressive corrosion environments.

Coated carbon steel is widely used in marine environments. The main salt in seawater
is NaCl, thus, NaCl solutions prepared from deionised water is often used to simulate the effect
of salinity in marine environment. Salinity, moisture, and temperature generate internal stress
acting at the coating/ substrate interface. This accelerates degradation in the coating which
could be observed by loss of adhesion or delamination of the coating. The reliability of a

coating thus depends directly on the exposure conditions.

Among the most commonly used marine coatings, phenolic-epoxy coating exhibits
chemical and heat resistance properties, along with flexibility and excellent adhesion to
metallic substrates [5]. It undergoes extensive cross-linking during the curing stage. Cross-
linking confers phenolic-epoxy coating high resistance to corrosion and heat, which is
considered an important governing factor for the physical properties of cured resin, [6].
Increasing the molecular weight of the phenolic resin leads to dense molecular structure,
which consequently increases resistance to ionic transfer through the coating [7]. General
chemical and solvent resistance of the epoxy phenolic coating improves at the expense of
some of the flexibility and resistance to alkalis [7]. Indeed, further post-curing of the phenolic
epoxy, does not improve resistance to alkali solutions [7]. Although the coating minimises the

passage of ions, it can be affected by alkalis and form blistering [7].

Epoxy coatings are also susceptible to degradation at low pH. As noted previously[8-
11] hydrolysis is an important reaction causing chain scission in a resin structure. Acids are
commonly found in aqueous solutions, and acid-induced hydrolysis is a reaction with water at
low pH [9]. Amide-cured and amine-cured epoxies were reported to be vulnerable to
degradation in acidic environments and undergo chemical changes that yield bond breaking

in an epoxy coating and the reactions scheme shown in Table 5-1
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Table 5-1: Functional groups in coating resins that are vulnerable to acid-induced hydrolysis
and the proposed chain-scission reaction mechanisms[12].

Name and structure ) ) ] Relative reactivity of
] Acid hydrolysis reaction scheme
of functional group example molecules
Amide Acetamid
o
o I
I C_ R HO Q H R 2
RO R RN —» ¢t N JoN
R R ot R OH R R° OH

pH < 1:Marginal
reactivity
1< pH < 6: Stable

Amine R
R | H,0 g .
| N > “NH + 2H—R Not available
N R R H ?

R R

Major differences were observed from previous studies in the ability of a phenolic
epoxy coating to minimise the lateral spread of corrosion in saline environments at various pH
levels. The coating behaviour is affected by differences in pH levels and which conditions
(acidic/ alkaline) lead to more coating degradation. Considerations such as these would lead
one to anticipate a loss of coating adhesion at low pH in some cases and the more usual
displacement at a high pH level. Each disbondment (loss of adherence between metal substrate
and cathodic coating occur due to a reduction reaction) would be a function of the acidic/

alkaline nature of the polymeric coating and the substrate surface [13].

The present study evaluated the behaviour of a phenolic epoxy coating, both as fresh
samples and after thermal cycling between 22 °C to 120 °C for 40 d. The coatings were then
subject to condensation and immersion in various types of corrosive solutions. The first case
study was to determine the behaviour of phenolic-epoxy coating after exposure to different
NaCl concentration (3.5 and 5 wt. %) solution at 80 °C and exposed to humid conditions

(condensing vapour).

In the second case study, coated specimens were tested in the 3.5 wt. % NaCl solution

with different pH levels, namely, pH 4.0 and 8.0.
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Degradation in the coating was characterised through different methods to compare
physico-chemical degradation in the samples. The adhesion of the coating and corrosion
products were identified through several methods, such as the amount of coating degradation
around a scribe (artificial defect), blister detection and blister grading, EIS, Raman
spectroscopy, SEM, and EDS.

5.2 Experiments

5.2.1 Materials

Carbon steel samples (AS3678/ Grade 250) with a nominal chemical composition (wt.
%) of 0.22 C, 1.7 Mn, 0.55 Si, 0.04 P, 0.03 S, and Fe balance were cut to dimensions of 170
mm x 50 mm x 6 mm. These were used as substrates for coating application. The surface
preparation grade of test panels immediately before coating application complied with ISO
8501-1:2007, Sa 3.

The coating selected in this study is a commercial amine cured phenolic epoxy, the
partial chemical composition is illustrated previously in Table 4-1. Phenolic epoxy coating
has excellent specifications for corrosion protection from spillage of solvents and chemicals
and resistant immersion in saltwater and the maximum operating temperature of the coating
is 120 °C (dry heat). A supplier applied one coated film (amine cured phenolic epoxy) to the
carbon steel substrates using an airless spray gun. The dry film thickness (DFT) was measured
on five areas of a sample surface using a digital gauge (PosiTector 6000), adjusted according
to appropriate gauge and calibration standards (MP 2527). The middle regions of some the
coated samples were scribed (size 50 mm x 2 mm) using a computer numerical control (CNC)

machine.
5.2.2 Exposure conditions

Thermal cycling (22 to 120 °C) was applied to one group of twelve coated samples
following the ISO 19277:2018 standard (dry thermal cycling) [14]. The samples were exposed
to dry heat at 120 °C in an oven (Binder GmbH, FDL 115, Germany) for 20 h and removed to
cool at room temperature (22 °C) for 4 h. Subsequently, the samples were returned to the oven
to repeat the process for 40 d. After the thermal cycling exposure was complete, the samples

were subjected to corrosion tests.

5.2.3 Setup of the test cell

A schematic of the test setup for evaluating the effect of the NaCl concentration is
shown in Figure 5-1. Each glass cell contained three freshly coated samples and three

thermally exposed samples. Artificial damage was introduced as scribe on the samples, as
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shown in Figure 5-1.Two test solutions were used, either 3.5 or 5 wt.% NacCl. The arrangement
of the coated samples is illustrated in Figure 5-1. Four samples were immersed in the solution,
while the remaining two were placed on a PTFE holder for condensation exposure. The
solution temperature was kept to 80 °C for 60 d while the temperature on the surface of a

sample exposed to the vapour phase was 76.5 °C. A condenser was used to minimise liquid

loss.
«——— Condenser
Thermocouple ——————>
71 Vapour Phase
Coated panel exposed to heat- scribed ¢ bl Freshly coated panel- scribed

|
wlmw
flr!! 'ﬁjr Freshly coated panel- Intact

| l J__ Liquid phase (3.5 wt.% or 5.0 wt.%) NaCl solution

Hot plate 80 °C ——»

Coated panel exposed to heat- intact
I

Figure 5-1: Schematic of the experimental setup to study the effects of the NaCl solution

concentration on corrosion.

To study the effects of NaCl concentrations, 3.5 and 5 wt.% NaCl solutions were
prepared, which had the initial pH of 6.62 and 6.74 at 80 °C (pH sensor, Hanna instrument,
the serial number is IC-HI98190). At the end of the experiment, the pH rose to 7.30 and 7.37
for 3.5 and 5 wt. % NaCl solutions, respectively. The increase in pH was attributed to the
accumulation of cations generated because of iron dissolution. The pH of the condensed water
in the vapour phase was not measured because the liquid volume was insufficient for such

measurement.

For experiments interrogating the effect of pH on coating behaviour, 3.5 wt% NaCl
solution was prepared, and its pH was controlled to 4 and 8. The same test cell was used in
both sets of experiments. In this case, the test solutions were kept at constant temperature for
60 d. The acid solution (pH = 4.0) was adjusted with 12.0 wt. % HCI, whereas the alkaline
solution (pH = 8.0) was adjusted using 4.0 wt. % NaOH solution. The test solution was

replenished daily, adjusted and measured with a pH meter instrument.
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5.3 Coating characterisation techniques

5.3.1 Degree of delamination and corrosion around scribed regions

The scribed areas were unprotected by the coating, thereby allowing coating
delamination to initiate. The degree of delamination was assessed as suggested by 1SO 4628-
8 “Paints and varnishes-evaluation of degradation of coatings. Designation of the quantity and
size of the defects and intensity of uniform changes to appearance” [15]. Figure 5-2 shows an
example of a delamination area originating from the scribe in the coating on a steel panel after
the test.

After the test, the specimens were cleaned with tap water, and dried using compressed
air. Loose coating was removed with a blade. The delamination area was then measured with
a ruler at six different points uniformly distributed along the scribe. Figure 5-2 shows an
example of specimens prepared by this procedure.

Delaminated
area

Figure 5-2: The zone of delamination illustrating six measurements. A line (w) marks the

artificial scribe.

Subsequently, the mean width of delamination area, w. was calculated using equation (5-1).

_at+b+ct+d+etf

we = c (5-1)
Then, the delamination value ¢ was calculated using equation (5-2).

_ We — W 5.2

¢=— (52)

w = the width of the original scribe, in millimetres
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5.3.2 Blister detection

Blistering is one of the coating defects that commonly occurs when a dry coating film
forms a dome-shaped pattern because of the loss of local adhesion between the coating film
and the structure [16]. The degree of blistering was visually determined based on 1SO 4628-2
[17]. The ISO standard characterises blistering level using two parameters, namely, blister
size (ranging from O to 5, where 1 represents microscopic size and 5 represents blisters larger
than 5 mm in diameter) and blister density (each degree of size corresponds to four degrees of
frequency).

533 EIS

Coating performance after exposure to corrosive environments was evaluated using
EIS. A glass tube with an exposed area of 14.6 cm? and a height of 8 cm was placed on a
coated panel and tightly sealed with a mechanical clamp as shown in Figure 5-3. On scribed
coated panels, the EIS cell was placed on the coating 20 mm from the scribed area, ensuring
the steel substrate was not exposed to the electrolyte. The electrolyte was 3.5 wt. % NaCl
solution at 24 + 1 °C, and the total volume of electrolyte in the glass cell was 100 mL. A
conventional three-electrode cell consisting of Ag/AgCI was filled with 3 M KCI electrolyte
as the reference electrode, with the tip placed 1to 3 mm from the coating surface. A graphite
rod was used as a counter electrode and the coated carbon steel served as the working

electrode.

EIS measurements were conducted using a Gamry potentiostat (Interface 1010E™)
operated at OCP. A 20 mV (r.m.s) sinusoidal perturbation was applied in the frequency range
of 100 kHz to 10 mHz with six points per decade. The measurements were taken at intervals

of 1 h for 1 d. The EIS curves were analysed using Gamry Echem Analyst™ software.
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Graphite rod

Ag/AgCl in 3 MKCI
(counter electrode)

(reference electrode)

Coated panel
(working electrode)

Figure 5-3: Schematic of the electrochemical cell used for testing the coated metal
samples.

5.3.4 Characterisation of corrosion products

The morphologies and elemental compositions of the corrosion products were
characterised with scanning electron microscopy,SEM (Mira instrument, Tescan) combined
with energy dispersive X-ray spectroscopy (EDS). Aztec software (Oxford Instruments) was
used to collect X-ray signals from the metal surface and analyse the elemental composition
data obtained from corrosion products under a detached coating. The samples were cross-
sectioned by cold mounting a test specimen in epoxy resin. The mounted samples were cut
using Accutom-50 (Struers, Denmark), and their surfaces were polished using 1200 grit SiC

abrasive paper.

The chemical compositions of the corrosion products were analysed using a WITec
Alpha 300 SAR+ confocal Raman microscopy, and a frequency-doubled neodymium-doped
yttrium aluminium garnet (NdYAG) laser with an excitation wavelength of 532 nm (green).
Light was collected with a 20x0.4NA Zeiss objective and fed into the spectrometer via an

optical fibre with a diameter of 40 pum.

5.3.5 Thermal analysis

Thermal analysis system TGA/DSC 3+ (Mettler Toledo AG, Switzerland) was used

for both TGA and DSC. The measurements were carried out in the temperature range from 25
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to 800 °C, at the heating rate of 10 °C min, under nitrogen (100 mL-min). 10 mg of the
samples scraped from the top layer of the coating surface were placed in a 110 pL platinum
open pan. For TGA analysis, the sample weight as a function of temperature was monitored
and recorded by a PC connected with the Mettler Toledo AG apparatus. At the end of each
run, the experimental data were used to plot the percentage of undegraded sample (1-D) % as
a function of temperature, where D= (Wo-W)/ Wo and W, and W were the masses of sample at

the starting point and during scanning [18].

DSC is used to measure the temperatures and heat flows associated with exothermic
and/or endothermic changes that occur during thermal transitions in a material. The sample
was heated from 25 °C to 200 °C per min. in a nitrogen atmosphere flowing at 50 ml per min.
The glass transition temperature (Tg) is used to determine a material’s thermal stability, which

indicates the coating’s toughness [19].
5.4 Results and discussion

5.4.1 Influence of NaCl concentrations

5.4.1.1 Degree of delamination

The images in Table 5-2 and Table 5-3 show the appearance around the scribe region
of the phenolic-epoxy coated specimens before and after the tests with 3.5 wt. % and 5.0 wt.

% respectively.

It is apparent that the exposure to heat alone resulted in a colour changes. The
yellowing of epoxy coatings were extensively reported [20]. After the coating was exposed to
moisture, corrosion products are visible. It can also be observed from Table 5-2 and Table 5-
3 that the samples exposed to water condensation were most susceptible to delamination,

compared to the samples fully immersed in the 3.5 wt. % and 5.0 wt. % NaCl solutions.
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Table 5-2: Degree of delamination in the phenolic- epoxy coating after exposure to a corrosive
environment (3.5 wt.% NaCl condition).

Immersion in 3.5 wt.% )
Pre-exposure to Exposed to condensing
NaCl solution at 80 °C
the test vapour at 80 °C for 60 d
for 60 d

N
b
R
D
\
\

Freshly coated panel

22t0120°C for40d

A coated panel exposed
to thermal cycling of
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Table 5-3: The experimental results to phenolic- epoxy coating after exposure to a corrosive

environment (5 wt.% NaCl condition).

Immersion in 5.0 .
Exposed to condensing

Pre-exposure wt.% NacCl solution at
vapour at 80 °C for 60 d

80°Cfor60d

Freshly coated panel

22t0120°C for40d

A coated panel exposed
to thermal cycling of

The lesser delamination risk at the scribe region when the samples were fully
immersed may be attributed to the diffusion limit of the oxygen reduction reaction, resulting
in lower hydroxyl ions being generated (equation (5-3)) [21-22]:

1
H,0 +§02 +2e” » 20H™ (5-3)

This is similar to what was previously reported by Leidheser et al.[23] where the
authors found no significant delamination occurred on the 7 mm diameter defect on steel
panels coated with epoxy when oxygen was excluded from the system. In the current study,
the delamination occurred only when the water condensation took place on the surface. The
thinner layer of electrolyte could enhance the mass transport of dissolved oxygen to the metal
surface. In addition, the limited quantity of electrolyte could facilitate the formation of

corrosion products as their solubilities limits are readily reached [24].

The average delamination width is compared in Figure 5-4. The results show that the
samples exposed to the vapour phase in the test cell containing 3.5 wt. % NaCl suffered greater
delamination than those placed in the test cell comprising 5.0 wt. % NaCl. Delamination was
reduced after the coated panels were thermally exposed prior to immersing in cells 3.5 and 5.0
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wt. % NaCl. Increasing the NaCl concentration may reduce the water evaporation because the
dissolved salt ions reduce the water activity (reduce the free energy) [25].

"] 3.5 wt.% NaCl
[ ]5.0 wt.% NaCl

3.5

3.0 1

2.5+

2.0 1

1.5+

Delamination (mm)

1.0

0.5

0.0

Fresly coating The coating,
after exposure to heat

Figure 5-4: Comparison of delamination results on phenolic-epoxy coated panels exposed

to the vapour phase in different test cells containing 3.5 and 5.0 wt. % of NaCl.

5.4.1.2 Degree of blistering

The density of blistering spots with a diameter larger than 200 pm is shown in Figure 5-5.
After 1400 h of testing in both test cells, blisters were observed only in the freshly coated
panels immersed in 3.5 and 5 wt. % NacCl solutions. The blister concentration was significantly
higher in the freshly coated panel with an artificial scribe and immersed in a 3.5 wt. % NaCl
solution, compared to that in a 5.0 NaCl solution (black and white images were processed

using ImageJ).

124



Freshly sample Freshly sample Freshly sample Freshly sample
Scribe Intact Scribe Intact
Immersed in 3.5 wt.% NaCl solution  Immersed in 3.5 wt.% NaCl solution Immersed in 5.0 wt.% NaCl solution Immersed in 5.0 wt.% NaCl solution

Figure 5-5: Photographs of samples after immersing in 3.5 and 5.0 wt. % _ NaCl solutions

at 80 °C for 60 d, without pre-exposure to heat.

Figure 5-6 illustrates the blistering level (defined by ISO standard 4628-2 [17]) of the
coatings subjected to different concentrations of NaCl solution at 80 °C. Blisters were
observed on all freshly coated panels. Blister formation was accelerated for the scribed sample
immersed in 3.5 wt.% NaCl solution, reaching a size of 4 mm and a density of 4 (S4) after
504 h. The other freshly coated panels showed blisters up to 3 mm in size with a density
between 3 (S3) and 4 (S4). The freshly applied phenolic-epoxy coatings are less suitable for

immersion in marine environments compared with thermally pre-treated ones.
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—@— 3.5 wt.% NaCl- Intact sample
—l—- 3.5 wt.% NacCl- Scribe sample

5.0 wt.% NaCl- Intact sample
—=k=— 5.0 wt.% NaCl- Scribe sample

Figure 5-6: Blistering level of freshly coated samples as a function of NaCl concentration
and time. 1SO 4628-2:2016 defined the density of blisters (0: none to 5: many). The data
labels represent the blister size (S1: none to S5: >5 mm).

The results also demonstrated that the phenolic epoxy was more sensitive to blistering
in the 3.5 wt. % than 5.0 wt. % NaCl. The aggressive corrosive species such as water, oxygen
and ions percolate through a coating to reach the coating-metal interface area and degrade the
coating film [13, 26]. The oxygen concentration in the solution is an important influence factor
for the corrosion process due to the cathodic reaction equation (5-3). Increased sodium
chloride concentration reduces oxygen solubility and water activity in sodium chloride
solution; both can reduce cathodic reaction [27-28]. The oxygen solubility in sodium chloride
depends on electrolyte’s composition concentration. Stephen et al. [29] reported O solubility
in high salinity solutions (0.3 wt.% NaCl) at 80 °C of 0.81 ppm, whereas it was greater 2.3
ppm in low salinity (0.05 wt.% NaCl). The anodic reaction is iron oxidation at the blister’s
centre, dissolved oxygen in the solution is reduced at the surface according to equation (5-3)
[30]. This leads to high pH regions at the edges of the blister causing delamination of the
coating. The generation of OH™ ions at the substrate/coating interface enhance the osmatic

pressure difference [31-32].

5.4.1.3 Electrochemical performance

The Nyquist plots of electrochemical impedance under different concentrations of NaCl

3.5 and 5.0 wt.%, as shown in Figure 5-7 and Figure 5-8, can be categorised by three patterns.
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- Pattern A: All coated panels exposed to condensation conditions (80 °C for 60 d) were
characterised by a single semi-circle with high impedance, suggesting that water
penetrated the coating but did not reach the coating—metal interface.

- Pattern B: Coated panels exposed to heat and immersed in different solution
concentrations for 60 d were characterised by reduced resistance. The EIS plots show
a semi-circle in a capacitive loop that changes at a high frequency, implying that
corrosive media reached the coating—metal interface. Moreover, the coated panels
immersed in 3.5 wt. % NacCl solution (Figure 5-7) show a different semi-circle loop
than other samples, along with an oblique line at high frequencies, indicating that the
coating was intact.

- Pattern C: Freshly coated panels immersed in different concentrations of NaCl
solutions for 60 d were characterised by Nyquist plots with a single distinct semi-
circle capacitance loop and a linear curve at low frequencies, indicating that the
diffusion of corrosive species through pores in the coating occurred, followed by the

development of corrosion products at the coating—metal interface [22].

Figure 5-8b confirmed good protective properties of the coating in a test cell that contained
5.0 wt.% NaCl solution. A slight decrease was detected on the scribe coating panel
exposed to heat and immersed in solution. A semi-circle indicated a reduction of the

coating resistance [22].
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Figure 5-7: Nyquist plots of phenolic-epoxy coating after 1440 h exposure to 3.5 wt. %

NaCl condition at 80 °C in glass cells containing (a) the freshly coated panels, (b) coated

panels exposed to heat.

128



(@)

T T T T T T T T
. A Vapour phase - Scribe
10107 F — Fitline '
8_0)(109 1.2x10° T T T T
*  Liquid phase - scribe
® Liquid phase - Intact
I 1.0x10° | Fit line i _
LE) 6.0x10° 8.0x102 -
6.0x10 e
N 4 ox10° s0x10? //
2.0x10? ¢ 1
2_0x109 o0 2.0x10% 4.0x10° 6.0x10? 8.0>I<102 1.0xI103 1.2x10° ]
/ Z (@cm?)
0.0 A A ] A ] A ] A ] )
0.0 2.0x10°  4.0x10° 6.0x10°  8.0x10°  1.0x10%°
Z' (Q.cm?)
(b)
T T T T T T —
®m  Vapour phae - Scribe
1.0x10% F » Liquid phase - Intact |
—— Fit line i
9 L
8.0x10 8.0x10° T T
— 4 Liquid phase - Scribe
N Fit line —
£ 8 _
O 6.0x10° |- e
G < ]
~—~ £
:N é 4.0x10° | |
4.0x10° |- N e e, 1
» e
I Y 2.0x108 -/’ \ |
2.0x10° —,ﬂ 00 - - 3 ]
0.0 2.0x108 4.0x10° 6.0x10° 8.0x10°
/ z @cm?)
0.0 . ] . ] . ] . ] . ]

0.0 2.0x10° 4.0x10° 6.0x10° 8.0x10° 1.0x10%°

Z' (Q.cm?)
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Figure 5-9 and Figure 5-10 illustrate the evolution of Bode plots of wholly coated

panels exposed to the condensated water (vapour phase); these samples exhibited the highest

impedance of 10° to 10 Q.cm?. Furthermore, the intact coated specimen exposed to heat and

then immersion in 5.0 wt.% NaCl solution had an impedance of 10° Q.cm? (Figure 5-10c). A

slightly reduced in impedance occurred in the scribed coated panel that was exposed to the

heat and then immersed in in 5.0 wt.% NaCl solution, which was i.e. 108 Q.cm? (Figure 5-

10c).
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Figure 5-9: Bode plots of coated panels with phenolic epoxy exposed to different

conditions vapour and liquid in test cell containing on 3.5 wt. % NaCl solution; (a-b) the

freshly coated panels, and (c-d) coated panels exposed to heat.
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Figure 5-10: Bode plots of coated panels with phenolic epoxy exposed to different

conditions vapour and liquid in test cell containing on 5.0 wt. % NaCl solution; (a-b) the

freshly coated panels, and (c-d) coated panels exposed to heat.

The intact coated sample exposed to the heat and then immersion in 3.5 wt.% NaCl

solution had the least impedance among heated and entirely coated specimens. Its impedance

value was 10" Q.cm?, which is slightly higher (Figure 5-9c). A simple equivalent circuit is

shown in (Figure 5-11a); solution resistance Rs, coating resistance Rcoar, and constant phase

element Qcoa are commonly used for systems with a one-time constant [33-34].

Whole freshly coated specimens immersed in different concentrations of NaCl had

low impedance Figure 5-9a and Figure 5-10a, which reflected defects on the coating films

(blisters), as shown in Figure 5-5. The shape of the plots for a coated metal, displayed two

minima in the phase plot. The one at high frequency reflects the physical behaviour of the

coating (Qcoat, Reoa) Whereas that at intermediate frequencies corresponds to the corrosion

131



reactions at the interface between the metal and coating (Qui, Re: and W) as shown in Figure
5-11b.

(@)

chat

RE 0 ANV ———OWE

(b)
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chat
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Figure 5-11: Equivalent circuit of the impedance of coated metals: (a) All coated panels

exposed to heat and (b) freshly coated panels immersed in 3.5 and 5.0 wt.% of NaCl

solution around 60 d.

The corresponding fitting results are illustrated in Table 5-4 and Table 5-5.The
changes in the impedance of fresh coating were immersed in different solutions because of an
accumulation of corrosion products at the metal/ coating interface. Moreover, the increase of
CPE in the coating (~ x10° to 10° F.s%'.cm~2) indicates an increase in the water that is

permeated into the coating.
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Table 5-4: EIS data of the coating panels tested in a test cell containing 3.5 wt. % NaCl solution at 80 °C for 60d.

Type of coated panels Reoat Ret Qcoat Qa 14% X2
(Q-cm™?) (Q-cm™?) (F.s*1-cm™?) (F.s*1-cm™2) (F.s*1-cm™?)
Exposed to heat — Vapour Phase — Scribe 1.12x10 10 9.32x10 -10 4.98x10 -4
Freshly — Vapour Phase - Scribe 2.12x10° 8.41x10 -10 1.23x10
Exposed to heat — Liquid Phase — Scribe 1.25x10 ¢ 1.03x10 -10 6.12x10 4
Exposed to heat — Liquid Phase - Intact 2.12x107 1.12x10 -° 2.25x10 4 5.22x10 -3
Freshly - Liquid Phase —Scribe 361.6 281.2 1.13x10 ¢ 0.29x10 -3 4.98x10 -3 1.41x10 -3
Freshly - Liquid Phase — Intact 332.9 307.1 1.57x10 -6 1.4x10 -3 1.85x10 -3 4.23x10 4
Table 5-5: EIS data of the coating panels tested in a test cell containing 5.0 wt. % NaCl solution at 80 °C for 60d.
Type Reoat Ret Qcoat Qua w Xz
(Q-cm™?) (Q-cm™) (F.s*1.-cm™2) (F.s*1-cm™2) (F.s*1.-cm™2)
Exposed to heat — Vapour Phase - Scribe 1.81x10 10 4.32x10 -10 6.10x10 -4
Freshly - Vapour Phase - Scribe 2.01x10 1 2.12x10 -10 8.01x10 -4
Exposed to heat - Liquid Phase — Scribe 8.1x10 8 2.1x10 -9 2.0x10 4
Exposed to heat - Liquid Phase - Intact 4.01x10 ° 1.02x10 -10 6.12x10 -4
Freshly - Liquid Phase —Scribe 2.98x103 2.1x103 2.3x10 -6 9.32x10 3 3.31x10 3 1.02x10 3
Freshly - Liquid Phase — Intact 671.6 620 1.72x10 -6 4.22x10 -3 3.41x10 4 3.21x10 3
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5.4.1.4 Characterisation of corrosion product layers

Raman spectroscopy (RS) and SEM/EDS were used to characterise the corrosion
product associated with the observed delamination on the coating film at the artificial scribed

area.

Figure 5-12a and b illustrate the cross sections of the scribe region of the coated steels
exposed to condensation and immersion, respectively. Figure 5-12a shows the cross-section
in the overlaid optical microscopic images of the rust layer formed on the scribe in the vapour
phase. The thickness of the rust layer can be seen, which is up to 2 mm. The delamination
between coating and the substrate is also visible. At the same time, the corrosion product in
the liquid phase was thin with some cracks and pores, which had no impact on the coating
film as shown in Figure 5-12b.

(@)

o i - Artificial scratch
smlmny 3 ; Coating degradation

(b)

Intact coating > N

Artificial scratch
500 pm

Figure 5-12: SEM of corrosion products, especially the cross-sections of under the coated
film exposed to heat treatment: (a) coating sample exposed to water condensation (vapour

phase) (b) the coating panel immersed in 3.5 wt. % NaCl solution (liquid phase).

In the Raman results shown in Figure 5-13, two Raman spectra were distinct from the
corrosion products formed on the scribe line at different conditions (liquid and vapour), with
related RRUFF™ database spectra as the reference [35]. The strong peaks of 222, 270, 382
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and 561 cm™ were observed on the delaminated coated sample. The Raman spectra reflected
that hematite (a-Fe»Os), lepidocrocite (y-FOOH) and mackinawite (FeS) formed on the
samples, and these were compared with RRUFF databases spectra of all possible iron
oxidation products. However, in the coated panel that did not exhibit detachment, as illustrated
in (Figure 5-12b), Raman spectra show dominant peaks at approximately 218 and 265 cm™™.
These findings indicated the corrosion product under formed under the coating film were y-

FeOOH and FeS.

It could distinguish that the component a-Fe2O3; was found only under the coating film
that detachment. It is the last step in the oxidation of iron hydroxide, referred to as rust [36]
that could occur as follows:

6Fe(s) + 20,(aq) + 3H,0(l) —» 3Fe,05.H,0 (s) (5-4)
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Figure 5-13: Raman spectra of corrosion-product layers formed under the coating for
samples (a) with and (b) without delamination. Reference spectra from the RRUFF

database.
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The SEM/EDS was also used to inspect the blisters on the coating film and identify
elements present in a cross-section of the substrate and coating, as shown in Figure 5-14and
Figure 5-15. It should be noted that blisters were formed only on the fresh coated panel, thus
cross-sectional analysis was only performed on these panels. Figure 5-14 illustrates that a
blister is approximately 48 um high. The image shows that the coating consisted of one layer.
Additionally, corrosion product was observed on the substrate, under the blister. Elemental
mapping indicated that Fe, O, C and Cl are dominant elements in the corrosion product. S and
O were also found in the coating layer, which may be part of the formulation as flame
retardants in epoxy resin [37-38], . The leaching of S species from the coating is beyond the

scope of this work.

The anodic reaction significantly accelerates the Fe?* ion, which reacts with S? ion
that was released from the coating film to form iron sulfide (mackinawite) as illustrated in
Figure 5-13 and Figure 5-15, and the reaction could occur as follows [39]:

Sy +2e” = Sy (5-5)
Felaq) * Staqy = FeSs) + Ss) (5-6)
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Figure 5-14: SEM/EDS image of blister region with corrosion products at the
metal/coating interface and a partially detached coating.

Figure 5-15 shows a top-view image of another blister with a diameter of about 4 mm
after coating removal. Fe, O, C, Cl and S elements dominated on the rust layer. Chloride ions
could permeate through a coating film, increasing the conductivity in the water, the severity
of corrosion on the substrate and the degradation of an organic coating on the steel. It seems
that the freshly applied coating used in this study was not suitable to be used in NaCl

immersion conditions.
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Figure 5-15: SEM/EDS image of blister with corrosion products at the metal/coating after

coating removal.
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5.4.2 Influence of pH levels

In this section, the behaviour of the same phenolic epoxy coating was investigated as
a function of the solution pH at the same NaCl concentration of 3.5 wt%. The experimental

regime was similar to that described in section 5.2.

5.4.2.1 Degree of blistering

After 1400 h of exposure to the test solution, blisters were observed only on the freshly
coated panels immersed in 3.5 wt.% NaCl solution at pH = 8.0. Remarkably, no such blistering
was observed on panels that had undergone heat treatment. Table 5-6 and Table 5-7 compare
the freshly coated specimens immersed in 3.5 wt.% NaCl solutions of different pH levels (4.0
and 8.0), respectively. Table 5-6 also shows the density of blistering spots with a diameter
larger than 300 um. Blister concentration was significantly higher on both intact and scribed
freshly coated panels. On the other hand, coated panels when immersed in 3.5 wt. % NaCl

(pH 4.0) solution, as shown in Table 5-7, show no blisters or failure.
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Table 5-6: Photographs of samples after immersing in 3.5 wt. % NaCl solution (pH

8.0) at 80 °C for 60 d, without pre-exposure to heat.

Behind view

Front view

(10e1un)
|Joued pareod Ajysaa4

(891495)

|[oued pa1eod Ajysaa4
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Table 5-7: Photographs of samples after immersing in 3.5 wt. % NaCl solution (pH = 4.0) at
80 °C for 60 d, without pre-exposure to heat.

Front view Behind view

Freshly coated panel
(intact)

Freshly coated panel
(Scribe)

Figure 5-16 shows a comparison of the blistering level on the coating film at different test
conditions. Blisters were observed in freshly coated panels immersed in (pH = 8.0) 3.5 wt.%
NaCl solution, and formation accelerated in the scribed sample. These blisters reached to 4
mm in diameter and a density of 4 (S4) after 504 h on a scribe panel and after 1080 h on an
intact sample. The rest of the freshly coated panels immersed in pH 4.0 solution had no blisters
on the coating panels during the test period. It is evident that the freshly applied phenolic-
epoxy coating used in this study was not suitable for immersion in 3.5 wt.% NaCl solution-
pH = 8.0. Notably, pre-exposure to thermal cycling enhanced the coating's resistance,
effectively preventing the formation of blisters on the coating layer.
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pH 4.0- Intact sample

——pH 4.0- Scribe sample
|

Figure 5-16: Blistering level of freshly coated samples as a function of the pH of the NaCl
concentration and time. 1SO 4628-2:2016 defined the density of blisters (0: none to 5:
many). The data labels represent the blister size (S1: none to S5: >5 mm).

The cathodic reaction that occurs under the coating generated OH~ions in the cathodic
zone [28], as shown by equation (5-3). The OH™can result in the dissolution of oxide layers
on the metal surface and break the chemical bonds at the coating—metal interface. At the
cathodic sites, oxygen is reduced, and in the presence of cations, such as Na*, a highly alkaline

NaOH solution is formed at the coating/metal(oxide) interface [40]:
2H,0 + 0, + 4Na* + 4e~ > 4 NaOH (5-7)

As osmotic force drives water has a low NaOH concentration in bulk solution
(aforementioned, pH 8.0 was adjusted with 4.0 wt. % NaOH in 3.5 wt. % NaCl solution)
through the coating to a high concentration of an alkaline solution in the interface area (metal/

coating), which increase the coating deformed upward [41]

5.4.2.2 Delamination degree around the scribed area

The images in Table 5-8 and Table 5-9 show the morphology around the scribed
regions of the phenolic-epoxy coated specimens before and after testing in alkaline and acidic
solutions, respectively. The exposure to heat alone resulted in colour changes, as reported

extensively [20]. After the coating was exposed to moisture, corrosion products are visible. It
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can also be observed from Table 5-8 and Table 5-9 that the samples exposed to water
condensation were most susceptible to delamination, compared to the samples fully immersed
in the 3.5 wt. % NaCl solutions at different pH levels.

Table 5-8: Photographs showing the degree of delamination of the phenolic-epoxy coating
after exposure to acidic 3.5 wt.% NaCl at 80 °C for 60 d under condensation and

immersion conditions

Pre-exposure to the Immersion in acidic Exposed to condensing
test solution at 80 °C for 60 d | vapour at 80 °C for 60 d

Freshly coated panel

22to 120 °C for 40 d

A coated panel exposed to thermal cycling of
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Table 5-9: Photographs showing the degree of delamination of the phenolic-epoxy coating

after exposure to alkaline 3.5 wt. % NaCl at 80 °C for 60 d under condensation and

immersion conditions.

Freshly coated panel

Pre-exposure to the

test

Immersion in alkaline
solution at 80 °C for 60 d

Exposed to condensing
vapour at 80 °C for 60 d

A coated panel exposed to thermal cycling of

22t0 120 °C for 40 d
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Figure 5-17 shows that under alkaline condensation conditions, more significant
degradation of the freshly coated panel occurred compared to the heat-treated sample. After
the heat treatment of the coated panels, delamination was 1.95 mm.

Slightly greater degradation occurred in the freshly coated panel contained in the test
cell with an acidic condition compared to the heat-treated sample. More specifically, a

delamination of 0.2 mm was observed on the panel.

3.5 ,, . The coating after expoure to heat

| Freshly coating

3.0

2.5 1

2.0 1

1.5+

Delamination (mm)

1.0 A

0.5

0.0

pH= 8.0 pH=4.0

Figure 5-17: Comparison of the delamination value around the scribed regions of
phenolic-epoxy-coated steel panels exposed to condensation conditions with acidic and

alkali NaCl solutions.

The lesser delamination risk at the scribe region when the samples were fully
immersed may be attribute to the diffusion control natural of the oxygen reduction reaction,
resulting in lower hydroxy! ions being generated equation (5-3) [15,42].

This is similar to what was observed in the previous experiment; the coating
degradation around the scribe area occurred only at condensation conditions. The system is
considered a close system; the percentage of O in the atmosphere is 21% compared with CO,
is 0.041%, so the corrosion mechanism is dominated by dissolved oxygen in the water as

shown in equation (5-8)

2Fe + 0, + 2H,0 — 2Fe?* + 20H" (5-8)
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The solubility of oxygen in the thinner layer of electrolyte (vapour phase) is more than
in bulk solution (liquid phase).[23] The oxygen leads to increased releases of OH" ions,
affecting the interface area between (metal/ coating) and breaking bonds at the coating oxide
metal [43-47].

The delamination area around scribed panels was high in alkaline environment
containing NaCl and NaOH components. As aforementioned, the test solution is replenished
daily and poured into the test cell, where electrolyte drops fall onto the samples at the upper
part of the glass cell. The NaOH component reinforced the osmotic driving force through the
coating and faster penetration into the capillary channels in the coating, as illustrated in section
5.4.2.1.

5.4.2.3 Electrochemical performance

The Nyquist plots of electrochemical impedance in Figure 5-18 and Figure 5-19
reflect four patterns, which represent four behaviours of the coated panels. A low impedance
was typical for the fresh samples in the alkaline NaCl solution (Figure 5-18a). The EIS plot
showed two characteristics: At a scribe on a freshly coated panel was a semi-circle in a
capacitance loop that changed at a high-frequency range and an oblique line that appeared at
a high-frequency range. By contrast, the intact, freshly coated specimen had a semi-circle in
a capacitance loop that changed at a low-frequency range and an oblique line that appeared at
a low-frequency range. These phenomena indicate that the coating was degraded (appearance

blisters) as shown in Table 5-6.

The coated panels exposed to heat and immersed in the alkaline had two
characteristics as illustrated in Figure 5-18b. At the scribe panel was a semi-circle with high
impedance, suggesting that the water penetrated the coating, and the corrosive medium
diffused into the coating/metal interface. In the intact coated panel, the impedance spectra
terminated by a straight line occurring at an angle of 45°, implying that the water penetrated
the coating but did not reach the coating/metal interface. This finding is also reflected in the

high impedance of the coated panels in the vapour phase.

As indicated in Figure 5-19, the EIS impedance spectra behaved in two ways. On the
freshly coated specimens immersed in the acidic solution was a single semi-circle with high
impedance. All the other samples showed high impedance with a straight line at an angle of
45°,
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Figure 5-18: Nyquist plots of phenolic-epoxy-coated steel panels after 1440 h
of exposure to alkaline 3.5 wt. % NaCl solution at 80 °C in glass cells containing

(a) freshly coated panels or (b) coated panels exposed to thermal treatment.

148



(@)
T T T T T
N 4 Vapour phase - Scribe|
1 OxlolO | - F't Ilne
9 L I I . ILiquid phasle—intact
8.0x10 A 4x107 | *  Liquid phase - Scribe
&\ Fit line | |
g 3x107
> 6.0x10° |- =T
<) £ % 1
N g 2x107 N
A N i
4.0x10° - .,
A 1x107 | /:f:i*x*w*,,* T i
g ) .,
2.0x10° -4 ff; , \‘g..,, . .?'
AA 1x107 2x107 3x10’ 4x107
g Z' (Q.cm?)
0_0 N 1 N 1 N 1 N 1 N 1
0.0 2.0x10° 4.0x10° 6.0x10° 8.0x10° 1.0x10%°
Z' (Q.cm?
(b)
I T I T I T I T
2.5x10% - m  Vapour phase - Scribe
¢ Liquid phase - Scribe
- » Liquid phase - Intact
2.0x10% F / — Fitline
C 150w 1
O
iy 1oxiof ™ .
5.0x10° 1
1 " 1 " 1 " 1
1.0x10°  1.5x10° 2.0x10'°  2.5x10%

0.0

0.0
Figure 5-19: Nyquist plots of phenolic-epoxy-coated steel panels after 1440 h

of exposure to acidic 3.5 wt. % NaCl solution at 80 °C in glass cells containing

5.0x10°
Z' (Q.cm?)

(a) freshly coated panels or (b) coated panels exposed to thermal treatment.

149



Figure 5-20 and Figure 5-21 illustrate the evolution of the Bode plots of the wholly
coated panels exposed to condensed water (vapour phase). These samples exhibited the
highest impedance of 10° to 10'° Q.cm?.

The freshly coated specimens immersed in a solution with a pH = 8.0, whether intact
or scribe the decline was substantial, the impedance decreased to 102 Q.cm? (Figure 5-20a).
The shape of the plots for a coated metal with two minima for the phase plot indicates the
onset of the electrochemical corrosion reaction at the metallic substrate and initial insight into

the coating degradation [48], as shown in Table 5-6.
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Figure 5-20: Bode plots: (a, c) impedance and (b, d) phase angle of steel panels coated with
phenolic-epoxy resin (a, b) before and (c, d) after exposure to heat and 3.5 wt. % NaCl
solution (pH 8).

Figure 5-20a-c and Figure 5-21a-c, show the coated specimens exposed to heat and
then immersed in solutions of different pH levels had impedances of 10° to 10'° Q.cm?.
Furthermore, a slight reduction in impedance occurred in the freshly coated panels (intact or

scribe) immersed in a solution with a pH = 4.0 (i.e., 10" Q.cm?; (Figure 5-21a).
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Figure 5-21: Bode plots: (a, c) impedance and (b, d) phase angle of steel panels coated with

phenolic-epoxy resin (a, b) before and (c, d) after exposure to heat and 3.5 wt. % NaCl

solution (pH 4).

5.5.4 Thermal behaviour

The thermal analysis focused on the freshly coated panels immersed in alkaline 3.5

wt. % NaCl solution because these conditions resulted in significant blistering. The TGA and

DTGA results are shown in Figure 5-22. The major reactions include dehydration with the

formation of a double bond in the chain, double bond isomerisation, and allyl-oxygen bond

scission [49]. Figure 5-22a shows TGA mass loss vs temperature curves (10 °C/min). At low

temperatures (67—130 °C), the curves show a mass loss of ~0.5% due to the loss of volatiles

(such as water) and low-MW monomers. See section 4.4.3 for details regarding the curing

reaction of epoxy during such tests.

The emission of water could be due to the condensation reaction between the residual

methylol groups and phenolic OH groups (see equation 4-2), which can form new cross-links

[50]
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All samples showed curves with a similar shape, but different residual masses (4.42—
4.76%) at the end of the decomposition stage. The overall slope of the mass-loss curve is
proportional to the rate of weight loss. The derivative value of weight loss is higher for the
sample before immersion than after immersion in the alkaline solution. A decrease in the
decomposition rate is related to the formation of surface residues, which are characterised by
increased thermal stability [51]. The freshly coated panel was less stable; the mass loss

indicates the breaking of chemical bonds [51].

The curves in Figure 5-22b show a single endothermal process for all studied samples
around the same temperature (336.2 °C), which is attributed to material decomposition [52].
Furthermore, the curve for the pre-exposure sample has an additional endothermic peak at
111.7 °C, which could be due to the phase separation of the epoxy mixture during dehydration,

as noted earlier [53].
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Figure 5-22: TGA/DTGA curves of phenolic epoxy coating under N2 gas (a) TGA pattern

and (b) DTGA pattern.

The DSC curves used to obtain the Ty values of the samples are shown in Figure 5-

23. The Ty of the freshly coated panel is 121.6 °C before immersion, which drops to 117.6 °C

after immersion. The reduction in T4 was associated with a low molecular-chain strength and
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low molecular weight [54]. The water is a destructive element that can permeate a protective
coating when the Tg is low in the coating layer, causing blistering [55].
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Figure 5-23: DSC diagrams for freshly phenolic coating before and after immersion in 3.5
wt.% NaCl solution (pH = 8.0).
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5.5. Conclusions

This chapter investigated the effect of NaCl concentration and pH on the performance
of phenolic-epoxy coated steel panels before and after exposure to thermal cycling (between
22 and 120 °C for 40 d). Different NaCl concentrations and pH levels were used to mimic

acidic/alkaline marine environments. The main conclusions are as follows:

The steel panels that were freshly coated with the phenolic epoxy resin were more
sensitive to 3.5 wt. % NaCl than to 5.0 wt. % NaCl. Corrosive species such as water, oxygen,
and corrosive ions (NaCl) penetrated the coating to reach the coating—metal interface and
degraded the coating film. Oxygen concentration in the solution is an important factor that
affects the cathodic half-reaction of the corrosion process. An increase in NaCl concentration
reduces the concentration of oxygen and the water activity in the solution, thereby reducing

the rate of the cathodic reaction.

Blisters were observed only on the freshly coated panels immersed in 3.5 wt. % NaCl
solution with pH 8.0. In addition, freshly coated panels immersed in acidic/alkaline 3.5 wt. %
NaCl solutions showed low impedance during EIS. Cathodic reactions in neutral and basic
solutions involved the reduction of dissolved oxygen to form hydroxide ions, leading to bond

breaking at the coating—metal interface.

However, no blisters were observed on the coating panels exposed to thermal cycling.
These panels also showed higher impedance values than freshly coated panels. These findings
suggest that the thermal exposure actually enhances the coating's ability to protect carbon steel

panels from corrosion.
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CHAPTER 6

CONCLUSIONS AND FUTURE WORK

6.1 Conclusions

The objective of the thesis was to investigate the behaviour and failure mechanism of
phenolic epoxy coatings under various exposure conditions; in particular, the influence of
water condensation and immersion in an electrolyte, as experienced in enclosed environments.

To achieve this, the thesis was divided into four objectives.

Chapter 3 presented a case study on the effect of chloride ions on carbon steel corrosion
in an enclosed environment, simulating the conditions experienced by insulated metal in a
marine environment when water is trapped inside the insulation pipe and cannot evaporate.
The experiments investigated a possible CUI scenario, where the immersion and condensation
experiments with 3.5 wt.% NaCl solution were designed to simulate corrosion of the upper
part of the jacketing material and when the electrolyte touches the upper part of the outside
pipe and accumulates in the lower part, respectively. In the glass cell used in these
experiments, drops of electrolyte remain in contact with the carbon steel surface in the
condensation setup on top layer, while the electrolyte immerses the carbon steel specimens in
the immersion setup. Finally, the differences between constant temperature (80 °C) and
thermal cycling (25 <> 80 °C) were evaluated. Several methods were used to characterise the
corrosion products, including SEM, EDS, and Raman spectroscopy. Electrochemical
techniques such as EN and EIS were used to derive insight into localised corrosion activity
and obtain real-time corrosion rates. Uniform corrosion rates were determined using a weight
loss technique and the severity of localised corrosion was quantified using 3D surface
profilometry. Pitting corrosion was evident on the metal surface of condensation samples, and
isothermal heating enhanced the pitting corrosion compared with thermal cycling. In contrast,
the specimens immersed in electrolyte exhibited a uniform corrosion layer on the metal surface
after both isothermal and thermal cycling conditions, as evidenced by weight-loss and SEM
results. Thermal cycling appears to enhance the formation of a protective corrosion-product
layer on the carbon steel surface to a greater degree than a constant temperature, thus creating
an effective barrier that hinders pitting corrosion of the immersed samples. The pitting factors
and EN data showed that uniform corrosion was dominant for the samples immersed in 3.5
wt.% NaCl, and the EN current and potential signals were lower for the immersed samples

than the condensation ones.
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Chapter 4 discussed the changes in the performance of carbon steel panels coated with
phenolic-epoxy coatings when exposed to various dry heating conditions. ToF-SIMS was used
to assess the interfacial degradation of the polymer structure by comparing the MW of the
coating components before and after thermal treatment. These results confirmed enhanced
cross-linking of the coating after it was exposed to 120 °C due to the larger hydrocarbon
fragments produced. In contrast, increasing the dry temperature to 150 °C led to a loss of
hydrocarbon weight, resulting in cracking of the coating surface. The highest adhesion
strength and high EIS impedance values confirmed that the coating performance improved
after exposure to thermal cycling (22 < 120 °C for 40 d). After further exposure for 60 d, the
opposite results were obtained, i.e., coating degradation evidenced by a decrease in the

adhesion strength.

Chapter 5 described the effect of the NaCl concentration and pH on the performance
of phenolic-epoxy coated steel panels before and after exposure to thermal cycling (22 < 120
°C for 40 d). This thermal cycling was implemented to simulate the harsh conditions
encountered in a marine environment, specifically within an enclosed space where both
immersion and condensation are prevalent. Coated specimens were immersed in 3.5 or 5.0
wt.% NaCl at 80 °C for 60 d or exposed to water-condensation conditions. Visual observations
of the coating behaviour showed that blisters were observed only on the freshly coated
specimens immersed in the various NaCl solutions, but not on the equivalent samples exposed
to heat treatment. Delamination around scribed regions of the coatings occurred under
condensation conditions, although this behaviour was reduced for the coated panels exposed
to thermal cycling. Moreover, the corrosion products were similar for the immersion and
condensation samples, except that hematite was detected only beneath the detached coating
for the latter. EIS measurements proved that thermal exposure improves corrosion protection.
Furthermore, the 3.5 wt.% NaCl solution caused more severe coating failure than the 5.0 wt.%
NaCl solution. Finally, to evaluate the effect of solution pH, the same types of coated carbon
steel panels were exposed to 3.5 wt.% NaCl solution at pH 4 or 8 for 60 d (immersion and
condensation conditions) to simulate the effects of acidic/alkaline marine environments in an
enclosed space. The EIS data confirmed that thermal exposure improved corrosion protection
to acidic/alkaline solutions. The absence of blisters on the panel surfaces and the reduced
delamination around the scribed areas of thermally cycled panels compared with freshly
coated ones were noted. Blisters were observed only on the freshly coated specimens
immersed in a 3.5 wt.% NaCl solution with pH 8, but not for those immersed in the same
solution with pH 4. The alkaline solution caused more severe coating failure than the acidic

solution and also decreased the T4 compared to freshly coated panels.
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6.2 Future work

This thesis confirms the improved effectiveness of phenolic-epoxy coatings after
exposure to thermal cycling (between 22 and 120 °C for 40 d). Enclosed environments were
used to simulate CUI conditions or ballast tanks, which often contain aggressive
environments, such as high temperature, corrosive salts (e.g., high seawater concentrations),
and varying pH levels. The effects of chloride ions on the carbon steel substrate were
investigated to clarify the corrosion behaviour and mechanism based on the damage inflicted
on the protective coating.

Some recommendations for further research are presented below.

e Clarify the factors contributing to the degradation of heat-treated phenolic-epoxy
coatings, such as ultraviolet radiation, leaching of components from insulation
materials, abrasion or other mechanical stress, and chemical damage (e.g., from
pollutants, sulfites, and sulfates).

e Study the effect of the heat-treatment temperature on the coating performance.

o Evaluate the adhesion strength of coatings to identify the point at which a substrate
separates from a surface with different levels of surface roughness (obtained for
example using different surface preparation methods perhaps).

o Optimise dry-film thickness of phenolic-epoxy coating after heat treatment to provide

maximum substrate protection.
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Appendix 1. Written Statements from Co-authors of the Publications

1. Written statements from co-authors of the publication entitled “Investigation
of the effect chloride ions on carbon steel in closed environments at different

temperatures”.

2. Written statements from co-authors of the submitted manuscript “The

performance of phenolic epoxy coating after exposure to high temperatures”.

3. Written statements from co-authors of the published entitled “The
performance of phenolic epoxy coating after thermal exposure for corrosion protection

in marine environments”.
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