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Chapter 1
Introduction

A.E. Hughes, J.M.C. Mol, M.L. Zheludkevich and R.G. Buchheit

1.1 Introduction

This book is about reviewing and exploring the opportunities for introducing
increased functionality into coating systems. The intention is to not only provide an
account of recent developments, such as other books of this genre, but to also
review, in detail, the nature of the problems that we are trying to address in
advancing the materials science of coating systems. To this end we examine the
fundamentals of corrosion science, the materials science of coatings, and devel-
opments in characterisation methods that all help to give an overview of the field.
Importantly, we also look at the needs of industry with respect to developments in
the coatings field.

Coating systems are used to protect, decorate, or add other functionalities, such
as wear and scratch resistance, to a substrate surface. For some applications only
cosmetic functions such as colour and sheen (reflectivity) are required and these can
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be achieved in a single coating layer. However, in most cases, a coating system
should provide a greater level of functionality and contains specific additives that all
play a role in its performance including final appearance and durability. In these
instances the durability and appearance requirements are separated into different
coating layers: a multi-layer coating system. There are many application areas
where two functionalities, such as corrosion protection and cosmetic appearance,
are incorporated into a two layer system consisting of a primer and topcoat
respectively. These two layer systems are used in a wide variety of applications
from domestic housing to aircraft. In other instances the two functionalities are
spread among even more layers, with the auto industry being a good example,
where they use up to five layers to achieve the final auto finishes (see Chap. 13).

The materials science of coatings has seen an explosion in activity in recent
decades due to a complicated mixture of drivers. One of the major, and earliest,
drivers was the environmental imperative to reduce the amount of volatile organic
chemicals as well as dangerous inorganic inhibitors used in the coatings industry
[1]. In this latter category chromate-based chemicals have been a target for
replacement for many years now. An emerging, additional driver is to reduce
corrosion costs since they constitute a significant proportion of GDP of many
industrialised countries [2]. This is particularly true for military airfleet operators
who are looking to significantly reduce maintenance costs [3, 4]. In terms of
technological changes to coating systems, the need to replace chromate in coatings
has resulted in the search for alternative inhibitors and delivery systems to ensure an
optimised and targeted response to corrosion and coating damage. The reduction in
maintenance costs has driven research into the incorporation of signalling or sensor
systems into coatings [5, 6]. These should, at a minimum, indicate where either
corrosion or a defect in the coating has occurred and call for adequate and timely
maintenance interventions. Another driver is the extensive introduction of hybrid
structures to different industries especially in vehicle design (aircraft and auto)
where light weighting means an improvement in energy efficiency and a reduction
in CO2 emissions. These hybrid structures include mixed metal components and
composite materials (metal and polymers). Such mixed structures require new
coating systems applicable for a mixture of substrates and capable of actively
preventing, physical, chemical and galvanic driven degradation.

The breadth of the research into coatings may not have been so wide if not for
substantial advances in a range of fields including, physics, chemistry, materials
science and characterisation techniques which have underpinned much of the
activity in the coatings area. Arguably this rapid expansion in materials science has
been facilitated in two stages. First, the robotics used in high throughput experi-
mentation, which was developed for drug [7, 8] and then polymer discovery and
optimization [9, 10], has led to the development of many new materials as well as
approaches to experimentation in materials science. This has been applied to
polymer coatings [11, 12] and inhibitors [13–20]. Second, rapid development in
high speed electronics through miniaturisation have revolutionised data collection
and processing meaning that large volumes of data can be collected with relative
ease. Even techniques for high throughput screening of results have been
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developed, meaning scientists need only focus on interpretation of relevant results
rather than all the data. High speed computational modelling approaches are also
developing to the point where they are nearly routine techniques [21].

1.2 The Problem

To begin this exciting journey into the materials science of coatings, it is important to
define and understand the target of our research. At a glance this may seem obvious;
the objective is to build smart coatings that have the ability to self repair and increase
the longevity of the substrate that the coating is protecting. However, once we ask
the question “OK, where do we start?”, then we discover the very wide range of
applications to which current coating technologies are applied and the equally wide
range of solutions that have been developed. These range from coatings for simple
cosmetic appearance to thick protective coatings loaded with other fillers and
inhibitors designed to protect in extreme environments such as on oil rigs or in
industrial applications. An additional problem that is often overlooked is the testing
requirements and industry standards that have been developed for different sectors of
the coatings industry. The effect of standards testing should not be underestimated in
introducing new technologies and this will be addressed in the next section.

To define the problem that we’re attempting to address by building multifunc-
tionality into coatings, let’s begin by breaking it down into (i) externally introduced
damage from the in-service environment and (ii) protection of the substrate. In the
former case in-service environmental damage can be caused by aerosol deposition,
UV exposure and mechanical damage to name a few sources. In the latter case,
protection can be provided at many levels as outlined below.

To provide a context for this discussion let’s examine a typical coating system
used in much of the aerospace industry as depicted in Fig. 1.1. This type of system
(primer and topcoat) is common to many other application areas. In detail, the
coating consists of a topcoat which serves as a barrier, a carrier of pigment and the
polymer matrix which has some wear resistance. The primer is epoxy-based and is
loaded with inhibitor (sparingly soluble chromates), fillers and pigments. (Water
uptake in the primer is rapid and is followed by chromate release [22–25]) The
surface of the metal has usually undergone treatment which, in the case of alu-
minium, could be either anodising or chromate conversion coating (as depicted in
Fig. 1.1). This surface treatment is largely to achieve the desired level of paint
adhesion but also to provide additional protection.

There are different aspects to the level of repair that this coating system provides
which are depicted in Fig. 1.2. If we begin at the metal/conversion coating interface,
there is a level of “pre-emptive healing” (purple double arrow in Fig. 1.2). This
means that when water has permeated the primer, inhibitor can diffuse to the
interface and provide additional protection to the surface. This cannot be observed
in the chromate case because of the presence of either the anodised coating or the
conversion coating. In this instance there is already chromate at the interface
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because of these coatings (anodised coatings are often sealed in chromate [26]). It
has, however, been observed with a Ce-dibutylphosphate (dbp)—inhibited epoxy
painted onto aluminium 2024-T3 which had only been abraded [27] where Ce and
P were observed at the interface after immersion of the primer into water. This
appeared to improve the filiform corrosion resistance of the primer.

Fig. 1.2 Schematic of damage and healing mechanisms

Fig. 1.1 Typical backscatter electron image of a cross section of an aerospace protective coating
for the exterior of commercial aircraft and some military aircraft. The chromate conversion
coating is typically 0.1–0.2 μm whereas the anodised layer is up to a few microns thick
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The other type of protection this system provides occurs when there is a defect in
the paint system. If the defect penetrates down to the metal then the primer will also
be ruptured and chromate will be released preventing or arresting corrosion in the
defect [28–30]. This provides a functional repair since it prevents further corrosion.

So the problem that we’re trying to address needs to include the current func-
tionalities and desirably, include some additional ones. The first would be to protect
the topcoat and the primer from degradation due to weathering. This repair is largely
targeted at the polymer system for which there are a number of approaches spanning
scales from the molecular level to the tens of microns level [31–33]. The other
functionality that could be envisaged is “defect filling” where the void left by the
mechanical damage is “backfilled” to a level where it fully regains its cosmetic
appearance. This is not a trivial task for a coating where the volume of the defect is of
similar size to the surrounding paint. The full cosmetic recovery would seem to
suggest that a delivery system like a vascular network might be required. An over-
view of approaches to embodying these functionalities into coatings is provided in the
next section. These are variously called smart, self healing, regenerative or active
coating systems. For the purposes of simplicity we will use the term “smart” coatings
in this chapter, although we’ll talk about self healing in the following sections.

1.3 What Are Smart Coatings?

Smart coatings are emerging as a major activity in the coatings research area. As
Challener [34] observes “There are as many definitions of smart coatings as there
are scientists conducting research in this very broad field” and perhaps this is true
given the broad ranges of technologies that are being utilised to increase the
functionality of coatings. So to begin this chapter, let’s examine the capability of
current technology and look at additional functionality that might be applied to
increase the performance of these coatings.

Within the scenario described above, Fig. 1.3 outlines one possible classification
system for smart coatings. At the simplest level, coatings form a barrier between the
external environment and the substrate material. This type of passive barrier depicted
on the left of Fig. 1.3 ismonofunctional andoncebreached has no responsemechanism
to provide further protection against corrosion. Thesemonofunctional barrier coatings
are only used in application areas where the probability of failure (during application
and lifetime) is lowand the subsequent consequencesoffailurearenot significant. Such
apaint systemmight be a simple housepaintwhere abreach causes no immediate threat
to the structural integrity, but has some loss of cosmetic appeal.

The next classification for coatings are those that provide a global but primitive
response to damage. These types of coatings have the capability to provide
responsive repair, but the response mechanism is neither mediated nor controlled.
By way of demonstration let’s examine the chromate inhibited primer as described
in the previous section. Water permeates epoxy-based coatings used for primer
applications relatively quickly [22, 27] beginning the process of solubilising the
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strontium chromate inhibitor (the most common chromate inhibitor in paints). The
strontium chromate can be solubilised anywhere in the primer (i.e. globally) where
water is present rather than where required at an active corrosion site where the pH
has decreased due to anodic dissolution; hence the label primitive. So in the case of
strontium chromate some of it may be wasted because soluble chromate may be
released at the defect long after the repair has been effected. In this instance this is
because the restoration of a more neutral pH upon repair does not prevent the
further release of chromate. Moreover, uncontrollable solubility can increase
osmotic blistering effects leading to faster degradation of the coating system.
However, the solubility of chromate decreases with increasing pH and speciation
changes as well from dichromate to chromate so even this primitive response has
nuances to it that allows for dosing when it is required [35]. Many inhibitors will
have similar solubility characteristics and speciation changes which may be used to
trigger a response more targeted to corrosion. Speciation is important in other
transition metal oxyanion systems such as the vanadates system [36].

The next level of complexity (the third block in Fig. 1.3) is to add a mediated
response for local repair, i.e. design a “smart” coating with a mechanism that only
releases the amount of material required for repair or healing and then stops. Here
the focus is on the development of smart delivery systems in order to regulate the
location, the movement and the amount of repair material to match the level of
damage. Encapsulation is an obvious method to form a barrier between the damage
site and the active functional agent which responds to some aspect of the external
damage. pH-sensitive capsules are an obvious candidate since a local acid envi-
ronment develops during pitting corrosion. Furthermore, there is experience in the

Fig. 1.3 Hierarchy of responses that could be adopted for smart coatings
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development of capsules that dissolve (or resist) acid environments from the
pharmaceutical industry. Polyelectrolyte-based shells are among the most used
candidates in this case. A second common example is the use of ion exchange
materials such as clay materials or synthetic Layered Double Hydroxides
(LDH) [37–39]. In this instance the LDH-structure is loaded with an anionic
inhibitor which is triggered for release when chloride is present and exchanged into
the LDH releasing the anionic inhibitor. Such a mechanism provides an active
healing response to the aggressiveness of the environment and prevents uncon-
trollable leaching. Perhaps a third example is the use of internal sensors and
actuators as proposed by Kendig et al. who suggested that “micro-machines” might
be used to deliver inhibitor to corrosion sites [5]. These machines would use the
potential of the Al (metal) to Al3+ reaction.

The right hand side of Fig. 1.3 shows a fourth level of smart coatings including a
triggered response for release of the healing agent as well as a signalling response to
indicate that an event has occurred that has required healing. This class of self
repairing and indicating coatings is a very complex system from a materials devel-
opment perspective. In a primitive sense many current systems already operate at this
level to some extent since the development of corrosion through a defect results in
inhibitor release and the optical signalling of the corrosion event ismanifested through
the presence of corrosion product which is often a different colour to the metal.
However, the external signalling required for the right hand side of Fig. 1.3 should be
concomitant with the healing event so that the remedial action can be monitored. The
nature of the signalling is important. Visual signals are of limited use since many
defects are either small or occur in structures that cannot be observed visually such as
in aircraft wing structures or on reinforcement in concrete. In the future it may be
possible to measure these responses internally in the same way mechanical damage is
assessed in prototype space craft studies [23]. Visual signalling also degrades the
cosmetic appearance of the coating system. Therefore signals may need to be obtained
wirelessly or via a network such as an optical fibre network. Formost structures any of
these paths is possible, for aircraft both paths may be an issue since wireless signals
may interfere with avionics and optical fibres cause extra complications because of
layout, particularly if they are laid within a sealant in butt joints [40].

Another important aspect for smart coatings, especially when active protection
from coatings is considered, is compatibility of their components. For example,
nano-containers which can be used for encapsulation of active agents can nega-
tively affect the barrier properties of the polymer layer as well as its adhesion to the
metal surface if introduced in an improper way. Figure 1.4 schematically demon-
strates three different situations. In the case of low compatibility the total perfor-
mance of the system diminishes when nanocontainers, for example, are added to the
polymer matrix in spite of the fact that an additional active protection component
has been introduced. The decrease of adhesion and barrier properties is simply not
compensated by the active protection effect. The situation of limited compatibility is
observed when the protection system with an active component outperforms the
passive coating in a certain range of concentrations. While high compatibility can
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ensure a synergistic effect of active nanocontainers with passive polymer coating
leading to significantly improved performance and well defined self-healing ability.

Furthermore, going from left to right in the diagram represents a technological
pathway of increasing complexity. The increasing technological complexity makes
the engineering of the coating more complicated. It also raises issues about long-
evity of both the shelf life of the formulation as well as its durability as a coating.
Increasing the complexity also suggests that the more complicated coating systems,
may be considerably more expensive from an initial design and production
investment point of view. The increased complexity and cost inevitably means that
the most expensive coating systems are used in the highest value added applications
where the cost of the coating is small compared to the overall cost of the structure
and its maintenance operations, such as in the case of aircraft for example.

1.4 Biomimicry

The term smart coating is often used interchangeably with self healing coating
which itself implies something of a biomimetic capability to restore the coating
properties. To some extent primitive “healing” can be built into coating systems as
discussed above and elaborated in the chapters below, but achieving a true bio-
mimetic technology while a worthy aspiration, is difficult in practice and current
developments fall well short of real biological systems. Part of the reason for this is
that from a materials science perspective the human body, for example, is in a
continuous state of flux since there is an ongoing exchange of atoms and molecules
into the body from the environment, such as oxygen from the atmosphere as well as
molecules from food, which then undergo chemical reaction to provide energy and
materials for body maintenance. Reaction products are then released back into the
environment where other organisms make use of many of them and so the cycle
continues throughout the biosphere. This exchange provides energy and the basic
chemical building blocks that help keep the human body in a dynamic equilibrium
that epitomises the normal healthy state. Furthermore it’s not clear what the bio-
lomimetic equivalent of a coating is; for example, is it the skin, cell lipid bilayer or
some other entity (bones being the most common).
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Fig. 1.4 Effect of compatibility of nano-containers with polymer matrix on performance of the
protection coating system
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By contrast, current materials design works on a principle of structured materials
where atoms and molecules are retained as part of the material structure for the
lifetime of the structure. Van der Zwaag highlights this point in comparing design
strategies for self healing systems to traditional materials design [32]. So once the
material begins to experience bond breakage through oxidation or other chemical or
physical attack, and material loss due to ageing or mechanical damage, then
the lifetime of the material will be reduced without intervention to remediate the
damage. Industry performance standards also have a significant role to play on
the acceptability of new materials. Self healing systems may be at a significant
disadvantage when assessed against current industry standards since they are geared
towards assessment of the virgin properties and do not take account of recovery
properties that are part of the design philosophy for self healing materials.

Of course the materials science of coatings doesn’t only draw on analogies with
self healing in biological systems, but also borrows from the actual science. So in
later chapters there will be reference to inhibitor delivery systems which draws on
work from the pharmaceutical industry [41]. It is worth being aware of some
fundamental differences between the ability to deliver drugs to a specific target in
the human (or animal body) and being able to deliver targeted healing in coatings
systems. This awareness helps to define the scope of the challenge of incorporating
self healing mechanisms and technologies into coating systems. There are two key
aspects of pharmaceutical delivery systems; one is the encapsulating technology for
the drug and the other delivery mechanism within the body. Clearly, the capsule
technology can be transferred from the pharmaceutical industry to coating appli-
cations assuming compatible chemistry. The delivery within the human body
however, relies strongly on the physiology and biochemistry of the body. In terms
of physiology, there are ready made systems within the body such as the digestive
tract and cardiovascular system for transporting drugs to the desired target; these do
not exist in coatings. The trigger for release of the drug is, in many instances,
facilitated by very specific, surface biochemistry. For example, in gene therapy,
non-viral vectors (containers carrying the drugs) can be coated with biomolecules
such as galactopyranoside which recognises asialoglycoprotein receptors on liver
cells and therefore provides a great method for targeting that organ [42, 43]. It
remains to be seen whether analogous transport paths exist or can be built into
coating systems and we are only at the beginning of devising very specific chemistry
triggers for inhibitor release. More will be said on this in Chaps. 8 and 10. Of course,
as seen above, from a practical perspective, very complicated systems may be too
expensive or too incompatible to introduce into coatings.

1.5 The Structure of the Book

The intention of this book is to provide an overview of advances in multifunctional,
self healing approaches as applied to coatings technology.
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The first section of the book starts with an examination of the fundamentals of
corrosion processes leading into atmospheric corrosion. These chapters define the
problem that is being addressed in research focused on the development of new
coating systems. The last two chapters in the first section look at the general
mechanisms of inhibition and the science and technology of coatings into which
inhibitors are incorporated to prevent corrosion.

The second section of the book explores advances in the development of self
healing coatings in depth. This, of course, includes the developments in new
inhibitors as well as in the polymeric resins in which they are incorporated.
Inhibitor design itself is undergoing transformation with the development of mul-
tifunctional inhibitors that can perform as both cathodic and anodic inhibitors and
perhaps even cause functional repair to the polymer resin. The search for new
multifunctional inhibitors has been facilitated with the development of high
throughput techniques for the evaluation of individual and combinations of inhi-
bitors [13–15, 17–20, 44–47]. Key aspects of new coatings include both the ability
of the polymer to repair itself and the controlled release of the inhibitor so that only
the dose required to prevent corrosion is delivered to the attack site. Moreover,
additional active mechanisms of corrosion prevention can also be incorporated.
These mechanisms include preventive entrapment of aggressive corrosive anions
and the water repelling from defects. While self healing of polymeric coatings
draws strongly on self healing strategies for bulk polymers [12, 32, 33], there are
also active protection strategies that are peculiar to coating applications. One of the
most extensively studied systems in this latter category are conducting polymers
and perhaps the use of silanes that form thin, but protective coatings. For inhibitor
release, there has been broad consideration of a range of delivery systems. Much of
this work draws from both the pharmaceutical industry and drug delivery systems
as well as the food industry [48] where encapsulation is used extensively for a range
of reasons: the encapsulated materials can be protected from moisture, heat or other
extreme conditions, thus enhancing their stability and maintaining viability [48].
Encapsulation in foods is also utilized to mask odours or preservation of tastes. The
use of encapsulation for sweeteners such as aspartame and flavours in chewing gum
is well known [48]. With respect to the pharmaceutical industry, drug delivery is
aimed at the digestive system and particularly the stomach either to bypass it or
deliver in it for orally taken drugs. Fortuitously, the stomach is essentially an
aqueous, hydrochloric acid environment, not unlike active corrosion sites, so
developments in the pharmaceutical industry can be very easily applied to delivery
systems for inhibitors with the right types of triggers, in principle.

The third section of the book deals with how to measure self healing in coating
systems. Some of the most important developments in this area are based on
electrochemical techniques particularly scanning localized techniques. Techniques
such as the scanning vibrating electrode and the scanning electrochemical micro-
sope provide new insight into the level of functional (performance) recovery when a
defect occurs through a coating and the self repairing mechanism is activated.
Physico-chemical techniques are often used in conjunction with electrochemical
techniques to provide an overall characterisation of materials. Vibrational and
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electron spectroscopies, for example, can provide useful information on the nature
of chemical changes that occur during the healing process. Developments in phase
and adsorption contrast X-ray absorption and computed tomography (CT) from
these experiments are emerging as powerful tools not only for materials charac-
terisation but also to observe and measure healing effects. The combination of CT
and electrochemical techniques is an emerging area but should provide a complete
repertoire of tools to explore the ability of new self healing systems.

The fourth and final section of the book looks at the industry requirements from
new mutlifuntional coatings. As pointed out above compatibility of self healing
mechanisms and components needs to enhance the overall properties and perfor-
mance of the system rather than undermine it. In this section there are contributions
from industries that have a range of performance requirements including, auto-
motive, aerospace and heavy industry. While these industries can have very dif-
ferent coating formulations, there are many common needs across them.
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Chapter 2
Fundamentals of Corrosion Kinetics

G.S. Frankel

2.1 Introduction

Corrosion, the environmental degradation of materials, is a complex process that
depends on details of the environment and material, and is controlled by underlying
thermodynamic and kinetic factors. The ultimate goal of a corrosion engineer is to
predict and control the rate of corrosion. To do so requires a thorough under-
standing of the thermodynamic and kinetic fundamentals. This chapter will review
the electrochemical kinetics important to the overall corrosion process, including
activation controlled kinetics, mixed potential theory, and mass transport effects.

The chapter will begin with a description of the typical anodic and cathodic half
reactions that comprise the corrosion phenomenon. This is followed by an intro-
duction to the most fundamental type of electrochemical kinetics, activation con-
trolled kinetics, which are applicable in situations where the rate is controlled by the
charge transfer reaction. The Tafel equation describes many of the reactions
involved in corrosion. With the basis of simple electrochemical kinetics, it is then
possible to present mixed potential theory, which predicts corrosion potential and
rate on the basis of the kinetics and thermodynamics of all of the reactions
occurring on an electrode surface. The Evans diagram, a graphical representation of
this situation, is introduced to, clarify the mixed potential condition. The rate of
corrosion is often controlled by mass transport of species to the surface from the
bulk solution, and the kinetics of mass transport are the next topic of discussion.
The inhibition of corrosion, in which the kinetics of one or more of the corrosion
reactions are altered by the presence of species added to the environment, will then
be covered. Passivity, or the spontaneous formation of a thin protective surface film,
can be viewed as a form of anodic inhibition and is introduced at the end of this
chapter.
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2.2 Corrosion Reactions

Corrosion often involves oxidation of metal atoms to form ionic species with higher
oxidation state and the liberation of electrons. For a generic metal M:

M ! Mzþ þ ze� ð2:1Þ

Examples of real metals:

Fe ! Fe2þ þ 2e� ð2:2Þ

Zn ! Zn2þ þ 2e� ð2:3Þ

Al ! Al3þ þ 3e� ð2:4Þ

These are called half-cell reactions because the electrons liberated by the oxi-
dation reaction must be consumed by a reduction reaction occurring on the same
electrode. A reduction reaction that is common in acids is hydrogen evolution:

2Hþ þ 2e� ! H2 ð2:5Þ

The complete corrosion reaction for Zn in an acid would be the sum of the
oxidation and reduction reactions:

Znþ 2Hþ ! Zn2þ þH2 ð2:6Þ

The sites for the oxidation reactions are called anodes, and the sites for the
reduction reactions are called cathodes. Anodes and cathodes can be spatially
separated at fixed locations associated with heterogeneities on the electrode surface.
Alternatively, the locations of the anodic and cathodic reactions can fluctuate
randomly across the sample surface. The former case results in a localized form of
corrosion, such as pitting, crevice corrosion, intergranular corrosion, or galvanic
corrosion, and the latter case results in nominally uniform corrosion.

In most environments of interest to corrosion there is not a large concentration of
metal ions acting as cathodic reactants (i.e. the reverse of reaction (1)). The
important cathodic reactions in corrosion mechanisms involve water. There are two
primary cathodic reactions, each of which takes a different form in acids or bases.
The first is the hydrogen evolution reaction, in acids takes the form shown in
Eq. 2.5. In neutral or basic solutions the hydrogen evolution reaction is:

2H2O þ 2e� ! H2 gð Þ þ 2OH� ð2:7Þ

Each of the half reactions given in Eqs. 2.1–2.7 will be in equilibrium at a
specific potential called the reversible potential, Erev. When all reactants and
products are in their standard states with activity of unity, the potential reaches a
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special value of reversible potential called the standard potential, E0. The
well-known electromotive force series is a list of half reactions ordered by their
standard potentials. These standard potentials are derived from the free energies of
formation of the species involved in the reactions.

For conditions under which the reactants and products are not in their standard
states, which is the typical condition of corrosion, Erev ≠ E0, and Erev can be
calculated from the Nernst equation. The Nernst equation for the hydrogen evo-
lution reaction given in Eq. 2.5 at room temperature is:

Erev Hþ=H2ð Þ ¼ E0 Hþ=H2ð Þþ 0:059=2ð Þ log Hþ½ �2
¼ 0:059 log Hþ½ �
¼ �0:059 pH

ð2:8Þ

It can be easily shown that the Nernst Equation for the base form of the
hydrogen evolution reaction, Eq. 2.7, is also Erev = −0.059 pH.

When dissolved oxygen gas is present in the aqueous solution, the following
oxygen reduction reactions are possible, with Eq. 2.9 dominant in acids and
Eq. 2.10 in neutral or basic solutions:

O2 þ 4Hþ þ 4e� ! 2H2O ð2:9Þ

O2 þ 2H2Oþ 4e� ! 4OH� ð2:10Þ

The Nernst equation for the acid form of the oxygen reduction reaction is:

Erev O2=H2Oð Þ ¼ E0 O2=H2Oð Þ � 0:059=4ð Þlog Hþ½ ��4

¼ 1:229� 0:059 pH
ð2:11Þ

As for the case of the hydrogen evolution reaction, the Nernst Equation for the
base form of the oxygen reduction reaction is the same as that for the acid form. The
base form of either the hydrogen evolution reaction or the oxygen reduction
reaction is obtained from the acid form by adding a multiple of the water disso-
ciation reaction:

H2O ! Hþ þ OH� ð2:12Þ

This chapter deals primarily with the corrosion of a fictitious metal M with no
relevant microstructural heterogeneities. In reality, engineering alloys have complex
microstructures and surface features that can have a large effect on the progression
of the corrosion processes. It was described above, that metal corrosion takes place
by a combination of an anodic half reaction such as given in Eqs. 2.1–2.4, and a
cathodic half reaction such as in Eqs. 2.5, 2.7, 2.9, and 2.10. The locations of the
local anodes and cathodes depend on the surface and microstructural details and
determine the form of corrosion that results.
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The corrosion reactions will tend to occur on the most reactive spots on a
surface. An ordered list of increasing reactivity might be: crystal ledges, crystal
kinks, emerging dislocations, high index grain faces, impurities, grain boundaries,
inclusions and particles, second phases, crevices and cracks. For example, for a
very pure metal that is single crystalline and well annealed with a well-prepared
surface, the reactions might take place on crystalline ledges and kink sites. The
form of corrosion might be etch pits at dislocations, grain boundary etching, or
second phase attack, depending on what are the most susceptible sites present on
the surface. Because most alloy surfaces have heterogeneities that provide reactive
sites and surface films, it is rare for attack to be dominated at the less reactive sites
like emergent dislocations.

The anodic and cathodic reactions will take place at separate sites, but those sites
might be extremely close. For the current to pass from cathode to anode, there must
be a potential difference. However, if the anodes and cathodes are extremely close,
the potential difference will be extremely small. Nominally uniform corrosion will
occur if the local anodic and cathodic sites continually move across the surface
owing to small changes in surface reactivity as the corrosion process proceeds. If
the location of the anodic reaction does not continually move, but stays at localized
sites, the form of attack will be localized. For example, etch pits will form at
dislocations if those sites remain the most active sites for dissolution. Extensive
localized attack in the form of pits, crevices, intergranular corrosion or cracks can
occur if the separation of the anodic and cathodic reactions is sustained.

The cathodic reactions involving water in Eqs. 2.5, 2.7, 2.9, and 2.10 all result in
an increase in production of OH− or the consumption of H+. Therefore, the pH
tends to increase in the region near a sustained cathode. In contrast, the pH tends to
decrease in the region near a sustained anode, such as a pit or crevice owing to
metal cation hydrolysis:

Mnþ þ nOH� ! MOHn�1 þ n� 1ð ÞOH� ! M OHð Þn�2
2 þ n� 2ð ÞOH�. . .

! M OHð Þn
ð2:13Þ

Hydrolysis will consume hydroxide ions, causing the pH to decrease. Complete
hydrolysis of the cations to form hydroxide, the right most product in Eq. 2.13, does
not generally occur. Each of the steps of the hydrolysis process will reach equi-
librium, with different equilibrium constants for different cations. If cation
hydrolysis were able to go to completion and complete mixing of the anode and
cathode environments was possible, every hydroxide ion produced or H+ ion
consumed by the cathodic reaction would be balanced by an equal consumption of
hydroxide ion by hydrolysis and there would be no pH change. However, because
of the lack of complete cation hydrolysis, the pH of a closed corroding system
always increases.

For the case of localized corrosion, in which there is sustained spatial separation
of the anodic and cathodic reactions, a gradient in chemistry as well as potential will
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exist between the anode and cathodic sites. Migration of anions toward the anode
will also occur owing to the potential gradient. Therefore, the local anode envi-
ronment might be enriched with both chloride anions and H+ cations, forming a
very aggressive solution. This will tend to prevent repassivation and sustain the
localized corrosion.

2.3 Activation Controlled Kinetics

Consider a metallic electrode immersed in a corrosive aqueous environment.
Anodic and cathodic reactions will occur spontaneously on the electrode surface,
possibly resulting in corrosion of the electrode. The resulting potential of the
electrode will be different from the reversible or equilibrium potentials of each of
the reactions occurring on the surface. If the concentrations of the reactants and
products at the electrode surface are the same as in the bulk solution, the difference
in potential from the reversible potential for a given reaction is called activation
overvoltage or charge transfer overvoltage, η. It stems from the fact that the rate of
charge transfer at the electrode-electrolyte interface is not infinitely fast. Note that
the concentration at the electrode surface equals the bulk concentration when the
rate of mass transport is fast compared to the rate of charge transfer. This aspect will
be discussed in more detail later.

For a reaction in which the rate is limited by activation overvoltage, the rela-
tionship between the rate of reaction, which can be expressed by a current density i,
and the driving force for the reaction, or potential E, is given by the Butler-Volmer
equation:

i ¼ i0 exp
anF(E� ErevÞ

RT

� �
� i0 exp

�ð1� aÞnF(E� ErevÞ
RT

� �

i ¼ i0 exp
anFg
RT

� �
� i0 exp

�ð1� aÞnFg
RT

� � ð2:14Þ

where F is the Faraday constant = 96,487 C/equivalent, n is the charge on the ion in
equivalents/mol, R is the gas constant = 8.314 J/mol-K, and α is the unitless charge
transfer coefficient. The value of α is usually close to 0.5, but must be between 0
and 1.

For a sufficiently large value of anodic polarization from the reversible potential
(overpotential ηa > * 50 mV), the first term on the right side of Eq. 2.14 dominates
the second term. Therefore, at large overpotentials, the Butler-Volmer equation
simplifies to:

inet ¼ i0 exp
anFga
RT

� �
ð2:15Þ
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Rearranging, one gets the Tafel equation:

ga ¼ balog i=i0ð Þ ð2:16Þ

where ba = 2.3 RT/αnF is the anodic Tafel slope. For α = 0.5 and n = 1, ba = 0.12 V
(or V/decade). A similar equation is found for cathodic activation polarization:

gc ¼ �bclog ij j=i0ð Þ ð2:17Þ

Corrosion conditions typically are far removed from the reversible potentials for
any of the reactions. Therefore, Tafel kinetics are usually an accurate description of
corrosion kinetics for conditions under which mass transport limitations are not
important.

2.4 Mixed Potential Theory

Under conditions of importance in corrosion, the predominant cathodic reaction is
typically one of the hydrogen or oxygen reactions described above. Furthermore,
the electrode potential is usually far from the reversible potentials for the any of the
reactions occurring on the surface.

The principle of charge conservation dictates that, to avoid the accumulation of
charge on a freely-immersed electrode, the sum of all of the oxidation currents must
equal the sum of all of the reduction currents. Any electrode immersed in an
environment will naturally have a potential, called the corrosion potential, that
fulfills this requirement. Therefore, at the corrosion potential:

RIa þRIc ¼ 0 ð2:18Þ

Note that reduction currents (Ic) are negative. The corrosion potential is also
called the open-circuit potential, free potential, or rest potential. The corrosion
potential is a mixed potential indicating that its value depends on the rate of the
anodic as well as the cathodic reactions. Furthermore, if the corrosion cell involves
one dissolution reaction and one cathodic reaction, the corrosion potential will be
between the reversible potentials of the two half reactions.

The situation can best be visualized using an Evans diagram, Fig. 2.1. In this
figure, the Tafel lines for the anodic and cathodic branches of the hydrogen reaction
are shown together with the Tafel lines for the dissolution and plating of a metal
with reversible potential below that for the hydrogen reaction. These are the pos-
sible electrochemical reactions for an active metal in acid containing little dissolved
metal ion, where the primary cathodic reaction is hydrogen evolution. In this figure,
Erev
M=Mþ and Erev

H=Hþ represent the reversible potentials for the metal M dissolution

and hydrogen evolution reactions, respectively; i0, M/M+ and i0;H2=Hþ represent the
exchange current densities for metal dissolution and hydrogen evolution on M,
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respectively. The principle of charge conservation, Eq. 2.18 can be applied. Since
the reactions are all occurring on a single electrode of given area, Eq. 2.18 can be
written in terms of current density, i = I/A:

Ria þRic ¼ 0 ð2:19Þ

The total oxidation and reduction current densities will be equal at the point
where the anodic line for the metal dissolution reaction intersects the cathodic line
for hydrogen evolution. The potential at which these lines intersect is the corrosion
potential. The rate of the anodic reaction at the corrosion potential is the corrosion
rate (corrosion current density). It can be seen that the corrosion potential always
takes a value between the reversible potentials for the two partial reactions.

The corrosion potential and current density can shift with time if the surface or
solution changes and the Tafel lines representing the reactions change. Note that the
electrode is not in equilibrium at the corrosion potential because net changes occur:
metal is oxidized and water or other oxidants are reduced. The corrosion potential
and current density are influenced by both thermodynamics, through the reversible
potentials of the various reactions, and by kinetics, through the exchange current
densities and the Tafel slopes of the reactions.

Polarization curves of metals in solution can be determined by potentiodynamic
polarization. Using a potentiostat, a counter electrode, and a reference electrode, the
potential of a sample is scanned or stepped in small increments over a range from
about 250 mV below the corrosion potential to well above the corrosion potential.
The potentiostat determines the current passed at the electrode surface as a function
of the potential. The current density is easily calculated and is often plotted as a
function of potential on a semi-log plot like that shown in Fig. 2.2. Such a plot is
called a polarization curve. Note that the absolute value of the current is plotted, as

Fig. 2.1 Schematic Evans
diagram for the corrosion of
metal M by an acid showing
the application of mixed
potential theory
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the log of a negative number is undefined. The net measured current for the case of
a metal corroding at a mixed potential in a solution containing an oxidizing agent
will look like the curve presented in Fig. 2.2. Far from the corrosion potential, one
of the reactions, either the cathodic or anodic reaction, occurs at a much greater rate,
and so the relationship tends to follow the straight line representative of Tafel
kinetics for the anodic reaction at high potentials and for the cathodic reaction at
low potentials. At the corrosion potential, Ia = Ic, so the measured or net current
equals zero, the log of which is −∞. Therefore the potential at which the curve
points to the left denotes the corrosion potential. Extrapolation to the corrosion
potential of the linear regions of the semilogarithmic plot, or Tafel regions, gives
the corrosion rate, Fig. 2.2. In the region close to the corrosion potential, the anodic
and cathodic reactions occur at similar rates so the measured current, which is a sum
of the two, deviates from the Tafel relationship.

The schematic polarization curve shown in Fig. 2.2 plots potential and current on
the ordinate and abscissa axes, respectively. This is a common plotting format but is
not intuitive because nowadays the measurements are typically performed by
controlling the potential and measuring the current. This format has historical
precedence because, before the advent of potentiostats, polarization measurements
were made by controlling current and measuring potential. It is equally common to
plot polarization curves with the independent variable, current, on the ordinate and
the potential on the abscissa, as they should be based on the measurement.
Experienced practitioners can transform such plots readily.

For a corroding system in which a single anodic reaction and a single cathodic
reaction occur, such as illustrated in Fig. 2.2, the relationship of the net current as a
function of potential will be:

inet ¼ icorrexp
2:3ðE� EcorrÞ

ba

� �
� i0exp

2:3ðE� EcorrÞ
bc

� �
ð2:20Þ

where ba and bc are the anodic and cathodic Tafel slopes, respectively. The form of
this relationship is similar to the Butler-Volmer equation, Eq. 2.14, which describes

Fig. 2.2 Schematic measured
polarization curve for metal
M in an acid showing Ecorr

and Tafel extrapolation for
determination of icorr
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the kinetics of a single half reaction at potentials above and below the reversible
potential for that reaction. In contrast, this equation, which has no
commonly-referred to name, describes the net current when two different half
reactions occur on a single electrode surface. Non-linear least squares fitting of the
inet(E) data set to Eq. 2.20 by the analysis software provided by the potentiostat
manufacturer is the most common means to evaluate corrosion data as it provides
values for the constants in the equation, icorr, Ecorr, ba, and bc, in an automated
fashion.

2.5 Mass Transport Controlled Kinetics

For conditions in which the surface concentration of a reactant is not the same as the
bulk concentration, the equations describing the reaction kinetics must be altered.
The oxygen reduction reaction, Eqs. 2.9 and 2.10, is an important reaction in
corrosion that often meets this condition because the reactant, molecular oxygen, is
consumed at the surface, which reduces its surface concentration. This then requires
the transport of oxygen from the bulk through a layer adjacent to the surface. For
this condition, the cathodic Tafel equation, which is similar to Eq. 2.15, must be
altered to include the concentration of oxygen in the bulk and at the surface, cb and
cs, respectively:

i ¼ �i0
cs
cb

� �
exp � ð1� aÞnF

RT

� �
E� Erevð Þ

� �
ð2:21Þ

The equation shows that the rate of the charge transfer reaction at the interface
depends not only on the applied potential but also on the concentration of reacting
species prevailing at the electrode surface.

Consider now a metal sample being corroded by a generic oxidizing agent, B,
which is being transported from the bulk and consumed at the surface. For neutral
species such as oxygen, or charged species present in small amounts in the presence
of a supporting electrolyte, the contribution of migration to transport is small. For
the subsequent discussion it will be assumed that near the electrode surface there is
a stagnant layer of electrolyte of thickness δ, which is called the Nernst Diffusion
layer or, somewhat loosely, the diffusion layer. Within the stagnant diffusion layer
only diffusion contributes to the flux of the reacting species, whereas outside the
diffusion layer no concentration gradients exist and convection is the only transport
mechanism for the reacting species.

The reaction of species B at the surface will reduce its concentration and the
transport of B from the bulk to the surface through the diffusion layer can be
described by the electrochemical equivalent of Fick’s first law:
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i ¼ �nFDBðcB;b � cB;sÞ
d

ð2:22Þ

where i is the current density associated with the reduction of B, F is the Faraday
constant, and DB is the diffusion coefficient of B. The effect of convection on the
electrode reaction can be understood from this equation by considering that
increased convection decreases δ and thus increases the flux of B and its reduction
rate i.

Solving Eq. 2.22 for surface concentration of B gives

cB;s ¼ cB;b þ id
nFDB

ð2:23Þ

Note that in this expression i is a negative quantity as it describes a reduction
reaction so it is equivalent to write it as:

cB;s ¼ cB;b � ij jd
nFDB

ð2:24Þ

The surface concentration of the reacting species therefore decreases with
increasing current density.

As the cathodic current density increases, the surface concentration of the
reacting species, cB,s, decreases until reaching a value of cB,s = 0. The current
associated with this condition is the maximum possible reduction rate of B and is
called the limiting current density ilim.

ilim ¼ �nFDBcB;b
d

ð2:25Þ

Dividing Eq. 2.22 by Eq. 2.25 yields:

i
ilim

¼ 1� cB;s
cB;b

ð2:26Þ

which can be rearranged to give:

cB;s
cB;b

¼ 1� i
ilim

ð2:27Þ

Substituting into Eq. 2.20 gives:

i ¼ i0 1� i
ilim

� �
exp

�ð1� aÞnF
RT

ðE� ErevÞ
� �

ð2:28Þ
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This can be rearranged to yield Eq. 2.29, which describes the current-potential
relationship for a cathodic reaction controlled by combined charge transfer kinetics
and mass transport.

i ¼
i0 exp

�ð1�aÞnF
RT ðE� ErevÞ

h i

1� i0
ilim

exp �ð1�aÞnF
RT ðE� ErevÞ

h i ð2:29Þ

If ilim >> i0 exp {[−(1−α)nF/RT](E − Erev)}, then the denominator of Eq. 2.29
goes to 1 and this equation becomes the Tafel equation. However, if ilim << i0 exp
{[−(1−α)nF/RT](E − Erev)}, this equation becomes i = ilim and the reaction rate is
independent of potential.

Another way to look at the situation of combined influences of charge transfer
overvoltage and mass transport is to rearrange Eq. 2.29 to get:

E� Erev ¼ g ¼ � RT
ð1� aÞnF ln

i
i0
� RT
ð1� aÞnF ln 1� i

ilim

� �
ð2:30Þ

The first term on the right hand side is the charge transfer or activation over-
voltage and the second term is concentration overvoltage. The total overvoltage is
seen to be a sum of the two. The concentration overvoltage goes to negative infinity
as the current approaches the limiting current, Fig. 2.3. According to Eq. 2.25, the
ilim depends on diffusivity, diffusion layer thickness, and bulk concentration of the
reacting species. Diffusion is a thermally activated process and the diffusion layer
thickness depends on the solution velocity, so environment temperature and agi-
tation will affect ilim. The charge transfer (activation) and concentration overvolt-
ages combine as shown in Fig. 2.3. This is the typical polarization behavior
observed for a system under mixed charge transfer and transport control.

Fig. 2.3 Representation of
the combine effects of
activation- and
concentration-controlled
kinetics
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Mass transport is of primary importance for the rate of corrosion in environments
with limited cathodic reactant, for example in a neutral solution containing dis-
solved oxygen as reacting species. The maximum corrosion rate in such a situation
is given by the limiting current density of the cathodic reactant to the surface,

icorr ¼ ilim ð2:31Þ

An example is corrosion of steel in an aerated neutral solution where the rate of
oxygen reduction reaction is largely controlled by mass transport. An Evans dia-
gram for this situation is given in Fig. 2.4. Similarly, the rate of corrosion of iron in
dilute hydrochloric acid is limited by the rate of the mass transport of the proton to
the iron surface.

2.6 Inhibition

Corrosion inhibitors are chemicals added to an environment to decrease the rate of
corrosion of metals exposed to that environment. The most common applications of
inhibitors are limited-size or closed systems such as acid pickling baths or
closed-loop water cooling systems. Acidic pickling baths are used to chemically
dissolve the iron oxide scale on steel, and organic inhibitors are added to adsorb
onto the metal surface after dissolution of the scale and thereby block the elec-
trochemical attack of the steel. Closed-loop water cooling systems used, for
instance, to extract heat from engines are typically neutral or alkaline solutions to
which inorganic molecules are added to promote oxide formation on contacting
metal surfaces or to buffer the pH.

Fig. 2.4 Schematic measured
polarization curve for the
corrosion of metal M in an
environment where the rate of
reaction is controlled by the
diffusion limitation of O2 to
the surface
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Inhibitors are also added as soluble pigments in protective organic coatings, or
paint. The poly-electrolyte formed when the paint is saturated with water, protects
the metal and can release inhibitive species into local environments such as
delaminations or through-scratches so as to protect the exposed metal.

The effect of the inhibitor on the corrosion process can be understood and
classified by comparing polarization curves in environments with and without the
inhibitor added. Figure 2.5 shows schematic examples of the types of inhibition and
their effects on the polarization curves. Inhibitors can be classified as an anodic,
cathodic, or mixed inhibitor as shown in this figure. As the names imply, an anodic
inhibitor reduces the rate of the anodic reaction while having less of an effect on the
cathodic reaction, a cathodic inhibitor reduces the rate of the cathodic reaction
while having less of an effect on the anodic reaction, and a mixed inhibitor reduces
the rates of both reactions equally. The corrosion potential will often be different in
a solution containing inhibitor compared to the value in an uninhibited solution, and
the nature of the change will be different for the different classes of inhibitor. Ecorr

will increase for an anodic inhibitor, decrease for a cathodic inhibitor, and not
change for a mixed inhibitor. As long as the corrosion rate is indeed reduced, the
shift in Ecorr can be used as a diagnostic for the type of inhibitor.

2.7 Passivity

In the field of corrosion passivity describes a state in which the corrosion rate of a
metal substrate is very low because of the presence of a thin oxide or oxy-hydroxide
layer on the surface that deactivates or passivates the metal. The best passive films,
such as those that form on Al and other so-called valve metals like Ti, Zr, Nb, etc.
are very thin, on the order of a few nm. Stainless steels have high corrosion

Fig. 2.5 Schematic
representation of the effects of
anodic, cathodic and mixed
inhibition
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resistance owing to the presence of a Cr-rich passive film on their surfaces. The
highly corrosion resistant engineering alloys achieve that property by passive films.

Passivity can be considered a form of anodic inhibition because the rate of metal
dissolution is greatly reduced by the passive film. As mentioned above, the inor-
ganic corrosion inhibitors added to neutral environments such as cooling water
systems act by improving the passivity of the metals in contact with them.
Schematic polarization curves for passive materials are shown in Fig. 2.6. The solid
line represents a metal exhibiting active-passive behaviour. As the potential
increases above the corrosion potential, the current increases exponentially, as
would be expected for an actively dissolving metal. However, at a potential called
the Flade potential, the current trend reverses and can decrease by many orders of
magnitude because of the formation of a passive film. In the passive region, the
current density tends to have little dependence on potential. In comparison with an
extrapolation of the current behaviour from the actively dissolving region, the
current density in the passive region is decreased enormously. In certain conditions,
current can increase again at a higher potential owing to the breakdown of the
passive film by localized corrosion or by transpassive reactions such as oxygen
evolution or Cr dissolution as chromate. For a case such as shown by this curve,
passivity can only be achieved by applying an anodic potential, which is called
anodic protection, or by the addition of oxidizing agents that would increase the
corrosion potential to a value in the passive region as described next.

The dashed line in Fig. 2.6 shows the polarization curve for a spontaneously
passive metal. For this material, the active-passive transition is at lower potentials
and is not observd because it is dominated by the cathodic reaction in that potential
region. The intersection of the curve for the cathodic reaction with the anodic
polarization curve is in the passive region such that the material is spontaneously

Fig. 2.6 Schematic
polarization curves for
passive samples. Solid line is
for a metal showing an
active/passive transition and
dashed line is for a
spontaneously passive metal
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passive at the open circuit potential. In this case, icorr is limited by the anodic
reaction and is equal to the passive current density.

The curves shown in Fig. 2.6 were arbitrarily drawn such that the spontaneously
passive metal has lower values of corrosion current density, passive current density
and breakdown potential, which is given by the potential at which there is a sharp
increase in current. These values will depend on the material properties and envi-
ronmental severity.

As shown in Fig. 2.6, the dissolution current increases rapidly with increasing
potential after breakdown of the passive film. An example of such a system is the
corrosion of high strength Al alloys in chloride-containing environments, which
takes the form of pitting or intergranular corrosion when passive film breakdown
occurs. The rate of corrosion in such a case is often controlled by the cathodic
reaction, which is oxygen reduction in many natural aerated environments.
Therefore, inhibition of oxygen reduction is an important strategy for limiting the
extent of corrosion in natural environments. Inhibiting species can be added to the
environment or to protective films to be released into a local environment as nee-
ded. Figure 2.7 shows how inhibition of the oxygen reduction reaction can greatly
reduce the rate of corrosion for a material like a high strength Al alloy. For an
uninhibited case, the dashed curve representing the kinetics of the oxygen reduction
reaction intersects the curve representing the anodic behaviour of the Al alloy at a
potential above the breakdown potential. In this case, the alloy will undergo
localized corrosion at the open circuit potential. In contrast, inhibition moves the
oxygen reduction curve to the left so that the intersection with the anodic curve
occurs below the breakdown potential. In the inhibited case, localized corrosion is
not spontaneous at the corrosion potential, and the corrosion rate is given by the
passive current density.

Fig. 2.7 Schematic
representation of the effect of
inhibition of the oxygen
reduction reaction on the
corrosion of a metal such as
high strength Al alloy, which
undergoes localized corrosion
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Chapter 3
The Atmosphere Conditions and Surface
Interactions

I.S. Cole

3.1 Introduction

This chapter will address the aspects of atmospheric interaction with the surface and
corrosion that need to be considered in developing new smart coatings. Recently
[1], there have been a number of reviews on the atmosphere and corrosion but to the
author’s knowledge none that are particular to the development of smart coatings.
Most of the atmospheric factors that promote corrosion of bare metals will also
control the degradation of coatings and corrosion of coated metals, however some
factors will affect coatings to a greater extent (notably UV). However, the condi-
tions that develop at the coating/atmosphere interface may be substantially different
to those that occur at the interface of uncoated metal and the atmosphere.

This chapter will thus look at:

(1) Factors controlling the deposition of pollutants on the surface of a coated
metal.

(2) Factors that control the local microclimate at a coating surface and the for-
mation of moisture layers

(3) Models of moisture and pollutant movement through coatings.
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3.2 Factors Controlling the Deposition of Pollutants
on the Surface of a Coated Metal

In discussing pollutant deposition, it is necessary to consider pollutant deposition
via aerosol deposition, or via rain deposition plus interaction of gaseous pollutants
with a coated surface. In considering aerosol deposition it is important to consider
the source of aerosols, their transport, chemical reactions during transport and their
deposition. In the case of rain, the critical factors are changes in rain chemistry and
rain deposition and retention on a surface. For gaseous interaction, two cases are
relevant, deposition into a moisture film on a coating and deposition and reaction
with a dry coating.

The major sources of aerosols [2] are marine aerosols and industrial aerosols and
while aerosols may range in size from 0.1 to up to 100 μm, fine aerosol (<2.5 μm)
will generally not deposit onto surfaces and so are not of interest in coating
degradation.

Marine aerosols, which may originate from whitecaps [3] (breaking waves that
generate white foam) as particles torn from the crests of such ocean whitecaps, or
from breaking waves on the shore (hereafter referred to as surf produced aerosol)
[3]. Fitzgerald [4] found that ocean-produced aerosols had size ranges from <1 to
greater 50 μm with the modal frequency range being <1 μm and more than 50 % of
aerosols have a size that is less than 3.73 μm, while McKay et al. [3] found that the
size distribution for surf-produced aerosols was from 5 to >50 μm with the modal
frequency being 25 μm and 50 % of aerosols having a size range that is less than
28 μm. Thus surf tends to produce large coarse aerosols, while ocean activity
produces mostly medium sized aerosols. Of course, as the major constituents of sea
salt are hygroscopic, marine aerosols will absorb moisture when the ambient RH
exceeds the deliquescent RH (DRH) of the constituent salts (75 % at 20 °C for
NaCl, and 35 % at 20 °C for MgCl2). Thus marine aerosols increase their diameter
as they wet by 20 % at RH of 60–140 % increase at a RH of 90 %.

Industrial aerosols form from a process of nucleation, condensation and accu-
mulation (by impact with other other aerosols and absorption of gasses) with the
aerosols in the “accumulation stage” having size ranges from 0.1 to 2.5 µm. Studies
show that land based aerosols have low pH values, that depend on size and com-
position reflecting the absorption of gaseous species so that in Hong Kong [5],
aerosols consisted of NH4

+ and SO4
2− at a ratio consistent with letovicite ((NH4)3H

(SO4)2), and at pH values from −1 to 1.5 while Yokohama, Japan [6], the aerosol
major constituents were NH4

+, SO4
2– and NO3

– and the aerosol pH was between
2.0 and 2.2.
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3.3 Aerosol Chemistry and Reactions in Moisture Layers

The chemistry of aerosols may be significantly altered while in the atmosphere,
both from aerosol coagulation and from interactions (primarily absorption) with
atmospheric gases. The concentration of an absorbed gas in a liquid is related to the
gas partial pressure by Henry’s Law:

A gð Þ $ A aqð Þ ð3:1Þ

½A aqð Þ� ¼ HApA ð3:2Þ

where [A(aq)] is the aqueous phase concentration (in mol L−1), pA is the partial
pressure in the gas phase (in atm), and HA is the (temperature dependent) Henry’s
law coefficient for species A [7]. According to Seinfeld and Pandis [2] species with
HA < 1000 exist mainly in the gas phase, species with HA coefficients between 1000
and 10,000 are moderately soluble in water, and those with HA > 10,000 are
considered very soluble. Henry’s law coefficients for common gases at 298 K are
given in Table 3.1, and while it is evident that many common gases (e.g. CO2, SO2)
may be regarded as relatively insoluble, the absorption of these gases may be
significantly increased by secondary reactions (e.g. dissociation and oxidation),
which can decrease the concentration of dissolved species, allowing further
absorption. The extent of these secondary reactions and thus the value of Henry’s
law is highly dependent on pH

A key case where secondary reactions dramatically increase the absorption of a
gas is that of SO2 absorption. The following reaction sequence occurs after SO2 is
absorbed [2]:

SO2 gð ÞþH2O $ SO2 � H2O ð3:3Þ

Table 3.1 Henry’s law
coefficients for common gases
(in water at 298 K). Reprinted
From Seinfeld et al. [2].
Reproduced with kind
permission of John Wiley &
Sons

Species HA (M atm−1)

O2 1.3 × 10−3

O3 1.1 × 10−2

NO2 1.0 × 10−2

CO2 3.4 × 10−2

SO2 1.23

NH3 62

OH 25

HCl 727

HCOOH 3.6 × 103

CH3COOH 8.8 × 103

NO3 2.1 × 105

HNO3 2.1 × 105
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SO2 � H2O $ Hþ þ HSO�
3 ð3:4Þ

while

HSO�
3 $ Hþ þ SO2�

3 ð3:5Þ

The balance between HSO3
– and SO3

2– depends on pH, with the former dom-
inating at pH values of 2–7, and the latter dominating above this pH range [2].
These dissociation reactions may be taken into account by defining an effective
Henry’s law coefficient that represents the equilibrium dissolved species when
subsequent aqueous reactions are considered. The effective Henry’s law coefficient
for SO2 ranges from 1.23 M atm−1 at a pH of 1 to >107 M atm−1 at a pH of 8. This
has a dramatic effect on S(IV) concentrations in solution, which for a mixing ratio
of 200 ppb (a typical value of a mildly industrial environment of SO2 at 298 K)
would increase from 3 × 10−7 to 3 × 10−3 M as pH is increased from 0 to 6.1 In the
case of NH3, the Henry’s law coefficient is 62 M atm−1, and it is more readily
absorbed than for SO2. In a similar way NH3 and CO2 absorption is highly
dependent of subsequent aqueous reaction and thus highly pH dependent.

Another group of gases whose absorption is important to atmospheric corrosion
are those such as O3, H2O2 or NOx which may oxidise or catalyse the oxidation of
dissolved species. Nitric acid is extremely water soluble and fully dissolves in all
pH > 1 solutions. Ozone has a very low solubility, as indicated by its very low
Henry’s law coefficient [2]. In order to determine the balance between the gas phase
and the absorbed phase for a number of compounds, oxidation reactions also need
to be included (as the atmosphere is in general strongly oxidising). An important
example is the absorption of SO2, where the oxidation of SO3

2– or other forms of S
(IV) to SO4

2– or other forms of S(VI) is critical, as it allows the continued
absorption of SO2, [14]. This oxidation may occur via a variety of mechanisms [8],
including reactions with O3, H2O2 and O2 (catalysed by Mn(II), Fe(III) and NO2).

In summary, the pH and species concentration in aerosols will depend on the
effective Henry’s law coefficient and thus on the extent of secondary reactions.
Therefore, while the pure Henry law coefficient for SO2 absorption is relatively low
(1.23 M atm−1 compared with 727 M atm−1 for HCl), secondary reactions raise the
effective Henry’s law coefficient and the speciation between HSO4

– and SO4
2– leads

to significant buffering at low pH. This combination makes SO2 levels a critical
factor in aerosol-induced corrosion. The high Henry’s law coefficients of HCl,
HNO3 and NO3 indicate that they are readily absorbed and thus can acidify aero-
sols. Oxidants such as O3 (and NO2) are not readily absorbed, however they remain
important as their relatively low levels in solution can catalyse the oxidation of
S(IV) to S(VI). In fact, the reported [9] synergistic effects between SO2, NO2 and
O3 in determining the extent of corrosion are likely to arise, at least in part, from the
role of NO2 and O3 in promoting the oxidation of S(IV) and thus the continued
absorption of SO2 into moisture layers. The absorption of alkali precursor gases is
also critical, and NH3 is the most important of these due to its relatively high
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Henry’s law coefficient and its relative abundance. Thus, the balance between acid
and alkali precursors needs to be considered in estimating the likely acidification of
aerosol or rain water.

3.4 Key Aqueous/Gas Reactions

As indicated above, aqueous gas reactions are critical in controlling aerosol and
rainwater chemistry. In this short review it is not possible to discuss in detail all the
aqueous/gases systems of importance to atmospheric chemistry. Instead this chapter
will highlight two of importance to the degradation of coatings. The sulfuric acid
ammonia—water system which controls the chemistry of a major group of indus-
trial aerosols and the absorption of gases into marine aerosols.

3.4.1 Sulfuric Acid–Ammonia–Water System

This system is of prime importance in determining the chemistry of aerosols in
industrial locations. Due to their high solubility, both H2SO4 and NH3 will be
readily absorbed into aerosols and will react according to form a series of solid and
dissolved species, including ((NH4)3H(SO4)2), (NH4)2SO4, NH4HSO4, NH4

+,
SO4

2–, HSO4
– and NH3). It is illuminating to consider the system at low relative

humidity (RH) (30 %) and a high RH (75 %) at a H2SO4 concentration of
10 μg m−3. At low RH and low ammonia levels, the aerosols consist primarily of
H2SO4, with some NH4HSO4(s) and significant water (H2SO4 attracts a significant
amount of water even at low RH) [10]. When the ammonia/sulfuric acid ratio
increases above a molar ratio of 0.5, NH4HSO4(s) becomes the dominant species,
and H2SO4 and associated water levels fall to zero [10]. As the molar ratio
approaches 1, the salt letovicite (NH4)3H(SO4)2(s) forms and gradually replaces
NH4HSO4(s). At a molar ratio of 1.25–1.5, (NH4)3H(SO4)2(s) goes from being the
dominant to the sole species, and for molar ratio from of 1.5–2 ammonium sulfate
salts form. At molar ratios of 2 or greater, ammonium sulfate salt is the sole species.

At 75 % RH the results are very different, the system is affected by the deli-
quescence of NH4HSO4 (which has a deliquescent relative humidity (DRH) of
40 %) and (NH4)3H(SO4)2 (DRH = 69 %), and so is in general a solution of NH4

+

and a sulfate species (whose form depends on ammonia levels). Thus, the aerosol is
a liquid solution of H2SO4 at low ammonia levels, HSO4

– at moderate ammonia
levels, SO4

2– at ammonia/sulfate ratios above 1.5, while the solid (NH4)2SO4 forms
at ratios above 2 when there is sufficient ammonia to completely neutralize the
sulfate [10].

It is evident from the above discussion that the composition and hydrogen ion
concentration within a wet aerosol will depend critically on the relative balance of
H2SO4 and NH3 in the atmosphere. The hydrogen ion concentration will determine
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the extent of coating degradation promoted by the deposition of the aerosol, and
thus the extent of corrosion. This result can be generalized to environmental sys-
tems containing a range of S-containing gases and ammonia, and emphasizes the
need for an understanding of both acid and alkali precursors in understanding the
corrosiveness of an environment.

3.5 Reactions in Marine Aerosols

Marine aerosols may be acidified by the absorption of acid precursor gases as
outlined above. In particular, in wet marine aerosols, H2SO4 (or other strong acids
such as HNO3 that have lower vapour pressures relative to HCl) may be absorbed
into the aerosol, where it will react with NaCl and acidify the solution, causing HCl
to volatilize [11]:

H2SO4 gð ÞþNaCl $ NaHSO4 þHCl gð Þ ð3:6Þ

This produces the acid salt NaHSO4 which may later dissociate. Thus, gaseous
HCl may enter the atmosphere through the dechlorination of airborne sea salt
particles. However, as it is relatively soluble (HA = 727 M atm−1), it is readily
re-absorbed into atmospheric water droplets. In turn, these HCl-rich droplets may
then react with and promote the absorption of other strong acids which may later
dissociate:

HCl aqð ÞþHNO3 gð Þ $ HCl gð ÞþHNO3 aqð Þ ð3:7Þ

HCl aqð ÞþH2SO4 gð Þ $ HCl gð ÞþH2SO4 aqð Þ ð3:8Þ

In effect HCl will act as a buffer and prevent the acidity of marine derived
aerosols falling significantly below a pH of 2. However the gaseous HCl may then
be re-absorbed and so such cycling of HCl can thus lead to further acidification of
both aerosols and rain or cloud droplets in marine locations [12], with significant
contamination by industrial or urban pollutants.

In fact, marine aerosol are initially alkaline [13] immediately after breaking free
from ocean waves (pH = 9.5. at 76.2 % RH) but this pH may subsequently reduced
to below 5 within 15 min as a result of aqueous phase reactions (particularly the
absorption of H2SO4) [14]. In fact, Keene et al. [15] recently measured the pH of
the larger sea-salt fractions (geometric mean diameter (GMD) ≥ 2.9 µm) and found
that the median pH ranged from 3.1 to 3.4; the median pH for submicron fractions
was ≤ 1.6. Thus, the experimental data reinforces the observations made on the
basis of the equations controlling aerosol chemistry. Both industrial and marine
aerosols may be acidified primarily by the absorption of either H2SO4 or SO2 (and
subsequent liquid phase reactions), and the acidified aerosol obtained may be
significantly buffered.
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3.6 Aerosol Transportation

3.6.1 General Scale of Movement of Gases and Particles

In the atmosphere, a series of processes occur in parallel—gaseous species, aerosols
and drops are constantly reacting, while the air is in constant motion on scales of a
centimeter or less (tiny eddies) to continental dimensions. At the same time, species
are entering the atmosphere from a variety of natural and man-made sources, or are
leaving the atmosphere through scavenging by raindrops or by impact with the
ground or ground-based objects. The period during which a species stays in
the atmosphere is referred to as its residence time (which is closely related to the
reactivity of the species), and residence time is closely related to the distance the
species may travel from its source. In Fig. 3.1, the temporal scales (residence times)
and spatial scales are plotted for a range of chemical species [2]. The hydroxyl
radical (formed by photolysis of O3 and H2O2) is highly reactive and thus has a
residence time of less than one second and it will travel no more than meters from
its source. In contrast, N2O has lifetimes in tens of years and it will be mixed
throughout the global atmosphere (the major pathway for N2O loss is photo dis-
sociation in the stratosphere).

The spatial impact of a species may be increased by its reaction with other
entities. For example both gaseous SO2 and H2SO4 are readily absorbed in aerosols
that may have residence times of months and which can be dispersed distances from
10 to 100’s of kilometers from their source, depending on size. Such aerosols can
then either form cloud condensation nuclei (CCN) or be scavenged by either these
nuclei or by raindrops, and thus acidification of cloud droplets or rain may occur a
significant distance from the original source of DMS.

Figure 3.1 thus has significant implications for atmospheric corrosion, as it
highlights that highly reactive species such as hydroxide radicals will travel
extremely short distances, oxidants such as NOx and H2O2 limited distance
(although tropospheric O3 may travel further), gaseous SO2 short distances, and
aerosols will travel moderate distances from their source. Thus, direct impacts of

Fig. 3.1 Spatial and temporal
scales of variability for
atmospheric constituents
(from Seinfeld and Pandis [2])
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gaseous species on metallic corrosion will be limited to tens of kilometers from
source, while indirect effects via aerosols or rain deposition may be at appreciable
distances from source.

3.6.2 Analytical Approach to Gas Transport

The transport of gases in a turbulent fluid can be modeled [2] using a Gaussian
distribution. The analysis indicates that dispersal of gases from their source would
be highly dependent on source height and plume stability. For low-height sources
(<10 m) such as short stacks, the maximum pollutant levels will occur at 100–
500 m of the source, while for plumes emitted from sources at a height of 100 m the
maxima may occur up to 10 km from the source. Thus, gaseous pollutants may
directly impact on metal structures for distances up to tens of kilometers from their
source. However, they may also be absorbed in aerosols and transported signifi-
cantly greater distances.

3.6.3 Aerosol Transport

The corrosion science literature has concentrated on the transport of marine aero-
sols, and within corrosion science there has been little work on the deposition of
industrial aerosols, which, as outlined previously, are significantly finer
(generally <2.5 μm diameter). The factors influencing the transport of marine
aerosols will also influence industrial aerosols, but industrial aerosols would be less
affected by the various deposition processes and would thus have significantly
larger residence times and be transported longer distances.

As indicated above aerosols may transport industrial acids much greater dis-
tances than the gas alone could travel, for example, work by Schwartz [16] indicates
that industry-produced acids may be deposited up to 1000 km from their source.
This is confirmed by Poste and Bridgman [17], who studied rainwater and fog
acidity at two locations in northern New South Wales, Australia, approximately 200
and 500 km from any industrial location, and approximately 40 and 60 km from the
coast, respectively. Both sites exhibited high levels of salts of marine origin and
significant sulfates from anthropogenic sources. The most common explanation for
this enhanced transportation is that SO2/DiMethylSulphide or DMS (DMS is pro-
duced by biological activity in shallow seas) may be absorbed in cloud droplets or
wet aerosols (including marine aerosols) and transported via the aerosols (subse-
quently the aerosols may be scavenged by fog or rain).

Analytical models of aerosol transport can provide a more accurate picture of
aerosol dispersion. Cole et al. [18]. developed a computation fluid dynamics
(CFD) model of marine aerosol transportation, whereby aerosols are lifted by dif-
fusion, convected by wind and dragged down by gravity. The study indicates that
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coarse aerosols produced by the surf will generally be transported only 1–2 km
before being scavenged or falling to the ground, and thus their residence time is
only likely to be of the order of 1–20 min. In contrast, finer ocean-produced
aerosols may travel hundreds of kilometres from the coast, and thus have residence
times of hours to days. As Chameides and Stelson [19] indicate that it takes 5–
15 min for the original alkaline pH of a marine aerosol to be reduced to below 5,
there would not be any residence time limitation on absorption phenomena for
ocean-produced aerosols, but such limitation may exist for surf-produced aerosols.
In fact, work by Cole et al. [20] found that the chemistry of deposited material on
salt candles and sample plates close to surf beaches closely reflected marine con-
centrations, and did not show any significant non-marine concentration effects
while that at a distance where only ocean produced aerosols would be expected
could show significant non-marine sulfate concentrations [21].

3.6.4 Deposition of Pollutants

Traditionally, deposition onto surfaces has been classified as wet or dry deposition,
with rain and snow being defined as wet deposition, and deposition by particulates
and aerosols (even when these are wet) being defined as dry. Deposition modes can
also be defined as:

• Deposition of snow, rain or fog.
• Deposition of particulates or aerosols.
• Deposition of gases into wet surfaces.
• Deposition of gases onto dry surfaces.

3.6.4.1 Rain

Raindrops are generally assumed to have a 100 % efficiency of deposition onto a
surface. However, once a raindrop falls onto a surface, it may splash off the surface
and break into smaller drops, which could re-enter the airflow and not redeposit.
Analyses by Cole and Paterson [22] indicated that although splash does occur, it
does not lead to significant loss of deposition efficiency for rain falling onto sta-
tionary objects. However, it can be quite significant for fast-moving objects (e.g.
airplanes in flight).

3.6.4.2 Gas and Particle Deposition

Similar principles can be applied to both the dry deposition of gases and to the
deposition of particles. In a generic formulation, common in atmospheric physics,
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but pioneered in corrosion by Spence et al. [23], the deposition depends on the
upstream concentration of the depositing species by the deposition velocity.

A variation to this approach is that of Cole et al. [24] in which the overall
deposition velocity ν can be calculated from the deposition velocities for the
individual deposition mechanisms below:

• Gravitational settling.
• Turbulent diffusion.
• Laminar diffusion (also called Brownian deposition and diffusiophoresis).
• Thermophoresis (migration from high temperatures to low).
• Electrostatic attraction.
• Momentum-dominated impact.
• Vortex shedding (transport by transient laminar flows).
• Filtering (flow past or through raised fabrics).
• Photophoresis (motion generated by an intense beam of light).

However, whilst all these mechanisms can be important in interior spaces, in
open spaces the prime mechanisms are gravity, momentum-dominated impact and
turbulent diffusion. Figure 3.2 compares the efficiency of deposition of particles of
increasing sizes onto a cylinder (typical of a salt candle, as described in ISO 9205)
via momentum-dominated impact and turbulent diffusion. Efficiency is defined as
the percentage of aerosol flux that would pass through the air space in the absence
of an object. For very small particles, smaller than 0.1 or 0.01 μm in diameter,
electrostatic attraction and laminar diffusion play a significant role in deposition.
For small particles with a diameter of about 1 μm turbulent diffusion dominates,
whilst for larger particles with a diameter of about 5 μm momentum-dominated
impact dominates. For particles with a diameter above 20 μm gravitational settling
becomes the prime deposition mechanism. As the particle diameter increases past
2.5 μm the deposition efficiency increases dramatically.

Fig. 3.2 Influences of momentum-dominated impact and turbulent diffusion on the deposition of
aerosols (as a function of diameter in µm) onto a cylinder of arbitrary diameter at arbitrary wind
speed, as a percentage of the aerosol flux that would pass through in the absence of the cylinder.
The percent turbulence is the turbulence intensity (rms velocity/mean velocity) upstream

42 I.S. Cole



In fact, Cole et al. [25] the deposition onto common objects (plates, salt candles)
in the open environment can be estimated by:

D ¼ CVAg ð3:9Þ

where

g ¼ 100IbCs ð3:10Þ

and I is turbulence, β is a constant (determined numerically to be 0.38), and Cs is
the shape factor.

This model of deposition onto simple objects can be extended to more complex
objects such as buildings or rows of buildings. The deposition onto an isolated
building (10 m high and 20 × 20 m in plan) was computed using computational fluid
dynamics and the result is given in Fig. 3.3 (from Cole et al. [25]). The randomness in
Fig. 3.3 is caused by the stochastic nature of the simulation. The aerosol deposition
rate is lowest near the ground, high near the upper edge of the front face and on the
sides, and is highest on the upper corners and upper sides. The deposition rate is
highly influenced by local wind turbulence, which is highest on corners and sides.

3.6.4.3 Deposition of Gases onto Wet and Dry Surfaces

The absorption of gases into moisture layers on metal surfaces is governed by the
same factors that control absorption of gases into aerosols, and will in part be
controlled by the Henry’s law coefficient. In contrast, the surface absorption of
gaseous species onto dry surfaces is controlled by normalized reactivity. Table 3.2
(from Seinfeld and Pandis [2]) presents the effective Ha and the normalized reac-
tivity values for various gas species. The effective Ha in Table 3.2 takes into
account reactions of the aqueous species. When Ha is high and the normalized

Fig. 3.3 Aerosol deposition
on a building 10 m high and
20 × 20 m in plan. The flow is
from right to left. Blue is low
concentration and red is high
concentration (from Cole
et al. [25])
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reactivity is low (e.g. sulfur dioxide), then deposition will be primarily through
absorption into a moisture droplet (be it a wet aerosol or a surface moisture film).
When Ha is low and the normalized reactivity is high (ozone), direct gaseous
absorption onto dry surfaces will dominate. Table 3.2 indicates that those species of
prime importance to atmospheric corrosion (ammonia, sulfur dioxide, formic acid
and acetic acid) will all primarily be absorbed through the moisture layer. Of the
nitrogen species, nitric acid will be readily absorbed into the moisture layer, while
nitrogen dioxide will undergo limited interactions with both a dry and a wet surface.
While the oxidizing species O3 and hydrogen peroxide will be readily absorbed on
a dry surface, their residence times in the atmosphere are extremely short, and thus
the source would have to be very close to the metal surface for the concentrations of
these gases to be significant. Thus for practical purposes, gaseous deposition onto a
dry surface is of marginal importance to atmospheric corrosion.

3.6.4.4 Comparison of Deposition Modes

The relative significance of particulate deposition and gaseous deposition in an
industrial environment clearly depends on the particulate and gas concentrations
(aerosol deposition will dominate in marine environments). However, a comparison
of deposition modes given typical compositions is useful. Consider the deposition
onto a plate exposed at an angle of 45° in an exterior environment where the total
concentration of particulates is 20 μg/m3 (dry weight), and consists of ammonium
sulfate, ammonium bisulfate or hydrogen sulfate, the wind speed is 3 m/s, and
gaseous concentrations are CO2 at 400 ppm, SO2 at 75 ppb, NH3 at 20 ppb, O3 at
200 ppb and H2O2 at 10 ppb. Taking into account particle size and deposition
efficiencies the deposition rate per hour would be 108 μg/dry weight per hour onto a

Table 3.2 Relevant properties of gases for dry deposition calculations (from Seinfeld and Pandis)
[2]

Species Ha
a (M atm−1) at 298 K Normalized reactivity

Nitric oxide 2 × 10−3 0

Ozone 1 × 10−2 1

Nitrogen dioxide 1 × 10−2 0.1

Hydrogen sulfide 0.12 –

Ammonia 2 × 104 0

Nitrous acid 1 × 105 0.1

Sulfur dioxide 1 × 105 0

Hydrogen peroxide 1 × 105 1

Formic acid 4 × 106 0

Acetic acid 4 × 106 0

Hydrochloric acid 2.05 × 106 0

Nitric acid 1 × 1014 0
aEffective Ha assuming a pH of 6.5
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plate of size 100 × 150 mm at an angle of 45° to the vertical, while the change in
chemistry of a pre-existing moisture film ([H+] and [SO4

2−] in M/L per hour) is
given in Table 3.3.

Modeling by Cole et al. [26] estimated that for the gaseous compositions given
above, the aqueous phase concentrations will be 1.7 × 10−6 M of [H+] and
1.2 × 10−4 M of [SO4

2−], or 0.63 × 10−4 M of [H+] and 0.34 × 10−4 M of [SO4
2−] in

the absence of NH3. Thus, the deposition of particulate onto a moisture film will
substantially increase the ionic content and acidity of the film. If the moisture film
persists for a number of hours, then particulate deposition is likely to dominate over
gaseous absorption. If one considers the build-up of acidity (hydrogen ions) in a
aqueous phase on a surface by acid rain or particulate deposition under the similar
conditions as above then the fluxes are of similar orders of magnitude, but acidified
rain is the major source of H+ if the rain water pH is low and rainfall high, while
particulate deposition is of prime importance if the rain fall is low and the con-
centration of acidified particulates is high. The analysis indicates that while dry
deposition of gases onto metal surfaces is likely to be of marginal importance, rain
deposition, particulate deposition and gaseous absorption into moisture films are all
likely to be significant sources of both acidity and ion concentration in moisture on
metal surfaces in industrial environments.

3.6.4.5 Cloud Nucleation and Rain Chemistry

Cloud nucleation occurs when aerosols undergo rapid growth in the presence of a
supersaturation of water vapor. These aerosols are called cloud condensation nuclei
(CCN). The supersaturation of water arises due to the steady decrease in temper-
ature with distance from the ground, so that when a hot mass of air rises the RH of
the air steadily increases. CCN will tend to be the larger sized aerosols (from coarse
aerosols into the accumulation mode). Once cloud droplets have formed, they may

Table 3.3 Effect of particulates on moisture film composition

Particulate concentration
(μg/m3 dry weight)

Particulate type Moisture film
thickness (μm)

[H+] (M) [SO4
2+] (M)

20 (NH4)2SO4 100 – 7.5 × 10−4

20 (NH4)3H(SO4)2 100 4 × 10−4 8 × 10−4

20 NH4HSO4 100 8.5 × 10−4 8.5 × 10−4

20 H2SO4 100 20 × 10−4 10 × 10−4

20 (NH4)2SO4 500 – 1.5 × 10−4

20 (NH4)3H(SO4)2 500 0.8 × 10−4 1.6 × 10−4

20 NH4HSO4 500 1.7 × 10−4 1.7 × 10−4

20 H2SO4 500 4.0 × 10−4 2.0 × 10−4

5 H2SO4 500 1 × 10−4 0.4 × 10−4
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continue to grow by scavenging the remaining aerosols in the clouds or by coa-
lescence. Once a cloud droplet reaches a critical size and falls as rain, it may
continue to scavenge aerosols or absorb gases until it reaches the ground.

Thus considerable concentrations of ionic species can build up in rainwater with
typical concentrations being given in Fig. 3.4 [27]. However the formation and
deposition of rain drops occurs over significant time and spatial scales so the
composition of rainwater will reflect pollutant levels in a general area not only at

Fig. 3.4 Concentration ranges of ionic and molecular constituents of different types of
atmospheric water (from Leygraf and Graedel [27])
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the point of deposition. Fog arises when CCN form and grow close to the earth.
A number of studies have identified the problem of acid fog, both within cities and
in rural and forested areas in their vicinity. North American studies of fog water
have indicated pH levels from 2.9 [28] to 3.6 [29] with high nitrate, ammonia and
sulfate levels. The variation of chloride concentration in rainwater, shows a strong
dependence on the distance from the location where the rainwater was sampled.
Keywood et al. [30] have shown that chloride concentration falls in an approxi-
mately exponential fashion with peak values between 500 and 1000 μ eq/l at the
coast to around 10 μ eq/l 500 km from the coast and less than one in the centre of
the Australian continent.

3.6.4.6 Role of Rain and Wind in Surface Cleaning

Rain will clean a surface if the drop is of sufficient size to run off the surface. This
size will be controlled by surface angle and the difference in interfacial contact
angle between the front and back of the drop [31]. Studies show that drops grow by
coalescence and absorbing raindrops impacting on them so that over time, the
amount of water on the surface built up to a peak and then releases, giving periods
of almost no runoff followed by periods of strong runoff [31]. Thus the rate of
cleaning in a location depends on rain intensity and thus on climate zone. For
example, compare Darwin (Australia) which has intense rain being in a tropical
location, and Adelaide (Australia) which has rain of moderate intensity. It would
take only a 7 min rain storm to clean a surface (<1 % of initial pollution) in Darwin
but 43 min in Adelaide.

While in theory the removal of salts by wind could be significant, in practice it is
only significant in climates where rain is very limited or when the wind carries
abrasive material as experimental tests (wind tunnel) have demonstrated that very
high winds are required to remove salt from a surface [22, 32] (from 9 m/s (dry salt)
to 14 m/s (wet salt) and RH was ≤40 %).

3.6.5 Forms of Moisture on Surfaces

Moisture may form on a surface due to the local RH, via the deposition of rain, fog
and wet aerosols, or due to wetting of hygroscopic salts on the surface.

3.6.5.1 Re-Wetting of Surfaces and Condensation

On a clean surface, condensation will occur when the air close to the surface is at
100 % RH. The temperature of the surface may vary from that of the ambient air,
and thus the RH close to the surface may be different from the ambient air. The
evaporation of aerosols or rain from surfaces may leave crystallized salts, many of

3 The Atmosphere Conditions and Surface Interactions 47



which may be hygrosopic. These salts will wet when the surface RH is greater than
the DRH of the contaminant salts. The DRH of a number of common pollutants is
given in Table 3.4. A study [21] demonstrated that the nature of the salts present
(and thus the wetting point of the sensor) was highly dependent on location, with
severe marine sites contaminated with MgCl2 and NaCl, marine sites contaminated
with NaCl, severe industrial sites contaminated with (NH4)HSO4, and moderate
industrial sites with a marine influence contaminated with (NH4)3H(SO4)2,
(NH4)2SO4, NaHSO4 and NH4NO3.

3.6.5.2 Surface Temperature of Plates

Metal and coated surfaces exposed to the environment will undergo a diurnal cycle,
heating up during the day (due to solar heating) and cooling down at night (due to
irradiation to the night sky), with both process modulated by convective interaction
with air. The extent of both heating and cooling will depend on a range of envi-
ronmental factors, including, level of global radiation (during the day) cloud cover
(particularly at night), wind speed and the state (wet/dry, clean/contaminated) as the
surface emissivity of the metal or coating [35].

Condensation and evaporation will tend to reduce this diurnal cycle; conden-
sation will release latent heat restricting further undercooling, while evaporation of
moisture films after sunrise will cool surfaces, reducing solar heating. As a result, it
may take significant time for metal surfaces to dry after sunrise [35]. The rate of
evaporation is clearly influenced by surface temperature, as discussed above. With
clear skies, a modest wind (5 m/s) and not excessive humidity (75 %), a moisture
film of 200 μm will have evaporated an hour after sunrise. Evaporation actually
starts before sunrise as the minimum temperatures (under these conditions) gen-
erally occur an hour before sunrise. In contrast, on a cloudy, still day of high
humidity (95 %), the same moisture film will still not have fully evaporated four
hours after sunrise. The upper end of the distribution of wetted aerosols have
dimensions greater than 100 µm and those will also take a number of hours to

Table 3.4 DRH of common
aerosols (at 20 °C) [33, 34]

Salt DRH (%)

Na2SO4 84.2

NH4Cl 80.0

(NH4)2SO4 79.9

NaCl 75.3

NaNO3 74.3

(NH4)3H(SO4)2 69.0

NH4NO3 61.8

NaHSO4 52.0

(NH4)HSO4 40.0

MgCl2 35.0
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evaporate [35]. Rain drops evaporate in times a little longer than aerosols for
modest winds but in still conditions rain drops may take 6–12 h to evaporate
depending on the humidity [36].

Consistent with this mathematical analysis, Cole et al. [37] demonstrated from
field studies that on wetness sensors can be divided in 3 modes: Mode A, Mode B
and Mode C. Mode A are short daytime wetness events with an average duration of
around 2 h (they result from either hygroscopic wetting of deposited salts or rainfall
but are of short duration as daytime evaporation is rapid). Mode B are nighttime
wetness events that occur when condensation occurs in the evening and evaporation
the next morning. The duration of the wetness period varies depending on the
severity of the location (and thus the nature of deposited salts) from an average of
10 h in benign (inland) sites to 20 h in severe marine locations. Mode C are wetness
periods that last more than one day, they are generally associated with the depo-
sition of salts with low DRH (e.g. MgCl2) so that surface RH may not dry out the
wetted salts on some days. Again the duration depends on the severity of the site
raging from an average of 72 to 120 h in marine and severe marine sites.

3.6.5.3 Evaporation and Condensation on a Porous Surface

The above analysis refers to clean surfaces, however on a corroded surface or an
aged paint the situation may be more complex. Firstly many oxides are themselves
hygroscopic, and secondly many oxides and degraded films are porous and thus,
when aerosols or raindrops are deposited onto such films, some of the solution will
be absorbed into the pores and will subsequently evaporate, leaving contaminants
within the pore structure. In these circumstances, capillary forces may alter the
conditions for evaporation and condensation in the pores, making it possible for
condensation to occur in an atmosphere of less than 100 % RH. These effects are
best explored using the differential vapor pressure approach, where the relative
lowering of the saturated vapor pressure in pores is given by Thomson’s equation
[38].

p ¼ poe�2rM=qRTr ð3:11Þ

where p and po are the saturated vapor pressure above a concave meniscus of radius
r and a plane surface respectively, σ is the surface tension of the liquid at absolute
temperature T, ρ is its density and M is its molecular weight of the condensing gas,
and R is the gas constant. It can be estimated that capillary radii of 360, 94 and 30 Å
will reduce the relative humidity for condensation to 98, 90 and 70 % respectively.
Correspondingly, the period that moisture remains in pores may be considerably
greater than when it is free on the surface. For example, consider two plates
exposed in Canberra, one with a perfectly flat surface and one with pores of 90 Å
with both surfaces being free of contaminates. The percent time favourable for
wetness a flat surface will be 4 % while on the surface with pore it will be 20 %.
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3.6.6 Summary of Environmental Conditions

Pollutant deposition onto a surface may occur by gaseous absorption into a mois-
ture film, deposition of aerosol or of rain. Gases, particularly reactive gases will not
be transported far from their sources, aerosols may form relatively close to the
pollutant source but may be transported significant distances, while the processes of
rain drop formation are complex and will not bear a direct relation to pollutant
sources. Thus, it is to be expected that the concentration of atmospheric gases will
be highly influenced by local pollutant sources, aerosol concentration will also be
influenced by local sources but concentrations will spread significantly from these
sources while rain water chemistry will be affected more by the pollutants in a
region rather than in one locality

In Table 3.5 some key parameters defining gaseous concentrations, aerosol and
rain water chemistry are given for Marine, Industrial, Urban, Rural and Remote
locations from data presented in this chapter. The table should only be taken as
indicative and does not attempt to define the effect of particular local sources on
pollutant levels.

Table 3.5 Summary of gaseous concentration, aerosol type and rain water composition (μ eq/l)
for marine, industrial, urban, rural and remote locations

Location type Marine Industrial Urban Rural Remote

Gaseous (mixing ratio)

SO2 (ppt) 260 1500 160–1500 160 20

H2S (ppt) 65 365 365 35–60 3.6–7.5

NOx (ppb) 0.2–1000 10–1000 10–1000 0.2–10 0.02–0.08

O3 (ppb) 20–40 100–400 100–400 20–40 20–40

Aerosols

pH 0–9.5 −1 to 2.4 1.9–3 – –

Major species NaCl, MgCl H2SO4, NH4)3H
(SO4)2),
(NH4)2SO4,
NH4HSO4

NH4NO3,

NH4Cl
(NH4)2SO4

– dust
pollen
plant
waxes

Secondary
species

Na2SO4, H2SO4,
NH4HSO4, (NH4)2SO4

and NH4NO3.NaHSO4

– NaNO3 – –

Rain water

pH 4–5.6 4.2–7.3 4.4–6.1 3.6–
5.8

5.6–6

Cl− 100–1300 9–142 10–27 3–25 1–1300

NO3
− 3–10 40–140 13–140 3–25 3–10

SO4
2− 3–10 70–240 12–60 4–60 3–10

Na+ 100–1200 5–60 20–60 3–30 100–1200

NH4
+ 2–10 30–200 10–30 2–20 2–10

Ca2+ – 20–300 2–35 2–20 80
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The size and duration of moisture film formation will also depend on the source
of the moisture. In the case of aerosol drops, these drops will only cover a small
fraction of the exposed surface. For example, assuming that all drops have a uni-
form size consider two cases, a marine environment with the salinity of 100 mg/m2

day and the aerosol drop diameter of 50 µm and a near coastal environment with a
salinity of 10 mg/m2 day and the aerosol drop diameter of 10 µm. After a night
without raining aerosol droplets will occupy 2 and 1 % of the surface area of the
exposed metal respectively. Thus aerosols can be treated as “isolated” on a surface.
The surface coverage of rain drops however can be very high and depends of
contact angles, surface angle etc., and there will be frequent coalescence between
droplets so that droplet size will be limited by the maximum droplet size prior to
drop run off (typically from 2–20 mm diameter depending on surface angle and
difference between leading and following contact angle). Thus rain will deposit on a
surface as a series of drops all below the critical size, in close proximity to each
other. The critical drop size will increase as the surface ages and the contact angle is
lowered.

The physical form and duration of the residency that deposited aerosols take on
the surface will be very dependent on the type of deposition environment (i.e.
whether it is a marine, industrial, urban, rural or remote location) as outlined in
Table 3.6. For example in a marine environment a typical aerosol level will be
100 mg/m2 day and the aerosols will range from 2–250 µm. If they deposit on a
surface in day-light hours (Mode A) they will quickly evaporate (in a few minutes
to a couple of hours). However if they deposit during the night they will remain
during the night and then evaporate after sunrise (Mode B). For the larger aerosols
on cool still days this evaporation could take some time while small aerosols will
evaporate shortly after sunrise. However if the deposited aerosols are rich in MgCl2
and it is a cloudy day so that high surface temperatures do not arise the aerosols
may not evaporate during the day but may persist during the daylight hours, remain
stable or grow at night and only evaporate on a clear day.

Table 3.6 Physical properties and typical duration of aerosols on surfaces

Location Marine Industrial Urban Rural Remote

Typical aerosol level (mg/m2 day) 100 15 10 5 3

Aerosol diameter (µm) 2–250 1–30 1–30 1–20 1–10

Time (hrs) to evaporate—Mode A 0.01–2 0.01–2 0.01–2 0.01–2 0.01–2

Mode B 10–20 10–14 10–14 10–14 10–14

Mode C 24–120 – – – –

% coverage 1–8 4–18 2–12 2–6 2–6
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3.7 Relevance of Environmental Conditions
to Moisture Ingress and Inhibitor Stability

In discussing moisture ingress into films, two questions are important, what is the
maximum possible volume within the paint film that could be occupied by the drop
that was initially deposited on the surface and how long would it take for this state
to arise.

To the author’s knowledge, no analysis has been undertake of the residual drop
volume that remains on a surface as a drop diffuses into the pores of a polymer film.
It is likely that due to surface tension effects, there will be some residual surface
moisture, however let it be assumed that all the droplet volume diffuses into the
film. Then the wetted pore volume should equal the initial drop volume. Mardel
et al. [39] found that pore volume in a two component epoxy (epoxy Epikote 828
with amine cross linker) was 2.2 wt% or given that the epoxy had a density of 1.4
then the pore volume was 3 % volume percent. This implies that the wetted area
will occupy approximated 33 times the volume of the original drop. If it is assumed
that the moisture diffuses into the film at a constant rate in all directions then the
penetration in any direction will be approximately 2.9 that of the original dimension
of the drop. Under these assumptions a Mode A aerosol that formed a hemispherical
drop of radius 5 µm on the surface would form a hemispherical drop of radius of
approximately 15 µm below the surface. Now this analysis needs to be undertaken
in a more detailed way but it illustrates that smaller aerosols typical of non-marine
locations may not lead to thorough wetting of a paint film while the absorption of
larger aerosols typical of marine locations and rain droplets may.

The second issue is whether a droplet on a surface will reside for a sufficient time
to diffuse into the surface before it is removed from that surface (by evaporation or
roll off etc.). In terms of water diffusion and uptake through a polymeric film,
Prosek and Thierry [40] suggested that the time for the solution to reach the metal
surface through a coating and return to the external surface can be calculated using
the equation [12]:

d ¼ 2l ¼ ðDtÞ0:5 ð3:12Þ

where d is twice the film thickness l, D is the diffusion coefficient, and t the time.
Diffusion coefficients of water in epoxy have been reported in the range of

1 × 10−9 to 4 × 10−8 cm2/s by Philippe et al. [41], and 2.8 × 10−8 cm2/s by Mardel
[39] The diffusion of chloride is taken from Hu et al. [42] as 4.7 × 10−12 cm2/s. In
Table 3.7 the depth of penetration of moisture and chloride is calculated assuming
Fick’s law. If the coating is of the order of 80 µm, water will penetrate though the
coating in around 60–120 min (assuming the two highest diffusion constants),
although it will only penetrate around 20–30 µm in the same time assuming the
lowest diffusion coefficient. Thus penetration of moisture through a paint film will
only occur for droplets which persists for a number of hours. This implies that large
aerosols deposited at night may penetrate through the coating but those deposited
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during the day may not. Interestingly the diffusion of chloride will be only into the
skin of the paint film even for the longest wetting periods reported in this paper.

Of course the data indicates that there are repeated cycles of wetting and drying
which raises interesting questions on how moisture and salt migrate into paint films
with repeated cycling. Conceptually there are three possibilities:

(1) The diffusing species enters in the wet cycle and completely exits in the dry
cycle with the properties of the paint film remaining constant.

(2) The diffusing species enters in the wet cycle and completely exits in the dry
cycle with the properties of the paint film change.

(3) The diffusing species enters in the wet cycle but does not completely exit in
the dry cycle.

If possibility 1 were correct it would imply that chloride would not migrate
through intact paint films and thus corrosion of intact paint films would be limited.
However, studies have shown that the ingress of moisture into a polymer film may
cause permanent changes to the film creating voids and additional moisture path-
ways so that subsequent moisture ingress can be more rapid [40]. Thus it is likely
that with repeated cycling the properties of the polymer film may change. No
studies have been undertaken (to the author’s knowledge) that looked at moisture or
salt retention with repeated cycling. This is certainly an area worthy of research and
if it occurs would imply that chloride could incrementally migrate through a paint
film and thus promote corrosion in an intact film.

As mentioned previously and outlined in Table 3.5, both industrial aerosols and
marine aerosols may be acidified. There does tend to be a correlation between
aerosol pH and size with the smaller aerosols having a lower pH. Rain drops will
have a larger size and higher pH than aerosols. Thus at least three possible scenarios
may arise

(1) Relatively small and acidic aerosols will be deposited onto a dry coating. The
aerosol will only penetrate into the top of the coating where it may dissolve
additives to the coating.

Table 3.7 Possible diffusion depths for given droplet lifetimes and diffusion constants

Water Chloride

Droplet lifetime 1.33 × 10−9 9 × 10−9 2.8 × 10−8 4.68 × 10−12

Mode A 1 min 2.8 7.3 13 0.2

1 h 22 57 100 1.3

2 h 31 81 142 1.8

Mode B 10 h 70 180 320 4.1

14 h 82 213 375 4.9

20 h 98 254 449 5.8

Mode C 24 h 107 278 491 6.4

120 h 240 623 1100 14.2
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(2) Large aerosols and rain droplets may deposit onto the dry coating. Their size
and residency periods will permit through penetration of the coating. The
moderate acidity of the coating may assist the dissolution of additives.
Through moisture penetration will permit electrochemical cells to be estab-
lished that may also alter the pH of the pore water in the coating.

(3) If aerosols and rain droplets are deposited onto a wet coating then they may
alter the pH of the pore water but the pH may have already have been affected
by the establishment of electrochemical cells prior to the deposition.

3.8 Damage to Coatings

Environmental factors, both those mentioned in this paper (acid deposition, tem-
perature, cyclic wetting) and those not discussed (UV), can cause significant
degradation to coatings and clearly an understanding of their degradation is critical
in coating design. This is a subject that has been treated by a number of substantive
reviews and the reader is urged to consult [43–45].

3.9 Summary

This chapter has outlined atmospheric factors that may affect the function of smart
coatings. The emphasis has been on the factors that affect the intensity, lifetime and
chemistry of aerosols and rain drops that may deposit on coatings.

The paper outlined the source and chemistry of marine and industrial aerosols
and how gaseous absorption can acidify both marine and industrial aerosols.
Gaseous absorption is influenced not only by the rate that gases are absorbed into
moisture films but by secondary reactions that transformed the absorbed species and
allow absorption to continue. Thus aerosols and rain drops become enriched in
sulfates via SO2 absorption and transformation despite the fact that the Henry law
coefficient that measure the rate of SO2 absorption is relatively low. Aerosols may
be transported significant distances from their sources and during this transport their
chemistry may be altered and thus deposition of acidified aerosol may occur at a
significant distance from the pollutant source. Similarly rain drops may be acidified
through the acidification of cloud condensation nuclei and gaseous absorption
during rainfall so that one again acidified rain may occur at some distance from
pollutant sources. Both acid rain and deposition of acidified pH are major sources of
the flux of acidic species onto a surface.

A surface may wet both from the deposition of rain and aerosols and from the
rewetting of pollutants that had previously been deposited. Of particular importance
is the deposition and retention of hygrosopic salts. Many aerosols and rainwater
will leave behind such salts when they evaporate. Of particular importance are the
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ammonium sulfates, magnesium and sodium chlorides and sodium and ammonium
nitrates. These salts will wet when the relative humidity at the coating surface
exceeds that of the deliquescent RH of the salt (which may vary from 35 % for
MgCl2 to 84 % for Na2SO4). The surface RH depends both on the surface tem-
perature of the coating and the ambient RH. Ambient RH and surface temperature
will depend very strongly on the diurnal or daily climate cycle, with a typical
Australian cycle being high RH and low surface temperatures at night and low RH
and high surface temperatures during the day. Thus deposited rain drops and
aerosols will tend to evaporate after sun-rise. Thus three modes of droplet duration
on a surface associated with aerosol deposition.

(1) Mode A—Aerosols deposited during the day will generally evaporate quickly
(minutes to a couple of hours)

(2) Mode B—Aerosols deposited or salts that rewet during the night will not
evaporate to after sunrise (total life from 8–14 h)

(3) Mode C—Deposition of aerosols rich in MgCl2 or rewetting of MgCl2 salts
may lead to drop lifetimes in excess of 24 h as daytime surface RH may not
become lower than the DRH of MgCl2

The different surface droplet modes and similar factors for rain water control the
form that wetting of a coating may take and together with the chemistry of the
aerosol or rain droplet this may affect the impact of the wetting event on the coating.
Again three scenarios may occur:

(1) Relatively small and acidic aerosols will be deposited onto a dry coating. The
aerosol will only penetrate into the top of the coating where it may dissolve
additives to the coating.

(2) Large aerosols and rain droplets may deposit onto the dry coating. Their size
and residency periods will permit through penetration of the coating. The
moderate acidity of the coating may assist the dissolution of additives.
Through moisture penetration will permit electrochemical cells to be estab-
lished that may also alter the pH of the pore water in the coating.

(3) If aerosols and rain droplets are deposited onto a wet coating they may alter
the pH of the pore water but the pH may have already have been affected by
the establishment of electrochemical cells pore to the deposition.
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Chapter 4
Corrosion Inhibitors

F. Andreatta and L. Fedrizzi

4.1 Classification of Corrosion Inhibitors

4.1.1 Definition of Corrosion Inhibitor

A corrosion inhibitor is a chemical compound that is employed to reduce the
corrosion rate of a metal exposed to an aggressive environment. The extent of the
reduction of corrosion rate relative to the initial corrosion rate is indicated as
inhibitor efficiency, which can be expressed as follows:

RI ¼ v0 � v
v0

where: RI is the inhibitor efficiency, v0 is the initial corrosion rate and v is the
corrosion rate after the addition of the inhibitor.

The inhibitor efficiency depends on different parameters such as:

• Type of inhibitor and its concentration
• Aggressiveness of the environment
• Substrate

The classification of corrosion inhibitors can be done according to [1, 2] (Fig. 4.1):

• Effect of the inhibitor on partial electrochemical reactions

– Anodic inhibitors
– Cathodic inhibitors
– Mixed inhibitors
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• Application field

– Inhibitors for acid environments
– Inhibitors for neutral environments
– Gas phase inhibitors

• Reaction mechanism of the inhibitor.

Fig. 4.1 Classification of corrosion inhibitors

60 F. Andreatta and L. Fedrizzi



4.2 Effect of the Inhibitor on Partial Electrochemical
Reactions

An inhibitor can be classified in terms of the mixed-potential theory considering its
effect on partial oxidation and reduction reactions involved in the corrosion process.
The mixed potential theory is based on the assumption that each electrochemical
process can be divided in two or more partial oxidation and reduction reactions.
Accordingly, the interaction of an inhibitor with a corroding system might affect
only the cathodic or the anodic reactions. In addition, some inhibitors might have a
combined effect on both anodic and cathodic reactions. Based on the effect on
partial electrochemical reactions, corrosion inhibitors are classified as follows:

• Cathodic inhibitors
• Anodic inhibitors
• Mixed inhibitors.

4.2.1 Cathodic Inhibitors

In acid environments, the cathodic reaction is the reduction of hydrogen ions to
hydrogen atoms, which combine forming molecular hydrogen (hydrogen evolution):

2Hþ þ 2e� $ H2

In neutral or alkaline environment, the cathodic reaction is oxygen reduction:

O2 þ 2H2Oþ 4e� $ 4OH�

Cathodic inhibitors affect the partial reduction reactions reducing their current
density with no or very limited effect on the anodic reaction. The decrease of the
cathodic current density leads to a shift of the corrosion potential in the negative
direction. The inhibition effect is associated with the decrease of the net corrosion
current density, as can be seen in the Evans diagram shown in Fig. 4.2.

4.2.2 Anodic Inhibitors

In the case of a corroding metal, the oxidation reaction is given by:

M $ Mnþ þ ne�

Anodic inhibitors reduce the current density of the partial oxidation reactions
without affecting the partial reduction reactions. This is associated to the shift of the
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corrosion potential in the positive direction and to the reduction of the net corrosion
current density (Fig. 4.3).

4.2.3 Mixed Inhibitors

Mixed inhibitors decrease the current density of both cathodic and anodic reactions
(Fig. 4.4). In this case, the current density is decreased but the effect on the

Fig. 4.2 Effect of a cathodic
inhibitor on partial
electrochemical reactions in
the Evans diagram

Fig. 4.3 Effect of an anodic
inhibitor on partial
electrochemical reactions in
the Evans diagram
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corrosion potential depends on the relative extent of the partial oxidation and
reduction reactions. It can be expected that the effect on the corrosion potential is
limited if the current reduction due to the inhibitor is similar for the anodic and
cathodic reactions, as represented in Fig. 4.4. In contrast, the corrosion potential
might shift in the negative direction if the effect of the inhibitor on the cathodic
reaction is stronger than on the anodic direction (Fig. 4.5a). Similarly, the corrosion
potential might shift in the positive direction if the effect on the anodic reaction is
prevailing on that on the cathodic reaction (Fig. 4.5b).

Fig. 4.4 Effect of a mixed
inhibitor on partial
electrochemical reactions in
the Evans diagram

Fig. 4.5 Effect of a mixed inhibitor with prevailing effect on one of the partial electrochemical
reactions in the Evans diagram
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4.3 Inhibition Mechanisms

4.3.1 Inhibitors for Acid Environments

4.3.1.1 Adsorption of Inhibitors

Inhibitors employed in acid environments are usually organic compounds. These
are often aromatic compounds or macromolecules with linear or branched structure.
The inhibition effect is based on the ability to establish a link between the organic
compound and the metal substrate, which is usually oxide-free in acid environ-
ments. The adsorption might be the result of the electrostatic interaction between
ionic charges or dipoles and the electrically charged metal surface at the
metal/electrolyte interface. Besides, the adsorption can be due to the formation of
links between the inhibitor and the metal surface by electron transfer to the metal,
usually in the case of organic molecules with lone pair electrons, multiple (double
or triple) covalent bonds, aromatic rings. In the case of adsorption of organic
molecules onto the metal, the working principle of inhibitors employed in acid
environments is due to their structure, which contains a hydrophobic non polar
group and a hydrophilic functional group. The functional group bonds to the metal
substrate, while the hydrophobic group limits the access of water to the metal
substrate. As a result, the electrochemical active area of the metal substrate is
reduced resulting in the inhibition of corrosion processes. The adsorbed inhibitor
might affect the cathodic reaction, the anodic one or present a synergetic effect on
both reactions. Typical hydrophilic functions are amine, mercapto, hydroxyl, car-
boxylic and phosphate groups. These functional groups enable the inhibitor dis-
solution in solution along with the bonding ability to the substrate. The inhibitor
efficiency is essentially affected by:

• strength of the bond between the functional group and the metal substrate
• steric behavior of the non polar hydrophobic group
• inhibitor concentration

Figure 4.6a shows experimental potentiodynamic polarization curves of carbon
steel in 1 M HCl and with addition of furan derivatives: 2-methylfuran, furfuryl
alcohol and furfurylamine) as reported in Ref. [3]. The furan derivatives can adsorb
on the metal surface due to the lone electron pair available in the oxygen het-
eroatom of the furan group, as can be seen in the structure of the inhibitor molecules
reported in Fig. 4.6a. In addition, the adsorption might be strengthened by the
existence of additional donor atoms such as oxygen and nitrogen in the functional
group. As a result, coordinate covalent bonds can be formed between the inhibitor
molecules and the metal surface. The potentiodynamic polarization curves in 1 M
HCl with addition of the three different furan derivates exhibit a significant decrease
of the corrosion current density relative to the blank substrate (Fig. 4.6a). Moreover,
this is associated to a marked reduction of the cathodic and anodic current density.
The effect of the adsorbed inhibitor on the cathodic and anodic Tafel slopes is
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schematically represented in Fig. 4.6b. It should be noted that Fig. 4.6a reports the
potential versus the current density while Fig. 4.6b displays the current density
versus the potential in order to follow the schematic representation of the effect of
inhibitor in the Evans plots given above. The current density in the anodic and
cathodic branch of the polarization curve is strongly decreased by the inhibitor.
Moreover, cathodic and anodic Tafel’s slopes significantly decrease due to the
adsorption of the inhibitor. This indicates that furan derivatives behave as mixed
inhibitors affecting both cathodic (hydrogen evolution) and anodic (Fe dissolution)
reactions. The adsorption of the furan derivatives on the metal surface strongly
decrease the corrosion current density indicating that the inhibitor efficiency is
rather high. Moreover, it can be observed that inhibition adsorption has a limited
effect on the corrosion potential in line with the behavior discussed above for mixed
inhibitors (Figs. 4.4 and 4.5). The inhibitor efficiency calculated from potentiody-
namic polarization curves in Fig. 4.6a is 84.7 % for 2-methylfuran (curve a), 92.55
for furfuryl alcohol (curve b) and 85.8 % for furfurylamine (curve c). The different
inhibitor efficiency observed for the furan derivatives is related to the structural and
electronic properties of the compounds. In particular, the functional group in the
inhibitor molecule affects the adsorption on the substrate. Furfuryl alcohol and
furfurylamine display a higher tendency to adsorb on the metal substrate than
2-methylfuran due to the presence of lone pairs of electrons in the oxygen atom and
in the nitrogen atom of the functional group, respectively. In the case of furfuryl
alcohol, the adsorption is further favored because this inhibitor tends to polymerize
in acid solution improving the adsorption on the substrate [3].

Fig. 4.6 Potentiodynamic polarization curves (potential vs. current density) of carbon steel
(blank) in 1 M HCl solution and with addition of furan derivatives: 2-methylfuran (curve a),
furfuryl alcohol (curve b) and furfurylamine (curve c) [3] (a); schematic representation of the effect
of the furfuryl alcohol inhibitor on potentiodynamic polarization curves (current density vs.
potential) (b)
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4.3.1.2 Film Formation

Inhibition can be provided by precipitation of a protective film due to the reaction
between the corrosion inhibitor and the dissolving metal. This leads to the for-
mation of complexes on the metal substrate limiting further dissolution of the metal.
The protective film formed on the metal surface acts as a physical barrier for the
diffusion of aggressive species to the surface. Figures 4.7 and 4.8 display two
examples of the effect of film formation induced on carbon steel by addition of
decylamides of α-amino acid derivatives to an acid electrolyte, as reported in Ref.

Fig. 4.7 Potentiodynamic polarization curves of carbon steel in 1 M HCl solution and with
addition of different concentrations of decylamide of glycine (2-amino-N-decyl-acetamide) [4] (a);
schematic representation of the effect of the inhibitor on potentiodynamic polarization curves (b)

Fig. 4.8 Potentiodynamic polarization curves of carbon steel in 1MHCl solution and with addition
of different concentrations of decylamide of glycine (2-amino-N-decyl-3-methyl-butylamide) [4] (a);
schematic representation of the effect of the inhibitor on potentiodynamic polarization curves (b)
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[4]. Figure 4.7a shows the potentiodynamic polarization curves of carbon steel in 1
M HCl solution and in the same electrolyte with addition of different concentrations
of decylamide of glycine (the structure of the molecule is reported in the figure).
The addition of the inhibitor induces a decrease of anodic and cathodic current
density associated to a strong decrease of the corrosion current density. This
behaviour indicates that film formation on the metal substrate due to absorption
phenomena tends to block the reaction sites strongly reducing cathodic and anodic
processes. This is schematically represented in Fig. 4.7b. Moreover, it should be
noted that the Tafels slopes of the polarization curves remain unchanged after the
addition of the inhibitor suggesting that the reaction mechanism is not modified by
the inhibitor. It can be considered that the decylamide of glycine behaves as a
mixed inhibitor. However, it can be seen in Fig. 4.7b that there is a small shift of the
corrosion potential in the positive direction after the addition of the inhibitor. This
suggests that this inhibitor has a stronger effect on the anodic reactions. The filming
behavior of the decylamide of glycine is due to the chemical bonding between the
inhibitor and the metal substrate resulting in adsorption and film formation.
Adsorption of the inhibitor takes place most likely through the ability of the
nitrogen in the amino group of sharing lone pair electrons with the substrate. In
addition, Fig. 4.7a clearly shows that the inhibitor efficiency increases with the
concentration of decylamide of glycine in the acid solution. This indicates that the
barrier effect observed for the film deposited on the substrate becomes stronger
increasing the concentration of the inhibitor. The barrier effect of the film due to
inhibitor adsorption is reported also for other inhibitors like triazole derivatives in
acid environments [5].

Figure 4.8a shows the potentiodynamic polarization curves reported in Ref. [4]
for carbon steel in 1 M HCl solution with addition of different concentrations of
decylamide of valine (the structure of the molecule is reported in the figure). The
decylamide of valine has an additional methyl group, as compared to the decy-
lamide of glycine. The potentiodynamic polarization curves in Fig. 4.8a exhibit a
marked reduction of the cathodic current density after the addition of the inhibitor.
In contrast, the anodic current density is not significantly affected by the addition of
the inhibitor. Moreover, the electrochemical behavior seems less affected by the
inhibitor concentration for the decylamide of valine than for the decylamide of
glycine. As can be seen in Fig. 4.8b, the cathodic and anodic Tafel slopes of the
cathodic and anodic reactions do not change after the addition of the inhibitor, as
already observed in Fig. 4.7b. The corrosion potential is shifted in the negative
direction by addition of decylamide of valine to the 1 M HCl solution. The
reduction of the cathodic current density and the shift of the corrosion potential in
the negative direction is a clear indication that the decylamide of valine is a
cathodic inhibitor, in accordance with the behavior discussed in Fig. 4.2. In this
case, it can be expected that the barrier effect due to the film formation after the
addition of the inhibitor is more efficient at the cathodic sites than at the anodic
ones. The different electrochemical behavior observed for the decylamide of valine
(Fig. 4.8a) than for the decylamide of glycine (Fig. 4.7a) is probably related to the
different molecular structure of the inhibitors. The decylamide of glycine exhibits a
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linear structure (Fig. 4.7a), which favours adsorption phenomena on the metal
substrate. In contrast, the decylamide of valine presents a methyl group in the α
position hindering the formation of linear arrangements. This might reduce the
adsorption of the inhibitor on the metal substrate with respect to the decylamide of
glycine.

4.3.2 Inhibitors for Neutral Environments

4.3.2.1 Adsorption of Inhibitors

Inhibitors for neutral environments can provide corrosion protection with the
adsorption mechanism discussed above for acid solutions. However, it should be
taken into account that in neutral environments the cathodic reaction is usually
oxygen reduction whereas in acid solutions the main cathodic reaction is hydrogen
evolution. Moreover, in neutral environments the metals are usually covered by an
oxide layer. This oxide layer is often not stable in acid environments in the case of
many metals. Benzoates, tartrates and salicylate are typical inhibitors working with
an adsorption mechanism in neutral environments. The adsorption of these inhi-
bitors prevents the access of the electrolyte to parts of the metal surface blocking the
corrosion processes. In the case of mild steel, it is reported that the stabilization
effect of the native oxide layer is the main effect of adsorbed benzoates leading to
the inhibition of the anodic reaction [6–10]. This is related to the formation of
complexes between the benzoates and the products of the anodic reaction (Fe
idroxides), which are adsorbed on the metal surface hindering further Fe dissolution

Fig. 4.9 Potentiodynamic polarization curves of low carbon steel (rotating disc electrode)
acquired in 3 mM solution of an aromatic carboxylic acid inhibitor and in NaClO4 solution with
and without inhibitor [11] (a) and schematic representation of the effect of the inhibitor on
potentiodynamic polarization curves (b)

68 F. Andreatta and L. Fedrizzi



[6]. As an example, Fig. 4.9a displays the effect of an aromatic carboxylic acid
based inhibitor on potentiodynamic polarization curves of mild steel in neutral
environment (pH = 7.5), as reported in Ref. [11]. The cathodic branch of the
potentiodynamic polarization curve exhibits the same behavior in perchlorate
solution, in the inhibitor solution and in the mixed solution containing the per-
chlorate and the inhibitor. This indicates that the carboxylic acid based inhibitor
does not affect the cathodic reaction, which is oxygen reduction in the three elec-
trolytes considered in the figure. The anodic branch of the potentiodynamic
polarization of mild steel in perchlorate solution shows a typical active behavior
with a marked increase of the current density for potentials more positive than the
corrosion potential. In contrast, in the inhibitor solution not containing perchlorate,
the anodic branch of the potentiodynamic polarization curve exhibits passive
behavior. Moreover, this is accompanied by a shift of the corrosion potential in the
positive direction and by a decrease of the corrosion current density. The same
behavior is observed for the potentiodynamic polarization curve recorded in the
mixed solution containing the 0.006 M perchlorate and the inhibitor. The passive
current slightly increases when the chloride content is increased passing from 0.006
to 0.12 M. The behavior of mild steel in perchlorate solution and in the inhibitor
solution with and without perchlorate is schematically represented in Fig. 4.9b. It
can be observed that the main effect of the inhibitor is on the anodic branch of the
polarization curve. Therefore, it can be stated that the aromatic carboxylic acid
based inhibitor is an anodic inhibitor for mild steel in neutral environment. This is
confirmed by the small shift of the corrosion potential in the positive direction. The
mechanism proposed for the inhibition by the carboxylic acid based compound
considers the adsorption of the inhibitor molecules on the dissolving Fe substrate,
which involves the formation of intermediates between Fe and the inhibitor. These
intermediates are adsorbed on the metal substrate favoring the passivation of the
substrate. As a result, the intermediates adsorbed on the surface block further
adsorption of aggressive ions and the iron dissolution. The potentiodynamic
polarization curve recorded in the mixed solution containing the perchlorate and the
carboxylic acid based inhibitor confirms the existence of competitive adsorption
between the inhibitor and perchlorate ions, as can be seen in Fig. 4.9a. In the case of
perchlorate, it can be stated that the inhibitor provides corrosion protection with an
adsorption mechanism in the presence of aggressive species (perchlorate ions). In
contrast, sulfate ions exhibit competitive adsorption with the inhibitor impairing the
corrosion protection through the adsorption mechanism [1, 11]. Figure 4.10a shows
the potentiodynamic polarization curves of mild steel in the presence of the same
inhibitor considered in Fig. 4.9a, in sodium sulfate solution and in the mixed
solution containing the sodium sulfate and the inhibitor. The anodic branch of the
potentiodynamic polarization of mild steel in sodium sulfate solution shows active
behavior. The anodic branch of the mild steel exhibits passive behavior in the
inhibitor solution not containing sodium sulfate. This is in line with the behavior
observed in perchlorate solution, where inhibitor adsorption leads to passivation of
the metal substrate. In contrast, the potentiodynamic polarization curve recorded in
the mixed solution containing the sodium sulfate and the carboxylic acid based
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inhibitor shows active behavior in the anodic branch, as can be seen in Fig. 4.10.
This suggests that the inhibitor is not efficient in the presence of sodium sulfate.
This is due to preferential adsorption of sulfate anions on the substrate leading to
the dissolution of the iron (anodic reaction). This demonstrates that the type of
anions in the electrolyte strongly affect the inhibitor efficiency.

4.3.2.2 Precipitation of Protective Salt Films

The inhibition in neutral environments can be due to precipitation of protective
surface films. This can be obtained through the formation of an insoluble salt film
on the metal surface. The salt films are usually thick as compared to adsorbed films
discussed above. Inhibitors leading to precipitation of insoluble salt films are
usually cathodic inhibitors because oxygen diffusion to the cathodic sites is limited
or blocked by the film formed on the surface. However, it is also possible that the
anodic processes are inhibited by the salt film. A typical example is the precipitation
of insoluble hydroxides of zinc, magnesium, manganese and nickel. In this case, the
hydroxide formation occurs at cathodic sites due to the reaction with hydroxyl ions
produced by the cathodic reaction (oxygen reaction). The cathodic reaction leads to
local alkalinization of the electrolyte promoting the formation of the insoluble
hydroxides. Figure 4.11 shows an example of precipitation of a protective salt film
on zinc, as reported in Ref. [12]. Two organic inhibitors, sodium benzoate (NaBz)
and sodium N-dodecanoylsarcosinate (NaDS), were investigated in this work.
Figure 4.11a shows the potentiodynamic polarization curves of zinc in 0.5 M NaCl
solution with addition of different concentrations of sodium benzoate (NaBz) and
sodium N-dodecanoylsarcosinate (NaDS), respectively. These inhibitors suppress
the cathodic and the anodic reactions at 10−2 M concentration. The sodium

Fig. 4.10 Potentiodynamic polarization curves of low carbon steel (rotating disc electrode)
acquired in 3 mM solution of an aromatic carboxylic acid inhibitor and in Na2SO4 solution with
and without inhibitor [11] (a) and schematic representation of the effect of the inhibitor on
potentiodynamic polarization curves (b)

70 F. Andreatta and L. Fedrizzi



N-dodecanoylsarcosinate (NaDS) displays the same effect on potentiodynamic
polarization curves at 10−3 M concentration, while the sodium benzoate (NaBz)
inhibits mainly the cathodic process. The behavior observed in the potentiodynamic
polarization curves of zinc in Fig. 4.11a is attributed to the precipitation of a
protective film composed of zinc hydroxide, oxide and salt or complexes of the
inhibitor ions. The effect of sodium benzoate at 10−2 M concentration is further
considered in the scheme in Fig. 4.11b. It can be recognized that the precipitation of
a film composed of zinc hydroxide and zinc salt or complex of benzoate strongly
affects the oxygen reduction. In addition, there is a limited effect on the anodic
reaction since the anodic current density is reduced with respect to the solution
without inhibitor. As considered above, the precipitation of the salt film is induced
by the cathodic reaction and therefore its formation tends to occur at cathodic sites
suppressing the oxygen reduction. Nevertheless, the precipitation of a relatively
thick film also might affect the anodic sites, mainly at relatively high inhibitor
concentration. The behavior shown in Fig. 4.11b suggests that the sodium benzoate
is mainly a cathodic inhibitor for zinc in NaCl solution although an effect on the
anodic processes cannot be excluded.

Fig. 4.11 Potentiodynamic polarization curves of zinc in aerated 0.5 M NaCl solution and in the
same electrolyte with addition of 10−3 M and 10−2 M of sodium benzoate (NaBz) and sodium
N-dodecanoylsarcosinate (NaDS) [12] (a); schematic representation of the effect of the sodium
benzoate inhibitor on potentiodynamic polarization curves (b)
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4.3.2.3 Film Precipitation or Polymerization

The inhibition of corrosion processes in neutral environments can be obtained by
film precipitation. This inhibition mechanism is based on the formation of surface
layers by precipitation or polymerization. The layer formed on the metal substrate
acts as a barrier for species involved in the cathodic reaction (oxygen) lowering the
corrosion current density. Polyphosphates and organophosphates are typical inhi-
bitors leading to film precipitation. These inhibitors form thin adherent films on
cathodic sites preventing oxygen access at these locations. An example of this type
of mechanism is the inhibition by Ce diphenylphosphate [13–15]. Figure 4.12a
displays the potentiodynamic polarization curves in 1 M NaCl solution and in the
presence of Ce diphenylphosphate inhibitor for AA2024-T3, as reported in Ref.
[14]. The cathodic current density of AA2024-T3 in presence of the inhibitor is
significantly reduced relative to the cathodic current density measured in NaCl
solution. This is associated to a shift of the corrosion potential in the negative
direction indicating a cathodic protection mechanism for Ce diphenylphosphate
(Fig. 4.12b). The inhibition is confirmed by the observation of the sample mor-
phology after potentiodynamic polarization (Fig. 4.12a). The inhibition is attributed
to the formation of a protective film of Ce diphenylphosphate over the substrate.
The inhibitor preferentially deposits at electrochemically active intermetallics with
cathodic behavior. It is reported that the inhibitor undergoes hydrolysis at the
cathodic sites leading to the formation of Al/Ce bimetallic bonds between the Al
substrate and the inhibitor. This results in the formation of an insoluble protective
film that induces the inhibition of the oxygen reduction reaction (cathodic reaction)
[13]. It is also possible that the deposition involves the Al matrix for longer
immersion times in the inhibitor solution leading also to an inhibition effect on
anodic reactions [13].

The same inhibition mechanism of Fig. 4.12 is reported for triazole derivatives
employed for corrosion protection of aluminium alloys [16]. Figure 4.13a shows the
potentiodynamic polarization curves recorded in 3.5 % NaCl solution for
AA2024-T3 with different additions of triazole. Figure 4.13b proves that the main
effect of the triazole is the inhibition of the oxygen reduction reaction leading to the
reduction of the corrosion current density and the shift of the corrosion potential in
the negative direction. Triazole derivatives adsorb preferentially at cathodic sites
(intermetallic compounds rich in Cu) in AA2024-T3 inhibiting the cathodic reac-
tion [16]. In addition, a possible effect on the anodic reaction due to the deactivation
of cathodic sites that reduces the susceptibility to pitting was reported [17]. This
effect is not visible in the potentiodynamic polarization curves shown in Fig. 4.13.

4.3.2.4 Passivation

Passivation is a typical mechanism for corrosion inhibitors in neutral solutions. In
this case, the passivation of the metal surface can be induced by oxidizing species
like chromates, nitrites, nitrates and molybdates. In the case of a passivating metal
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Fig. 4.12 Potentiodynamic polarization curves (potential vs. current density) and optical images
of the samples after polarization (a) for AA2024-T3 in 0.1 M NaCl solution and in the presence of
200 ppm Ce diphenylphosphate inhibitor (Ce(ddp)3) [14]; and schematic representation of the
effect of Ce diphenylphosphate inhibitor on potentiodynamic polarization curves (current density
vs. potential) (b)
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Fig. 4.13 Potentiodynamic polarization curves (potential vs. current density) for AA2024-T3 in
3.5 % NaCl solution polarization and in the presence of 200, 500, 1000 and 2000 ppm triazole
inhibitor [16] (a); and schematic representation of the effect of triazole on potentiodynamic
polarization curves (current density vs. potential) (b)
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like stainless steel, the anodic branch of the potentiodynamic polarization curve can
be divided in three regions: active, passive and transpassive (Fig. 4.14a). In the
active region, the current density increases with increasing the potential. In the
passive region, the current density remains low and does not significantly change
the potential. The transition from the active to the passive region is usually char-
acterized by 103 or higher reduction in current density. In the transpassive region, a
marked increase of the current density is observed due to passivity breakdown.
Figure 4.14 schematically shows the effect of the addition of oxidizing species on
the electrochemical behavior of a passive metal. If the metal is in the active region,
the addition of the oxidizer induces an increase of the cathodic partial current
density leading to a shift of the corrosion potential from the active region to the
passive region of the anodic branch of the polarization curve (Fig. 4.14a). The shift
of the corrosion potential in the passive region of the anodic branch is associated
with a strong decrease of the corrosion current density due to passivation of the
metal surface, as shown in Fig. 4.14a. It should be noted that a further addition of
oxidizing species might shift the corrosion potential in the transpassive region
leading to a strong increase of the corrosion current density (Fig. 4.14b).

Chromates and nitrites are the most efficient oxidizing inhibitors for ferrous and
nonferrous substrates. The mechanism of inhibition of these compounds is based on
their ability to promote or strengthen passive behavior in the metal substrate.
However, these compounds present severe environmental and health issues, which
has driven research activities in the development of environmentally friendly
alternatives. In the case steel, the chromates maintain iron in the passive state
preventing the breakdown of the passive layer leading to localized attack. The
chromates have been extensively described in literature for iron substrates [2, 18–
20]. According to the work reported by Brusher et al. [18–20], the inhibition by
chromates is based on the uptake of Cr on the iron surface leading to the deposition
of a monolayer of Cr compounds. This was considered as an irreversibly adsorbed
monolayer at the oxide/solution interface. Issacs et al. [21] proved that the Cr
uptake on the metal substrate is the result of cathodic processes, which compete
with oxygen reduction. Accordingly, the formation of a layer of Cr compounds is
attributed to these cathodic processes rather than to the growth of a passive oxide
film as initially proposed by Brusher et al. [18–20]. Therefore, it was concluded that
the adsorption of chromates on the oxide is very weak. It is possible that the
chromate ions are incorporated in the passive film, especially in solutions with high
concentration of chromates. The structure of the passivating film determines a
complex inhibition mechanism which is based on different contributions in the case
of Fe substrates. The chromate ions might retard the dissolution of Fe preventing
the breakdown of the passive film. An additional contribution to passivation is
given by competitive adsorption of chromate ions with aggressive ions like chlo-
rides strongly reducing the concentration of aggressive species at the
metal/electrolyte interface. In addition, the existence of adsorbed chromate ions
might promote the healing of the passive film at the sites where film undermining
takes place. The repair of the weak spots can be promoted by the formation of a
new passivating film of iron oxide at the location of the weak spots. In addition, the
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Fig. 4.14 Effect of an oxidizing inhibitor on the partial electrochemical reactions in the Evans
diagram of a passivating metal: shift of the cathodic reaction in the passive region (a) and in the
transpassive region (b)
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healing might be due to the reaction of dissolving iron with the adsorbed chromate
compounds leading to the formation of insoluble products with a plugging effect.

Chromates are employed as inhibitors also for nonferrous materials. As an
example, chromates are extensively employed for corrosion inhibition of high
strength aluminium alloys [22]. The mechanism of inhibition for aluminium alloys
is based on the behavior of Cr6+ oxoanions that are reduced to Cr3+ anions at the
sites of localized corrosion. The reduced species are adsorbed on the metal surface
inhibiting the cathodic reduction of oxygen. In addition, chromates inhibit pit ini-
tiation at second phase particles (intermetallic compounds), which are initiation
sites for localized corrosion (pitting). Moreover, the chromates modify the chemical
composition of the oxides and intermetallic phases by adsorption and buffering. The
adsorbed chromates limit the adsorption of chlorides, which promote the break-
down of the passive oxide layer. Based on the inhibition mechanism, it is generally
recognized that inhibition of Al by chromates is due both to the inhibition of the
oxygen reduction (cathodic inhibition) and inhibition of Al dissolution delaying the
onset of pitting (anodic inhibition). Figure 4.15a displays cathodic potentiodynamic
polarization curves of AA2024-T3 in 1 M NaCl solution and with different addi-
tions of sodium dichromate, as reported in Ref. [23]. The addition of chromate
species to the neutral solution induces a marked reduction of the cathodic current
density (Fig. 4.15b). The oxygen reduction reaction, taking place at potentials
between −600 mV versus SCE and −1200 mV versus SCE, is strongly inhibited by
the addition of chromates. In addition, it can be observed that the same effect is
recorded for the hydrogen and water reduction reactions, which occur at potentials
more negative than −1200 mV versus SCE. In AA2024-T3, the inhibition effect of
chromates on the cathodic reaction is mainly related to the reduction of Cr6+ to Cr3+

at the sites of Cu-containing intermetallics, which support the cathodic reactions.

Fig. 4.15 Cathodic potentiodynamic polarization curves of AA2024-T3 in 1 M NaCl solution
with addition of sodium dichromate [23] (a) and schematic representation of the effect of sodium
dichromate on the cathodic potentiodynamic polarization curves (b)
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The reduction reaction involving the chromate species leads to the formation of
adsorbed compounds that strongly inhibit the cathodic reaction [22]. The chromates
might display a modest anodic inhibition in the case of aluminium alloys [22].
A shift of the breakdown potential in the positive direction is reported as the main
effect of chromates on anodic polarization curves of pure aluminium in neutral
0.5 M NaCl solution [24] (Fig. 4.16).

4.3.2.5 Synergistic Effect of Mixtures of Inhibitors

Mixtures of corrosion inhibitors might provide a synergistic effect that can
strengthen the protection of the substrate by combining different protection
mechanisms. As an example, Fig. 4.17 shows the synergistic effect of sodium
carboxylate and tolutriazol on zinc corrosion. Figure 4.17a displays the potentio-
dynamic polarization curves for Zn in an aggressive electrolyte (ASTM D 1384-87
solution) with addition of sodium heptanoate, tolutriazol, and mixtures of these
inhibitors. Tolutriazol is a triazol derivative that forms a complex polymer film on
zinc providing cathodic protection with the inhibition mechanism described in
Fig. 4.13b. As it can be seen in Fig. 4.17b, tolutriazol strongly inhibits the cathodic
reaction on zinc, while it has only a small effect on the anodic reaction. This results
in a strong decrease of the corrosion current density and in the presence of a very
small passive range. Sodium heptanoate is a carboxylate compound that provides
anodic inhibition with the absorption mechanism discussed in Fig. 4.9b. The effect
of this inhibitor is on the anodic reaction with no effect on the cathodic reaction, as
it is shown in Fig. 4.17c. In particular, the potentiodynamic polarization curve
recorded in the presence of sodium heptanoate exhibits an extended passive range.
Figure 4.17d schematically represents the effect of the mixture of tolutriazol and

Fig. 4.16 Potentiodynamic polarization curves of pure aluminium in 0.5 M NaCl solution with
different additions of chromate anions [24]
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Fig. 4.17 Potentiodynamic
polarization curves a of zinc
in ASTM D 1384-87 solution
(148 mg l−1 Na2SO4, 138
mg l−1 NaHCO3 and 165
mg l−1 NaCl) (curve a) and in
the same electrolyte with
addition of 1 g l−1 of
tolutriazol (curve b), of
0.05 mol l−1 of sodium
heptanoate (curve c), of
0.05 mol l−1 of sodium
heptanoate + 0.25 g l−1 of
tolutriazol (curve d) and
0.05 mol l−1 of sodium
heptanoate + 1 g l−1 of
tolutriazol (curve e) [25];
schematic representation of
the effect of sodium
heptanoate (b), of tolutriazol
(c) and of the mixture of these
inhibitors (d) on
potentiodynamic polarization
curves
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sodium heptanoate inhibitors. The potentiodynamic polarization curve recorded in
the presence of the mixture of the inhibitors display a marked reduction of the
cathodic current density and passive behavior in the entire anodic branch. This
behavior is attributed to the synergistic effect of the inhibitors with tolutriazol
mainly affecting the cathodic reaction and sodium heptanoate preventing Zn dis-
solution. It should be noted that the synergistic effect is evident by the strong
reduction of corrosion current density in the presence of the mixture of inhibitors. In
particular, this is lower than in the presence of the single inhibitors.

4.3.3 Gas Phase Inhibitors

4.3.3.1 Volatile Corrosion Inhibitors

Volatile corrosion inhibitors are mainly employed for temporary protection from
atmospheric or gaseous corrosion [26, 27]. The packaging industry is an application
field for this type of inhibitors. In addition, volatile corrosion inhibitors are often
employed in closed environments like containers or boilers. Volatile inhibitors are
typically organic compounds with low molecular weight and high vapor pressure.
These include aliphatic, aromatic, cyclohexylamines, aminonitrobenzoates and
heteroalkylated lower amines. The volatile inhibitors are transported by
volatilization from a source to the metal substrate. The inhibitor can be adsorbed on
the metal surface from the gas phase reducing the corrosion rate with an
adsorption-based inhibition mechanism. The protection can be strengthened by the
formation of an hydrophobic film, as in the case of amine-based inhibitors [28]. The
protection by volatile corrosion inhibitors requires that the vapor pressure is suf-
ficiently high to provide an adequate transfer of the inhibitor to the metal surface.
This will guarantee that the concentration of the inhibitor at the site of corrosion is
maintained high enough to ensure durable protection. Moreover, the efficiency of
the inhibitor is related to the distance from the source and to the accessibility of the
metal surface. The adsorption-based mechanism leads to inhibition of the anodic
processes due to blocking of the anodic sites. This is similar to the protection
mechanism discussed for the adsorption in neutral environments. In some case, it is
possible to observe a synergistic effect of the inhibitor on both anodic and cathodic
processes [26].

Figure 4.18a shows the potentiodynamic polarization curves of brass in simu-
lated atmospheric water with and without 3-bis-diethylamino-propan-2-ol volatile
corrosion inhibitor, as reported in Ref. [29]. The anodic branch of the potentio-
dynamic polarization curves is strongly modified by the addition of the volatile
inhibitor, while the cathodic branch is not affected. Figure 4.18b shows that the
inhibition of the anodic reaction is due to passivation, which is related to
the adsorption of the inhibitor on the brass surface. The adsorbed inhibitor blocks
the active sites reducing the anodic current density and shifting the breakdown
potential in the positive direction.
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4.3.3.2 Migrating Corrosion Inhibitors

Migrating corrosion inhibitors are employed for the protection of embedded steel
rebar in concrete structures [30]. These migrating agents are able to penetrate into a
concrete structure and protect the steel from corrosion due to chloride attack. The
migration of the inhibitor takes place by diffusion in the liquid phase and in the gas
phase. The liquid diffusion occurs via the moisture that is always present in concrete
structures. The diffusion in the gaseous phase is due to the high vapor pressure of
the inhibitor, as considered in the case of volatile corrosion inhibitors. Moreover,
the diffusion is favored by the capillary structure of the concrete (porosity) and by
the presence of microcracks. Migrating corrosion inhibitors are usually based on
amino carboxylate chemistry. These can be incorporated as an admixture or can be
surface impregnated on existing concrete structures. The migrating agents might
affect both anodic and cathodic processes.

Figure 4.19 shows an example of the use of migrating corrosion inhibitors for
the protection of steel rebar in concrete structures, as reported in Ref. [30]. The
potentiodynamic polarization curves were recorded on bare rebar in a saturate Ca
(OH)2 solution containing chlorides (2000 ppm NaCl) and different concentrations
of migrating agents (Fig. 4.19a). It should be noted that this experimental test
enables only the study of the effect of the migrating corrosion inhibitor on the
electrochemical behavior of the substrate, while it is not able to provide information
on the migration of the inhibitor through the concrete structure. This was evaluated
by other experimental methods, which evidenced the formation of a protective film
on the steel rebar after impregnation of the surface of the concrete structure with the
migrating corrosion inhibitor [30]. The bare steel rebar exhibits passive behavior in
the alkaline Ca(OH)2 solution. The potentiodynamic polarization curve recorded in
the Ca(OH)2 solution containing chlorides retains this passive behavior but

Fig. 4.18 Potentiodynamic polarization curves of brass in simulated atmospheric water without
and with different concentrations of 1,3-bis-diethylamino-propan-2-ol volatile corrosion inhibitor
[29] (a) and schematic representation of the effect of the inhibitor on potentiodynamic polarization
curves (b)
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Fig. 4.19 Potentiodynamic polarization curves for bare steel rebar in a Ca(OH)2 solution, and in
the same solution with 200 ppm NaCl in the presence of different concentrations of amine-based
migrating corrosion inhibitor [30] (a) and schematic representation of the effect of the inhibitor on
potentiodynamic polarization curves (b)
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passivity breakdown (Eb) is observed at 350 mV versus SCE due to the onset of
pitting corrosion caused by chlorides. The addition of the migrating corrosion
inhibitor progressively shifts the breakdown potential in the positive direction. The
breakdown potential is 600 mV versus SCE with an addition of 2000 ppm
migrating corrosion inhibitor. This indicates that the substrate retains its passive
behavior in the presence of the inhibitor at higher potentials as compared with the
system without inhibitor. This is schematically shown in Fig. 4.19b, where it can be
seen that the inhibition is mainly due to a passivation effect related to the addition of
the inhibitor, while the cathodic processes are not affected by the inhibitor.
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Chapter 5
Formulating Surface Coatings

Dominic Richard Harris and Philip Casey

5.1 Introduction

Self healing in inhibitive paint coatings tends to mean both a functional repair (e.g.
smart ways of releasing inhibitors to stop corrosion) as well as cosmetic repair (e.g.
void filling for scratches by reforming ruptured binds). One strategy that has been
adopted to deliver these is the use of capsules that host or hold chemical moieties
that on release contribute functionally to the self healing mechanism or another
using nanoadditives for cosmetic protection or repair. Capsules can generally be
categorized by their chemistry (e.g. inorganic or organic) and in formulating them
into a surface coating they can generally be regarded in the same way an additive
such as a pigment is regarded. Consequently, consideration of both material and
production factors is important.

Inorganic “Capsules” covers materials that have been ion exchanged or have
absorbed or adsorbed inhibitors (see Chap. 8). For layered compounds such as
phyllosilicate and other clays, exfoliation and assembly into shell structures have
also been tried. Sol-gel approaches also provide a very large number of
possibilities.

Naturally occurring layered materials include zeolites, layered double hydrox-
ides (LDH)(hydrotalcites) and various clays that can provide either a layered or
tubular structure (e.g. Halloysite) (see Chap. 8). Manufactured materials include
mesoporous materials (i.e. materials with pores between 2 and 50 nm) which are
mostly oxides impregnated with inhibitors, inorganic oxyanions (vanadates, tung-
states) and organic compounds (thiol and Azo compounds particularly hetero-
cyclic). Exfoliated LDH may be used for both inhibitor as well as resin healing
agents.
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Organic “capsules” tend to be used more for healing of the paint resin, although
some mecaptans perform both functions. Polymer capsules include urea
formaldehyde and melamine and polyelectrolytes including conductive polymers
and polyanion/cations configurations (both resin and inhibitor) (see Chap. 8).

In this chapter, we consider coating formulations using pigmented coatings as an
illustrative case as these are the most widely used commercially and provide a good
basis on which to illustrate the guiding formulation principles pertinent to com-
mercial production of self healing coatings. Formulation is especially important
when taking an experimental outcome to commercial scale production and appli-
cation. In a simple sense, a coating is a suite of ingredients (pigments, fillers,
modifiers) held in a host matrix (polymer binder) which is applied to a substrate as a
liquid (aqueous or non-aqueous) but which subsequently transforms into a solid.

In the surface coatings industry, formulation is particularly important as it
determines not only final properties and attributes of the coating but also the manner
and ease with which a coating may be manufactured, applied and transformed into
its final form.

The most commercially relevant pigmented coatings are paints and printing inks:
paints require durability and serviceability while inks require brightness of colour
and suitability for their method of application. Architectural and decorative paints
are predominately applied by brush, roller or airless spray while industrial auto-
motive and aerospace coatings are applied by air-atomized spray, electrostatic
spray, dip, or electro-deposition.

The key steps in formulation include:

(i) Component selection
(ii) Formulation and Production
(iii) Application
(iv) Property Testing

Some/all of these steps may be iterative but all implicitly require an under-
standing of the interactivity of both materials and processes.

This chapter focuses on the first two of these steps and aims to provide a
consideration of

• Raw materials, composition and disperse phases.
• Methods of dispersing pigments
• The relationship between physico-chemistry and coating properties including

– particle size, opacity and colour strength,
– dispersion and colloidal stabilization,
– dispersants and the effect that particle size and surface area has on the

demand for dispersant,
– hydrodynamic volume and mobility

Methods of application and property testing are not specifically considered here
in any detail.
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5.2 Component Selection: the Composition of Paints

Paints are blends of components and formulating and producing them requires the
use of a large number of raw materials. In this regard, formulators live in a world of
tens of thousands of raw materials, with each type usually available from several
suppliers, in many grades with most, continually researched, developed and pro-
moted to provide the opportunity for a new or improved coating. For example, there
are over 400 varieties of titanium dioxide pigment alone, manufactured by about ten
manufacturers using different processes, a diversity of TiO2 composition, surface
coating, surface treatment and particle size, each aimed at specific markets and
applications. Similarly, there are over 350 varieties of acrylic resin dispersions with
a plethora of secondary additives or modifiers such as detergents and emulsifiers
[1]. The proliferation of raw materials is endemic to the industry and each new
material that is developed (whether pigment, resin or other) is initially targeted to
the application needs of the first customer. Subsequent development and refinement
find additional customers and consequently the number of available raw materials is
continually growing. The current catalogue is immense [2].

5.2.1 Resins

Polymer resins provide the essential properties and functionality for the utility of
the coating and are the basis for the particular “type” or “line” of coating and the
resin’s chemistry will be determinant in this regard. Increasingly, formulations are
based on aqueous rather than non-aqueous systems.

Generally, thermoplastic acrylic latexes predominate decorative coatings while
thermosetting acrylics and urethanes are used in automotive and aerospace. Epoxies
are used for infrastructure maintenance and nitrocellulose for wood finishing. The
generic chemistry of some of these are presented in Fig. 5.1.

In organic compounds, covalent or coordinate bonds between two atoms have
one or more pairs of shared electrons. During reaction, bonds are cleaved and
undergo scission either by heterolysis (one atom takes both electrons to become
negatively charged leaving the other positively charged) or homolysis (each atom
takes an electron to become a free radical).

In heterolysis, polymerization propagates via ‘step growth’ mechanisms (con-
densation) with all molecules steadily reacting (to full conversion) gradually
increasing molecular weight. Resins undergoing this process include polyesters,
alkyds (fatty-acid modified polyesters), polyurethanes, epoxies, phenoxies and
ketone/aldehyde (amino) resins. In coatings, such resins include heat cured ther-
mosetting amino and acrylics and the two pack curing of polyurethanes and
epoxies. The archetype alkyd resin dominating decorative paints in the 1950s and
1960s and still continuing to be widely used is based on a glycerol: phthalic
anhydride: safflower oil fatty acid (1:1:1 molar ratio).
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In homolysis, each atom accepts an electron to become a free radical. In poly-
merization of ‘ethylenically unsaturated’ monomers, these free radicals are gener-
ated by an initiator such as a peroxide or hydroperoxide. The rapid propagation of
few (initial monomers is a ‘chain reaction’ mechanism (free radical or addition) up
to termination and a final molecular weight. Such resins include hydrocarbons
(polyethylene, polypropylene), vinyl—PVC—polyvinyl acetate—(including styr-
ene), and acrylic resins polymethyl methacrylate, polyethyl acrylate, and in coat-
ings; autoxidation of alkyds, and hydroperoxide initiated curing of ‘polyester’
resins.

Degradation is the reverse of these reactions with acrylics in particular ‘unzip-
ping’ on the surface but not breaking down throughout, to shrink and crack, (e.g.
old house oil paint, exacerbated by the presence of oxidation catalysts such as
metals Co Mn) giving them advantageous durability.

Emulsion polymerized polymers, particularly acrylics, have dominated decora-
tive paints since the 1970s. Emulsion polymerization starts in water with a solution
of anionic surfactant (e.g. sodium lauryl sulphate which dissolves to form
nano-sized micelles where the hydrophobes aggregate together) plus a free radical
initiator such as persulphate. At elevated temperature, monomer (e.g. methyl
methacrylate, ethyl acrylate, perhaps styrene) is slowly fed into the stirred reactor
where it firstly forms droplets but then remarkably with very slight solubility in
water migrates/diffuses to the hydrophobic centre of the micelles, where with the
initiator begins free radical/addition/chain polymerization. With the incipient
polymer, the hydrophobicity/lipophilicity of the micelle increases to attract more
monomer. Additional surfactant (e.g. alkyl phenol 30 mol ethoxylate) aids the
micellar solubilization and acts as a latex post stabilizer. Under exothermic control,
polymerization continues to produce a solids loading of particles with 300 nm
diameter of about 40 wt% and with a relatively monodisperse molecular weight
(owing to confinement in the micelle).

O
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O

methyl methacrylate
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N
H

O

O

polyurethane linkage
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epoxide (oxirane)

Fig. 5.1 Generic chemical structures
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New and improved resins are being continually developed particularly for ser-
vice under extreme conditions and this is where self healing approaches comple-
ment and contribute to higher levels of performance.

5.2.2 Pigments

Pigments provide the “shades”/colours, or other variation, for each type/“line” of
coating: opaque for paint, bright shade for inks, anticorrosive for primers, matting
agents for low gloss, filling for surfaces.

Pigments, which are categorised by their Pigment Colour Number and Colour
Index Number [e.g. Titanium Dioxide: Pigment White 6 (PW6), Colour Index (C I)
77891; Copper Phthalocyanine Blue–Beta form: Pigment Blue 15:3 (PB15:3),
Colour Index (C I) 74,160], come in a broad range of colours with the final coating
colour often utilising mixtures of tinting pigments added to a pigment base (typi-
cally white) [3]. Pigments may be supplied either as a powder or in a dispersed
form.

5.2.2.1 White Pigments

Titanium dioxide (PW6) is the most widely used white pigment (typical particle
size 0.18–0.25 μm). It is extracted from ilmenite and in its rutile form has a very
high refractive index (RI = 2.6). At high solids loadings in a coating, light is
scattered from, rather than transmitted through, the coating thus promoting its
brightness and opacity. Zinc Oxide (PW4, particle size 0.2–0.3 μm) which has a
much lower refractive index (RI = 2.00) may also be used in paints. Both TiO2 and
ZnO are good absorbers of ultra violet light, However, they are very photoactive
and a coating will “chalk” on exterior exposure unless particles are coated with a
barrier such as silica. Consequently, they provide a dual function of enhancing
opacity while protecting the substrate from degradation by ultraviolet light.

Other “natural” white pigments used as functional fillers, “inert” or “extender”
(of opacity) pigments with larger particle sizes (1–15 μm) and lower refractive
indices (1.5–1.7) include dry ground sulphates (Barytes (BaSO4), PW21B], layered
silicates containing Na, Ca, Al, Mg [PW20 mica/feldspar, PW19 kaolin, PW26
talc], carbonates such as PW18 natural limestone/calcium carbonate/chalk and silica
[PW27]. As indicated in the introduction some of these may serve as carriers for
healing agents via absorption, surface adsorption or ionic exchange.

“Synthetic” white pigments with similar RIs to their natural counterparts include
precipitated calcium carbonate [PW18], aluminium silicate [PW19] and synthetic
“high brightness” kaolin (i.e. very white) [PW22], Blanc Fixe (precipitated BaSO4);
PW24 Al(OH)3; hydrated magnesium silicate Talc [PW26] and synthetic silica gel
[PW27].
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Zinc Phosphate [PW32] plus a range of other phosphates are used as “non toxic
anticorrosive pigment” in primers on metal surfaces coats.

5.2.2.2 Coloured Pigments

Inorganic coloured pigments range in colour across the spectrum. They are pre-
dominantly metal based compounds or complexes (predominantly transition metals
such as Fe, Co, Cr, Ni, Cu, Zn, Ti, V) that include variant oxides, mixed oxides,
titanates, chromates, sulphides, vanadates etc. Included in this category are black
pigments based on carbon (e.g. carbon black) and special effects pigments such as
pearlescent, fluorescent or heat reflective pigments.

The most common organic coloured pigments are the Azo pigments which are
made by diazotization of an aromatic amine. Their characteristic colours are due to
the azo (–N=N–) colour forming linkage and determined by the coupled organic
moieties. Other common pigments are those based on phthalocyanine (complexed
with metals). For a comprehensive list of pigments the reader is referred [2, 4–6].

5.2.3 Solvents

Solvents dissolve or carry dispersions of resins and are simultaneously used reduce
viscosity for ease of application and assist in the control film formation. The range
of chemicals that can act as solvents is broad. Water, of course, is the basis for
aqueous dispersions while organic solvents are used in non aqueous dispersions. An
example of the latter are the aliphatic hydrocarbons with aromatic content of 18 %
of white spirit (mineral turpentine) that dissolve alkyd resins typically used in
decorative coatings.

Historically, the glycol ethers such as Mono-Ethylene-Glycol-Ethyl-Ether
(MEGEE, originally called “Cellosolve”) and its variations of Methyl-, Ethyl-,
Propyl-, Butyl-; and Mono-, Di- and Tri- Ethylene Glycol, have been important
solvents, but are now found to be reprotoxic (hazardous to pregnancy) and are
limited in use [7]. The propylene glycol ether analogues, however, are accepted as
safe. Ketones and esters including acetate esters of the above glycol ethers are
important for epoxies and polyurethanes, whereas active hydrogen (–OH) solvents:
alcohols and glycol ethers are precluded by their reactivity. Aromatic toluene and
xylene contribute to solvency as co-solvents when used in conjunction with oxy-
genated solvents.

The solvent plays a key role in application. Solvents for spray are carefully
formulated with low boiling point (‘fast’) solvents for atomization while high
boiling point (‘slow’) and strong solvents (for good dissolution) are used to promote
flow and good film formation on the substrate surface. Fast aliphatic solvents
contribute to atomization. Neither alcohol nor toluene or xylene dissolve the lacquer
grades of nitrocellulose, but in combination they will dissolve them and thus
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alcohol is called a “latent” solvent. The term ‘lacquer’ refers to coatings drying
solely by the release of solvent (called ‘non-convertible’ i.e. a thermoplastic
coating) while the term ‘enamel’ means coatings which cure and cross link (by
autoxidation, heat, or reaction, called ‘convertible’ i.e. a thermoset coating).

The coatings industry is continually seeking ways to reduce or eliminate the use
of organic solvents and replacing them with aqueous based systems driven pre-
dominantly by environmental considerations.

5.2.4 Additives

Additives are ancillary materials that promote desired behaviour in formulations
and commonly include dispersants, surfactants and colloidal stabilizers. For
example, a ‘simple’ white aqueous acrylic paint requires a dispersant, a wetting
agent (for pigment wetting and wetting greasy surfaces), an anti-settling agent, a
defamer, a coalescent, a silicone additive for water resistance and organic liquids to
provide lap time and freeze-thaw stability. Other optional additives may include a
UV absorber, a cross-linker, additives for additional hiding power using vesiculated
or hollow beads, a biocide for in-can protection or for protection of the coating, a
perfume/reodorant, colour tinters to adjust colour and thickeners to provide control
of flow.

5.2.5 Encapsulated Liquids

Microcapsules containing flowable polymerizable liquids, ‘capsule-catalyst’ or
vascular; two pack/two component (known as 2 K) disperse phase e.g. epoxy and
amino precursors, or two component polyurethane, may be used in self healing
compositions. When the capsule is ruptured consequent of an external event (the
damage), the embedded disperse phase (two component healing agent) is released
such that they react and thus repair the damaged area [8].

5.3 Formulation and Production: Disperse Phases

Coating formulations are distinguished from other blended products such as
pharmaceuticals or chemical specialities by the presence of a continuous phase
(binders/resin/polymer dissolved in solvent) within which secondary phases are
dispersed (disperse phase(s)). Dispersing these phases is typically not a facile
process and careful consideration of both the processes and material requirements to
effect good dispersion is necessary together with an understanding of how these will
affect the final properties of the coating. It is not simply a matter of adding one
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component to the other. In paints, the most common approach to disperse pigments
is by the process of grinding and for specialty coatings, such as those related to
self-healing, this will also be important.

5.3.1 Grinding and Dispersing Pigments

Pigments and powders are incorporated into water, solvents and/or liquid resins by
‘grinding and dispersion’ processes which generally have two aspects: (i) mechan-
ical separation and comminution (size reduction) of particles and (ii) colloidal
stabilisation of the dispersion. Concurrent with the grinding process is the gener-
ation of new/fresh surfaces on the particles which are in turn amenable to chemical
modification to assist in the dispersion process.

Grinding is controlled by both intrinsic and extrinsic factors. Intrinsic factors
include such things as material chemistry, crystal structure, plasticity, ductility,
particle size and morphology, while extrinsic factors include grinding media size,
solids loading, the liquid medium, dispersing agents and the mill type, its opera-
tional parameters including temperature, grinding intensity and duration.

Most pigments are made by the manufacturer to a specific crystallite size
(typically 0.1–0.3 μm) that is optimal for high gloss, good opacity and light and
weather fastness. These properties are developed in dispersions by
reducing/eliminating the propensity of the solids to aggregate and agglomerate
which is a consequence of drying as the departing water/solvent leaves strong polar
forces on the surfaces. Highly transparent pigments are of smaller size (0.05–
0.08 μm) and many nanosized pigments, produced by proprietary methods, are
commercially available.

There is a broad range of batch and continuous milling and mixing equipment
that may be used to grind and/or disperse pigments in a host medium. The fol-
lowing section briefly overviews some of these and which are also illustrated in
Fig. 5.2.

5.3.1.1 Batch Ball Mills

Batch ball mills are rotating horizontal cylinders (suspended on axles in plant, or
sitting and running on a pair of rollers in the lab) that are ceramic or steel lined and
contain ceramic pebbles or steel balls as grinding media. Here comminution relies
on low frequency, high impact physical events and the predominating size reduc-
tion mechanism is material cleavage. These mills were the predominant grinding
machinery in the 1950s and 1960s, for grinding solvent borne paints typically
operating overnight (16 h).
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The “Attritor” is a stirred batch ball mill invented by Szegvari, now Union
Process, of Akron Ohio. Here stirrer tips speeds, which rotate at moderately high
speed, produce a regime of predominantly shear forces (rather than impact) and
comminution is effected by “attrition” rather than cleavage as is the case in ball
mills [9].

5.3.1.2 Continuous Mills

The first continuous mill was the “sand grinder” a continuous high-speed stirred
media milling in vertical cylinders developed by DuPont in the 1950s based on the

–

–

–

Fig. 5.2 Illustration of various types of ball mills
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observation that grinding in ball mills was more effective when smaller ball sizes
were used while accommodating the limitation of Stoke’s law, where settling
velocity is a function of the radius squared. Here, mill base was fed from a pump or
a pressure pot into the bottom of the cylinder in which rotor bearing discs stirred
small media (sand of about 0.8 mm diameter) with disengagement of beads from
the mill base via a screen at the top [10].

5.3.1.3 Horizontal Bead Mills with ‘Rotating Gap’

Later, machinery manufacturers built horizontal bead mills, with a rotor bearing
various shapes of discs, stirring beads of 2–5 mm diameter, and with “rotating gap”
bead disengagement. A disc on the end of the rotor shaft is adjacent to a similar
sized annular aperture at the endplate of the shell with an adjustable (*0.25 mm)
“rotating gap” to centrifuge and disengage the beads. The disadvantage of con-
tinuous mills (whether vertical or horizontal) is that the product can have a variable
size distribution. This is because the residence time of the particles in the mill varies
(some stay longer others exit more quickly) as a consequence of differences in fluid
flow patterns in different parts of the mill chamber [11].

5.3.1.4 Immersion Mills

New mill designs have overcome the above limitation by adopting more sophisti-
cated designs that simultaneously produce homogenous fluid flow regimes into and
within the milling chamber as well as producing greater milling efficiencies by
using a smaller milling chamber immersed in a larger chamber.

An example of this is a Basket Mill which combines expulsion and suction of the
mill base through the milling “basket” which is immersed in the mill base ensuring
that the entire base product passes through the grinding chamber many times during
the operation and is progressively uniformly processed. An elegant variant is the
immersion mill by Hockmeyer where the milling chamber (a basket) is immersed in
the mill base contained in a larger vessel or chamber such that high throughput
homogeneous fluid flows into and within the grinding chamber are promoted. These
flow regimes produce an increased grinding efficiency and by using a combination
of stationary and rotating pegs in the chamber aggressive shear zones are created
that produce fine product with a narrow size distribution [12].

Pigments may be milled with fine (0.1–0.6 mm) beads in production scale bead
mills made by high throughput, fine bead mills in which bead disengagement is
effected by centrifugation. There are laboratory scale mills of these brands.
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5.3.1.5 High Shear Rate Pre-milling

High speed mixing is performed in a regime that invokes high shear rates typically
using various rotor configurations at high speed. It differs from milling in that no
grinding media are used. High speed disc mixing began with the invention of the
Cowles Dissolver: a disc with peripheral sectors alternately bent up and down,
slightly inward from the tangent, rotating at the end of a shaft in the mill base at
25 m/s, inducing, in preferably dilatent millbases, high intensity mixing with
cavitation. High Speed Mixing is now widely used for premilling mill base for other
milling operations. Kinetic dispersers (Kady, Janke, Kunkel Ultra Turrax) have
high speed nested slotted rotors and stators. The Silverson homogeniser has a high
speed paddle rotor working inside a peripheral ring perforated with holes. There is a
great diversity of high speed homogenisers, particularly at laboratory scale [13].

5.3.1.6 High Shear Stress Milling

Sigma bladed or Z-bladed mixers are batch mills, usually jacketed for heating or
cooling, wherein two horizontal rotors, exchanging mill base between them, apply
high shear forces to the mill base. They are commonly used for high viscosity
slurries or dispersions. These mills have had the special application of “flushing”
where organic pigment filter-press cake (wet) is mixed with gradual additions of
resin into which the pigment transfers from the aqueous to the organic phase.
Separated water is poured off by tilting the mill, and finally the mill is closed,
heated via the jacket, and put under vacuum to remove all water. An advantage of
flushing is that it avoids the aggregation and agglomeration caused by drying
pigments to powder [14].

5.3.1.7 Testing the End Point

A simple but effective way of assessing whether a good dispersion has been
achieved is to typically use a Hegman gauge or a variant of it. A Hegman gauge is a
block of steel with one or two channels cut into it about 12 mm wide which taper
from zero to 100 μm depth [15]. A sample of mill base is placed at the deep end and
is scraped down the channels using a straight blade. A reading is taken where
significant “nibs”, “grits” or “seediness” appear. The fineness gauges are thus
reading the proportion of a small but significant population of larger particles.

Paint pigments ground to a particle size required primarily for matte finish have a
Hegman of *25 μm and for gloss a Hegman *12.7 μm. For viscous inks for
example the limit has been 5 μm or “off the gauge” where the National Printing Ink
Research Institute (NIPRI) production grindometer tapers from zero to 25 μm. More
modern measures of particles size such as Transmission Electron Microscopy
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(TEM), Scanning Electron Microscopy (SEM), X-Ray Diffraction (XRD) and light
scattering or photon correlation spectroscopy (PCS) may reveal, when the disper-
sion has been approved by the Hegman gauge, undispersed primary crystallites and
aggregates. Thus beyond the endpoint on a Herman gauge there is the possibility of
more effective grinding towards the primary crystallite size as provided by the
pigment supplier.

5.3.2 Colloidal Stabilization

Colloidal stabilization of the ground dispersion is necessary to prevent flocculation,
i.e. reversion to a loose association of particles called floccules in the dispersion.
A floccule behaves as a large but loosely held particle. Flocculation and undis-
persed agglomerates and aggregates are entirely counterproductive to all useful
properties of coatings. It is typically observed as the contraction of the flocculated
volume in a standing liquid leaving clear continuous phase, called syneresis, usually
at the top but it can be on the bottom depending on the density of the dispersed
phase. It is desirable to fully grind to provide for full deflocculation and colloidal
stabilization in the liquid phase and subsequently in the solid coating. Some resins
have adequate wetting and dispersion power, but improved dispersion and
deflocculation are usually achieved by the addition of dispersants.

5.3.2.1 Settling/Sedimentation

A flocculated dispersion settles quickly and softly (can be easily stirred), owing to
the large effective size of the floccules. A de-flocculated dispersion settles slowly
and the sediment is hard, owing to finer particles becoming more compact.
Formation of sediment may be ameliorated or prevented by using a higher viscosity
medium or by rheological yield value imparted by ‘antisettling’ agents. Thickeners
and rheology modifiers are added to achieve desired rheology typically using cel-
lulosics, modified clays or more recently acrylics and urethanes in the form of
associative thickeners which may be conveniently post-added and stirred into the
liquid. Settling can manifest as a real problem during long distance transport.

5.3.2.2 Miscibility

Miscibility must be perfect, regardless of the effectiveness of dispersants, to avoid
flocculation. One exception is that surfactants, which become concentrated at
particle-liquid interfaces, need not be entirely miscible. Prediction of miscibility and
compatibility was put on a quantitative basis by a classic article of Burrell
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“Solubility Parameters for Film Formers” [16]. Hildebrand and Hansen predict
solubility parameters using a 3D space based on the energy from dispersion,
intermolecular and hydrogen bonding between molecules such that the nearer
co-ordinates for molecules are in this space the more likely they are to dissolve into
each other [17].

5.3.2.3 Dispersants

Dispersing agents like polyacrylic acid are purely dispersant (by adsorption and
charge stabilization). Others reduce the interfacial surface tension making it easier
for dispersion to occur. Most are to some degree oleophilic and capable of surface
tension depression in aqueous systems spreading over and wetting pigment sur-
faces. Zinc soaps have been widely used in alkyd resin coatings (generally as a
grinding aid) to wet the surface and provide zinc to adsorb carboxylic resins and
dispersants. Speciality ranges of grinding aids and dispersants include copolymers
with pigment affinic groups (e.g. the Nuplex “Disperbyk” and “Byk”), low surface
energy siloxane, perfluoro alkyls) and high molecular weight polymeric dispersants
(Ciba “Efka” range) and others (Tego Dispers, Solsperse Hyperdispersants) to wet
surfaces and disperse particles.

Most pigments are crystalline with sharp edges which have higher surface
energy than the bulk of the crystals. These agents wet the crystals to benefit
grinding and prevent recombination. For example, the Solsperse hyperdispersants
demonstrate significant reduction in viscous inks processing owing to prevention of
recombination.

The level of dispersant, to gain perfect colloidal dispersion, is a critical
parameter which will vary according to particle size and surface area and is thus
determined by specific weight per surface area which may typically be 0.005–
0.01 g/m2

5.3.3 Modes of Adsorption of Surfactants and Dispersants
at Interfaces

When washing a piece of glass with ordinary soap (sodium palmitate) water wetting
occurs because the soap is surface-active i.e. the soap concentrates at the interface
between the glass and water. Because the palmitic hydrophobes (16 carbon alkane)
are non-polar with little attraction between them, they are repelled by the highly
polar and self attracting water and subsequently concentrate and spread at the
surface or interface. Thus the soap wets the surface with water and this typically
describes the normal adsorption process of soaps, surfactants and detergents [18].
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5.3.3.1 Acid–Base (Lewis) Interaction’ Adsorption/Chemisorption

If the piece of glass is washed in water with a cationic surfactant (e.g. lauryl
trimethyl ammonium chloride), the water beads and the surface will remain
non-wettable. This occurs because there is an acid–base (Lewis) interaction
between the lauryl trimethyl ammonium cation and the silicic acid groups of the
glass. Here the adsorption is the reverse of the above with the ammonium cation on
the glass and the hydrophobes oriented towards the water hence beading will occur.

5.3.3.2 Anionic Surfactants and Dispersants

Anionic stabilizers are used in aqueous compositions. In the US the de-facto
standard dispersant has been Tamol 731 (also known as Orotan) which is a sodium
(or ammonium) salt of a maleic anhydride copolymer, an anionic polyelectrolyte
which is highly carboxylated and has some wetting/surface tension depression
properties at 1 % aqueous solution. There are many other varieties of ionic stabi-
lizers: anionic such as alkyl sulphates, sulphosuccinates, sodium hexametaphos-
phate, and “ether” (ethylene oxide) sulphates or “ether” (ethylene oxide)
phosphates of alkyl or aryl polyethoxylates.

5.3.3.3 Cationic Surfactants

Lauryl trimethyl ammonium chloride and cetyl trimethyl ammonium bromide are
highly effective in comminution and stabilization of fine pigment particles. One
particular application of cationic surfactants is in bitumen/asphalt emulsions for
coating aggregate on roads.

5.3.3.4 Steric Enthalpic Stabilizers

“Enthalpic” is the classification for non-ionic surfactants (ethoxylates) because their
thermodynamic stability comes from heat of hydration necessary to remove water
on collision with the hydrated polyethylene oxide sheaths. Steric stabilizers for
aqueous compositions are most particularly the ethylene oxide condensates of a
variety of hydrophobes. The most popular were the ethoxylates of nonyl phenol and
of the less biodegradable octyl phenol. Environmental concerns about the lack of
sufficient biodegradability and thus toxicity has prohibited the use of ethoxylates of
alkyl phenols in detergents. Fatty alcohol (alkyl) ethoxylates, particularly lauryl and
decyl, may be used as they are biodegradable, but have diminished effectiveness.
Ethoxylates are also notable for their inverse solubility with temperature and the
“cloud point temperature” is used to control the endpoint of ethoxylation due to
temperature dependent hydrogen bonding.
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5.3.3.5 Entropic Stabilizers

Solsperse Hyperdispersants are an effective invention of predominately entropic
stabilizers. They were invented within what was ICI Dyestuffs Division and are
excellent for low to moderately polar systems including aliphatic, aromatic (partic-
ularly solvent gravure), esters, ketones, and glycol ethers. They comprised a variety
of solvatable polymeric chains combined with a variety of ‘anchor’/‘pigment-affinic’
groups which adsorb by Acid–Base (Lewis) Interaction (chemisorption).

The first member was Solsperse 3000 which has a carboxyl group suitable for
attaching to basic pigments, particularly Calcium Rubine 4B Toner, Pigment Red
57:1, Colour Index 15,850:1, the predominant magenta pigment for trichromatic
‘process’ printing (Cyan, Yellow and Magenta). In the range there are a variety of
anchor groups and a variety of solvatable groups which are suitable for most
combinations of pigment and solvent. There are also two ‘synergists’ to precoat
specific pigments for the Acid–Base (Lewis) Interaction of other appropriate
Solsperses.

5.3.3.6 Polymer Resin Dispersancy

In solvent borne-coatings the polymeric resins themselves may have adequate
wetting and dispersion properties for the colloidal stability of the suspended pig-
ments. Alkyd resins have free hydroxyl and carboxyl groups and solvatable chains
of fatty acids on polyester. Straight polymethyl methacryate (PMMA) has poor
dispersancy. Acrylic resins, both solvent borne (thermoplastic and thermoset) and
aqueous acrylic dispersions, are made with small proportions of carboxylic acid
co-monomer to assist adsorption onto the pigment surface and provide colloidal
stability.

5.4 Developing a Formulation

Factorial experiments are efficient because they simultaneously measure the effect
of several factors, and their interactions, with replication and without wasteful
repetition. In developing a formulation, Two level, multi factor experiments can be
very useful; the number of experiments being 2n where n is the number of factors.
Factorial experiments may be used for optimizing the formulation for performance
and cost and for discovering preferred ranges for exemplification in patents or for
troubleshooting performance problems (e.g. solvent boil—bubbles in hot weather
on sprayed automotive lacquers). There are many textbooks on Experimental
Method and Process Optimization from [19–23].
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Typically, experimental formulations are advantageously drafted in a spread-
sheet where the left hand vertical columns list ingredients with the right hand
columns contain the quantities of the ingredients and pertinent formulation
descriptors or properties (e.g. v/v ratio, density etc.). This format conveniently
allows all kinds of variations based on different raw materials across the pages, and
is suitable for factorial experiments.

Coating formulae list ingredients with quantities by weight fraction or per-
centage adding up to unity or 100 respectively. This format may be easily ‘ex-
tended’ by multiplying by a factor to yield the required scale up of quantities for
preparation or manufacture. Master spread sheets can be used to calculate the
volume relationships: volume solids and pigment volume concentration, with
costing, manufacturing instructions and testing instructions.

Relative volumes of the continuous and dispersed phases are most importantly
calculated, both as liquid and dried solid, by spreadsheet. Experimental variation
can proceed informed by the observable effect of pigment volume concentrations on
properties. From volumes, and measurement of particle size, surface areas may be
calculated which are important to determine (1) the level of dispersant and (2) the
rheology of the dispersion via the thickness of the adsorbed barrier.

Formulations may be usefully managed and recorded in the following of
manner:

A spread sheet should be able to calculate and provide:

• 100 % total by weight
• Volumes of ingredients (from density and weight)
• Density of the liquid formula determined from those of the ingredients (kg/L,

Weight per Litre test)
• The total weight of solids and volume of solids of the liquid dispersion. The

pigment weight content and pigment volume content of the liquid dispersion;
• The levels of additives and of binder on the pigment in pph w/w and v/v;
• Pigment weight content of the solid coating (PWC) and
• Pigment volume content of the solid coating (PVC)
• Costs and Values Columns of raw materials to calculate total cost may be

included.
• Manufacturing instructions.
• Testing/characterisation instructions

“Extensions” multiplying by a factor the 100 % or unit total by weight, to
required batch sizes.

Table 5.1 presents an illustrative example of an aqueous based formulation
containing two dense pigments (Pigment 1 density = 4.8 g/cc, Pigment 2 den-
sity = 2.94 g/cc) have differing concentrations by weight and volume (30.4 and
17.7 %) and which contains a dispersant, a stabiliser (alkaline), the resin base (40 %
non volatiles) and make up water.
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5.5 Summary

Self healing coatings have considerable technological and industrial potential for
application across a number of sectors. To assist easy entry into the market place,
self healing function needs to be incorporated or formulated into a coating in a
manner typical to the coatings industry. This requires an understanding of what
material considerations are important in formulating a commercial coating for easy
deployment and application performance. This chapter has provided a brief guide to
some of these considerations particularly in relation to component selection, for-
mulation and production. It hopefully has provided the reader with an appreciation
of the complexity that may arise when producing a formulation and reinforced the
notion that it is not simply a matter of adding one component to another to produce
the coating. It has not focused on any specific self healing agents but rather taken an
overview using pigmented coatings as a model illustrative system and that subse-
quently the reader is better equipped to address the challenges in taking a self
healing coating concept from the laboratory to a higher level of technology
readiness.

To this end the main points of the chapter are that:

• Paints are blends of components and formulating and producing them requires
the selection and use from a large number of raw materials.

• Polymer resins provide the essential properties and functionality for the utility of
the coating.

• Polymerization propagates via either (i) ‘step growth’ mechanisms (condensa-
tion) with all molecules steadily reacting (to full conversion) gradually
increasing molecular weight or (ii) a ‘chain reaction’ mechanism (free radical or
addition) with the rapid propagation of few initial monomers up to termination
and a final molecular weight.

• Pigments may be inorganic, used for hiding/opacity, as fillers, and for anti-
corrosive properties or they may be organic used for colour.

• Solvents and additives, in addition to polymer resins and pigments, are major
components of coatings. Dispersant additives are particularly important for
providing, in both liquid and solid phases, colloidal stability.

• Formulation may be assisted by preliminary factorial experiments.

A formulation is better understood and managed when the volume relationships
(such as pigment volume concentration PVC) are calculated on a spread sheet.
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Part II
Advances in Active Protective Coatings



Chapter 6
Fostering Green Inhibitors for Corrosion
Prevention

M.F. Montemor

6.1 Introduction

Inhibitors are chemical species that can interact with a metallic surface in a way that
the result is the decrease of the corrosion activity and corrosion rate. Classification
of corrosion inhibitors have been the subject of some controversy. However,
nowadays, inhibitors are commonly grouped according to their mechanism of
inhibition as follows: anodic (or passivating) inhibitors, cathodic inhibitors, mixed
inhibitors and volatile corrosion inhibitors.

Passivating inhibitors (also classified as anodic inhibitors) are in general oxidizing
substances that when above a certain critical value, provide corrosion protection due
to one (or more) mechanisms: (i) ability to shift the corrosion potential towards more
positive values, forcing the metallic surface into the passive range; (ii) stabilization of
passive oxide layers; (iii) repair of damaged protective (namely oxide) layers;
(iv) Enhancement of the passive ability by incorporation of species into the passive
layer; (v) decrease of the probability of absorption of aggressive ions, such as chloride
ions. Well known examples of passivating inhibitors are chromates, nitrites and
molybdates. These inhibitors are stable in various pH ranges, being quite effective in
near-neutral solutions, forming sparingly soluble corrosion products, such as oxides,
hydroxides, or salts, which are protective in various surfaces.

Cathodic inhibitors either slow down the rate of the cathodic reaction or,
selectively, precipitate at the cathodic areas, where the pH increases due to hydroxyl
release, raising the local impedance and hindering the diffusion of reducible species
into these areas. These inhibitors work by different mechanisms that include:
(i) decreasing of the reduction reaction rates (cathodic poisons); (ii) selective pre-
cipitation on the cathodic areas (cathodic precipitators). Oxygen scavengers are
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often classified as cathodic inhibitors. Well known example are rare-earths, namely
the cerium cation that is able to form hydroxides or stable oxides on the cathodic
areas [1, 2].

Mixed corrosion inhibitors are mainly organic compounds that can be neither
classified as cathodic nor as anodic inhibitors, because they affect both processes.
However, many of these are more effective in hindering one redox reaction,
comparatively to the other. The effectiveness of mixed corrosion inhibitors is
controlled by their ability to adsorb on metal surface and by the subsequent degree
of coverage. This process strongly depends on the chemical composition and
structure of the inhibitor and metallic surface morphology, roughness and com-
position. Typically mixed corrosion inhibitors work by physical adsorption,
chemisorption and formation of stable surface layers. Whatever may be the
mechanism of adsorption, the electron density of the functional groups, polarizing
ability and electronegativity are important parameters that control the inhibition
efficiency. Several organic inhibitors show ability to inhibit both the anodic and
cathodic processes. For example 8-hydroxyquinoline, salicylaldoxime and quinal-
dic acid form insoluble chelate layers that impede chloride adsorption on the
metallic surface. Concerning the localized corrosion of AA2024 in the presence of
chlorides, these inhibitors act by chemisorption and formation of complexes on the
Al surface, including over the reactive intermetallics and hinder the corrosion
process, reducing the rate of the anodic and cathodic processes [3]. Volatile cor-
rosion inhibitors (VCIs), also called vapor-phase inhibitors (VPIs), are normally
used in closed environments. They are expected to disperse and, when in contact
with the metal surface, the vapor of these inhibitors (typically salts) condenses and
reacts with moisture producing protective species. Amine based compounds are
commonly used as VCIs. Over the years, the field of usage of VCIs has widened,
now covering electronics, packaging, process industries, reinforced concrete,
coatings and metalworking fluids.

Corrosion inhibitors can be applied to hinder all corrosion forms in a wide array
of environments. However, the selection and application of a corrosion inhibitor is
an extremely complex process, greatly influenced by the environmental parameters,
aggressive agents, forms and mechanism of corrosion and other factors, that alto-
gether govern the corrosion process and determine the inhibitor efficiency.
Moreover, the choice is also greatly influenced by external factors such as regu-
lations that limit the choice because of toxicity risks, disposal, health issues and
environmental impact. Well-known is the actual legislation that has been created to
replace inhibitive species containing hexavalent chromium compounds, which are
known to be carcinogenic and non-environmentally friendly. The same trend is
currently applied to some conventional organic inhibitors and, therefore there is an
increasing pressure on finding more environmentally friendly and effective corro-
sion inhibitors.

This chapter aims at reviewing the most recent trends in corrosion inhibitors
research for corrosion prevention of metallic parts. Thus, corrosion inhibitors of
different natures, with emphasis on inhibitors having a clear “green” label are
reviewed in this chapter.
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6.1.1 Importance of Corrosion Inhibitors

A particular advantage of corrosion inhibition is that it can be easily implemented
in situ, most of the times without disrupting the metallic application, and can be used
to control a wide range of corrosion processes. The major industries applying cor-
rosion inhibitors are the oil and gas industry, the chemical and petrochemical
industry, heavy industrial manufacturing steel industry, water treatment facilities,
mining, coatings industry and the product additive industries. The largest con-
sumption of corrosion inhibitors world over is allocated to the oil industry, particu-
larly primary and secondary production of oil and subsequent refining and transport
processes. Different types of corrosion can be found in oilfield onshore and offshore
under extremely aggressive environments that include high temperatures, high
pressures, high contents of CO2, H2S and chlorides. Therefore very effective mix-
tures, working efficiently in a wide range of environmental conditions are required. In
many cases, tons of inhibitors are used, and this demands very rigid regulations
concerning disposal and waste treatment. In the end, there is an important economic
impact in the operations cost. Therefore, there is a strong economic pressure driving
the search for more effective and environmentally friendly corrosion inhibitors.

In a wide array of technical applications, inhibitors are rarely used in the form of
single compounds. Currently, it is quite usual to employ formulations made up from
two, three or even more inhibitors. This need is justified by the fact that protection
provided by single inhibitors is only for a limited number of metals and that
protection of multi-metal systems requires the presence of more than one inhibitor.
Another reason is that more effectiveness can be achieved if, for example, both
anodic and cathodic reactions are inhibited, requiring inhibitors of the anodic and
cathodic types. Although this is a common procedure in many applications there is
still a lack of knowledge related to the inhibition efficiency, detrimental interactions
between inhibitors and optimal ratios in inhibitors mixtures. Some attempts are
being made to overcome this gap [4, 5]. The forecasts indicate that the inhibitors
market will increase in the near future mainly boosted by the economic growth of
emerging economies. In this sense, all knowledge contributing to new generations
of safe and effective inhibition systems is of utmost relevance.

6.1.2 New Trends Towards “Green” Inhibitors

Nowadays there is a growing search and demand for and the application of corrosion
inhibitors that are less toxic and biodegradable compared to traditional formulations.
Hence, “green” labeled corrosion inhibitors are attracting a lot of attention. These
inhibitors must display high effectiveness and improved environmental compatibil-
ity. Undoubtedly, these will be the ones most widely used in the future.

The employment of green eco-friendly natural molecules, extracted from leaves,
seeds, plants, biological systems and even from natural and synthetic drugs for
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example, are gaining large preference as corrosion inhibitors. If by one side these
molecules are safe, easy to apply and biodegradable, they also need to present low
cost and easy extraction from renewable sources. Thus, these compounds need to be
effective, but also competitive both from the economic point of view and envi-
ronmental friendliness. Abundance, renewal and bio disposal are the key for the
implementation of such inhibitors.

The action mechanism of a corrosion inhibitor depends upon its chemical nature.
For example, organic corrosion inhibitors (OI), when added in solution, adsorb on
the metallic surface by displacing the water molecules (and eventually aggressive
agents such as chloride ions) according to the reaction scheme depicted below.

OIðelectrolyteÞ þ nH2Oðads:Surf:Þ , OIðads:Surf:Þ þ nH2O electrolyteð Þ

In organic molecules, the presence of heteroatoms such as O, N, and S, which
possess higher electron density and act as active centers for physical or chemical
adsorption on the surface are the main reason for the inhibition ability of the
molecule. Other parameters governing the effectiveness of the corrosion inhibitor
include: the chemical structure of functional groups; the electron density at the
various donor atoms, the presence of π bonds, non-bonding p-orbitals and the
electronic properties of the molecule. All these factors contribute to the formation of
homogeneous chemically or physically adsorbed layers, or stable inhibiting com-
pounds, which are the key for an effective corrosion inhibition process. Therefore
the selection of the inhibitors, either natural or synthetic has to be carefully defined
in function of all the parameters that affect the inhibitor effectiveness. Most of the
time, in natural or biological inhibitors the challenge is to identify and to isolate the
active agents that present higher inhibition potential.

6.2 Biological Inhibitors

Biological inhibitors are species that are present in biological tissues and that are
being probed and evaluated as corrosion inhibitors. The border between biological
inhibitors and vegetable inhibitors is not precise. However, in this review, inhibitors
extracted from plants, seeds, roots and shells are classified as vegetables, and thus
discussed in the following section. The ones related with biological processes are
treated in this section.

6.2.1 Chitosan

Chitosan (CS), which is derived from the polysaccharide chitin, is well known as a
low cost, renewable marine polymer. The main source of chitin is the structural
components of the shells of crustaceans, such as shrimps, lobsters and crabs.
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Chitosan is one of the most abundant natural polymers next to cellulose. From a
chemical point of view, chitosan is essentially a linear copolymer of (1-4)-
2-amido-2-de-oxyd-glucan (glucosamine) and (1-4)-2-acetamido-deoxy-d-glucan
(N-acetylglucosamine). It can be produced from chitin by means of alkaline
N-deacetylation. Chitosan possesses unique physicochemical properties namely
biocompatibility, antimicrobial activity, biodegradability and excellent
film-forming ability. Indeed, it can be used to form thin coatings to protect metallic
surfaces. When chitosan is dissolved in dilute acidic electrolytes, the amine groups
are easily protonated and the additional positive charge confers a behavior that is
similar to that of some polyelectrolyte macromolecules. This chemical functionality
is extremely relevant when chitosan is used as corrosion inhibitor.

Another derivative of chitin is carboxymethyl chitosan that was tested as cor-
rosion inhibitor for mild steel. It was shown that the amino groups and the hydroxyl
ends can displace the chloride ions from the iron surface, thus providing corrosion
protection [6]. Moreover, it was demonstrated that this inhibitor forms a complex in
the presence of Cu2+. This compound provides additional corrosion inhibition of
mild steel in acidic environments like HCl electrolytes [7].

Fekry and Mohamed [8] synthesized acetyl thiourea chitosan in the form of a
polymer that was used to inhibit the corrosion processes on mild steel exposed to
acidic media. The results show that the corrosion rate increases when the temper-
ature increases and when the polymer concentration decreases. The inhibition
efficiency determined in a 0.5 M sulphuric acid solution reached 94.5 % for an
inhibitor concentration of 0.76 mM. The chitosan quaternary ammonium was also
tested as corrosion inhibitor for carbon steel in the same electrolyte with positive
results [9].

The corrosion inhibition ability of chitosan was also tested on stainless steel in
acidic media with relevant efficiency and acting mainly as an anodic inhibitor as
reported elsewhere [10].

Chitosan can inhibit corrosion of copper in acidic media, namely in HCl elec-
trolytes, and literature reports that chitosan acts essentially as a mixed-type inhi-
bitor, which follows a Langmuir isotherm. Moreover, by chemical modelling it was
found that the nitrogen and oxygen atoms in the chitosan molecule are the main
active sites that result in adsorption of chitosan on the copper surface as depicted in
Fig. 6.1 [11].

These works demonstrate that chitosan based compounds can be effectively used
to mitigate the corrosion activity on steel and cooper substrates exposed to acidic
environments. However, the mechanism is not clear. In some cases it is reported as
anodic inhibitor and in other cases as mixed corrosion inhibitor.

Chitosan, because of its molecular structure, has been used to prepare coatings
for corrosion protection of various metallic substrates. A protective coating for
AA2024 was composed of a chitosan-based pre-layer deposited onto the metal
surface followed by a barrier hybrid film. The chitosan layer could serve as
reservoir, where other corrosion inhibitors, such as cerium ions could be stored for
enhanced protection of AA2014. It was demonstrated that cerium ions form a
complex with the functional groups of the chitosan macromolecules, providing a

6 Fostering Green Inhibitors for Corrosion Prevention 111



prolonged release of the inhibiting species, on demand, as reported by
Zheludkevich et al. [12].

Anodized aluminium samples were dip coated into a chitosan–acetic acid
solution in order to form a surface coating with good adhesion to the anodized
layer. The film formation was successful and it presents protective behavior.
A reduction in the permeability of the chitosan film could be observed after
modification with copper cations. The increased inhibition efficiency is likely to be
associated with copper cross linking within the chitosan structure [13]. Chitosan
was used to synthesize an epoxy/chitosan cement slurry for cement oil wells [14].
The results underline the properties, including the corrosion protective features, of
the epoxy/chitosan-modified cement slurry and its potential to be used as an
environmental-friendly system for cementation of oil wells.

Given its biological nature, chitosan has been tested in the protection of metallic
materials for biomedical applications. A poly-ethyleneimine (PEI)/heparin coating
and chitosan/heparin coating was applied on NiTi alloy substrates using a
layer-by-layer method. Both the corrosion behavior and biocompatibility of the
coatings were studied. The results revealed that the biocompatibility of the
PEI/heparin coating was better than that of the chitosan/heparin coating as well as
that of the substrate [15].

Hydroxyapatite (HA)–chitosan composite coatings were deposited on AZ31 Mg
alloy substrate using aerosol deposition (AD) in order to improve both the corrosion
resistance and biocompatibility of bioresorbable AZ31 Mg alloys. The coating was
uniform and provided a dense barrier layer. The corrosion resistance of AZ31 Mg
alloy was increased by the HA–chitosan composite coating. In addition, the bio-
compatibility of the alloy was remarkably improved by the presence of the HA–
Chitosan composite coating [16].

Chitosan based coatings were also studied over biomedical stainless steel grades.
Electrophoretic deposition (EPD) was applied to deposit halloysite nanotubes
(HNT) and to fabricate composites of chitosan–HNT and chitosan–HNT–hydrox-
yapatite films on 316 stainless steels. The resulting composite films, revealed stable
properties and good biocompatibility, thus being promising materials for the fab-
rication of biomedical implants with advanced functional properties [17]. The lit-
erature demonstrates that chitosan has a high potential as corrosion inhibitor either

Fig. 6.1 The adsorption mode of chitosan onto the copper surface [11]
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in acidic media or neutral media in various metallic substrates and in various
applications. It can be used by direct addition to the electrolyte or to fabricate
functional or composite coatings. Furthermore it can be used to confine other
inhibitors or functional agents through a layer by layer approach in which the
protective species are stored between chitosan layers. It can also be used as surface
modifier of natural clays for improved corrosion protection.

Undoubtedly the potential of chitosan as a corrosion inhibitor is very high and its
abundance, low prices and availability, combined with its biological nature will
attract attention in the near future.

6.2.2 Aminoacids

Aminoacids are a class of molecules that can be classified either as biological or
natural. In this review it was decided to include them as biological molecules due to
its role in the biological processes. Aminoacids are abundant, not expensive and
easy to produce with a purity near 100 %. They contain heteroatoms and π-type
electrons that make these molecules potential corrosion inhibitors. Moreover, the
presence of amino groups that can be protonated, make the molecule able to interact
with metallic surfaces. In fact, the inhibition efficiency of different aminoacids was
compared and simulated by using computational tools. Quantum chemical studies
revealed that amino acids can interact with nickel surface in the protonated rather
than in the neutral state—Fig. 6.2 [18].

Aminoacids were tested as corrosion inhibitors for Cu and Ni alloys in neutral
electrolytes. These alloys are of extremely high industrial relevance since they are
used in power stations, boilers and heat exchangers. The problem is that they are
sensitive to corrosion mainly because of the circulating water. Aminoacids, espe-
cially glycine, are able to inhibit the corrosion processes of these alloys. The
mechanism of inhibition involves the adsorption of the amino acid on the active
corrosion sites and/or the deposition of corrosion products with the formation of a
3-D layer on the alloy surface as reported by Badawy et al. [19].

Copper is also susceptible to corrosion in the presence of sulphates. Therefore,
N-(5,6-diphenyl-4,5-dihydro-[1, 2, 4] triazin-3-yl)-guanidine (NTG) was evaluated
as a corrosion inhibitor for copper in the presence of sulphates. The aminoacid
derived compound provides corrosion protection of copper surfaces, acting by a
cathodic inhibition mechanism. The process was concentration dependent because
the thickness of the inhibiting layer increases as the concentration increases [20].
Effective corrosion inhibition was also observed for copper surfaces exposed to 3 %
NaCl. However, in such environment, the process was associated with a mixed
inhibitor mechanism [21]. The corrosion inhibition ability of various aminoacids
was assessed in different metallic substrates used in various technological appli-
cations. Aminoacids were studied as corrosion inhibitors of vanadium substrates. In
the presence of chlorides, the corrosion processes prevent the adsorption of the
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inhibitor molecules on the metallic surface and the corrosion processes could not be
effectively inhibited [22].

Lead alloys found several applications in energy storage (for example in tradi-
tional lead acid batteries) being exposed to acidic (H2SO4) electrolytes. In general
these alloys present significant corrosion resistance because lead can form thick,
homogeneous and insoluble surface films. However, the composition of these
products depend on the composition of the electrolyte and on the exposing envi-
ronment that may include several species such as sulphates, chlorides or oxides and

Fig. 6.2 Mechanism of inhibition by aminoacids and interaction with the Ni surface [18]
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carbonates, among others. Aminoacids such as cysteine, methionine and alanine
reveal good inhibition efficiency for lead alloys exposed to sulfuric acid. The
inhibiting effect is reported as dependent on the aminoacid concentration, tem-
perature and chemical structure of the inhibitor molecule. The inhibition effect
increased with concentration, but decreased with temperature, and involves the
heterogroups present in these molecules [23].

Aminoacids can be used to protect various metals but copper has been one of the
most studied. However, the existing literature is somewhat inconclusive and the
inhibition mechanism is controversial. In some cases the mechanism is attributed to
an anodic inhibition effect, whereas in other cases, the mechanism is described as a
mixed type one. However, it is conclusive that the process of inhibition involves
strong adsorption of the inhibitor and protection efficiency increases with the
inhibitor concentration.

Corrosion inhibition of mild steel in HCl environments was studied and syn-
thetic aminoacids were proposed as corrosion inhibitors. Olivares-Xometl et al.
applied different electrochemical, spectroscopic and microscopic techniques to
study the inhibition process. The study ranks the efficiency of various aminoacids
and discriminates specific features about the inhibition process of each one. The
results highlight some important findings that include: the presence of a phenyl ring
in tyrosine molecule supported electron retro-donation and consequently enhances
the chemical adsorption of molecules; the inhibition efficiency depends on the
length of the carbon chain, but decreases with temperature [24]. The role of the
heteroatoms is determinant on the inhibitor efficiency. XPS measurements revealed
that the N-containing groups present in some aminoacids are shifted to higher
binding energies as consequence of protonation and interactions with the steel
surface [25]. These findings support a mechanism involving a protonation, and
proves the formation of an adsorbed film on the metallic surface.

Cystein is one aminoacid that can be oxidized to cysteic acid. It can be used as
corrosion inhibitor in various substrates, mainly copper, but Silva et al. also studied
its efficiency against corrosion of 304 stainless steel in acidic media. However it
was found that in increased concentrations it activates the steel surface, whereas in
low concentrations the passive film was not disturbed [26].

Aluminium alloys are susceptible to pitting corrosion. The corrosion inhibition
ability of aminoacids to protect the AA 7075 in NaCl was investigated in detail by
Bereket and Yurt [27]. The number and size of pits was decreased in the presence of
glycine. A protonated form of the aminoacid molecule might be co-adsorbed on
AlCl4

− based compounds, which were formed by the complexing of aluminium
cation in oxide lattice with Cl− anions. The consequence is that it prevents diffusion
of AlCl4

−, which is the main responsible for corrosion.
The inhibiting role of aminoacids is associated with the protonation of amino

groups and to the presence of heteroatoms. The mechanisms are still controversial
and divergent but it has been reported that after physical adsorption of the inhibitor
molecule, there is an additional stage in which chemisorption occurs due to
chelation over the metallic surface. The heteroatoms present in the aminoacid
molecules may offer electrons to unoccupied d-orbitals of metals and accept the
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electrons in the d-orbitals of metals by using antibonding orbitals to form a feed-
back bond as reported elsewhere [28].

6.2.3 Other Biological Inhibitors

There are several biological molecules that have been tested as corrosion inhibitors.
Ascorbic acid is a biological like inhibitor, which has been reported as very effective
for inhibition of steel corrosion. The mechanism is based on the ability of this
molecule to induce early dissolution of Fe and formation of stable chelates, which
delay the pitting initiation phase. At sufficiently high concentrations the inhibitor also
delays the pit propagation phase [29]. One alkaloid called atropine can be found in
some seeds and can be used for medicinal purposes. However, because its molecule
contains some structural elements, such as one aromatic ring, carbonyl group and
oxygen atom, it gathers some of the basic requirements to be used as a corrosion
inhibitor. Raja et al. have tested it as corrosion inhibitor of mild steel in conditions
simulating H2SO4 production. The inhibition ability depends upon the concentration
and the mechanism involves adsorption and formation of a complex with the steel
[30]. Caulerpin is also an alkaloid present in some marine algae. The corrosion
inhibition effect studied in steel, in HCl electrolytes revealed that the efficiency is
dependent upon concentration and temperature [31]. Uracil is a compound that plays
important roles in biological activities and it is an N-heterocyclic compound.
Condensed uracil compounds, resulting from the fusion of a uracil moiety with a
pyran ring were studied as corrosion inhibitors for mild steel exposed to hydrochloric
acid. By using quantum chemical simulation tools it was possible to establish the
corrosion mechanism of this inhibitor (Fig. 6.3). The uracil compounds are proto-
nated in acidic environment. The results show the formation of a surface film that
follows a Langmuir isotherm that inhibits the corrosion process. The mechanism
involves the formation of complexes with steel. When H2 is released, the inhibitor
returns to its neutral formula and the heteroatoms, which possess a free lone pair of
electrons, promote chemical adsorption over the steel surface. The accumulation of
electrons on the metallic surface turns it more negative, forcing the metal to transfer
electrons from the d-orbital of Fe to a vacant π* (antibonding) orbital of uracil
(backdonation). This process strongly enhances the process of adsorption on the Fe
surface and the formation of the protective layer [32].

A mussel protein obtained from the marine mussel Mytilus edulis, has drawn
attention for its adhesive and corrosion protective properties as reported by Zhang
et al. [33]. The adsorption of the protein was studied by AFM and the corrosion
inhibition efficiency by electrochemical methods on steel surfaces exposed to NaCl
electrolytes. The AFM observations showed that the protein film formed on the
carbon steel surface is not homogeneous, presenting defects and/or large aggre-
gates. It was expected that the mussel protein could form a surface layer by
complexing with Fe3+ ions. Thus, in the defect sites there is formation of
agglomerates, where the protein is able to complex with Fe2+ and Fe3+. This process
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slows down the inhibition efficiency at early stages of exposure in the aggressive
solutions. The efficiency is similar to that of Bovine serum albumin.

Another class of biological inhibitors worthy of notice are the peptides (short
chains of amino acids linked by amides). Like the aminoacids these compounds
have interesting functionalities that make them suitable to be used as corrosion
inhibitors. Abed et al. reports the use of Boc–Phe–Met–OCH3 (where Boc is a
blockage agent, tert-butoxycarbonyl; Phe is phenylalanine and Met is methionine)
as corrosion inhibitor for brass in 0.5 M nitric acid solution. The inhibition effi-
ciency increases with the inhibitor concentration but decreased with temperature.
The mechanism is essentially cathodic and involves the adsorption of the molecule
on the brass surface, forming a barrier film [34].

The wide range of biological species that can be used as corrosion inhibitors is
too wide to be fully covered. However, the most important features for increased
inhibition efficiency and the main aspects governing the corrosion inhibition
mechanism of the most common biological inhibitors are highlighted in the various
works referred above.

6.2.4 Bacteria and Fungi

Living organisms are generally considered harmful when in contact with metallic
substrates because they are likely to provoke corrosion. Microbiological induced
corrosion is a well-known problem, well documented and with terrible implications

Fig. 6.3 Scheme showing the adsorption and inhibition mode of uracils on mild steel plates
immersed in 1 M HCl [32]
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in structural materials. However, there have been a few cases in which living
organisms can provide corrosion protection. For example, a biological patina was
reported to preserve copper artefacts. The capacity of a fungal strain, Beauveria
bassiana, to precipitate copper oxalates was exploited for the stabilization of sol-
uble patinas (copper hydroxysulfates) or the conversion of active corrosion prod-
ucts (copper hydroxychlorides) into protective compounds. In fact, copper oxalates
form green compact patinas, showing a high degree of insolubility and chemical
stability even in acid atmospheres close to pH 3 [35].

Stainless steel is very susceptible to corrosion in the presence of living organ-
isms in inorganic media. Indeed, this is a severe phenomenon in marine environ-
ments and bio corrosion control is of the utmost relevance in ensuring the reliability
of steel structures exposed to seawater. However, there are interesting findings in
which some bacteria are reported to inhibit the corrosion process of stainless steel.
Two bacterial species (Pseudomonas sp. and B. megaterium) were found to inhibit
stainless steel 304 (SS 304) pitting corrosion in inorganic medium, containing
nitrates and phosphates. The bacteria increase the production of extracellular
polysaccharides and, hence, these promote the passivity of SS 304. The inhibition
process could be related to the increased production of bacterial metabolites and
formation of a passive film, composed of a dense and thick Fe2O3 and Cr2O3 layers.
However, in organic media, the effect is the opposite and the same bacteria stim-
ulate the pitting process [36].

The composition of the environment, the metal nature and the composition of
interfacial electrolytes (e.g. pH, ions and their concentration, the oxygen amount)
define the chemical composition and the properties of the protective films formed
under biological activity. Therefore, it is very likely that in some specific conditions
as the ones reported above, the microbial activity may induce protection of the
metallic surfaces. The process generally involves either stabilization of protective
surface layers or anodic inhibition.

6.3 Vegetable Inhibitors

Plant extracts, seeds and natural shell extracts are gaining importance nowadays as
corrosion inhibitors. The reason is that these are classified as “green”, biodegrad-
able and in most of the cases very abundant and renewable. In general, vegetable
extracts contain several constituents that may present functional groups that allow
the formation of protective species or adsorbed layers on the metallic surface.

6.3.1 Extracts of Plants

Henna extracts (Lawsonia inermis) have been used, for centuries, in many appli-
cations, with different functions. The main constituents of Henna are lawsone, gallic
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acid, glucose and tannic acid. These extracts were investigated as corrosion inhi-
bitors for mild steel coupons exposed to 1 M HCl. The inhibition efficiency depends
upon the concentration of the henna extract. Electrochemical impedance mea-
surements showed that the polarization resistance increased by about one order of
magnitude when the concentration of the extract increased from zero up to 1.2 g/L.
In addition in the presence of henna extract, the pitting potential is shifted towards
more positive values. The inhibitor adsorbs on the iron surface and a chemisorption
mechanism is likely to occur. However, the inhibition mechanism is dependent on
the henna constituents. For example the inhibition by lawsone was attributed to the
formation of sparingly insoluble complex compounds with the Fe2+ cations.
Moreover, this compound, which is the most effective amongst the henna con-
stituents, also shows good oxygen scavenging properties [37].

Another work reports that the extract of Lawsonia leafs can work as an effective
inhibitor against corrosion of carbon steel, nickel and zinc in acidic, neutral and
alkaline media. This inhibitor acts by a mixed mechanism, because it adsorbs on
both the anodic and cathodic sites. When used with zinc substrates, it shifts the
corrosion potential towards the anodic direction and decreases the corrosion current
density in various media. However, the inhibition of zinc dissolution decreases in
the order: neutral > alkaline > acid. The dependence of the corrosion inhibition
efficiency on the electrolyte pH is quite different from that observed for the cor-
rosion inhibition of carbon steel and nickel. For these two metals, the inhibitor
forms stable and insoluble complexes on the surface that hinder the dissolution of
the metal [38].

Acalypha torta is an extract that is used for medicinal purposes. However, it was
also tested as corrosion inhibitor for mild steel in acidic media. The EIS results
revealed improved protection with increased concentration of inhibitor—Fig. 6.4.

The extract behaves as a mixed inhibitor and its efficiency decreases with
temperature. The inhibition mechanism proposes that some constituents of the
molecule can be protonated, being able to form a protective surface film on the
steel. The inhibition process follows the conventional mechanism, which involves

Fig. 6.4 Electrochemical
impedance spectroscopy
Nyquist plots (solid line
shows fitted results) obtained
on mild steel in 1 M HCl in
the absence and presence of
different concentrations of
inhibitor [39]
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the π-electrons of aromatic rings and lone pairs of electrons of heteroatoms [39].
Date palm (Phoenix dactylifera L.) is one of the most abundant palms. Extracts of
their leaves can be used as corrosion inhibitors. Gerengi [40, 41] investigated its
effectiveness in protecting aluminum alloys (AA) 7075 exposed to NaCl solutions.
As it is well known this alloy is highly susceptible to pitting attack in the presence
of chloride ions. The alloy contains zinc, as a primary alloying element along with
copper and magnesium that create numerous types of intermetallics and precipitates
on the surface, serving either as anodic or cathodic sites relatively to the metallic
matrix. The extract of palm was found to act as a mixed corrosion inhibitor, with
predominance of the cathodic effect. It was also demonstrated that the polarization
resistance increased with the concentration of inhibitor. The extract forms a
physically adsorbed surface layer, a process that seems to be closely associated with
glucose compounds, which are present in the extract [40, 41].

The corrosion of aluminum plates in electrolytes of different pH and in the
presence of different halides as aggressive anions was studied in the presence of S.
trifasciata extract, which is obtained from the leafs of a plant. The results show that
this extract inhibits aluminum corrosion by an adsorption process that follows a
Freundlich isotherm. Moreover, it was found that the inhibition efficiency increased
with the extract concentration and decreased with temperature, suggesting that a
physical adsorption process is likely to explain the corrosion inhibition process. The
presence of halide salts affects the inhibition efficiency of the extract [42]. Extracts
of olive leaf displayed good inhibition ability for carbon steel exposed to acidic
(HCl) electrolytes. The inhibition process was studied by El-Etre [43]. The results
report that phenolic compounds, mainly oleuropein and hydroxytyrosol present in
the olive leaf extract can physically adsorb on the steel surface, leading to an
effective protection effect. The extract behaves essentially as a mixed inhibitor and
it was found that it decreased the current density in the transpassive region. Another
inhibitor tested on steel exposed to acid electrolytes (H3PO4) was artemisia oil. It
contains various constituents, namely beta-thujone and works as cathodic inhibitor
affecting the hydrogen reduction reaction [44].

Aloe vera is well known because of its medicinal properties. However, the
literature reports that it can be an effective inhibitor for mild steel and aluminium in
acidic environments [45]. Aloe vera contains heterocyclic compounds of high
molecular weight and its molecular structure also contains oxygen and nitrogen
atoms. Its inhibition efficiency was also tested on zinc exposed to HCl electrolytes.
The maximum efficiency reported was 67 %, decreasing with an increase in tem-
perature and the mechanism follows a Langmuir isotherm [46].

6.3.2 Shells and Seeds

The linseed oil molecule (see Fig. 6.5) is one of the most popular seed extracts for
corrosion inhibition. This compound is compatible with various surface treatments
and coatings and can also be encapsulated to prepare self-healing coatings. Thin
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silane pre-treatments modified with linseed oil display better tribological properties
and increased corrosion protection as reported by Bexell et al. [47].

Linseed oil is an effective inhibitor for steel. This effect was tested by encap-
sulating linseed oil in urea-formaldehyde capsules (also see Chap. 8). The incor-
poration of inhibitor was made during the synthesis of the capsules. The linseed oil
is expected to be released from the filled microcapsules through the mechanical
action of cracks that propagate in the coating in which the capsules are embedded.
The released inhibitor can form a surface a film, resulting from oxidative poly-
merization of the molecules, that is able to prevent the ingress of dissolved
aggressive agents [48]. The anti-corrosion behavior of encapsulated linseed oil in
microcapsules for steel applications was also reported by Pilbáth et al. [49].

The corrosion inhibition of AA6061 in seawater in the presence of tapioca starch
was studied by Rosliza and Wan Nik [50]. This molecule presents several hydroxyl
groups as can be seen in the spectra depicted in Fig. 6.6. This spectrum reveals that
the compound contains two main constituents, both polymers of glucose. One of
these is amylpectin, which contains phosphate groups that establish stable bonds
with the aluminum surface. The efficiency of the starch was reported to increase
with the concentration of extract and the corrosion inhibition process involves the
formation of stable precipitates on the metallic surface. The electrochemical mea-
surements revealed that the extract works mainly as mixed inhibitor, however with
predominance of cathodic inhibition.

Fig. 6.5 Molecular structure of the linseed oil [47]

Fig. 6.6 FTIR spectra for the tapioca starch [50]
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Caffeic acid (3-(3,4-dihydroxyphenyl)-2-propenoic acid, is a molecule extracted
from the coffee grains and possessed properties and functional characteristics that
suggest that it can work as corrosion inhibitor. Moreover, these compounds are
soluble in water, in a wide pH range, being easy to use in different aggressive
electrolytes. The compound was tested on iron coupons exposed in acidic media.
The inhibitor works by adsorption on the steel surface, leading to a reduction of the
anodic and cathodic current densities. Thus, by one side the inhibitor blocks
the cathodic active sites and, on the other hand, it modifies the activation energy of
the anodic reaction [51]. Caffeine was also tested as corrosion inhibitor for copper
plates exposed to nitrate containing electrolytes. Voltammetric scans show that the
anodic current decreased because of the formation of an adsorbed surface layer. The
effect was observed even in the presence of KCl in the testing electrolyte [52].
Inhibitive effects were also observed on zinc surfaces exposed to caffeine [53].
Coconut derivatives were tested as corrosion inhibitors. An interesting performance
was observed for mild steel in acidic media [54]. The Coconut nucifera L. is
another extract that can be used as corrosion inhibitor. It shows good performance
on aluminum coupons exposed to HCl electrolytes. The maximum inhibition effi-
ciency was 93 % at 7.5 % (v/v) concentration. The inhibition mechanism follows an
adsorption process that obeys a Langmuir adsorption isotherm [55]. There are
numerous extracts of seeds with potential to be used as corrosion inhibitors. In
general the mechanism depends upon the functional groups present in the active
molecules. There are many instances in which the effectiveness of the extracts are
reported, but little is known about either the active components or chemical com-
position and therefore, the mechanisms of corrosion inhibition are not fully
explained and understood. These inhibitors are abundant and can be a renewable
source of molecules with corrosion inhibition effectiveness.

6.3.3 Tannins

Tannins and polyphenolic compounds are very abundant and easy to extract from
different sources. These molecules are well characterized and possess oxygen
groups that can easily form chelates with metallic surfaces such as iron. The
hydroxyl groups can form tannates with metallic ions, giving a dark product that
stabilizes the surface oxides.

Tannins can be classified in two different families: (i) hydrolyzable tannins and
(ii) condensed tannins. The corrosion efficiency of tannic acid depends on the metal
or alloy to be protected and also on the characteristics of the environment.

Tannins can be used in a wide range of environments since the molecules are
stable under different pHs. Mimosa tannin inhibits the corrosion of steel in alkaline
media simulating reinforcing steel, in the presence of chlorides. The mechanism is
explained by the formation of chelates with Fe(III) species that stabilize the oxide
films [56]. The same inhibitor was also tested in acidic media (pH 1–2) and behaves
as a mixed corrosion inhibitor, leading to the formation of adsorbed species on the
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steel surface. The mechanism of inhibition includes the formation of physically
adsorbed ferric-tannate multilayers when the pH increased, as reported by Martinez
and Stem [57]. The same authors reported that the inhibition efficiency decreased
from pH 3–1.

Tannic acid was tested against mild steel corrosion in seawater under wet/dry
cyclic conditions. The inhibition process was studied by weight loss measurements,
DC polarization and electrochemical impedance spectroscopy. The inhibition effect
of the compound was attributed to the formation of a protective ferric tannate film,
which is relatively stable during the wet/dry cycles [58].

Mangrove tannins were studied as corrosion inhibitors for carbon steel exposed to
HCl solutions. All the compounds tested are reported to act as cathodic inhibitors and
their inhibitive efficiency was dependent on the concentration. Moreover, the effi-
ciency is also pH dependent, being more effective in more acidic electrolytes [59].

The fundamentals of the inhibitive mechanism of chestnut tannin were studied
by means of the frontier orbital and the inhibitor adsorption theories. Results
obtained on cold rolled steel exposed to acidic electrolytes, evidenced that the
various tannin constituents are most likely to adsorb as neutral molecules by means
of electrostatic forces that are established between the dipoles of the molecule and
the iron charged surface. The study highlights the fact that the chemisorption
mechanism, via sharing of the oxygen lone-pair electrons or the aromatic ring π-
electrons, between the inhibitor molecule and the vacant d-orbitals of iron, is not
likely to occur. A plausible explanation resides on the unfavorable orientation of the
molecules due to their complex geometric and structural properties. This result
reveals that other mechanisms may be important to describe the inhibitive action of
tannins [60]. Although tannins are established as effective corrosion inhibitors in
various metallic substrates and, mainly, on steel, the action mechanism is not fully
understood.

6.4 Pharmaceutical Drugs

Although very controversial, pharmaceutical drugs are attracting attention as cor-
rosion inhibitors. There is some divergence in what concerns the “green” label of
these molecules as corrosion inhibitors. Nevertheless, some relevant findings
regarding their potential in corrosion inhibition are reviewed in this section.

Carbocyclic and heterocyclic compounds, with 5–6 rings are commonly found in
many drugs. Moreover, benzene rings containing different substitutes are also
commonly present in the molecular structure. The corrosion potential of numerous
compounds were reviewed by Gece et al. in a recent review [61]. According to the
literature, the most promising drugs are the ones that include in their molecular
structure reactive centers like O, N and/or S atoms, containing lone pairs of elec-
trons and aromatic rings with delocalized π-electrons and sufficiently high molec-
ular weight. These molecular features are necessary to ensure that adsorption occurs
on the metallic surface and that the metallic surface is effectively covered by the
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inhibitor film. Only in that way is the corrosion activity efficiently inhibited.
However, the mechanism of action is dependent on many other parameters and
although several works report the use of these compounds as corrosion inhibitors,
the mechanisms of inhibition are still worthy of investigation.

Ketoconazole (KCZ) also known as Nizoral® is an antifungal drug. This
molecule is a heterocyclic compound containing N, O, and aromatic rings, con-
taining π bonds, which are expected to serve as active sites for the adsorption
process (Fig. 6.7). This makes the compound attractive as a corrosion inhibitor. In
addition, the molecule is quite heavy (molecular weight 508.4) and likely to
effectively cover larger areas by an adsorption process. These molecules are also
cheap and easily available [62].

Barbituric acids and its derivatives can be used as corrosion inhibitors and have
been classified as compatible with health and environment concerns. These families
of compounds were tested as corrosion inhibitors for mild steel exposed to acidic
electrolytes and it was possible to understand its inhibition mechanism and to rank
them regarding inhibiting efficiency. The inhibition mechanism involves the
adsorption of the molecules on the steel surface, mainly by electrostatic interaction,
following a Langmuir adsorption isotherm [63].

The corrosion inhibition mechanism of four antibacterial drugs compounds,
namely, ampicillin (Amp), cloxacillin (Clox), flucloxacillin (Fluclox) and amoxy-
cillin (Amox) were tested concerning corrosion of aluminium in 2 M HCl solution,
taking into consideration the effect of temperature. The corrosion inhibition process
was studied by combining different electrochemical techniques and weight loss
measurements. The results of this study revealed important insights into the cor-
rosion inhibition mechanism: (i) the inhibition efficiency increases by increasing the
electron donor characteristics of the substituted groups; (ii) the efficiency increases
when the temperature decreases; (iii) the mechanism involves the blocking of the
electrode surface by adsorption of the inhibitor molecules through the active centers
present in their structure; (iv) the adsorption obeys Langmuir adsorption [64].

Fig. 6.7 The chemical structure of ketoconazole. 1-[4-[4-44(2s,4R)-22(2,4-dichlorophenyl)-22
(imidazol-1-ylmethyl)-1,3-dioxolan-4-yl]methoxy]phenyl]piperazin-1-yl]-ethanone [62]
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The inhibiting action of some antihypertensive drugs (Enalapril maleate,
Atenolol, Etilefrine hydrochloride) was studied in Al and three alloys of Al–Si
exposed to hydrochloric acid. These compounds are expected to inhibit both uni-
form and pitting corrosion. The inhibition process is believed to be controlled by
the formation of insoluble complexes on the aluminium surface. As the concen-
tration of inhibitor increases, the efficiency also increases and the pitting potential is
shifted towards more positive values. The inhibitor molecules can react with Al3+

ions; the process being dependent upon details of the molecular structure [65].
Xanthone is an organic compound with the molecular formula C13H8O2 that can

be used as an insecticide and to mitigate some bacterial activity. The molecule has
high molecular weight and contains a carbonyl group and aromatic rings with
delocalized bonds that can serve as initiator sites for the adsorption processes. Mild
steel was exposed to sulphuric acid media and the corrosion inhibition was studied.
The results reveal that the inhibitor efficiency increases when the concentration
increases, but decreases when the temperature rises, effects that are likely to be
associated with physical adsorption mechanisms [66].

Antibiotic molecules are also reported as potential corrosion inhibitors. For
example, Cefatrexyl the commercial name of the sodium salt 7-[a-(4-pyridylthio)-
acetamido]-cephalosporanic acid or simply, cephapirin sodium was tested as cor-
rosion inhibitor for steel exposed to different acids. The inhibition efficiency
depends upon the acid nature and temperature. Adsorption of cefatrexyl on iron
surface follows a Langmuir isotherm in HCl solution, whereas in H2SO4, H3PO4

and HClO4 electrolytes, the adsorption process follows Temkin’s isotherm. The
efficiency was found to be significantly decreased for HCl, especially at increased
temperatures. The best performance was found in H2SO4 and H3PO4. In H2SO4 the
neutral cefatrexyl molecules adsorb preferentially at the anodic areas, through a
chemisorption process with the Fe surface. The process involves the unshared pairs
of electrons existing on the N, S and O atoms and the vacant d-orbitals of Fe atoms.
The process is more effective, if the inhibitor molecules follow an orientation
parallel to the iron surface. A similar process was observed for H3PO4 [67]. An
identical mechanism corrosion inhibition was reported for Streptomycin. This
compound protonates in acidic media and behaves essentially as mixed corrosion
inhibitor. In the process, the protonated species adsorb at the cathodic sites and
inhibit H2 evolution. Concomitantly, the adsorption on anodic sites occurs through
π-electrons of the aromatic ring and the lone pairs of electrons present in the
nitrogen atom, hindering the anodic dissolution of iron [68]. The effect of rhodanine
drugs was evaluated in stainless steel 304 exposed to HCl electrolytes. These
molecules are likely to provide corrosion protection, working by a mixed mecha-
nism. The presence of methoxy groups in the inhibiting molecule seems to improve
the inhibitor efficiency. The inhibition mechanism follows a Langmuir adsorption
isotherm and the efficiency decreases with temperature [69].

It is clear that several drugs can be used as corrosion inhibitors and can be used
to protect various metallic substrates. As concluded for the previous inhibitors
(biological and vegetable) the mechanism depends on specific features of the
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inhibiting molecule, nature of the metallic surface and environmental parameters
(pH, aggressive agents, temperature) and concentration of inhibitor.

6.5 Rare-Earth Inhibitors

Amongst the rare-earth corrosion inhibitors, cerium and lanthanum salts have been
widely studied. Others such as yttrium and praseodymium have also been studied
but to a much less extent. Its inhibition efficiency has been reported for aluminium
(including various aluminium alloys), steel, galvanized steel and stainless steels.
The mechanisms have been widely discussed but are strongly dependent on the
metallic surface chemistry, local pH variations and nature of the rare-earth salt ion.
For example cerium ions seem quite effective over aluminium and zinc, but much
less on iron substrates. Rare-earths have been tested as direct additives in solution,
to prepare conversion coatings or as additives in protective coatings.

6.5.1 Rare-Earth Cations

Water soluble rare-earth salts are one of the most effective sources of rare earth
cations. Blin et al. reported the corrosion inhibition mechanism of rare earth cin-
namate compounds, REM-4 hydroxy cinnamate (4-OHCin) (REM being lanthanum
and mischmetal), on steel exposed to NaCl solutions. The electrochemical results
revealed that La(4-OHCin)3 affects both the rate of the anodic and cathodic reac-
tions. However, there is a predominance of anodic inhibition, which reduces pitting
activity on steel. Electrochemical impedance results revealed that the corrosion
inhibition processes were accompanied by the build-up of a protective film over
time. Furthermore, this film seems to have regions with different roles. Thus, the
outer surface layers seem to offer less resistance to the diffusion of electrochemi-
cally active species than the highly resistive inner layer at the film/metal interface
[70].

Steel corrosion induced by CO2 and in NaCl in aerated electrolytes was studied
in the presence of Praseodymium 4-hydroxycinnamate (Pr(4OHCin)3). In
naturally-aerated systems the rare earth inhibitor leads to the formation of a con-
tinuous and protective surface film, while in CO2-saturated systems, more hetero-
geneous surface films are formed thus being less effective. The electrochemical data
revealed that the Pr(4OHCin)3 provides anodic and cathodic inhibition in the
presence of CO2 (in contrast to the predominantly anodic inhibition in aerated NaCl
media) [71].

Cerium and other rare-earths have been widely investigated as inhibitors for
aluminum alloys, namely the AA2024. Yasakau et al. [72] report that the addition
of lanthanum(III) or cerium(III) cations leads to formation of rare-earth hydroxides
over the active intermetallics, specifically the S-phase (Al2CuMg), hindering both
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the anodic and the cathodic reactions, occurring at these corrosion sensitive loca-
tions. The hydroxide precipitation is a consequence of the pH increase that occurs
in the neighborhood of the active S-phase. The presence of these precipitates slows
down the copper re-deposition process and therefore the overall corrosion rate. The
results also account for a linear time dependence of the rare-earth hydroxides
growth, revealing that the corrosion processes require a balance between diffusion
and electrochemical reactions. The work also demonstrates that cerium nitrate
shows superior corrosion inhibition properties in comparison with lanthanum nitrate
[72]. Cerium cinnamate is also reported as an effective inhibitor for AA2024,
behaving as an anodic inhibitor at early stages. However, at later stages after pitting
onset it works as a mixed inhibitor, delaying pitting propagation [73]. The corrosion
inhibition of various AA 7xxx in the presence of cerium diphenyl phosphate was
investigated by Hill et al. [74] and the results demonstrate that the surface of the
alloys are protected because it is covered by a fine surface film, composed of
distributed discrete Ce containing particles, either on the matrix or over the cathodic
Cu containing intermetallics. Moreover, through TOF-SIMS analysis it was
demonstrated that there was the formation of a complex involving Al cations and
the cerium organophosphate.

A comparison between the inhibition efficiency of LaCl3 and CeCl3 in pure
aluminium exposed to NaCl solutions was reported by Mishra and
Balasubramaniam [1]. Both species lead to the formation of stable oxides and
hydroxides precipitates over the cathodic regions. By increasing the LaCl3 con-
centration up to 1000 ppm it was demonstrated that the Al surface was covered with
a fine and relatively homogeneous surface film made of globular precipitates. The
inhibition efficiency was found to be slightly better for LaCl3 and the effects seem
to be controlled by the more uniform distribution of precipitates.

Recently Yasakau et al. [72] reported that cerium molybdate nanowires inhibit
the corrosion process in AA2024. It was demonstrated that the S phase was more
stable in NaCl, when nanowires were added as anti-corrosion additive. The cor-
rosion mechanism is related with the release of cerium ions from the cerium
nanowires that precipitate preferentially over the anodic sites, especially at later
stages of the corrosion process. The molybdate cations also play a relevant role,
suppressing dissolution of Al and Mg.

6.5.2 Rare-Earth Conversion Coatings

Rare earth metals have been preferred to deposit corrosion protective conversion
coatings, aiming to replace chromate based surface pre-treatments. These conver-
sion coatings are being applied to various substrates. The corrosion protective
behavior depends on several factors such as the nature of the anion in the rare-earth
salt. This effect was investigated by Montemor et al. [75] on Mg AZ31 alloys and it
was found that the anion has a great influence on the inhibition of corrosion activity
of the bare material. Potentiodynamic polarization measurements revealed that the
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corrosion protection mechanism involves a clear displacement of the corrosion
potential towards more cathodic values and a significant decrease of both anodic
and cathodic current densities (Fig. 6.8). Moreover, XPS and Auger measurements
provided some relevant highlights concerning the protection of the conversion films
formed under the various salts. Thus, the thicker films were the ones obtained from
CeCl3, whereas the thinner ones were obtained from CePO4. The films formed in
CeCl3 solutions are richer in Ce(IV) when compared to those formed in CePO4 and
Ce2(SO4)3. However, the composition depends upon the time and, for longer
exposure times, Ce(IV) oxides predominate over cerium hydroxides in all the
conversion films.

The corrosion mechanism of AZ31 Mg alloys involves the dissolution of Mg
and Al ions. When the AZ31 is exposed to Ce ion containing solutions, Ce3+ and
Ce4+ ions can precipitate as hydroxides on the surface, mainly at the cathodic areas,
where hydroxyl ions are made available. The E-pH diagram for Cerium suggest that
Ce4+ hydroxides precipitate at lower pH values and that these compounds are
expected to be formed in a first stage [76]. With increasing exposure time, the
presence of cerium oxides starts to be important as well. This can be attributed to
the conversion of Ce(OH)4 into CeO2. Hayes et al. [77] propose a mechanism that
involves a solid phase transformation according to the scheme below:

Ce(OH)4 ! CeO2 þ 2H2O

Taking these results into consideration, the following mechanism was postulated
to describe the corrosion protection of conversion coatings applied on AZ31 [2]:
(i) dissolution of the native oxide, accompanied by formation of hydroxyl ions and
pH rise; (ii) growth of a first layer composed of Ce(IV) hydroxides and Ce(III)
hydroxides mixed with Mg and Al hydroxides during the first instants of

Fig. 6.8 Anodic polarization
curves for the AZ31 coupons
immersed in NaCl 0.005 M.
The coupons were treated for
3600 s in the conversion baths
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immersion; (iii) thickening of the surface film and weaker pH changes with pref-
erential deposition of Ce(OH)4 and its conversion into CeO2, forming an outer
layer, richer in Ce(IV) species. Identical mechanism can also be applied to lan-
thanum conversion layers.

The mechanism of corrosion inhibition of rare-earth conversion coatings was
observed in various metallic substrates. For example, conversion layers on galva-
nized steel from cerium, yttrium and lanthanum nitrate solutions result in a surface
film that constrains the cathodic reduction of oxygen and the anodic dissolution of
zinc, leading to a decrease of the corrosion rate. The effectiveness is dependent
upon the cation, with lanthanum nitrate being more effective than cerium nitrate
[78]. Corrosion inhibition of galvanized steel corrosion by lanthanum conversion
layers was studied in the presence of citric acid. The mechanism involves inhibition
of the anodic and cathodic activity [79].

6.5.3 Rare-Earth Compounds Additives in Coatings

The inhibition ability of rare earth compounds make them attractive to be used as
additives in organic, hybrid and inorganic coatings. Montemor et al. reported the
inhibition ability of Ce modified silane coatings and it was found that the presence
of cerium provides corrosion protection due to the formation of protective species at
the active corrosion sites and by increasing the crosslinking of hybrid silane films.
The protective role of Ce modified coatings was confirmed to various substrates:
galvanized steel, cold rolled steel and Mg alloys [80–83]. The effects of corrosion
inhibition on AA 2024-T3 provided by cerium cations and cinnamate anions added
to epoxy coatings were investigated by Shi et al. [84]. The corrosion activity in
artificial defects was investigated by the scanning vibrating electrode technique.
The results revealed a cathodic inhibition mechanism, in which Ce(III) hydroxides
are converted into CeO2 precipitates over the cathodic sites. The mechanism of
inhibition was supported by XPS measurements that revealed the formation of Ce
containing compounds at the metal-coating interface.

Incorporation of cerium nitrate in smart reservoirs or on the surface of pH
sensitive nanoparticles, such as hydroxyapatite, calcium carbonate microbeads and
nanoclays is a very interesting strategy for developing self-healing coatings and has
been investigated by various authors. It was shown that cerium loaded carriers can
provide enhanced corrosion inhibition [85, 86]. Effective corrosion inhibition
effects were also observed for silica and ceria particles loaded with Ce(III) ions.
These cerium modified additives are compatible with sol-gel coatings and provide
corrosion protection of galvanized steel substrates. In these systems the corrosion
protection mechanisms present some particularities. It was demonstrated that ceria
particles, by themselves could shift the corrosion potential of zinc towards more
anodic values, with a simultaneous reduction of the anodic current density.
However, the loading of the ceria nanoparticles with cerium ions induced relevant
changes in the corrosion protection mechanism that included a significant reduction
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of the cathodic current density [81]. The corrosion inhibition mechanism of cerium
loaded inorganic nanoparticles is linked with the formation of stable and protective
layers of metallic oxides and hydroxides formed under the alkaline environment
that characterizes the cathodic processes. Recently it was reported that this process
is effective only if the inhibitor is able to penetrate in the alkaline region. This effect
was demonstrated by simulation results, which reveal a threshold for the corrosion
inhibitor solubility below which no passivation of the cathode occurs [87].

The literature points out that rare-earth compounds fulfill various requirements
that classify them as environmentally friendly since they have low toxicity and very
good efficiency. However, being rare-earths there are some concerns regarding their
price and availability as corrosion inhibitors for massive application [88].
Nevertheless, taking into account the corrosion inhibition effectiveness of rare
earths in various metallic substrates and the possibility of using them in various
formulations, namely the possibility of encapsulation, makes these compounds very
attractive to solve several corrosion problems.

6.6 Mixtures and Synergies of New Inhibitors

Synergistic combination of corrosion inhibitors is a strategy that presents high
potential in the advancement of novel corrosion protection strategies. Through this
process it is possible to combine different inhibitors, allowing them to work
together in a synergistic way. This ensures higher inhibition efficiency and, even-
tually the use of smaller amounts of corrosion inhibitors, which might have
important implications, for example, in coatings design.

Mixtures of rare earth cations can provide synergistic effects for corrosion
inhibition of AA2024 immersed in NaCl. A combinatorial matrix of rare earth
chloride mixtures was studied recently and it allowed the definition of the best
combinations of inhibitors. Figure 6.9 displays modelling results that show how the
corrosion current density is expected to change for various combinations of rare
earth inhibitors. The results show that the highest inhibition efficiency is obtained
with a ratio of Ce:(La, Pr) of around 3:1. It is demonstrated that as the amount of Ce
decreased from levels of 1E-3 M, the corrosion inhibition effect is expected to
decrease, regardless of the concentration of other inhibitors present in solution (La,
Pr and Nd) and regardless of the fact that they are added alone or combined.
Moreover, the individual rare-earth inhibitors, La, Pr and Nd display levels of
efficiency that are in general lower than that of Cerium ions. In the absence of Ce,
the most promising mixture is based on approximately 50 % Pr and 50 % Nd [89].

The corrosion protective synergies between cerium(IV) ions and vanillin was
assessed on cold rolled steel (CRS) in 1.0 M HCl. The individual inhibitors pro-
vided some corrosion protection, but when combined there was an important
improvement of the process of corrosion inhibition. Vanillin, individually, behaves
as mixed corrosion inhibitor, but with predominance of cathodic inhibition. On the
other hand, Ce(IV) by itself shows little effects on the corrosion of steel, but the
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mixture of both shows ability to inhibit both anodic and cathodic reactions. The
corrosion mechanism is proposed to involve a Ce(IV)-Vanillin complex [90].

Catubig et al. [91] investigated the synergistic behavior of cerium mercapto
acetate (Ce(MAcet)3) and praseodymium mercapto acetate (Pr(MAcet)3) on the
corrosion process of AA2024. The mechanism of individual and combined inhi-
bitors was studied by various electrochemical techniques and it was found that there
is an important reduction of the corrosion activity. The effectiveness depends both
on the immersion time and inhibitor concentration. Increased concentration of
inhibitors led to dominance of cathodic inhibition, while anodic inhibition was
more significant after longer immersion times. A protective film, consisting of
various RE(MAcet)3 inhibitor species is expected to be formed on the metallic
surface, limiting the cathodic reactions. The presence of thiol groups is expected to
favor the deposition of the inhibitors over the cathodic sites [91].

Sodium oleate and Ce4+ cations revealed a synergistic effect on the corrosion
process of cold rolled steel in acidic media. The corrosion protection mechanism
involves the formation of a complex between Ce4+ and the oleate that promotes the
inhibition process. Oleate acts essentially as a cathodic inhibitor, while the mixture
provides a mixed corrosion inhibition process [92]. The synergistic effect of mix-
tures of various inorganic salts that work as corrosion inhibitors was studied by
Chambers and Taylor [93]. The authors report various possible combinations of
inhibitors and found a dependence both on the concentration ratio of inhibitors and
pH. Some inhibitor mixtures revealed performances comparable to chromates.
Mixtures of CeCl3/Na2MoO4, LaCl3/Na2MoO4, and NaVO3/Na3PO4 demonstrated
very effective inhibition ability comparatively to conventional Na2CrO4 [93].

The synergistic combination of inhibitors is a promising route to increase the
protective efficiency of inhibitors. On the one hand, it is expected to achieve higher

Fig. 6.9 Response curve of the quadratic model for corrosion current (A cm−2) as determined by
extrapolation from cathodic polarisation for mixtures. The scale on the right hand side shows the
colour coding used, with red representing the lowest currents (and thus best corrosion inhibition)
and violet representing the highest [89]
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efficiency with the combination, but on the other hand it is expected to reduce the
usage of the inhibitors, as efficiency above the sum of the individuals is expected.
However, it is essential to ensure that no detrimental interactions occur between
distinct inhibitor compounds, with negative results. One way to achieve successful
results consists on combining inhibitors that have different inhibition mechanisms
or different kinetics of inhibition. In general dual combinations are reported, but the
combinative options can be wider and mixtures of three or even more inhibitors can
be applied to force synergistic corrosion inhibition efficiency.

6.7 Future Trends

The search for corrosion inhibitors that can be classified as “green” and that can be
easily found and extracted from renewable sources is undoubtedly one research area
where several developments are continually evolving. This chapter overviewed
some of the most relevant insights concerning the latest developments in this field.
If on the one hand several compounds have been established as promising corrosion
inhibitors, on the other hand the corrosion inhibition mechanisms of several cor-
rosion inhibitors from “green” generations are still unknown. Thus, this uncertainty
opens a wide array of possibilities to explore in the future.

Effective corrosion inhibitors can be found in biological species and vegetable
mixtures or even in synthetic molecules that aim at mirroring natural compounds.
Several organic compounds can be proposed as green and natural corrosion inhi-
bitors. Although numerous studies have been reported in the literature, the corro-
sion inhibition mechanisms are still unknown in many cases. Generally the
corrosion inhibition process proceeds by one (or more) mechanisms: (i) physical
and/or chemical adsorption at the metal/electrolyte interface; (ii) electrostatic
interactions that involve protonated groups that exist in the inhibitor molecule and
metallic cations; (iii) chemical interaction between the unshared electrons (like
those present on N, S and O atoms) and vacant d-orbitals present in the electronic
structure of metallic atoms; (iii) formation of stable inhibitor-metallic complexes.
However, corrosion efficiency is strongly controlled by the formation of chemically
stable, homogeneous and well organized protective surfaces. The stability of pro-
tective species is also controlled by the physical and chemical properties of the
inhibiting compounds, the presence of functional groups such as hydroxyl, car-
bonyl, amino and aromatic rings. Other relevant parameters include the density of
electronic donors, composition of the aggressive electrolyte, local and bulk pH and
oxygen contents, morphology, chemical composition and charge characteristics of
the metal surface.

Rare-earth compounds play a major role in inhibiting the corrosion activity in
various substrates. Generally for these compounds a cathodic inhibition process that
involves the formation of stable hydroxides and oxides is reported. However, some
other mechanisms that include anodic inhibition, mixed inhibition and formation of
complexes are necessary to explain the effective role of rare-earths.
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Undoubtedly, synergistic mixtures of corrosion inhibitors, presenting different
mechanisms of action and kinetics of release, will become important routes to
mitigate corrosion activity in various technical domains. The exploration of the
various possibilities open an avenue of new research lines with a high technical and
economic impact.

Of utmost relevance, is the use of mixtures of compounds that both provide
synergistic corrosion inhibition as well as the beneficial effects over other properties
required for the metallic substrate such as wear, lubricating and hydrophilic or
hydrophobic properties, among others. These multifunctional corrosion inhibitors,
of green label and natural origin, especially if able to form functional layers on the
metallic surface to be protected can lead to disruptive discoveries in the near future.
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Chapter 7
Active Protective Coatings: Sense and Heal
Concepts for Organic Coatings

H.R. Fischer and S.J. García

7.1 Introduction

Smart engineering materials able to mimic sense-response principles found in
nature are a long dream of engineers, scientists and constructors [1]. In nature, this
concept of sense-response ensures the survival of organisms and increases their
chances of survival, reproduction and further evolution. Many very complex
examples of smart materials or systems can be found in nature as integral parts or as
complete smart structures and organisms. The common ground for all natural
responsive structures is that they are composed of numerous elements including
sensors, actuators, control algorithms, processing units, and structural parts able to
perform the necessary corrective actions required in processes such as healing (e.g.
skin system). Some natural systems are thus capable of initiating a response
depending on the level of impact/damage of its own system by translating
mechanical, physical or chemical changes into readable signals. Engineering smart
materials aim thus at implementing the capability of sensing and monitoring their
status during their service lifetime in order to be able to promote the restoration
(healing) of a lost functionality when needed.

Damage during the preparation and operation of material systems is practically
unavoidable with the consequence of a partial or total loss of a certain function of
the original system. The traditional approach to deal with damage is the use of
better, stronger and more resistant materials and systems resulting in systems with
initially much higher performance than required for a certain application leading to
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the so called of the safety factor. This traditional approach is nevertheless not the
most preferred approach anymore. As materials become scarce, these need to be
used as efficiently as possible during the longest possible time while maintaining
certain possibilities for re-use and recycling. An alternative to the traditional
approach are strategies using the concept of “damage management”. Such strategies
are based on the acceptance that damage will eventually occur as opposite to the
classical strategy of “damage avoidance” where materials are stronger to try to
delay the damaging event. The more preferable strategy follows a more dynamic
approach, compared to the classical static one. Under this concept, known as
self-healing or self-repair, the initial system properties may be just sufficient to meet
the requirements. In return, the system needs to have incorporated functionalities to
sense damage, process the obtained signals and to initiate single or multiple healing
events or processes. The healing process is fundamentally based on (local) mobility
resulting in a full or partial recovery of the original properties leading to an
extension of the service life-time of the system. Only the very parts of the system, in
which damage is to be expected, need to be equipped with such functionalities
which saves again resources and limits complexity. Depending on the dimensions
or scale of damage, different strategies of repair may be possible [2]; however,
detection of damage should start preferably during or immediately after the
occurrence of damage. Figure 7.1 shows the implementation scheme of such a
strategy. Route “a” in Fig. 7.1 shows the concept damage-sense-monitor-manual
repair as has been implemented so far, while route “b” shows the ideal
damage-sense-healing or damage-sense-monitor-healing routes. Despite route “a”
being the most common one; route “b” represents the ideal concept to be imple-
mented in order to develop the full potential of the self-healing concept.

This chapter will focus on different concepts for damage sensing and healing of
anticorrosive coatings not aiming at showing all existing concepts but more aiming
at inspiring the reader in the concept of sense and repair while at the same time
offering the reader an overview of systems and concepts in use or ready to be used.

7.2 Organic Polymeric Coatings

(Organic) coatings can be understood as thin (organic) solid phases mechanically
or/and chemically attached to a much thicker substrate or structure in order to add a
certain functionality such as mechanical and chemical (corrosion) protection, wear
resistance, thermal protection, electrical and thermal conductivity or isolation, colour,
gloss or a specific roughness, light reflectance, hydrophobicity or hydrophilicity,
self-cleaning, or other functionalities not obtainable from the substrate material itself
[2]. Such systems are commonly known as paints [3], although the words “coating”
and “paint” are interchanged in daily use. Major components of all paints are a binder
(resin and plasticizers), and fillers (colouring and protective pigments) combinedwith
other substances added in low quantities like surface-active agents, biocides or
thickeners (this is discussed in detail in Chap. 5). The binder forms a continuous
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phase that gives the main characteristics (e.g. mechanical, chemical) to the coating,
while the fillers are the discontinuous phase giving additional or improved properties
to the coating. Clearly, the selection of the specific components will affect the general
performance of the coating and particularly the interaction of the phases at the three
main interfaces: coating-substrate, coating-environment, and binder-filler. Firstly, the
compatibility between coating and substrate has a direct impact on the adhesion
properties and thus on the long term protection of the underlying material (e.g.
corrosion protection). Secondly, the compatibility between fillers and binder is a key
factor influencing mainly the mechanical properties. And thirdly, the interface
coating-environment (see also Chap. 3) will have a direct impact on film formation
and densification of the protective layer as well as on the degradation resistance to
external agents such as water/humidity and other components coming in direct
contact to the coating surface [2].

The continuous phase in a coating is usually a three-dimensional network of
covalently interconnected polymer segments, known as thermoset (e.g. epoxy,
polyurethane), or a system of entangled polymeric chains known as thermoplastic
(e.g. acrylic resins, polyesters). Thermosets are the most widely used binders in
paints technology because of their more favourite properties before, during and

Damage 
(mechanical, chemical)

Sense
(e.g. pH changes, redox, 
current or strength drop, 

strain variations)

Monitor
(e.g. colour, sound, 

fluorescence)
Healing

(a) (b)

(b)(a)

(a)

(b)

(b)

Manual repair

Fig. 7.1 Process of damage-sense-monitor-heal/repair found in natural systems and implemented
in engineering materials. Route (a) shows the process as it has been implemented so far, while
route (b) represents the new concept of (self)-healing
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after application and especially their final network architecture which offers higher
resistance to chemicals, solvents and mechanical stresses compared to
thermoplastics.

Coatings in general, can be applied as a single paint (coating) layer for certain
applications, but most generally they are applied as layered systems, where each
layer has been optimized to maximize a different functionality [2]. For example, an
anticorrosive paint system in the aerospace industry has three main layers: (1) a
conversion coating of 100 nm (e.g. chromate conversion coating) up to a few
microns (e.g. anodizing layer) just above the metallic surface to offer good adhesion
of the subsequent polymeric layer and to offer active corrosion protection; (2) a
primer, which is normally an epoxy layer of around 20–25 μm containing anti-
corrosion inhibitors to be leached out when damage takes place; and (3) a topcoat,
generally a polyurethane, which can have different thicknesses from 50 to 100 μm
and offer functional properties as colour, barrier, hydrophobicity, gloss or UV
resistance.

7.3 Sensing Mechanisms Incorporated into Organic
Coatings

Ideally, paints offer their intended functionalities (e.g. colour, corrosion protection
of the underlying substrate) during the whole lifetime of the structure.
Unfortunately, and despite the great advances in coatings technology, this is not
what usually happens. Coatings degrade due to mechanical factors such as impacts,
scratches, thermal cycles, and fatigue related to the use of the structure, as well as
chemical factors as UV radiation, acid and alkali aggressions, moisture and oxygen
influences, and thermo-oxidation; processes globally known as weathering and
ageing. In the case of a sudden damage event like a key scratching the paint of a car
door, the damage is directly at the macro scale, although it implies damage at the
nano-scale (i.e. bonds breaking). However, in the case of a time-related degradation
process (fatigue damage), all scales are involved. For example, the time-degradation
of a coating will start at the nano-scale due to hydrolysis combined with polymer
oxidation amongst others, followed by the micro scale because aging and weath-
ering leads to crazing, finally involving the macro scale where the coating breaks
down due to the progressive embrittlement of the polymer, all being a combination
of degradation processes related to ambient humidity, and mechanical forces related
to the normal use.

This means, that sensing of a possible damage should start ideally at a molecular
level, and immediately alter the occurrence of damage relying on a material
undergoing a transformation through its interaction with the damaging environ-
ment. On the other side, the ability to sense damage should be present or preserved
during the whole service life-time of the coating.
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7.3.1 Sensor Systems Based on Colour Response

Such systems respond to an (external) damage by a visible colour change or change
in fluorescence/phosphorescence as a result of a variety of stimuli including
mechanical action, redox reactions, pH changes, presence of ions, electrical current
etc. These response principles can be employed to detect early stages of corrosion,
where the protected material reacts with the environment (water, oxygen) after
damage of the passive barrier, or even indicate when a corrosion inhibition function
has started.

Several approaches can be found such as: (i) molecules that change colour by
chemical complexation with corrosion products or pH changes; and (ii) systems that
upon mechanical or chemical rupture release a colouring dye.

There is a large variety of compounds able to change colour upon local changes
of pH. The use of pH indicators goes back to the 1926, when Evans [4] used
indicators to locate the presence of anodic and cathodic corrosion sites on corroding
iron. The application of a broad range indicator in a gel or saturated saccharose
solutions allows the simultaneous study of the corrosion of aluminium and the
localization and monitoring of pH changes at cathodic and anodic sites. One of the
most used compounds is phenolphthalein, changing its appearance from colourless
to red while reaching a pH of 9.4 as shown in Fig. 7.2. When corrosion stops, the
pH level returns to normal and the coloration vanishes.

Other compounds used to indicate the beginning of corrosion even under virtually
undamaged coatings, are fluorescing organic compounds such as 8-hydroxyquinoline
sulfonic acid hydrate [5], lumogallion [6], or 9-phenyl-3-fluorone [7]. These systems
rely on changes upon oxidation or complexion with metal cations generated during
the first stages of the corrosion process.

Finally, other colour sensoric functionalities (e.g. dyes) are released upon
reaction to mechanical damage or chemical variations (e.g. pH variations). One
example of this are microcapsules incorporated into the coating that contain a dye
[8]. In this case, marker dyes are part of the capsule load and a leaking will be
initiated by capsule damage.

Fig. 7.2 Phenolphtalein colour change at given pH
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7.3.2 Sensor Systems Based on Non-colour Response

Response to mechanical damage can also lead to effects other than colour. Very
recently, a nice system has been developed, which transduces local mechanical
forces into chemiluminescence. A bright blue luminescence occurs on straining
polymer networks containing 1,2-dioxetane units as shown by Chen et al. [9]
(Fig. 7.3).

The potential of this approach is that it is feasible to increase the signal strength
and the sensitivity by energy transfer to suitable acceptors that allows a change in
wavelength of the emitted light. This would thus enable the sensing and discrim-
ination of strains indicating failure at different locations.

Other type of sensors act based on external/internal monitoring of the system.
For instance dielectric sensors embedded in a coating could indicate molecular
mobility while fibre optic strain sensors based on fiber Bragg gratings (FBG) could
detect strain variations via resistance measurements. Moreover, external devices
such as flash thermography or ultrasound could help to monitor at each time the
state of the system.

7.4 Responsive Mechanisms Incorporated into Organic
Coatings

Besides the pure detection or sensing of damage of the coating and/or the progress
of corrosion, a response to damage depending on the level of damage and the status
of the system is needed to ensure the envisaged performance and life-time. Such a
response can either occur without or by external intervention and aims at restoring
the original functional state as much as possible. The response is not always
immediately required; however, repair actions are more successful when initiated at
very early stages of damage. It seems obvious that any useful response or repair
approach highly depends on a number of points [2]: (a) initial requirements of the
coating and description of the most critical functionalities to be restored; (b) the
components of the coating system (binder and eventually also fillers); (c) size scale

Fig. 7.3 Chemiluminiscence from 1–2 dioxetane units
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of damage; (d) damage type; (e) and effect of the implemented response/healing
mechanism on the general performance of the coating meaning that the imple-
mented response should not affect other required properties of the coating beyond
an unacceptable level.

A response leading to a cessation of corrosion or even to repair requires at least
some part of the coating system being mobile, either stored in containers or
intrinsically incorporated into the coating matrix. Such an agent should only be
mobile where damage occurs and when needed meaning a local temporary release
of the agent. As mentioned earlier, a supply of a modest amount of externally
applied energy (e.g. local temperature, UV, high kinetic energy in high speed
impacts) may also be required to the increase the local mobility involved in the
response action and to minimize the recovery period to acceptable time scales as
well as an external supply of agents/materials (such as moisture or oxygen) in case
the restoration of the damage site requires the supply of new material to fill the
initially empty damage volume. A period of reduced loading conditions (the
recovery period) to allow healing to take place is preferential. Most important, and
an essential part of an active protective casting, is a sensing system able to deter-
mine the occurrence of damage and to activate the response action.

The existing self-healing approaches applied or potentially applicable to coatings
have recently been published and discussed [2]. Table 7.1 sums up the different
existing concepts based on different categories which may be useful for the design
and implementation of a system with self-repairing properties: concept, architec-
ture, healing mechanism, and damage size-scale.

Table 7.1 Classification of self-healing strategies that have been applied or are applicable to
organic coatings (adapted from [2])

Concept (level 1) Architecture (level 2) Healing mechanism (level
3)

Damage scale
(level 4)

Additives or extrinsic
(discontinuous)

Containers (capsules,
fibers, networks)

Liquid spreads and reacts
(flow)

μm–mm
(micro–
macro)

Expansive phases Reacts and expands
(expansion)

μm (micro)

Corrosion inhibitors Release and reacts with
metallic surface (flow)

nm–μm
(nano–micro)

Intrinsic (continuous) No architecture Reversible chemical bonds
(re-flow)

nm–mm
(nano–
macro)

Reversible non covalent
bonds (re-flow)

nm–mm
(nano–
macro)

Delayed elasticity (re-flow) nm–μm
(nano–micro)Unreacted groups (re-flow)

Surface stratification
(re-flow)
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Another design criterion for such systems and often used refers to the mode of
repair action, whether it is autonomous or non-autonomous. However such differ-
entiation may be difficult, since systems that are considered non-autonomous under
certain circumstances can be autonomous under others. For instance, the use of
isocyanate based coatings with retarded elasticity from Bayer [10] and
AkzoNobel-Sikkens [11] are autonomous in a sunny day, but in cold and cloudy
weathers heat needs to be applied directly to the damaged site. Strictly speaking a
non-autonomous system would be one that would require external interference, a
direct action of an agent that is not in the normal environment of use of the system
or a supply of energy of any kind.

7.4.1 Corrosion Triggered Protective Response: Underlying
Metal Protection

Despite not being named as such until the nineties, the most traditional way to
response and to cease corrosion at damaged coatings sites is by the use of corrosion
inhibitors that are released from the coatings via leaching [12, 13]. In such systems,
the corrosion inhibitor leaches upon interaction with water at the corrosion site and
by the ingress of water at the periphery of the damaged coating. Once leached out
the corrosion inhibitor subsequently coordinates with the metallic surface to create a
passive layer that replaces the original corrosion protection (Fig. 7.4).

This response mechanism works already in intact organic coatings, since water
and oxygen ingress through coatings is always present to some extent. Therefore,
an active protection is always needed as well. So far, the most efficient corrosion
inhibitors are based on hexavalent chromium [14], but the toxicity issues and
carcinogenic effects associated with their use, despite being known since the
eighties [15], have become increasingly highlighted in recent years [16–18]. This
fact has created, in recent years, a high effort into the development of new envi-
ronmentally friendly corrosion inhibitors [19–24] which can offer equal or better
corrosion protection to CrVI based ones, as well as on the development of
high-throughput techniques to develop and evaluate corrosion inhibitors in reduced
times [19, 25–28]. The incorporation of such new corrosion inhibitors into coatings
to offer an effective and long term protection independently of the polymer matrix

Fig. 7.4 Release of corrosion
inhibitors by desorption [2]
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has also been object of extensive studies; thus creating a whole area of research
under the umbrella of self-healing materials. Several new concepts aiming at a
controlled release from carriers have thus been developed. So far most the studied
and successful concepts include delivery of inhibitors from inorganic carriers by ion
exchange and/or desorption and the release of inhibitors from organic carriers by
pH environmental changes.

7.4.1.1 Controlled Release by Desorption and Ion Exchange

Changes and increase in local ion concentration and mobility due to the start of the
corrosion process can be used as trigger mechanism to release corrosion inhibitors on
demand. For such concept nano and micro inorganic minerals can be used as carriers
and support of the inhibitors. Such materials are either cation exchangers such as
smectite type alumosilicate materials (e.g. montmorillonite) but also anion-ex-
changers such as the layered double hydroxides (LDH’s) or hydrotalcites (see also
Chap. 8). These carriers can be doped with a single corrosion inhibitor (cationic or
anionic) that is released by desorption or ion exchange once the corrosion process has
started as introduced in the very extensive works done by, amongst others, Shchukin,
Zheludkevich and Buchheit [29–39]. As an alternative to single inhibitor-carrier
concept, Garcia et al. [40] recently introduced the concept of dual kinetic release by a
dual inhibitor doping of nanocarriers (a cathodic and an anionic inhibitor). This new
concept was demonstrated with zeolites and proposes a fast release of one inhibitor by
desorption followed by a slow release of the second inhibitor by ion exchange
whereby one inhibitor can be cathodic inhibitor and the other anodic. This promising
concept opens the path for the development of more efficient and multifunctional
carriers using the traditional idea of nanocarrier doped systems.

It is worth mentioning that LDH’s have not only the potential to release anionic
corrosion inhibitors upon ion exchange but also upon pH-changes, being thus
possible the release of active metal ions due to decomposition of the carrier
themselves [41, 42]. A follow up of the doped nanocarrier concept is the incor-
poration of inhibiting cations like Ce3+ into amorphous oxide nanoparticles (e.g.
ZrO2) which act as reinforcement of a sol-gel matrix and at the same time as
reservoir of the inhibitor [43]. Finally also microgels as storage entities for corro-
sion inhibitors were exploited showing a similar controlled desorption [44].

7.4.1.2 Controlled Release by Environmental pH Changes

Different from a desorption or ion controlled release is the controlled release of
inhibitors initiated by local changes of pH during the corrosion process. To increase
the control over the release of inhibitors, inorganic nanocarriers based on SiO2 were
coated with polyelectrolyte shells using the Layer-by-Layer (LbL) assembly tech-
nique [32, 45, 46]. The corrosion inhibitor benzotriazole was incorporated between
oppositely charged polyelectrolyte layers. The aim was to use the permeability
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dependence of polyelectrolyte shells on pH to provide release of corrosion inhi-
bitors, only when corrosion processes were about to start or have already started.

Alternatively, cerium molybdate containers loaded with 2-mercaptobenzothiazole
[47] or porous calcium carbonate beads loaded with cerium nitrate, salicyldioxime or
2,5-dimercapto-1,3,4 thiadiazolate [48] are described as smart pH sensitive particulate
reservoirs. When compared to a desorption concept the controlled release by
pH or ion exchange are more effective for protection applications as the ion controlled
release of species will provide a control not only in time but also spatially
because only the nanoreservoirs close to the defects where corrosion activity initiates
will sense local pH changes or accumulation of ions necessary for the inhibitor
release.

An example of a complete smart active system, combining corrosion indicators,
corrosion inhibitors and healing agents working in an autonomous way has been
developed by Lutz et al. [49]. Here all three components were incorporated via
microcapsules into coating systems. The shell of the microcapsules opens up by
ester-hydrolysis, initiated and catalyzed by high pH and naturally also on rupture. In
such a way, completely autonomous and active response is guaranteed upon cor-
rosion. This process is being initiated either by mechanical damage and/or by the
start of a corrosion reaction due to the degradation/ageing of the passive protective
coating. In the complete concept the reaction does not only sense and signal the
damage, but also is stopped by the use of corrosion inhibitors and the reformation of
a passive layer by the siloxane healing agent (Fig. 7.5).

All these approaches are used or considered at industrial levels and provide
obviously a good corrosion protection for undamaged coatings or small damages.
However, a system that only recovers the active protection by corrosion inhibitors
reacting with the metallic substrate lacks the recovery of the barrier protection and
the recovery of some aesthetic properties in case of serious damage (cracks,
scratches etc.). At such circumstances, the release is difficult to control locally and

Fig. 7.5 Release of corrosion inhibitors by pH change

148 H.R. Fischer and S.J. García



in time and a recovery of the passive protection is difficult. For this reason the
combination of such concepts with gap closure concepts hereafter introduced allow
a complete protective healing system.

7.4.2 Response Aiming a Closure of the Passive Protective
Surface

7.4.2.1 Surface Coverage

A serious damage of the coating system is related to a loss of material leading to a gap
in the passive protective coating system. In order to react adequately to avoid further
damage of the underlying surface, an active protective system must be able to:

1. Fill a gap in a corrosive environment. In an ideal case, this should occur without
trapping the corrosive agents under the repaired coating layer and avoiding
severe pitting corrosion and undercutting corrosion (corrosion under the
delaminated film) and

2. Protect the damaged area of the substrate as well as that of the coating system to
avoid ingress of corrosive substances and water through the side-wall of the
scratches/damages and producing under-film corrosion promoted by the lack of
good adhesion and coverage between the repaired coating and the substrate
(Fig. 7.6).

Both extrinsic and intrinsic approaches have been employed to restore barrier
protection in parallel with corrosion protection. Several works can be found in the
literature using encapsulated agents for restoration of barrier and corrosion pro-
tection. Cho et al. [50] used an encapsulated-catalyst system to protect steel from
corrosion at scribed areas, showing relevant protection by salt fog spray tests.
Kumar et al. [51] and Samadzadeh [52] used the encapsulation of tung oil. Despite
these systems showing good corrosion protection, several doubts about the long
term protection have been posed due to the non-full coverage of the underlying
metallic surface and possible entrapment of corrosive species during the healing
process, key issues in corrosion protection [53]. Substantial progress and a very
elegant solution was introduced by Garcia et al. [53, 54]. This research team

Fig. 7.6 Surface coverage [2]
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proposed a new single reactive healing agent, specifically designed for corrosion
protection of aluminium substrates but extendable to other metallic surfaces. The
new concept (known as silyl ester concept) showed excellent long term protection
by electrochemical impedance spectroscopy (EIS), scanning vibrating electrode
technique (SVET) and scanning electrochemical microscopy (SECM). The concept
is based on capsules containing a single component healing agent providing after
rupture and reaction with moisture a complete coverage of the metallic surface and
the damaged coating edges. This approach was proven with a newly synthesized
healing agent, namely a silyl ester, that showed excellent quick response and
corrosion protection under immersion in corrosive solution, The new concept is
based on wetting, reaction with the metallic surface and ambient humidity, adhesion
to metal and polymer, and formation of a hydrophobic layer to extend the corrosion
protection. Based on these protective principles the concept can be applied not only
for active corrosion protection and barrier functionality but also for the recovery of
adhesion between polymer and metal. Several advantages with respect to previous
concepts exist: (i) the system is based on surface healing instead of volumetric-gap
filling; (ii) it does not require catalyst or crosslinker as surface hydroxides and
environmental humidity suffice for reaction to occur; and (iii) the reaction takes
place only in case of corrosion damage

7.4.2.2 Gap Filling

A concept different from surface coverage is gap filling (Fig. 7.7). This concept
aims at the full closure of the damage area and several approaches can be used.

One of the most known and efficient ways of closing wide and/or deep damage is
by the use of self-healing polymers based on reversible chemistries where the most
common healing trigger is induced temperature. The retro-Diels-Alder reaction is
particularly useful for that, especially if the active components are used in powder
coating systems [55, 56], where reversibility was found at temperatures around
150 °C. Also the earlier mentioned disulfide based systems [57, 58] as well the
photo-induced reversible crosslinking of antracene containing networks [59] show
repeated healing possibilities for surface damages. Supra-molecular approaches
may be also applied in the restoration of damaged coatings as proposed by Bosman
et al. [60]. Although the previous systems have been mostly evaluated in terms of

Fig. 7.7 Gap filling [2]

150 H.R. Fischer and S.J. García



crack or scratch closure in free standing films and the quality of the formed scar has
not been addressed or quantified in terms of sealing level, some studies have shown
the potential of intrinsic approaches for corrosion protection using shape memory
polymers [61].

An alternative to the use of reversible chemistries is the use of external compo-
nents that can react with a coating in order to promote damage closure. Such com-
ponents need to be transported via the gas phase or via contact with a liquid carrier,
and have the ability to form new or to modify (repair) the matrix material with an
increase in volume due to the incorporation of additional material and as such to fill
possible cracks completely. The healing is autonomous during presence of the
external component, as the ingredients to be used are naturally present in the appli-
cation foreseen. Typical examples of this route are the oxidative healing of high
temperature ceramic coatings or thermal barrier coatings on turbines in which local
oxidation (oxygen is the external component) is used to fill the crack with a load
bearing deposit. The external components easily accessable and useable are H2O, O2

and CO2. This concept is very interesting for coatings in general although to be
applied in organic coatings it would require the introduction of different approaches.

One successful example of this concept is the use of external components for the
self-healing of insulating PPS coatings used in hydrothermal environments [62].
Hydraulic inorganic grains, e.g. calcium silicate and calcium aluminate are espe-
cially attractive for a use as self-repairing fillers since their crystals grow after being
in contact with a hot water which acts as the external component for autonomous
self-healing. The expanding crystals then are able fill the open cracks densely with a
reconstruction of the damaged coatings. As a result of the decalcification–hydration
reactions of the CaO, Al2O3 and CaO 2Al2O3 filler, block-like bohemite crystals are
formed which fill and seal the open cracks.

Much easier than the use of a liquid as external self-healing system component is
the use of gases like water vapour or oxygen as being present anywhere. Water can
be efficiently absorbed and leads even without a chemical reaction involved to a
volume increase which can be used to close scratches in coatings [63, 64]. The
clay-based systems demonstrate a very quick water absorption accompanied by
overexpansion of the layer leading to the scratch closure and removal of the water
from the surface (Fig. 7.8).

Fig. 7.8 Crack-healing of multilayer coatings due to phase expansion upon moisture absorption
before (a) and after 21 h of healing (b) in wet atmospheric conditions [64]

7 Active Protective Coatings: Sense and Heal Concepts … 151



This expansive layer system has recently been studied by numerical methods in
order to establish the key parameters to be considered when trying to improve the
healing efficiency while decreasing the side negative effects as the levelling at the
healed area [65]. In the study it was found that the scratch closing behaviour was
dependent on relative thickness of the layers in the system, relative stiffness of the
same, but also on the length of initial interfacial debonding, finding that some initial
lateral debonding was necessary to obtain the healing of the system.

Another more straight forward approach of the use of humidity as the healing
agent comes from the work done by South and Lyon [66] on hydrogel thin films,
who show how damage at the surface of the microgel polyelectrolyte multilayers
exhibit repeatable self-healing behaviour upon multiple mechanical deformations,
which could be an important advance in the application of hydrogel biomaterial
coatings likely to be damaged by routine surgical handling.

The obvious advantages of such systems are their efficiency in repair action via
the volume expansion providing a complete filling of cracks and scratches and the
option to perform a multiple repair action, their flexibility in design and the absence
of fluids as repairing components, whereas the main drawback is their obvious
dependency on the external components. Furthermore, the ability of these com-
pounds to react with species present in the environment makes the isolation of the
reactive agents in intact coatings a key priority to avoid reactions occurring prior to
the occurrence of damage.

7.4.3 Recovery of Other Functionalities

So far, in organic coatings, the active response concept has been applied, mainly,
for the detection and recovery of macro and micro damages, as exposed in the
previous points. This section evaluates the attempts to recover specific function-
alities such as interfacial adhesion/bonding. The recovery of the interfacial bonding
between coatings and metal substrates has attracted some attention already [19],
although much less than other concepts due to the complexity of the adhesion itself
and the lack of perfect understanding of the underlying mechanisms. So far, and up
to the knowledge of the authors, no clear successful attempts has been reported in
this field, although Mardel et al. [67] demonstrated that the incorporation of certain
corrosion inhibitors (i.e. Ce(dbp)3) improved the resistance to filiform corrosion by
the formation of an adhesive oxide between the metal and the coating once exposed
to humid environments. Other alternative approaches to this could use
nano-encapsulated or compartmented adhesion promoters that upon damage are
released and wet both the coating and metal interface reacting with either materials.
Interestingly, Lane et al. [68] showed a proof of concept for this approach for the
repair of dielectric interfaces, although the concept has not been further developed.
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7.5 Concluding Remarks

This work presents several concepts for sense, monitor and heal that have been
implemented or can be implemented into coatings. Clearly many different
approaches can be applied to organic coatings although the level of success depends
on the application of the coatings themselves and response wanted and needed.
Sensing and signalling/monitoring of mechanical failure and/or corrosion initiation
is very useful, however, in most cases a manual intervention to stop the corrosion
and to prevent excessive damage is needed but not possible. This opens the need to
develop coating systems that do not only sense but also act (heal) damages, thus
developing implemented concepts of sense and heal. Encapsulated approaches have
already been implemented under different concepts and seem to be already at the
stage of production and real applications, although certain issues such as the
entrapment of corrosive species under the healed area and the lack of complete
coating-metal adhesion recovery should be revised as they can be more detrimental
to the system than the damage itself. A combination of sensing/signalling, corrosion
inhibition and repair (heal) of the barrier seems up to now the most advanced
system. The use of expansive phases seems to be very appropriate for certain
applications but issues like the adhesion to the underlying surface should be taken
into account. For such systems, mathematical models have shown the strong
influence of the coating architecture and damage topology.

Furthermore, functionalities of coatings other than mechanical and electro-
chemical substrate protection (e.g. adhesion, color, surface tension) have not yet
received enough attention to be sufficiently developed and further efforts are
necessary.
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Chapter 8
Delivery Systems for Self Healing
Protective Coatings

M.L. Zheludkevich and A.E. Hughes

8.1 Introduction

Application of protective coatings is the most common and cost effective method of
corrosion protection for a wide range of engineering structures, from cars to air-
crafts, from heavy industry, energy industries and chemical factories to household
equipment. The main role of coating in corrosion protection is to provide a dense
barrier against corrosive species. Additionally the protective coatings can confer
other important functions such as desired aesthetic appearance, improved
mechanical properties, and self-cleaning just to mention a few. However, defects
are inevitable during the lifetime of coated structures leading to local disruption of
the barrier function. The corrosion processes develop faster after failure of the
protective barrier. Therefore active self-healing of defects in coatings is necessary
in order to provide effective long-term protection.

The term self-healing in materials science was actively introduced byWhite only in
beginning of 21st century [1]. The main definition of self-healing is based on
self-recovery of the initial properties of thematerial after degradation due to the external
environment. The same definition can be also used for protective coatings. The classical
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understanding of self-healing is based on the complete recovery of the functionalities of
the coating due to a real healing of the defect based on the recovery of the coating
integrity.However, a partial recoveryof themain functionality of the coating can be also
considered as a self-healing ability. Thus, in the case of corrosion protective coatings the
term “self-healing” can be interpreted in a different way [2]. As pointed out in the
introduction to this book, themain function of anticorrosion coatings is the protection of
a metallic substrate against an environment-induced corrosion attack. Thus, hindering
of corrosion activity in a defect through agents in the coating itself, is already considered
as self-healing. If the corrosion protective system recovers itsmain function, namely the
corrosion protection, it can be considered as self-healing. A temporary self-healing
functionality can also be achieved by incorporation of encapsulated water-displacing
agents which can repeal aqueous electrolytes from the defects shortly after damage
appears in the coating. Moreover active preventive mechanisms can also be integrated.
One of the examples is entrapment of aggressive species reducing their penetration
through the coating system down to the metallic substrate. Of course changes to the
current strategy in coating design are required in order to implement these new strate-
gies. Some strategies will require changes to the design of the polymer systemwhereas
others will require the addition of active agents and their delivery systems [3]. This
chapter examines aspects of these changes in more detail than other chapters in this
book.However, prior to delving into the details of these areas this chapter beginswith an
overview of strategies for self healing.

8.2 Overview of Self Healing Coatings

Several self-healing or active protection mechanisms can also be combined in the
same coating system being introduced to the different layers or evenmixed together in
a one layer coating. Recently the concept of multi-level self-healing protective
coatings was introduced by Zheludevich et al. [4]. This multilevel protection draws
on much of the underlying research in this field and from that perspective is worth a
review. The multi-level self-healing concept is based on gradual active feed-back of
the protective systems to the environmental conditions as illustrated in Fig. 8.1.
Different embedded active protection mechanisms can function depending on the
aggressiveness of the environment and the defectiveness of the coating. In the case of
an intact coating exposed to an aggressive environment the preventive entrapment of
chloride anions can result in a reduction in the permeation of these corrosive species
through the coating. The water displacement mechanism can be temporarily activated
by mechanical disruption of capsules when defects are formed. The formed defects
can be sealed by expandable phases or reflow based approaches. Finally, the corro-
sion inhibition mechanism can be in play when corrosion processes start at the
metallic surface. The combination of several mechanisms in the same coating system
can result in synergistic effect and efficient long-lasting active protection. Different
self-healingmechanisms involved in the multi-level protection concept will be briefly
addressed in the present chapter.
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8.2.1 Nanotraps

The first level of active protection can be achieved by the incorporation of nan-
otraps for chloride ions into the coating. Tedim et al. [6, 7] has demonstrated a
promising chloride-entrapment effect by the Layered Double Hydroxide
(LDH) nanoparticles. Zn–Al LDH intercalated with nitrate anions can serve as
chloride nanotraps because of the high ion-exchange ability of the LDH. The
addition of such particles to a polymer layer drastically reduces the permeability of
corrosive chloride anions through the protective coating. Figure 8.2 clearly shows
that a coating modified with LDH–NO3 exhibits significantly lower permeability to
chlorides in comparison to both blank and LDH–Cl-containing coatings. Immersion
of the coating modified with Zn(2)–Al–NO3 results in a nitrate-to-chloride anion
exchange. By the end of the measurements (1 month), about 70 % of nitrate anions
have been substituted by chlorides as followed from using XRD measurements.
This demonstrates the potential of LDHs in delaying coating degradation and
corrosion initiation. Moreover, LDH nanotraps loaded with corrosion inhibitor can
play a double function capturing aggressive anions in the coating and releasing
corrosion inhibitor on demand when aggressiveness of environment is high [8].

An improvement of barrier properties of polymer coatings via addition of par-
ticles which can trap water is another active corrosion prevention mechanism. The
possibility of decreasing the water permeability through polymer coatings by
adding pigments with high affinity to water is still disputed. However, the recent
work presented by Krzak et al. [9] show a significant decrease of permeability when
water microtraps (cross-linked poly(methacrylic acid) sodium salt spherical parti-
cles) are added to epoxy-based coating [9]. The water diffusion coefficient for the
best trap-containing coating was three times lower than for the pure epoxy coating.
The modelling of such system predicted that it is beneficial if the water-traps are
positioned in the middle of the coating system. This effect was also proven by the
experimental permeability measurements.

Fig. 8.1 Schematic representation of multi-level active protection concept [5]
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8.2.2 Water Displacing from Defects

The demonstrated effect of nanotraps is important as a preventive action when the
coating is still intact. However, it will not be very efficient when the first defects
appear and corrosive agents penetrate through the defects rather than by the dif-
fusion though polymer. In this case different healing mechanisms should be
activated.

Several groups have proposed the use of encapsulated hydrophobic materials for
water displacement ranging from drying oils (alkyds) to silanes [10–16]. As an
example, Latnikova et al. [12] have proposed the introduction of hydrophobic
silane in encapsulated form into protective polymer paint. The capsules can be
disrupted upon a scratch formation or under mechanical stresses caused by a strong
deformation. The content of the capsules flows into the defects and spreads on the
substrate surface. Simultaneously stretching the coated substrate and measurement
of the dynamic contact angle can provide information about water displacement
properties from induced defects that are formed [17]. The results indicated that the
advancing contact angle is increasing over a long period of time after their

Fig. 8.2 Scheme of LDH nanotrap effect in a polymer coating: a Permeability of chloride anions
through the coatings (blank, coating with full Zn(2)–Al–Cl traps, and coating with ‘empty’ Zn(2)–
Al–NO3 traps) b as a function of time (adapted from [6])
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formation. With high probability a release of the hydrophobizing agent during
coating stretching causes the surface to become more hydrophobic Fig. 8.3. Thus
not only the scratches but also defects introduced by environmental stressors can be
hydrophobized providing temporary corrosion protection.

8.2.3 Self-sealing

The preventive entrapment of corrosive species and a temporary protection in the
formed defects are not sufficient when long term healing of induced defects is
needed. More permanent defect healing approaches should be considered. For
example the phenomenon of autogenous crack healing in concretes has been known
for centuries [18]. The defects in ancient structures like Roman aqueducts are
self-repaired by unhydrated cement particles that are in contact with penetrating
water. Crack healing occurs due to carbonation of leached calcium cations when
both water and CO2 are available inside the defect. Following the idea of concretes
the self-sealing protective coatings can be designed. The barrier properties of a
damaged coating can be recuperated by a simple blocking of the defects with
insoluble precipitates. These deposits in cracks can originate from reaction of the
corrosive medium or corrosion products with components of self-sealing coating.

The high-temperature self-sealing protective coatings were reported several
decades ago [19]. Plasma sprayed Cr/Cr2O3 layers with closed porosity are able to
recover the diffusion barrier against oxidizing species because of Cr oxidation and

Fig. 8.3 Schema of hydrophobization occurring at the defect induced by stretch forming [17]
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closing the defects when exposed to an oxidizing environment at temperatures
above 900 °C. Sugama and Gawlik [20] have reported a poly (phenylenesulfide)
(PPS) self-sealing coating for protection of carbon steel heat exchanger tubes
operating at brine temperatures up to 200 °C. The calcium aluminate fillers dis-
persed in the coating matrix undergo the decalcification–hydration reactions close
to the defect promoting a fast growth of boehmite crystals in the cracks. The
block-like boehmite crystals (*4 μm in size) fill the cracks increasing the pore
resistance of the damaged coating about two orders of magnitude after 24 h.
Extension of the exposure time to 20 days results in a stable value of pore resistance
meaning that the sealing of the cracks by boehmite crystals plays an essential role in
the recovery of the protective function of a PPS coating.

The self-sealing coatings operating at lower temperatures have been also
reported [21]. The two layer coating consisting of an expandable clay layer and a
polymer top coat was designed. The idea is based on the expansion of the clay
phase in the defects leading to its partial sealing. Figure 8.4 demonstrates the
schematics of the coating and micrographs of scratched zone before and after
sealing. Fast filling of cracks occurred mainly within the first two hours of exposure
resulting in a good restoration of the surface flatness. A similar approach was also
suggested by Hikasa et al. [22], where a sodium-clay (hectorite) and silica multi-
layers were deposited using spin coating technique. The hectorite is a swelling clay
which expands cubically due to the reaction with water. When water penetrates to

Fig. 8.4 SEM images of a scratch on a multi-layer coating obtained by a 0.15 N load before
(a) and after 21 h of healing (b); (c) graphical representation of the two-layer coating used to
model the crack-filling effect; d = scratch width and h0 = clay layer height. Adapted from [21]
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the crack in clay/silica composite film it reacts with hectorite causing its swelling
and consequent blocking of the defect.

The swelling function can also be achieved by addition of superabsorbent
polymers as active pigments [23]. The protective vinyl ester polymer coating
containing superabsorbent polymer particles were developed to ensure active pro-
tection of steel substrates. Electrochemical impedance study demonstrates that
barrier properties of the coating damaged by a knife increase remarkably upon
immersion in electrolyte. The swelled polymer particles create a layer which pre-
vents the diffusion of oxygen from the bulk solution to the scratched surface of the
substrate.

In spite of the proof of several self-sealing concepts the real application of
self-sealing coatings for low-temperature corrosion protection has not yet been
demonstrated. One of the important restrictions is the limited degree of barrier
recovery. The sealing often is not sufficient to fully prevent ingress of electrolyte
and oxygen into the defect.

8.3 Self Healing in Polymer Networks

Another approach widely discussed in self-healing polymer or composite bulk
materials is based on reversible formation of polymer bonds under different con-
ditions. This type of self-healing is often called as intrinsic healing. In this case the
healing capability is intrinsically connected to the polymer matrix. The two parts of
the damaged polymer should be brought together at the first stage in order to ensure
the contact. Only then the reconstruction of polymer bonds and recovery of the
polymer matrix integrity can be achieved [24]. There are two main chemical
approaches based on supramolecular interactions (e.g., hydrogen bonding [25],
ionic interactions [26], π–π interactions, or host-guest interactions)) or reversible
covalent bond formation (e.g., based on the Diels-Alder (DA) reaction) [27].
A comprehensive review on the different self-healing polymer based materials is
out of scope for this chapter since most of the approaches are not applicable to
protective coatings. In the case of coating the geometrical limitations can play a
significant role. A relative high mobility of the polymer matrix is needed to close
the gap by relatively thin layer of polymer. In many cases the width of the defect is
larger than the thickness of the polymer coating. Nevertheless several intrinsic
self-healing polymer coatings were recently developed as briefly overviewed
below.

An example of supramolecular copolymer used to create self-healing coating
was recently presented by Bode et al. [28]. The chains forming the copolymer
network are connected by metal-ligand interactions in this case. The healing process
occurs on the molecular level via formation of ionic clusters which consist of
doubly positively charged iron center and two terpyridines as ligands (Fig. 8.5).
However, certain energy is required to reach sufficient mobility of polymer network
for the reformation of ionic clusters.
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The Diels-Alder (DA) reaction, widely explored in the self-healing bulk mate-
rials, can also be considered as a promising approach when designing active
coatings with intrinsic self-repair function. The healing action in the case of DA
based polymers is relying on reversible formation of covalent bonds under different
temperature conditions. Thus the defects can be healed by reformation of polymer
bonds upon heating to moderate temperatures. One of the most typical systems is
the furan/maleimide couple. Kötteritzsch et al. [29] have synthesized novel ter-
polymers with MIMA (2-(1, 3-Dioxo-3a, 4, 7, 7atetrahydro-1H-4,
7-epoxyisoindol-2(3H)-yl)ethyl methacrylate) and FMA (furfuryl methacrylate) as
functional units for DA reactions. As co-mono-mers MMA (methyl methacrylate),
BMA (butyl methacrylate), and LMA (lauryl methacrylate) were used. The most
flexible co-monomer is (LMA), enabling an effective reflow of the material in the
range of the DA temperature. While BMA-based co-polymer provided the healing
effect only on the nanometer range, the LMA-containing system was also able to
heal millimetre-wide defects. It was demonstrated that the scratches can be repaired
within a short time (2 min) at 160 °C or over longer periods using lower temper-
atures (110 °C) (Fig. 8.6).

The mobility of the polymer networks plays a crucial role in the healing of
defects using the DA reaction approach. Higher flexibility can be achieved not only
by choosing long chain co-monomers but also via introduction of proper plasti-
cizers. The healing performance of the polymer based on thermoreversible DA

Fig. 8.5 Schematic representation of the iron(II) crosslinked polymer network with ionic clusters
[28]
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reaction was significantly improved by the addition of 10 % w/w of benzyl alcohol
as plasticizer [30]. Benzyl alcohol is thermally stable in the temperature range
needed to activate the retro DA reaction. The plasticizer-containing polymer has
demonstrated an excellent recovery of aesthetic appearance of the scratched surface.

Shape memory polymers can also be used to formulate protective coating cap-
able healing of mechanical defects using the viscoelastic reflow effect. The shape
memory polymers are usually double-phase materials with high flexibility capacity.
Under the action of the external trigger such as UV or temperature one of the phases
becomes very mobile allowing a limited reflow of the polymer. In this way the
scratch can be filled again with the polymer. González-García has used a
shape-memory polyurethane (SMPU) film as a protective coating on AA2024 [31].
The shape memory polymer film consisted of a two-segmented block co-polymer of
poly-(ɛ-caprolactone) (PCL) as the soft domains and polyurethane segments
(PUs) as the hard domains. This material, at a temperature above the melting point
of the soft part, offers enough mobility and sufficient mechanical stability to avoid
excessive flow of the coating.

The idea of reflow-healing of protective coatings has already found its com-
mercial realization. Nissan has recently implemented the “Scratch Guard Coat”
painting system which contains a newly developed high-elastic resin providing
reflow in artificial scratches [32]. The new coating system is effective for about
3 years and is five times more resistant to abrasions caused by car-washing machine
than a conventional clear paint. However the cost effect is still a limiting factor for
the mass cars.

8.4 Coating Systems with Encapsulated Inhibitors

As described above self healing or responsive coatings, require the incorporation of
responsive mechanisms or agents to produce the healing effect. In the previous
section a number of mechanisms were reviewed where the response is built into the

Fig. 8.6 Self-healing experiment of LMA-copolymer using SEM for visualization. a Scratch
before annealing, b scratch after annealing at 110 °C for 30 min [29]
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polymer itself. However, there is a very broad range of self healing applications
where it is either desirable or necessary to isolate the healing agent from the
polymer matrix using a variety of encapsulation approaches. There are good reasons
to isolate the healing agents because (i) it may react with the polymer matrix
material, (ii) it may be easily leached from the polymer or (iii) it may be desired to
have a triggered release and so the capsule must respond to the triggering
mechanism.

The term encapsulation itself encapsulates a wide variety of approaches to
incorporating agents into coatings. It can range from inert capsules which play no
other role than to isolate the active agent from the polymer resin [16], to ion
exchange materials where the healing agent (e.g. chromate) that is released is
exchanged for an agent that causes degradation (e.g. the chloride ion) [33]. There
are several good reviews on this subject [34, 35]. There is no straight forward
classification system for encapsulated, self healing agents since they could be
classified based on capsule geometry, size, material, mechanism (e.g. ion exchange
capacity mentioned above), or application to cite just a few possible classification
systems. The approach adopted here is to classify the capsules based on the material
from which they are made.

Before we discuss in detail the different capsule types, it is worth noting that
many of the encapsulation approaches adopted by researchers in the field are
borrowed from either the food or pharmaceutical industries where encapsulation is
used extensively. In the food industry one of the major uses is for encapsulating
flavours [36]. In the pharmaceutical industry it is used for targeted delivery of drugs
[37–41]. It is interesting to note that for many oral pharmaceuticals, the acid
environment of the stomach is a key target environment for the design of encap-
sulation systems. Different design strategies may vary from slow release to com-
plete inertness in the stomach to allow the capsule to survive the stomach
environment to release “downstream” in the intestines. The reason why this
application is of interest is that the stomach is a hydrochloric acid environment of
pH 3 which is similar to the anolyte solution in an active pit [42, 43], which can be
used as a trigger mechanism.

Encapsulating containers for coating applications have different requirements
than for other applications. The most obvious limitation is that the width of the
container must be smaller than the thickness of the coating as noted above.
Convoluted with this issue is the amount of material that is required for healing.
Approaches to this issue involve hollow tubes that can form 2-D structures [44] to
methods for the manufacture of elongated capsules [45].

Prior to further description of encapsulation, particularly where an active agent is
absorbed into a porous material, it is important to note that there are IUPAC
definitions for porosity [46]. These are:

(i) micropores: less than 2 nm
(ii) mesopores: between 2 and 50 nm
(iii) macropores: greater than 50 nm
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These definitions are based on the size of the pore diameter (from one side of the
pore to the other), but as can be seen from the definitions both microporous and
mesoporous materials have pores that are nano-dimensioned. Further, the smallest
macropores are also in the nanometer range. The term nanoporous is commonly
used to describe the porosity in materials, but if this term refers to pore size then the
porosity could be as large as a macropore and not particularly small by the defi-
nitions above. It is also worth noting that microporous materials (<2 nm) may be
good for small oxyanions such as a number of inorganic inhibitors, e.g. chromate,
but may not be so useful for larger organic inhibitors or polymer healing agents.

8.4.1 Volume of Self Healing Agent Required

Before examining the detail of the types of containers that could be used for self
healing, it is important to consider the quantity of material required for healing. The
simplest case is a single, once-only dose, the most complicated case is ongoing
delivery of a healing agent in repeated doses. The types of approaches for each
situation could be vastly different. In the former case numerous small independent
(non-interacting) containers may be sufficient. On the other hand, if ongoing,
triggered release is required then one can imagine a complicated system with supply
networks for the self healing agents along with sensors to detect the need for repair,
and actuators to stimulate release of the healing agent.

Some insight into the volumes of healing material required can be gleaned from
the use of multiple tubes to deliver the agent for repair of a defect as presented in
Fig. 8.7. Here the defect is a scratch with a length of 1 cm through a 25 μm thick
coating. The x-axis represents the width of the defect (scratch width) and the y-axis
reflects the volume of materials required for repair. The volume is expressed as the
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Fig. 8.7 Conceptual scenarios for volume of material required for self healing of a defect in a
paint film. The model chosen here is a series of hollow tubes embedded into a 25 μm thick film.
For the purposes of calculation of the volume of material released, two radii of tube are considered;
1 and 10 μm. The volume of material that is required for repair is expressed in terms of the length
of tube for either of the two radii
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length of tube (tube length) that is required for four different radii of tubes (1–
10 μm) that are embedded into the film. A 10 μm radius for the tube is close the
thickness of the film. The calculation for the data presented in Fig. 8.7 assumes that
there are 1000 tubes supplying the defect. In the case of the tubes with a 10 μm
radius the tubes will be nearly touching each other along the walls of the scratch. It
is immediately clear that as the scratch widens there is a significant increase (orders
of magnitude) in the volume of material required for volume filling of the scratch
which is equivalent to full functional and cosmetic repair as represented by the data
in black. As an example a 1 mm (1000 μm) scratch would require all 1000 tubes to
release healing agent from around 10 cm of their length which will limit the
availability of healing agent for further repairs. On the other hand, if the objective is
to simply provide a functional repair then, represented by a 1 μm thick film in
Fig. 8.7, then only 1 mm length of tube is required to release enough material from
all the tubes to provide a functional repair thus reducing the design demands for the
coating system. This reasoning is what has driven a lot of self healing activity in the
coatings area for a functional, as opposed to full cosmetic, repair.

The strategies based on encapsulation of self-healing agents in single capsules
confront the same issues related to the amount of healing agent available at the
defects. The number of capsules and their diameter play the major role. Recent
theoretical analysis has demonstrated that the size of the microcapsule and the
geometry of the crack are very important in coating healing [47]. In the case of
small cracks the optimal diameter of microcapsule has to be used. The probability
of healing significantly decreases with an increase in diameter and volume of
available healing agent in a single capsule since the probability of rupturing spar-
sely located large microcapsules by a small crack is very low. In the case of a large
crack the maximum possible microcapsule diameter has to be used for efficient
healing. It is related to the fact that the probability of hitting the capsules by the
crack is close to 1 and repair depends only on the amount of healing agent avail-
able. The dependence of the theoretical healing efficiency on the capsule dimen-
sions for different loading levels and different crack sizes is demonstrated in
Fig. 8.8. It can be clearly seen that even at high loading levels such as 15 % the first
remarkable signs of a self-healing effect can be expected only in the case of cap-
sules larger than 20 µm. However, as stated, capsules of this size approach the film
thickness for many potential applications. Therefore the self-healing coatings with
polymerizable agents can be only efficient for coatings with much higher thickness
used in oil and gas or marine industries for example.

The only possible way to achieve the recovery of mechanical integrity is
application of polymerizable agents which form expanding phases where the vol-
ume of the polymer is significantly higher than the volume of original monomers. It
can be achieved for example by use of polyepoxide or polyurethane foams [48].

Beyond these conceptual ideas for addressing the issue of the volume of required
healing agents that is required, are the mechanics and materials science of incor-
porating these concepts into real coatings. Small isolated containers will have an
influence on the mechanical properties of the coating on the local scale, whereas the
incorporation of flow networks, sensors and actuators will have an obvious

168 M.L. Zheludkevich and A.E. Hughes



influence on the local properties of the coatings but also on the properties and
engineering at the scale of the painted structure, which may introduce a whole new
set of issues.

8.5 Encapsulation Systems

The following sections describe various methods for encapsulating either inhibitors
or polymer healing agents. Not all approaches are suitable for both types of healing
applications. For example, monomers for polymer healing are unlikely to be suited
to the mesoporous inorganic capsules described below since in many instances they
will react with the carrier.

In terms of capsule technology, there are two types of chemical approaches that
are broadly used in preparation of capsules that will be discussed prior to a more
detailed description of encapsulation systems that have been used to date. These are
(i) sol-gel and (ii) emulsification approaches.

8.5.1 Sol-Gel: Transition Metals

Sol-gel processes are used extensively in modern chemistry [49]. There are two
fundamental classes of reaction that are important for sol-gel processing for the
manufacture of inorganic capsules which include (i) hydrolysis and (ii) condensa-
tion reactions. These reactions are used extensively in coating formulations and also
in making porous materials for a range of applications from catalysis to drug
delivery.

Fig. 8.8 Dependence of
theoretical healing efficiency
on diameter of the capsules
for different levels of loading
and different crack sizes [47]

8 Delivery Systems for Self Healing Protective Coatings 169



Metals ions dissolved in water are solvated by water molecules. Hydrolysis of
these metal ions can be generally defined by the following equilibria:

½MðOH2Þ�zþ $ ½M�OH�ðz�1Þþ þHþ $ ½M=OÞ�ðz�2Þþ þ 2Hþ ð8:1Þ

Where there are three types of non-complexing ligands including the aquo
ligand M(OH2), the hydroxo ligand (M–OH) and the oxo ligand (M = O). The
equilibrium species will depend on the co-ordination number (N), the charge (z),
the electronegativity and the pH. A general representation of these precursor species
is [MONH2N-h]

(z−h)+ where h is the molar ratio of hydrolysis. In terms of the
species, if h = 0 then it is an aquo ion [MONH2N]

(z)+, and if h = 2 N then it is an oxo
ion [MON]

(2N−z)−. At intermediate values of h there are oxy-hydroxo complexes
[MOx(OH)N-x]

(N+x−z)− or hydroxo-aquo complexes [M(OH)x(OH2)N-x]
(z−x)+. In the

case of the transition metal cations, there is charge transfer into the d orbitals from
the 3a1 bonding orbital of water. In the case of the rare earths the f orbitals will also
be involved.

These species can then interact to form structures that eventually result in pre-
cipitates; a process called condensation. This can proceed via two nucleophylic
mechanisms either nucleophylic substitution where the preferred co-odination is
satisfied [49]:

ð8:2Þ

or nucleophylic addition where the preferred co-ordination is not satisfied:

ð8:3Þ

Condensation occurs via olation or oxolation (which includes alcoxolation) as
described below. During olation a hydroxyl bridge(s) is formed between two metal
centres whereas oxolation is a process where an oxo bridge(s) is formed between
two metal centres with one type of oxo-bridge depicted in the schema below. Where
the metal is co-ordinatively unsaturated then oxolation occurs by nucleophylic
addition and leads to edge sharing or face sharing polyhedral [49]. For
co-ordinatively saturated metal ions then oxolation occurs by 2 step nucleophylic
substitution leading to a M–O–M bond and water elimination. Oxolation occurs via:

ð8:4Þ
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Whereas alcoxolation occurs via:

ð8:5Þ

Olation occurs via the formation of a hydroxyl bridge between the two metal
centres as depicted in one schema below. There are numerous other types of
bridging configurations that can occur as discussed by Brinker and Scherer [49].
Nucleophylic substitution reactions for transition metal ions result in dimmers or
trimers in certain pH regimes since the net charge diminishes with each substation
to the point where there is no further driving force for nucleophylic addition.

ð8:6Þ

ð8:7Þ

Close to the iso-electric point neutral precursors are able to condense indefinitely
to form either hydroxides or oxy-hydroxides. Polyanions are formed at high pH
with the chromate reaction being a familiar example in the world of inhibitors:

Cr2O5ðOHÞ2
� �0! Cr2O6ðOHÞ½ �� þHþ ð8:8Þ

Cr2O6ðOHÞ½ ��! Cr2O7½ �2� þHþ ð8:9Þ

8.5.2 Sol-Gel: Silicon

Silicon alkoxides are the most commonly used alkoxides and have some distinct
differences to the transition metal alkoxides. As summarised by Brinker these
include [49]:

1. lower electronegativity of Si compared to the transition metals,
2. In polar solvents neither oligomerisation nor alcohol association are observed

with Si-alkoxides whereas they are observed with the transition metal alkoxides,
3. Processing for Si-alkoxides is less strict than for transition metal alkoxides

which can react extremely quickly.

Silicon is hydrolysed in H2O to form Si(OH)4 (silicic acid). Above pH 7 further
hydrolysis occurs resulting in species such as SiOx(OH)4-x

4− and protons. The same
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reactions occur with silicon alkoxides (Si(OR)4). Polynuclear species are charac-
teristic of silicic acid condensation reactions particularly below pH 7.

The formation of silicate gels generally proceeds via the hydrolysis of the
tetra-alkoxides facilitated by the presence of either acid or base [49] and is
described by the following three reactions, beginning with hydrolysis:

� Si�ORþH2O $� Si�OHþROH ð8:10Þ

Followed by esterification via alcoholysis:

� Si�ORþHO�Si �$� Si�O�SiþROH ð8:11Þ

Or hydrolysis:

� Si�OHþHO�Si �$� Si�O�SiþH2O ð8:12Þ

Of course the R group need not be the same for all ligands and can be substituted
by a hydroxyl (–OH) group. These basic reactions underpin our understanding for
sol and gel formation for the transition metals as well as silicon. Of course there will
be differences between different alkoxides as well as different metals which will
determine the exact parameters for processing individual alkoxides.

8.5.3 Emulsification and Sols

Emulsions and sols are commonly used in the preparation of capsules. Emulsions
are formed by the dispersion of one liquid into a second liquid where two phases are
immiscible and have a tendency to separate. The two will work to minimise their
surface free energy which, in the absence of surfactants, leads to phase separation
and the formation of two layers, but in the presence of surfactants and agitation an
emulsion can be formed. The advantage of the emulsion approach is that it
increases the surface area and dispersion of one phase with respect to the second.
Thus for equivalent volumes, a spheres with 100 nm radius will have over a
thousand times more surface area compared to a single sphere with a 1 μm radius.

Emulsions are generally stabilised by molecules that have end-groups of a dif-
ferent nature to each other. Thus a fat/water emulsion can be stabilised by fatty
acids, that have lyophobic and lyophillic end groups, which sit at the interface
between the two phases. The presence of this interfacial layer provides an oppor-
tunity for further reaction as discussed in a number of encapsulation processes
below. Inverse micro-emulsions have also been used to control particle size of
inorganic delivery systems since the precipitation process is confined to the inverse
emulsion droplet volume [50].

Sols (solids suspended in a liquid) are also potentially useful for encapsulation
via processes which involve preferential interaction at the surfaces. Sols are often
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stabilised via charge which means that molecules of opposite charge can react with
the surface. Examples of this include the polyanion/polycation approaches to
encapsulation. In this respect, Hughes et al. also report an oleic acid encapsulation
of La-dibutylphosphate inhibitor in epoxy [3].

8.5.4 Inorganic Capsules

Inorganic chemistry is a vast field of chemistry and from within this field there is an
equally vast number of possibilities for capsule structure and chemistry derived
from both the natural and man-made world. Many of these materials are used in
other industries such as in pharmaceuticals [51], others are already used in the paint
industry. For example porous aluminosilicates formed from flyash left after the
combustion of coal (geopolymers) have been used as starting materials for delivery
systems in the pharmaceutical industry [52, 53]. Furthermore, natural capsules are
formed during coal combustion and captured from the gas effluent stream such as
that presented in Fig. 8.9, and are already used as fillers in paint simply to reduce
the volume of more expensive components of the paint such as the polymer and
pigments [54].

8.5.4.1 Natural Materials

Among natural materials there are three broad classes that are used as containers for
inhibitors including silicates, polyphosphates and layered double hydroxides
(LDH). Our understanding of these materials has led to many man-made structures,
some of which only have a curiosity value while others have very practical
applications; these will be discussed below. Some of the most commonly used
natural minerals include alumino-silicates such as natural zeolites and layered

Fig. 8.9 Example of
alumino-silicate
hollow-sphere formed during
coal combustion used as filler
in paint, sealants, plasterboard
and polymers (Courtesy of
Dr. Damian Fullston, CSIRO)
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double hydroxides which can be silicate-based (clays) or based on other elements
(e.g. Hydrotalcites). For example, NaX Zeolite occurs both naturally but can also be
synthesised and has been used as a container by loading it with Ce(III) [55, 56].
Even corrosion product itself may form LDHs having a porosity that may influence
the corrosion process as well as provide opportunities for the design of self healing
mechanisms [57]. A number of natural materials have been explored for application
in the paint industry. For example Ce [58] and Ca-exchanged bentonite clays [59]
have been tested in paints. Halloysite, which is a mineral clay that forms nanotubes,
has been used to encapsulate organic inhibitors [51] with a particular focus on
benzotriazole (BTA) as the inhibitor [51, 60, 61]. Endcaps for the Halloysite tubes
were formed by exposure to a CuSO4 and controlled release was achieved by
treatment of the capsules with ammonia. Release of the active component from
these materials is generally triggered by either ion exchange, pH and or solubility
(or a combination thereof).

The materials mentioned above operate as “capsules” at the molecular level, i.e.,
largely as microporous materials. However, mesoporous or macroporous materials
can also be of interest since the larger scale pore structure in these materials can be
used to store healing agents. For example, there are many types of porous rocks that
are of current interest because they contain gas or oil within their pore structures.
The pore structures within these natural minerals are only beginning to be inves-
tigated [62, 63]. There may be as yet undiscovered opportunities to use these
materials as delivery systems for inhibitors or healing agents where the pore size
distribution is of an appropriate dimension.

8.5.4.2 Synthetic Materials

There are numerous approaches for synthesising materials for various types of
capsules as a method of incorporating inhibitors in coatings. These types of cap-
sules can vary from simple precipitates which may not have a well defined pore
structure to materials with more ordered structures as discussed below.

Disordered Mesoporous Structures

The hydrolysis and condensation reactions described above can be used to make
precipitates that may have a disordered mesoporous structure but still have useful
properties for either adsorbing or absorbing inhibitors and other agents. These can
be simple inorganic precipitates (e.g., oxides hydroxides, phosphates, sulphates) to
precipitates that have some organic functionality such as might be produced when
metal alkoxides are used to prepare the precipitate, e.g., when silanes are used
(RSiOR’). A second category of inhibitor carriers includes inorganic (usually
oxide) nano-particles with no microporosity onto which an active agent is adsorbed
[5, 64–68]; the term nano-containers or nano-reservoirs are also used to describe
these types of capsules [5, 65, 68–70] and even extended to boehmite (Al2O3.nH2O,
n = 1; boehmite, n = 2 or 3; pseudoboehmite) particles which have been loaded with
Ce ions [71]. For example, Ce ions have been adsorbed onto the surface of ZrO2
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[67, 68], TiO2 [5, 72, 73] and CeO2 nano-particles [66, 74, 75] and shown good
performance. This type of work follows on from putting inhibitors into sol-gel
coatings such as Ce ions into ZrO2 coatings [76].

3D Porous Structures and Templating Methods

As stated above inspiration has been drawn from natural structures to design
man-made materials. Some of the most notable developments in this area are the
development of the ZSM series of molecular sieves for catalysis in the petro-
chemical industry [77] and later the Santa Barbara materials (e.g. SBA) [78] and the
Mobil Crystalline Materials (MCM) [79]. ZSM zeolites are formed using organic
templating (see below) and hydrothermal synthesis whereas the SBA and MCM
materials can be manufactured at room temperature. The approach used to manu-
facture these structures is based on an organic template which defines a porous
structure within which the inorganic material precipitates. The template can be
modified to provide different structures. The beauty of this approach is that if the
template is stable then mixtures of alkoxides can be used to design the “chemistry”
within the structure or introduce aliovalent ions that can be used to create charge in
the framework. For example, Al ions or alkoxides can be introduced into silica gels
of precipitates obtained from alkoxides to provide an Al3+ site thus introducing
charge into the final structure. This was well demonstrated with the ZSM series of
zeolites which can be made with a range of Si:Al ratios that allow for cation
exchange into them and so the properties could be tuned. Of course some of the
natural zeolites can be formed synthetically and have been used as inhibitor carriers.
For example, Dias et al. [55, 56] loaded synthetic NaX zeolite with Ce(III) in a Ce
(NO3)3 solution.

Organic templating (or scaffolding is another term used here) is a common
technique these days for the preparation of microporous and mesoporous materials
[80]. One particular class of organic templates are the Cubosomes™ which are
nanostructured, cubic lyotropic liquid crystalline colloidal particles made from lipid
bi-layers [81]. These cubic liquid crystals are most commonly formed from
glyceride-based monoolein and phytantriol. They are stabilised by block
co-polymers made from ethylene and propylene oxides. An example of the struc-
ture of such an organic template is displayed in Fig. 8.10. In this instance the
organic structure, which is frozen for the purposes of imaging in the TEM, is
formed from a myverol-based organic used for making mesoporous materials for
drug delivery [82, 83]. While these types of structures have a high lipid content,
they also have water channels for the incorporation of metal alkoxides for the
manufacture of an inorganic “negative” of the template. Some common structures
which are commerially manufactured through these approaches, but used in other
applications such as catalysis, are the SBA [84] and the MCN structures mentioned
above [79]. Inorganic particles can also be absorbed onto the internal surface
structure thus stabilising it as a framework [85]. Unlike the molecular sieves such as
the zeolites these material are mesoporous structures. SBA, for example, has uni-
axial channels around 5 nm in diameter and smaller pores along the walls of the
channels as displayed in Fig. 8.11.
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In principle, organic templating is simple and involves the following steps
(i) formation of the organic template (e.g., Fig. 8.10), (ii) precipitation of the
inorganic within the porosity of the template (within the bright rings of the structure
in Fig. 8.10) and (iii) burning off the organic to leave an inorganic material which is
the “negative” of the porous organic template (Fig. 8.11). Second generation
materials can also be produced, by causing precipitation within the porous network
of the inorganic micro or mesoporous material and then dissolving out the inorganic

Fig. 8.10 Organic structure used as a precursor for templating. In this case it is Myverol-based
organic. The organic has been cryogenically sectioned using diamond microtomy and examined
cryogenically as well (Image provided courtesy of Dr. Lynne Waddington, CSIRO.)

Fig. 8.11 TEM Image of the mouths of the channels in SBA-15 (left) and schematic of the
structure (right). Images provided courtesy of Dr. Lynne Waddington, CSIRO
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material. In the case of silicates using hydrofluoric acid or strong alkali results in
dissolution of the structure. The second generation precipitation generally involves
inorganic materials that are HF and alkali resistant. This results in a reproduction of
the original organic framework. The inorganics are typically metal alkoxides, but
silicon alkoxides are by far the most characterised and best understood as described
in the sol-gel section.

The structure of the organic template is sensitive to the chemistry and can be
easily destroyed, thus templating with other metal alkoxides may not be so straight
forward as with silicon alkoxides. As discussed above, the rapidity of hydrolysis
and condensation reactions for the transition metal alkoxides is one difficulty, but
others include whether the optimum pH is achieved for hydrolysis and condensa-
tion reactions, or whether the rapid release of alcohols destabilises the templating
structure. For the rapidity of hydrolysis, Zheludkevich et al. [86] rates the reactivity
of a number of metal alkoxides with similar alkoxides groups as Si(OR)4 « Sn
(OR)4 < Ti(OR)4 < Zr(OR)4 < Ce(OR)4. Nevertheless examples based on using Ti
propoxides [87] Zr-oxychlorides [88] and Ce acetate have been reported [89].

All these templating processes rely on sol-gel chemistry described above where
metal alkoxides undergo full hydrolysis followed by polymerisation. A variant on
this process is where traditional hydrolysis and condensation is performed in the
presence of silanes. The species here are of the form RnSi(OR′)4-n where the R
groups can perform some additional function such as providing linkers for cross
linking and coating formation. These materials are called Ormosils after “organi-
cally modified silicate” [90]. This type of sol-gel chemistry is used widely in
coatings research and there are many excellent reviews of this area [86, 90–92].
There are numerous examples of sol-gel coatings in the inhibitor and coatings
literature including silica- [93–101], titania- [72, 102], zirconia- [67, 103–108],
ceria- [76, 109] and molybdate- [110] based processes. Some examples include the
loading of titania nanocontainers with 8-hydroxyquinilone (8-HQ) [72] or benzo-
triazole [102]. There is an equally large literature looking at the incorporation of
nanoparticles or inhibiting ions into sol-gel coatings [64, 65, 68, 76, 95, 106, 111,
112]. Often sol-gel approaches are used in hybrid applications where native oxide
thickening is also employed [109, 110, 113, 114]. Even conversion coatings such as
the chromate conversion coating has been viewed from the perspective of sol-gel
processes [115].

The most common silicon alkoxides that are used in this application is tetra-
ethoxy silane (TEOS), tetramethoxy silane (TMOS) and glycidoxypropy-
ltrimethoxysilane (GTMS). Bis-(triethoxysilylpropyl)-tetrasulfide silane has also
been explored extensively [116–119]. The most common titanium and zirconium
alkoxides that are used are the metal propoxides [120].

Triggering release from the pore structure in these materials is often via simple
dissolution, but more sophisticated approaches can be designed. “Gates” and
coatings sensitive to pH are some of the most obvious approaches and are borrowed
from the pharmaceutical industry [121].
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8.5.4.3 Sheet Materials

Layered Double Hydroxides

Layered double hydroxides (LDH) or hydrotalcite-like structures have been of great
interest in recent years as carriers for inhibitors. As mentioned above HT materials
exchange carbonate most efficiently in the presence of chloride ions [122] making
this class of materials very suitable for use in corrosion since the presence of
chloride can be used as a trigger. Thus the exchange of organic inhibitors such as
benzotriazole [123] and inorganic inhibitors such as nitrate, chromate [33] or
vanadates [124, 125] for chloride ions has been reported in the literature. Other
types of LDH include “green rust” which is a natural occurring Fe(II)–Fe(III) LDH
and a transient species in iron corrosion [126] and may delay the onset of corrosion.
LDHs have the following composition:

M2þ
1�xM

3þ
x OHð Þ2

� �xþ
An�

x=n

� �
:mH2O;

where the divalent and trivalent metal ions can undergo isomorphic substitution.
The structure consists of Brucite-like layers with edge M(OH)6 octahedra. Methods
for making synthetic hydrotalcites are well known and they can be manufactured
from the desired chlorides (typically Mg or Zn with Al) under pH control.

LDHs can be used as coatings themselves [127–129] as well as pigments in
coating formulations [130–132]. The synthesis of HTs is well known [133] and has
been applied to the manufacture of vanadate- [131, 132] and molybdate [134]
containing HT pigments. When these pigments have been incorporated into a paint
coating they demonstrate a considerable improvement in filiform corrosion resis-
tance due to chloride uptake [33]. As noted above, HT-based coatings themselves
have also been explored as alternatives to chromate conversion coatings either
grown using elements of the substrate metal [129, 135, 136] or cast onto a surface
using spin coating [127].

Inhibitors that have been incorporated into LDHs include inorganic [124, 130,
137] and organic inhibitors [123, 137–139]. Buchheit et al. [131] reported that the
replacement of decavanadate during the uptake of the chloride ion results in a
change in the crystal structure of the host Zn(II)–Al(III) hydrotalcite which can be
detected by X-ray diffraction. They further concluded that this could be used as a
sensor for signalling chloride ingress. Zheludkevich et al. also noted significant
changes in XRD patterns with inhibitor loading and treatment conditions for Mg
(II)–Al(III) and Zn(II)–Al(III) hydrotalictes [132, 138]. Kendig and Hon [139]
reported good performance for a 2, 5-dimercapto-1, 3, 4-thiadiazole/HT pigment on
AA2024-T3 with the inhibitor itself showing good performance on Cu [140].
Trujillano et al. [141] prepared Cu(II)–Al(III) LDH with intercalated sulphonates
which are of interest in catalysis and also for their magnetic properties, but may also
be good containers for homo or heterocyclic thio inhibitors [142].
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Phosphates

Similar to the zeolite molecular sieves are the phosphate based molecular sieves
[143, 144] which were developed in the late 1980s and early 1990s. As with the
ZSM series of zeolites, the small pore diameters in these materials makes them less
attractive for inhibitor capture. Other phosphate structures exist within the apatite
family with the best known being hydroxyapatite which is used as a scaffold for
bone regeneration [145]. The preparation of high surface area boron phosphates
[146] and titanium organo phosphates [147] has also been reported. The exfoliation
of layered Zr-phosphates been investigated for coating formation but more from the
perspective of better adhesion rather than for corrosion protection [148]. Exfoliation
was achieved by loading the interlayer space with tetra-(n-buytlammonium) ion. To
the authors knowledge these have not been used to encapsulation inhibitor com-
pounds in coatings.

Many phosphates themselves have inhibitive properties as well solubilities that
make them suitable for direct incorporation into paint systems although their per-
formance is generally not considered to be as good as chromate [149–156], but
exceptions have been reported. For example, Kalendova et al. [157, 158] examined a
range of phosphate-based materials and found that Zn and Ca phosphates performed
better than strontium chromate in epoxyester paints at a pigment volume concen-
tration (PVC) of 10 % and a PVC/CPVC of 0.65. Pokhmurs’kyi et al. found that
Ca-hyperphosphate inhibition approached that of strontium chromate [159]. Howard
et al. [155] found that commercial phosphate pigment was similar in performance to
chromate, but that performance was related more to release rate rather than intrinsic
inhibition. Raps et al. [106] found that phosphates added during sol-gel formation
improved the barrier functions of sol-gel coatings. On the other hand these materials
are not being exploited as delivery systems for other inhibitors as is the case where
other porous materials have been employed as containers for inhibitors, so there may
be opportunities to develop new inhibitor delivery system using porous phosphates.

8.5.5 Exfoliation and Reassembly into Capsules—Pickering
Particles

Exfoliation of layered structures is well known and extensively studied in recent
decades. Delamination involves intercalation of fatty or amino acids followed by
treatment in organic acids [160, 161] but treatment in formamide has also been
reported [162]. Exfoliated layered materials are generally used to improve the
mechanical properties of materials. For example, exfoliated clays are used exten-
sively for mechanical reinforcement in polymers and laminates more commonly
known as nano-composites [163–165]. They increase the strength of these polymers
by arresting crack propagation. Exfoliated layered material is also used to increase
fire resistance in polymers since the addition of an inorganic to the organic matrix
retards combustion [166].
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In encapsulation, the exfoliated layers are used as interfacial layers between two
phases in emulsions to form shells [162]. Li et al. [162] described a process for
coating polystyrene (PS) beads with HT exfoliated sheets. The PS was subsequently
burnt out of the structure. Bon et al. described a process for coating using exfoliated
Laponite clay sheets [167, 168] as well as a process using TiO2 nanoparticles as the
inorganic phase [169]. Bon et al. [170] also described a process for making
non-spherical droplets to demonstrate the manufacture of nonspherical rods by
forcing clay-shell stabilised oil emulsions through a tube. In principle, exfoliated
phosphate layers (see above) could also be used for shell manufacture [148].

8.5.6 Polymer Capsules

Polymer capsules have been used in a number of examples of self healing in the
coatings area. These are derived from the food industry where polymeric encap-
sulation is used for a range of applications but typically for extending the lifetime of
flavours [171]. In both applications the mechanism of release is via breakage of the
capsule. Thus they provide a once-only dose. There are other approaches to using
polymers for encapsulation such as polyelectrolyes or conducting polymers which
respond to pH changes and these are discussed below. Only the hard polymer
capsule approaches will be discussed in this section.

Hard polymer capsule approaches have been used to encapsulate both inhibitors
and polymeric healing agents [172–175]. There are a number of methods of making
polymeric capsules but they all use the emulsion processes described earlier. There
are both one-step and two-step processes described in the literature for the
dispersion/polymerisation steps for the manufacture of the polymer shells, although
all processes use an acid polymerisation step [13].

The polymer capsule approach for self healing in epoxy systems have been
reported for both composite materials and coatings [34, 176]. For example in
composites, epoxy and mercaptans were separately encapsulated and demonstrated
in a number of studies [177–180] to provide healing in epoxy coatings. In this
instance the mercaptan was used as the hardener and highlights the multiple
functions that chemicals can have since mercaptans can also be used as inhibitors
[142, 181–184]. It also highlights that good organic inhibitors, such as
thio-compounds, can interfere with polymerisation and need to be isolated during
film-formation. Nesterova et al. [13] examined the synthesis conditions for urea
formaldehyde and melamine urea formaldehyde formulations when the encapsulant
was a polymer healing agent. It was found that encapsulation procedures needed to
be adjusted for each encapsulant and that viscous materials, such as bisphenol A or
bishenol F epoxidised resins, were difficult to encapsulate. These led to sticky
products rather than free flowing powders. An example of hard polymer shells
incorporated into PMMA/PS is shown in Fig. 8.12. In this instance the polymer
shell comprises ureaformaldehyde containing a solvent for solvent welding of the
PMMA/PS. Other polymer capsule formulations have been reported that may avoid
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this problem [175]. In a variant on the polymer encapsulation, He and Shi [185]
reported a process where methylmethacrylate (MMA) and catalyst (K2S2O8 or Na
thiosulphate) were encapsulated in a shell formed from TEOS. This was achieved
by forming an emulsion of the MMA in funtionlised (sulphonated) polystyrene
spheres (PSS), then polymerising the TEOS and finally removing the PSS.

Apart from the hard capsules mentioned above, there are other methods for
putting a polymer capsule onto an inhibitor. For example solids can be coated when
in suspension in solvent/polymer mixture and spray dried. Plasma coating is
another process used for coating particles and has been demonstrated for BaCrO4,
tolyltriazole, benzotriazole and 1, 2, 4-triazole where the plasma coating was
perfluorohexane monomer [186].

Beyond polymer capsules, large organic molecules such as the dendrimers
described below can be used to trap inhibitors. Cyclodextran has also been used as a
type of capsule since it has a hollow cage structures that can be used to adsorb
molecules [98]. Other polysaccharides have been used for drug delivery as
reviewed by Aginhotri et al. [187] and poly- glycolic and lactic acids as well as
polylactide-co-glycolide have been reviewed by Hans and Lowman [40]. Not all
these materials will be applicable to coatings since some are highly soluble in an
aqueous environment.

Fig. 8.12 Example of embedded polymer capsules in a section of a polymer tube. The image is a
reconstruction from X-ray absorption data. Full capsules are in mauve whereas empty capsules are
in green. Capsules were 15 wt%, *60 μm and made from ureaforlaldehyde. They contained
dichlorobenzene for solvent welding repair of PMMA/PS (after Mookhoek et al. [172])
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8.5.7 Hollow Tubes

The introduction of tubes within materials offers a primitive approach to building
proto-vascular networks for the supply of inhibitors and healing agents. While
inorganic and organic hollow tubes have been explored for concrete [188] and
composites [189], the manufacture of hollow tubes in the size ranges required for
coatings is still an active area of research. In addition it is uncertain how the
incorporation of tubes into coatings modifies the properties of the coating partic-
ularly the mechanical properties and durability. Clearly the rupture of the tube
would provide the triggering mechanism for release of the healing agent. Perhaps
soluble tubes as well as porous tubes might also be options.

Inorganic Hollow Tubes

Inorganic hollow tubes can be formed by anodising metals. Anodising aluminium
produces columnar structures which are hollow and often treated with inhibitors or
dyes for colouring and then sealed in hot water [190]. Chromate sealing has been
used for many years in anodising processes so in a sense filled hollow tubes have
been around for a long time. Similarly titanium can also be anodised producing
similar structures to aluminium. Kowalski et al. [191] looked at filling Ti anodised
layer with polypyrrole and found a range of structures could be produced. While
these tubes are not free tubes that can be manipulated and then incorporated into a
coating, they can, in combination with a paint coating, be used to manufacture a self
healing system. However, free tubes manufactured from anodised coatings, have
been removed from their substrate and used as membranes or sensor arrays [192],
so the potential is there is further explore these types of inorganic materials.

Organic Hollow Fibres

Porous polypropylene fibres have been used for self healing applications in concrete
structures [188]. Capability now exists for building a range of internal structures in
polymer fibres.

8.5.8 Self Assembly

Self assembly is a process where entities, typically molecules organise themselves
into structures to minimise their free energy. As described above the driving force
for mixtures of immiscible liquids is for them to separate into phases.
“Suspensions” of one phase dispersed in a second phase can be stabilised as
micelles or inverse micelles [92]. This requires “self assembly” of surfactants at the
interface between the two phases as described above.
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In the coatings area self assembly for corrosion prevention has been investigated
for metal surfaces, particularly thiols and phosphonates for Fe and Cu surfaces
[152] and phosphonates for aluminium [152, 193]. Many of these films that self
assemble have protective properties and some are used commercially [194].
Nothing more than a summary of this work will be provided here because, apart
from the micelle application, the topic of self assembly on surfaces is not really
devoted to encapsulation. Knag [195], Knag et al. [196] found that docoyltriethy-
lammonim bromide and 1-octadeanol formed monolyers reducing the corrosion by
60 and 5 % on Fe substrates respectively. Ramachandran et al. explored imidizole
derivates adsorbed onto Fe2O3 single crystal surfaces and found that the long
hydrophobic tail tilts to form a packed hydrophobic monolayer [197]. Felhősi et al.
[198] found that 1-phosphono-alkane derivates rapidly adsorbed on Fe surfaces but
underwent a longer term ordering process. From an encapsulation perspective
ad-micelles are often observed on surfaces [199] and it may be possible to fill these
with inhibitor and incorporate them into a coating. Shida et al. [200] reported a self
assembling Zr-based coating on AA 1100 produced in a multistep process that
provided some protection. Other surfaces can be coated as well such as the self
assembly of Zr-phosphate layers in Si reported above [148].

Another form of self assembly that appears in the literature are the
self-assembled nanophase coating process (SNAP) [94, 201, 202] coatings. The self
assembly here refers to the production of nanoparticles based on SiOx(OR)4–x on
addition of TMOS and GPTMS to acidified solution. These functionlised particles
are then connected by the addition of cross linking agents when coating formation
is required. SNAP coatings themselves have good barrier properties but do not
represent an encapsulation system. Encapsulated inhibitors need to be added to the
coatings to further improve the performance. For example, encapsulation of organic
inhibitors in inhibitor/β-cyclodextrin complexes has been reported for this system
[98]. The inhibitors being mercaptobenzothiazole and mercaptobenzimidazole [98,
203].

8.5.9 Dendrimers

Dendrimers form a class of materials where branching occurs at the molecular level.
There are several good reviews of dendrimers in the literature [39, 204]. As can be
seen in Fig. 8.13, the key structural feature of the dendrimer is the generation step
where branching occurs. Dendrimers are ideal for hosting substances at the
molecular level and are used in drug delivery. According to Sahoo and Labhastewar
[39] dendrimers can be manufactured either divergently (from the centre outwards)
or convergently (from the exterior inwards). Agents can be incorporated either
within the internal volume or attached to the outside of the dendrimer. There is little
in the corrosion/inhibition literature on the use of dendrimers as carriers for healing
agent, but these molecules seem to offer opportunities for further exploration, but
generally these types of molecules would be suited to organic inhibitors [205, 206].
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8.5.10 Conductive Polymers

Research into conductive polymers is certainly an area of emerging interest for a
few decades now. Interest in this area seems to have arisen with the report by
DeBerry [207] which examined the protection of ferritic stainless steels in acid
media, by polyaniline. Generally, polyaniline (PANi), polypyrole (PPy), poly-
thiophene (PTh) and polyphenylene vinylene [208] are the conducting polymers of
interest [209–211]. The mechanism of protection relies on the ability of the con-
ducting polymer to conduct electrons. In one model of the mechanism of con-
ductive polymers, they at act as a an oxidising agent resulting in oxide formation on
the underlying metal [212–214]. Alternatively, it has been proposed that cathodic
reduction is moved from the surface into the coating [215]. Within the coating itself
there has been further advancement in revealing the underlying structure. Currently,
the “organic nanometal” model is used to explain the mechanism of protection
[216, 217]. In this model small conducting polymer particles (nanometers in size)
are separated by only a very thin less conducting layer through which electrons
tunnel thus producing conductivity. The conductivity is facilitated through struc-
tural entities upon complexation with metal ions. DeBerry’s paper also highlighted
the need for a method of coating application which has been investigated by a
number of authors [210, 218] Electrochemical deposition has been reported to
provide good coatings, but this process is not considered generally suitable for

Fig. 8.13 3rd Generation
dendrimer. Each generation is
indicated by the circles
marked with the “gen” labels
and the level of branching is
indicated by the black
branching links
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industry. The issues associated with dispersion into a solvent has also been
investigated [217, 219].

Much of the work in this area has focused on the corrosion protection offered by
the coating itself as described above. Of course the interest in conducting polymers
in this chapter is their role as delivery systems for self healing agents [220]. Release
of species in response to external stimuli was first reported by Barisci et al. [221] for
a range of applications including corrosion protection. Since then a number of
different inhibitors have been incorporated into PANi including mercaptothiadia-
zole [140], ammonium salt, dithiocarbamate [140], molybdates [220] various
transition metal ions [217] and oxyanions [222]. Conducting polymers have also
been stored in nanowires for later release [191].

8.6 Summarizing Discussion on Triggering Mechanisms

As discussed in the introduction of this book there are many types and degrees of
complexity of triggering that can be envisaged. In the end, the level of sophisti-
cation of the triggering will depend on the application area, which defines the
triggers that are available, and the cost, which will determine the cost/benefit bal-
ance for the application.

8.6.1 Autonomic Triggering

The most obvious triggers are those that occur during normal operation and are
provided by cycles in the operational environment. The triggers for autonomic
release, listed in Table 8.1, are based on variables of the ambient environment that
regularly go through cycles and could be used for self-responding systems. But as
pointed out by Garcia et al. [35] a self healing mechanism such as the Diels-Alder
method for repair of autopaint coatings requires that the ambient temperature rises
above the transition temperature for repair to be effected. In the middle of winter in
the northern hemisphere, this temperature may never be reached and the required

Table 8.1 Trigger
classification

Autonomic
triggering

External

pH Field gradients

Water Sensors

Temperature Actuators

Mechanical damage Centrally controlled delivery systems

UV radiation

Corrosive ions
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temperature may need to be applied by an auto-technician making it an external
rather than an autonomic trigger. So the classifications listed in Table 8.1 must be
taken as guidelines rather than strict classifications.

In the examples of various encapsulation techniques presented above the most
prominent triggers for release of the healing agent are mechanical damage for hard
capsules [10, 14, 16, 172], pH for configurational change of polyelectrolytes [223]
or conducting polymers [140], pH for dissolution of sparingly soluble inhibitors
[55, 56], and ion-exchange into porous materials such as LDHs [33, 124, 137].
Temperature and UV radiation are more common as triggers for polymer healing
than for inhibitor release [176].

Some authors discuss the use of internal signalling to internal agents to effect the
release of the healing agent. The advantage of this approach for individual healing
events is not immediately obvious since using the trigger directly to effect the
healing event seems more efficient. On the other hand, if sequential healing events
are required such as inhibitor release followed by polymer healing and the events
interfere with each other then internal autonomic control of the release is necessary.

8.6.2 External Triggering and Transduction

Externally triggered systems require some level of added intervention above
autonomic triggering. Furthermore, it also implies that signalling events occur,
either within the coating or to an external agent. On detection of the signal,
intervention could be delivered using sensors and monitoring systems which acti-
vate a response automatically or via human intervention. Of course these types of
systems are likely to cost more than autonomic systems, therefore the benefit in the
application area will need to outweigh the cost. Some applications where this type
of technology might be cost effective include off-shore structures (oil rigs and
windmills), onshore pipelines, bridges and aircraft, particularly where it is difficult
to inspect. Specifically these could become cost effective where there are occluded
spaces such as in aircraft wings, hazardous environments such as off-shore struc-
tures, bridges or chemically dangerous environments or extended structures such as
oil pipelines where monitoring thousands of kilometres of pipeline is a challenging
task. Additionally, external triggering, or signal transduction will need to be built
into service equipment.

Sensor and signalling systems can include colour [224–227], changes in trans-
mittance, or fluorescence [228–230] to name a few signals. Closely related to
molecular level sensing and signalling are the nanosensors. The challenge here is to
produce significant signal level from very small sensors that have very little effect
on the mechanical properties when incorporated into a polymer matrix. One
example of these includes Surface Enhanced Raman Spectroscopy (SERS) sensors
which make use the enhancement of Raman signal produced as a result of surface
plasmons. SERS sensors typically contain Ag or Cu nanoparticles and can be used
as sensors to detect organic molecules and potentially inhibitor release. For
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example, SERS has been used to detect adsorbed citrate [231] suggesting the
possibility of detecting other carboxylates. It has also been used to detect proteins,
even in the presence of potentially interfering molecules, through surface fun-
tionalisation [232]. Quantum dots are also being explored for these types of
application. Current generation CdSe/ZnS have been used to demonstrate how
much chromate is left in an epoxy coating [233]. However, the use of
Cd-containing sensors represents a challenge from a health and safety perspective
and other types of Q-dots are being explored.

8.7 Practical Considerations

From this short overview of different approaches to designing self-healing pro-
tective coatings it is clear that intrinsic self-healing mechanisms require a complete
change of current paradigms for coating chemistry. Moreover full cosmetic healing
of large defects can only be achieved when using mobility of the polymeric chains
at relatively high temperatures. Unfortunately, high mobility is often associated
with relatively weak barrier properties. The recovery of mechanical integrity
encapsulated polymerizable agents has the important physical limitation that it is
not possible to provide a sufficient volume of polymerizable component to fill the
defect in thin coatings. However, this type of healing mechanism is likely to be
applicable to industries where relatively thick polymer coatings are applied: marine
industry, oil and gas sector, and large infrastructures.

The concepts based on incorporation of corrosion inhibitors seem to be the most
matured and close to applications at current stage. The introduction of self-healing
functionality can be achieved with minimal modifications of existing coating for-
mulations. The encapsulated inhibitors can be added in the form of pigments and
combined in different proportions in order to achieve potentially synergistic com-
binations of different inhibiting species in the same coating. Moreover, some
immobilization approaches are based on the nano-sized containers which can be
added even to very thin coating layers without disrupting the barrier properties.

In spite of many encapsulation approaches developed during last decade most of
the active coatings based on such reservoirs do not offer expected self-healing
performance. Very often only a minor inhibition effect in artificial defects is
observed. At the same time in majority of the cases the barrier properties of
polymers are negatively influenced causing a total underperformance of protective
layers.

The most critical factor is the local concentration of corrosion inhibitor which
can be achieved in the defect close to metal surface. The local inhibitor concen-
tration in the defect of nanoreservoir-containing coatings is defined by the number
of factors:
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• loading of nanocontainer with inhibitor;
• concentration of nanocontainers within the matrix;
• total concentration of available inhibitor;
• kinetics of inhibitor release from NCs;
• kinetics of delivery to the defect (diffusion through the coating or along the

interface);
• electrolyte conditions (concentration, amount, flow, cycling).

When the combination of the abovementioned factors does not allow the inhi-
bitor to reach a minimal necessary concentration at the metal surface the active
protection will not be effected. Therefore often the inhibitors that are efficient in
tests with direct addition to electrolyte do not perform well when used in the active
protective coatings. The efficiency of inhibiting compounds is normally evaluated
on bare metallic substrates adding the corrosion inhibitor to the corrosive electrolyte
in mM concentration range. However such concentrations rarely can be achieved in
the defects when thin coatings with relatively low amount of containers. For
example, it is hard to expect that the addition of 0.01 wt% of benzotriazole-loaded
(5 wt%) nanocontainers in the coating can ensure any efficient long-term inhibition
in a defect [51]. The same is applied for the cases when very low loading of
nanocontainers with corrosion inhibitors is used as in the case of work reported by
Zhao et al. [234]. Some recent work on treating the polymer as the paint itself as the
encapsulating medium and developing appropriate network of channels is also
emerging as an alterntive method for packaging the inhibitor [235].

One of the main advantages of many different types of nanocontainers is their
release on demand functionality. It is especially important from the standpoint of
long-term corrosion protection since uncontrollable fast leaching of inhibitor can be
prevented, keeping an acceptable level of inhibitor concentration in the system for a
long time. Additionally, it ensures that no inhibitor is leached out of nanocontainers
during preparation and shelf-life of the coating formulations. Combining the
nanocontainers which release corrosion inhibitors at different rates under action of
different triggers opens a wide range of possibilities to tailor the active protection
coating for long service life. For example, one type of nanocontainer can deliver a
high amount of inhibitor under extremely aggressive conditions while the second
one can ensure very slow release of small amounts during long service [236].

Analysing different possibilities for self-healing coatings from standpoint of
proximity to real applications, in the short term coatings containing encapsulated
corrosion inhibitors seem to be the most promising. There are several types of
nanocontainers which can be easily upscaled such as nano-clay based
ion-exchangers. The nano-clays can also have a good compatibility with traditional
polymer coating formulations and ensure an additional nano-trap role for corrosive
species. The important next steps to ensure faster industrial implementation should
bring more efficient inhibiting systems. Therefore the loading of existing
nanocontainers has to be increased and more efficient corrosion inhibitors which
confer healing even at very low concentration level should be explored.
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From a medium-term perspective the systems which combine corrosion inhibi-
tion with another active protection mechanism might become feasible. The coatings
which combine capsules with water-displacing agent mixed with corrosion inhibitor
seem promising especially when exploited at conditions where there is no
immersion. The nanocontainers of corrosion inhibitors which can also be traps for
corrosive species are also of high interest.

The self-healing coatings which can provide a recovery of physical integrity of
the polymer layers still need to mature more to be considered for real applications.
This is especially true for polymer coatings with intrinsic healing properties since
most of the basic polymer formulations currently used in industry have to be
reconsidered. The self-healing coatings based on encapsulation of liquid poly-
merazable agents have important limitations in the case of relatively thin coatings.
However this technology can be accepted for thick coatings already in a relatively
short time if long term performance in service conditions is demonstrated. The
economic aspects will play a decisive role here as well.

8.8 Conclusions

This chapter has covered a considerable body of work on the delivery systems that
are being investigated for self healing coatings. These delivery systems cover two
broad areas; (i) those used for polymer healing and (ii) those used for corrosion
inhibition. Clearly there is a very broad range of chemical approaches being taken
to the delivery of self healing in coatings which covers inorganic, polymer and
organic chemistry. Given the breadth of these areas there is an almost unlimited
range of possibilities. However, for uptake by industry, the practical considerations
delineated in the previous section will probably dictate which technologies will
eventually be taken up. In the polymer area there is probably scope for technology
involving reversible bonds since these are multiply rehealable. For inhibitors,
delivery systems based on silicon sol-gel chemistry, hard capsules (organic or
inorganic) or using the polymer film itself are likely to be avenues of fruitful
research. In the inhibitor case, because the critical inhibitor concentration [149] of
chromate replacement inhibitors is likely to be higher than that of chromate (10−5 M
[237]), then the search will be for the delivery which can deliver the largest amount
of inhibitor.
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Chapter 9
Electrochemical Techniques for the Study
of Self Healing Coatings

Y. Gonzalez-Garcia, S.J. Garcia and J.M.C. Mol

9.1 Electrochemistry in the Context of Corrosion

As discussed in chapter one, corrosion can be defined as the degradation of the
material properties due to its interaction with the environment [1]. In general this
interaction takes place by an electrochemical reaction. While in chemical reactions
elements are added or removed from a chemical species in electrochemical reac-
tions electrons are also involved in the process. In electrochemical reactions ele-
ments might be added or removed from a chemical species but also at least one
species undergoes a change in the number of valence electrons (oxidation or
reduction). Electrochemistry is thus the branch of chemistry focused mainly on the
study of chemical changes caused by the passage of an electric current and the
production of electrical energy by chemical reactions.

There are four necessary prerequisites for electrochemical reactions to take place
thereby triggering the corrosion process: an anode (where oxidation occurs), a
cathode (where reduction takes place consuming the electrons released from the
anode), an electrolytic path for ionic conduction between the two reaction sites, and
an electrical path for electron conduction between the reaction sites. These
requirements are illustrated schematically in Fig. 9.1.
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Corrosion research requires a thorough understanding of the electrochemical
events within a particular metal-electrolyte system. The driving force for electro-
chemical events must be known in order to classify the type of electrochemical cell
to be characterized to prevent corrosion.

9.2 Electrochemical Evaluation of Self-healing/Self-repair
Coatings

In most metal applications, coatings are required to prevent the systems from fast
corrosion or degradation. The underlying protection of coatings relies on barrier,
adhesion, and active protection. The active protection mechanism is being
improved using active and responsive materials (i.e. “smart coatings”). Such sys-
tems provide on-demand resistance to corrosion upon mechanical or chemical
damage [1]. Such coatings inhibit corrosion processes of the underlying metal by
active release of inhibiting species or by the on-demand or autonomous
closure/repair of the damage. Significant research effort has focused on finding
alternatives to introduce corrosion inhibitors into the organic coating. The tradi-
tional approach of using inhibitors is by their direct mixing with the coating binder,
however problems such as dispersion and interaction with the polymer matrix
affecting the release kinetics and inhibiting efficiency are likely to occur. In order to
avoid such interactions encapsulation strategies of the corrosion inhibitor or healing
agent have been proposed [2, 3] (see also Chap. 8). The incorporation of corrosion
inhibitors into capsules is intended for controlled and effective release of the
inhibitor. Therefore, an ideal performance of these encapsulated systems, would
release the inhibiting species only when they are needed. The triggering of the
inhibitor release can be established according to different mechanisms: breakdown

Fig. 9.1 Diagram displaying
the main elements required
for a corrosion process to
occur: anode, cathode,
electron path and ionic path
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by mechanical damage, pH, dissolution, exchange, humidity or moisture, to name a
few. In the end, the ability to suppress or decrease corrosion to tolerable levels will
depend on efficiency of the healing behavior of the coating system. It is at this point
where the evaluation methods are relevant. The techniques used for evaluation of
(self-healing) anticorrosive coatings can be divided in three main groups:

• accelerated tests used in industry
• conventional (global) electrochemical methods, and
• localized electrochemical techniques.

Accelerated testing is possibly the most widespread methodology for corrosion
resistance evaluation at an industrial scale and presents many different variants and
adaptations. These tests are typically based on exposure of the material to controlled
(atmospheric) severe conditions: humidity, salinity, pollutants, temperature, etc.
Alternating wet/dry cycles changes the thickness of electrolyte layer. The presence
of water, temperature, and chloride ions promotes the corrosion processes at the
scribe (degree of corrosion) as well as at the intact coating (delamination, blisters).
The degradation of coated metals (or materials in general) is assessed by visual
inspection. Accelerated tests only provide information that allows a ranking of the
specimen from “unacceptable” to “excellent”. They are screening methods to dif-
ferentiate corrosion performance of the specimen under study. However, acceler-
ated test results form no basis for the understanding of the corrosion (or protection)
mechanism. These types of evaluation can accumulate sometimes large amounts of
error due to the extreme aggressive conditions, the long duration of the test and a
subjective, user-dependent evaluation. Moreover, despite all its drawbacks, since it
is used broadly in industry, this is an almost mandatory technique before any
system is introduced in the market. More about the evaluation and application of
self-healing systems from an industrial point of view is discussed in Chaps. 12–14.

To gain insight into the healing-process behind the behaviour of the system other
techniques have to be used. These techniques include electrochemical techniques
described in this chapter and physico-chemical characterization described in
Chap. 10.

Electrochemical methods are versatile and they can provide a wide range of
information that can include the understanding of multi-step reactions, the kinetics
of heterogeneous electron-transfer reactions, coupled chemical reactions and
adsorption processes. For corrosion studies, electrochemical evaluation provides
valuable information such as kinetics of the corrosion or protection processes,
formation of protective films, evolution of barrier properties, identification and
quantification of redox species.

Potential measurements, potentiodynamic experiments (including polarization
curves and cyclic voltammetry) and electrochemical impedance spectroscopy
(EIS) are the most common electrochemical methods used for corrosion and
self-healing research. In this chapter they are classified as global methods. More
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advanced techniques that provide electrochemical properties with spatial resolution
are considered localized techniques. Within this group micro-capillary cell, scan-
ning vibrating electrode technique (SVET) and scanning electrochemical micro-
scope (SECM) are included.

It is very important to identify the information that we can obtain from the
electrochemical evaluation as function of the self-healing system under investiga-
tion. A summary of the information to be retrieved from electrochemical evaluation
is presented in the Table 9.1. Three main types of healing-mechanism are con-
sidered: active and physical healing.

Table 9.1 Summary of the electrochemical techniques used to evaluate self-healing processes

Type of healing System Information Electrochemical
technique

Active Corrosion inhibitor in
solution

Screening of inhibitors Potentiodynamic
measurements

High-throughput
(multi-electrode)
approach

Mechanistic
information

Electrochemical
Impedance
Spectroscopy (EIS)Kinetics of protection

mechanism

Protection efficiency Localized
information: SVET

Inhibition mechanism
(localized)

Electrochemical
microcapillary cell

Active-smart
release

Inhibitor or healing agent
incorporated into coating
(directly in matrix or with
micro-carriers)

Barrier properties of
the coating

Electrochemical
Impedance
Spectroscopy (EIS)Kinetics of healing

process (release)

Efficiency of the
healing (protection)
for long immersion
time

Efficiency of healing
(localized in the
defect) for short
immersion time

Scanning Vibrating
Electrode
Technique (SVET)

Scanning
Electrochemical
Microscope
(SECM)

Properties of the
coating around defect
and healing activity in
the defect

Local
Electrochemical
Impedance
Spectroscopy
(LEIS)

(continued)
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9.3 Conventional Electrochemical Techniques

In conventional electrochemical experiments, the electrode (metal) response to a
perturbation signal corresponds to a surface-averaged measurement attributable to
the behaviour of the whole electrode surface.

9.3.1 Open Circuit Potential

Measurements of the open circuit potential (OCP) as function of time is commonly
used to study healing recovery of corroding metals.

When using this technique complementary tests are recommended to confirm the
healing efficiency nevertheless it can be used as a first order approximation technique.

9.3.2 Potentiodynamic Measurements

Potentiodynamic methods consist of forcing the electrode potential to follow a
known potential scan. The potential may be held constant or may be varied with
time in a predetermined manner as the current is measured as a function of time or
potential. In general, for these methods, systems in which the mass transport of
electroactive species occurs only by diffusion should be considered.

Table 9.1 (continued)

Type of healing System Information Electrochemical
technique

Active-physical
recovery

Smart polymeric coatings Healing of barrier
properties of the
coating

Electrochemical
Impedance
Spectroscopy (EIS)

Fast and quantitative
information about the
healing degree

AC/DC/AC
technique

Localized evaluation
of the defective zone
after healing process

Local
Electrochemical
Impedance
Spectroscopy
(LEIS)

Confirmation of
hindered corrosion
activity after
(localized) defect
healing

Scanning Vibrating
Electrode
Technique (SVET)

Scanning
Electrochemical
Microscope
(SECM)
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Linear sweep voltammetry, alternatively named polarization curve measurement,
is the most common potentiodynamic measurement. In Fig. 9.2 a scheme of
polarization curve for a metal M during immersion in aqueous solution.

From polarization curves, the corrosion current density (icorr) can be extrapolated
from the linear parts of the Tafel plots (blue lines in Fig. 9.2). The intersection of
the lines for cathodic and anodic processes correspond to the values of the corrosion
current density. The linear parts of the curves should be in the range of potential
±150 mV above the corrosion potential (Ecorr) value.

Another alternative to obtain the corrosion current is the linear polarization
resistance (LPR) method. The polarization resistance of a material is defined as the
slope of the potential-current density (ΔE/Δi) curve at the free corrosion potential.
Resistance polarization refers to the potential drop due to either the high resistivity
of the electrolyte surrounding the electrode or an insulation effect of the film on the
electrode surface formed by the reaction products.

Polarization resistance Rp is related to the corrosion current by the Stern-Geary
equation:

Rp ¼ B
icorr

¼ DEð Þ
Dið Þ DE!0

ð9:1Þ

where, ΔE is a variation of the applied potential around the corrosion potential and
Δi is the resulting polarization current. The proportionality constant, B, for a par-
ticular system can he determined empirically (calibrated from separate weight loss
measurements) or, as shown by Stern and Geary, can be calculated from ba and bc,
the slopes of the anodic and cathodic Tafel slopes:

B ¼ babc
2:3 ba þ bcð Þ ð9:2Þ

Fig. 9.2 Example of
polarization curve for a metal
M in an acidic environment.
Ecorr and icorr are estimated by
the intersection of the linear
section of the curves
corresponding to the Tafel
slope
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The Tafel slopes themselves can be evaluated experimentally using real polar-
ization plots. A high Rp for a metal implies high corrosion resistance and a low Rp

implies low corrosion resistance.
The extrapolation from the Tafel curves is only valid when the anodic and

cathodic reactions are under activation control. In practice, determining the linear
section of the Tafel plot is not always straightforward. Experimental polarization
curves sometimes can present peculiarities that bring doubts about where to choose
the linear section in the curve. This issue is a regular cause of errors when esti-
mating the corrosion current.

Corrosion current is correlated to corrosion rate (r) of the process through
Faraday’s law by the following equation:

r ¼ aicorr
nFD

ð9:3Þ

where a is the atomic number of the metal, n number of electrons, F the Faraday
constant and D the density of the metal.

Within the context of self-healing materials, polarization methods are commonly
used to evaluate and compare corrosion inhibitor performance in solution. The test
consists of analyzing the response of the metal while it is immersed in solution
containing dissolved corrosion inhibitor [4]. The resulting polarization curves give
access to the corrosion rate. Furthermore it visualizes the anodic, cathodic or mixed
protection performance of the inhibitor (Fig. 9.2). The analysis of the curves and
interpretation of the results is well explained in Chap. 4.

Conventional potentiodynamic methods are usually not applicable for coated
substrates due to important limitations arising from the high IR drop over the
coating. This method cannot give any useful information on the active corrosion
protection and the self-healing ability of protective coatings.

An alternative is the direct current (DC) measurement. For this case the coated
sample is kept at high constant potential (potentiostatic method) and the current that
flows through the system is measured. The electrochemical measurements are
carried out in an electrochemical cell with typically a three electrode system
(working, reference and counter electrodes) immersed in an electrolyte. The
application of this constant potential can fully reduce or oxidize species in a given
solution depending on the potential values, the substrate, pH of the electrolyte and
other factors. It moves the systems out of electrochemical equilibrium possibly
leading to (i) accelerated degradation of the system; or (ii) forced
deposition-reaction of healing agents.

This technique has been used to study the healing capabilities of epoxy-amine
coating doped with organic fillers containing inorganic corrosion inhibitors on steel
[1] by monitoring the current density values at fixed potential (−0.85 VAg/AgCl and
−1.1 VAg/AgCl) with time. In this study, healing was detected by a decrease of the
current density in a scratched doped-system, while the non-doped one showed an
increase. The same system evaluated by electrochemical impedance spectroscopy
(EIS) only showed a slight improvement with respect to the reference one. A similar
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method has been also employed to assess healing of a steel plate coated with a
self-healing coating using microencapsulation of liquid healing agents [5]. In this
case, the experiment was performed at 3 V polarization measuring the current
density evolution with time of the scratched samples. Healed samples showed two
orders of magnitude lower current density than the reference systems indicating the
formation of a barrier layer at the scribe (gap filling of the damage).

The evaluation of healing properties under high potentiostatic polarization is
useful mostly when the final application of the coating requires similar conditions
as the applied experimental parameters.

9.3.3 Electrochemical Impedance Spectroscopy (EIS)

Electrochemical impedance spectroscopy (EIS) is one of the most used techniques
at scientific level in the fields of corrosion and coatings technology and thus its
extension and importance in the evaluation of self-healing (anticorrosive) coatings.
EIS is a non-destructive test that allows assessment of the degradation (or healing)
of the system with time. But more importantly it provides quantitative information
of the processes taking place within the system.

Electrochemical impedance spectroscopy is based on electric circuit theory and
the description of the different electrochemical processes occurring in the
coating-oxide-metal system by a combination of electrical parameters such as
resistors and capacitors. The technique uses the description of the behaviour of an
electric circuit when an alternating current or voltage is applied as a function of the
frequency.

The concept of electrical resistance is well known and is defined by Ohm’s law.
Resistance is the ability of a circuit to resist the flow of current, mathematically
expressed as:

R ¼ V=I ð9:4Þ

where R is resistance in ohms, V is voltage in volts, and I is current in amperes.
However, this simple relationship is limited to one circuit element, the resistor, and
it does not represent more complex behaviour that many systems exhibit in the real
world. Therefore, the concept of impedance (Z) is introduced. The impedance is a
measure of the tendency of a circuit to resist the flow of an alternating electrical
current. The equivalent mathematical expression of Eq. (3) for the case of impe-
dance is:

Z ¼ Vac=Iac ð9:5Þ

This simple and basic equation actually hides some more complicated
assumptions and concepts. First, it applies only to the time-varying, alternating, or
ac components of the current and voltage. Secondly, it is not sufficient to just
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indicate the magnitude of the voltage and the current signals, it must also be
expressed how they are related in time, since they are both time-varying ac
quantities. Finally, the size and time-relationships nearly always depend on the
frequency of the alternating current and voltage.

Figure 9.3 shows a sine wave voltage applied to an electrochemical cell. The
response is obtained as a sinusoidal current with certain phase shifting with respect
to the perturbation. The response is shifted in time due to the response of this
system depending on the combination of resistors and capacitors affecting the
kinetics of the process. This time shift is expressed as an angle, the phase angle shift
of the current response, or simply the phase angle, φ.

The size of the impedance of this system can be expressed by taking the ratio of
the size between the voltage sine wave (in volts) and the current sine wave (in
amperes). The signal obtained from the test is the complex impedance
(Z = Zre−j·Zim). To characterize impedance, Z, both its magnitude or modulus (in
ohms), |Z|, and phase, φ, as well as the frequency, f (in cycles per second, or Hertz),
at which it is measured must be specified together with the amplitude used in the
signal input. These three parameters are often plotted on what is known as a Bode
plot, shown in Fig. 9.4a, or in the complex impedance form, which is the Nyquist
plot (Fig. 9.4b).

The experimental set-up for EIS experiments normally consists of a
three-electrode cell: the specimen plate (working electrode), a counter electrode
(e.g. Pt wire or mesh, carbon) and a reference electrode (e.g. SCE, Ag/AgCl). The
sample is kept under immersion conditions and the impedance test is performed in
time. In Fig. 9.5 a scheme of a typical electrochemical cell for EIS measurements is
shown.

Commonly the sinusoidal voltage perturbation applied to the electrochemical
system is of small amplitude, typically in the range of ±10 mV. The voltage is
applied at a given frequency range, usually from 105 Hz to 10−2 Hz. The instru-
mentation required to measure the impedance of an electrochemical cell includes a
waveform generator to produce the sine wave electrical signal, and a potentiostat to
control the potential (Fig. 9.6). These components are controlled by a computer
used to run the experiment and to display the results in real time.

Fig. 9.3 Graphic representation of the current and voltage as a function of time
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Fig. 9.4 Data representation
for impedance data: a Bode
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Fig. 9.5 Electrochemical cell
used in EIS experiments: WE,
working electrode; RE,
reference electrode; and CE,
auxiliary electrode

212 Y. Gonzalez-Garcia et al.



As mentioned at the beginning of this section, EIS is based on electric circuit
theory. Therefore the fitting of experimental data with electric equivalent circuits
can give extra quantitative information about the system under study.
Electrochemical systems such as coated surfaces or corroding metals often behave
as simple electronic circuits when an alternating voltage is applied. And, they can
be simulated by a set of electric circuit elements such as resistors, capacitors and
inductors, which will constitute the equivalent electric circuit. This equivalence
allows to associate a real chemical-physical process to each of the circuit
components.

For example, a simple electrochemical reaction that involves a step of electron
transfer such as:

Onþ þ ne� ! R ð9:6Þ

The process can be represented by a simple equivalent circuit which is called
Randles’ circuit [6]. This circuit is depicted in Fig. 9.7, and consists of a combi-
nation of a capacitor and two resistors.

It must be noticed that when an electrochemical reaction occurs at an electrode,
at least two associated interfacial processes must be considered, namely:

• the formation of the double layer in the interface, which behaves as a capacitor;
and

• the electronic transfer through the interface, which is a faradaic process
(resistor).

Fig. 9.6 A block diagram of
the instrumentation used to
conduct EIS measurements

Fig. 9.7 Randles equivalent circuit for a charge transfer-controlled simple electrochemical
reaction
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This circuit can be used to either represent a simplification of a non-defective
coating or a bare corroding metal immersed in an electrolyte solution although such
EC simplification rarely describes inhibiting systems [7]. Depending on the elec-
trochemical system the values and meanings of the circuit components are different.
Thus, in the case of an intact coating immersed for a short time in an electrolyte, RS

represents the resistance of the electrolyte solution, or uncompensated resistance,
between the reference electrode and the surface of the coating. The capacitor, Cdl,
represents the coating capacitance and is normally represented as Ccoat, and can be
characterized by the thickness and the dielectric constant of the coating material.
The resistor, Rt, is associated with the resistance of the coating and generally
referenced as Rpore (pore resistance). It is also a property of the coating material and
varies with its thickness and composition as well as defects.

Corrosion processes are more complex phenomena than just a simple electro-
chemical reaction. For example in the case of a coating-metal systems immersed for
long times, besides the electrochemical reactions (oxidation and reduction), the
existence of the coating-metal interface and the simultaneous occurrence of diffu-
sion and adsorption processes should also be taken into consideration. Then a more
complex equivalent electric circuit is required to represent the system. For example
in the case of corrosion processes occurring underneath the coating, a more specific
circuit that can describe this case is shown in Fig. 9.8 [8–12]. The elements of the
circuit represent the following characteristics of the system [13]; RS, the resistance
of the electrolyte; Rpore, the resistance of the conducting pores in the coating layer;
Rt, the charge transfer resistance of the corrosion reaction; Ccoat, the capacitance of
the coating layer; and Cdl, the double layer capacitance at the metal/electrolyte
interface.

Often better fitting of the equivalent circuit model is obtained by replacing the
capacitances in the equivalent circuit presented in Fig. 9.8 with constant phase
elements (CPE) [14]. In reality, when studying coated-metal systems, it is difficult
to find a pure capacitor behaviour. The deviation from the ideal capacitor can be
due to:

Fig. 9.8 Equivalent circuit of intact coated metal showing corrosion processes underneath the film
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• gradients in properties within the coating (laterally and vertically). Such gra-
dients can be caused by resistivity changes [15–17], differences in water takeup
[18], porous electrodes [19, 20] to name a few.

• changes in structure such as occurs with layers within a coating or nanoporosity
as shown for thin silica layers where the n parameter in the CPE has a linear
relation to porosity [21].

However as pointed out by Tribollet and co-workers [15–18] there needs to be a
good physical reason for the introduction of CPEs.

Additionally, water uptake, which is calculated through the coating capacitance,
is complicated when CPE’s are used because of the need to calculate the capaci-
tance from the fitted parameters for the CPE. One equation that has broad accep-
tance is [22]:

C ¼ A x00
m

� �a�1 ð9:7Þ

where A is a constant, ωm″ is the frequency where the imaginary component of the
impedance is a maximum and α is a measure of the capacitive behavior.

One other component worth mentioning is the Warburg impedance which is
used to model diffusive behavior at the interface. The use of a Warburg component
is generally justified on the basis of the value of the phase angle, where a phase
angle of 22.5° or 45° is indicative of a Warburg process [19].

In conclusion, provided a good analysis is performed, information given by EIS
can be directly linked to water absorption, kinetics of reaction or absorption,
delamination, porosity and adhesion amongst other processes (e.g. diffusion). It is a
powerful method for evaluation of (self-healing) anticorrosive coatings since it can
provide information about different processes occurring on the system almost
simultaneously. For example:

• evolution of the barrier properties of the coatings (water uptake, blistering,
delamination)

• corrosion rate at the metal-coating interface
• surface changes due to action of corrosion inhibitors (passivation of the metal

surface)

EIS has already been used to assess self-healing anticorrosive (organic) coatings,
mainly using total impedance and phase angle as parameter. The main application
of this technique has been in extrinsic self-healing coatings using corrosion inhi-
bitors (e.g. loaded nanocontainers with corrosion inhibitors into a sol-gel film [3]).
In these tests the normal procedure is the application of an artificial defect reaching
the substrate followed by immersion in a corrosive medium (electrolyte). During
the experiment it is expected that the corrosion inhibitors will leach out of the
coating allowing them to react with the metallic surface at the damage site,
decreasing the electrochemical activity, which is observed as a significant increase
of the impedance of the system.
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EIS has also been successfully employed for liquid encapsulated extrinsic
self-healing coatings using two component microencapsulated liquid healing agents
[23] or one component microencapsulated healing agent [24] in both cases with
excellent results of the use of the technique. In the case of systems using
micro-encapsulation, the technique generally shows a more significant increase in
impedance than when used for corrosion inhibitor systems due to the restoration of
the barrier effect offered by gap filling or full surface coverage [22] in encapsulated
concepts and thus major hindering of the electrochemical reactions. EIS has also
been recently combined with X-ray microtomography to further understand the
mechanisms of protection of single reactive healing agents such as the silyl ester
involving delamination and underfilm pitting processes [25].

9.3.4 Odd-Random Phase Multisine Electrochemical
Impedance Spectroscopy

As an extension of use of EIS, the odd random phase multisine electrochemical
impedance spectroscopy (ORP-EIS) has also been used as a characterization tool
for diverse electrochemical processes [26, 27]. ORP-EIS cannot be considered as
conventional electrochemical test, but it is included in this section as it provides
global (averaged) information of the specimen.

In the previous section the capacity of EIS for the study and evaluation of diverse
self-healing systems was presented. A reliable model that describes the system under
investigation can only be obtained if the measurement fulfills the conditions of
causality, linearity and time-invariance. However, the two last conditions can be
difficult to satisfy. EIS measurements are often performed with very small amplitude
excitation signals (for reasons of linearity) in the steady state regime of the process (for
reasons of time-invariance). As a consequence, the measurements (i) can suffer from
poor signal-to-noise ratios and (ii) cannot describe the initial, mostly rapidly evolving,
stages of electrochemical phenomena of corrosion processes. Moreover proper fitting
of the model to experimental data needs to be achieved, by minimising the residuals
between the data and the fit across the whole frequency range [7, 28, 29].

Apart for shorter time measurements ORP-EIS allows measuring the level of
disturbing noise, the level of the non-linear distortions and the level of the
non-stationary behaviour. The additional information given by this methodology is
useful to verify the quality of the measurement. In Fig. 9.9 a typical ORP-EIS
spectrum is shown, in which, additional to the conventional impedance data, it is
possible to observe the noise level and non-stationary behaviour of the system [30].
As happens with traditional EIS, ORP-EIS becomes a powerful method when
combined with the fitting of the data. The additional information helps to reject,
accept or improve electrical equivalent circuit models used to fit the conventional
impedance spectra. The advantage of the technique has been demonstrated on an
electric circuit [27] and the study of corrosion of coated metal [31]. However, it is
still scarcely used on the study of self-healing corrosion systems.
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Jorcin et al. [30, 32] applied for the first time this methodology to the study
self-healing coatings based on a shape memory polyturethane coating leading to
partial physical recovery of the film after macroscale damage. By applying the
odd-random phase multisine methodology in contrast to the conventional EIS, it
was possible to propose a new equivalent circuit with a more accurate represen-
tation of the processes taking place in the coating after damaged. Even though a
careful fitting of traditional EIS can also lead to highly accurate equivalent circuits,
the ORP-EIS facilitates this task and increases the certainty in the selected EC.

The EC most commonly used circuit to fit damaged coatings (Fig. 9.10) assumes
that the impedance data is mainly driven by the defect, representing the coating
only as a capacitor Ccoat. The use of this EC is not based on the overall error

Rs

Rpore

Rox Rf-scratch 

Ccoat 

CPEox CPEf-cratch 

CPEf

Rf Coating 

Scratch

Fig. 9.10 (left) Initial equivalent electrical circuit used for the data analysis of the damaged
coatings proposed by Bonora et al. [33]. (right) New proposition for an equivalent electrical circuit
used for the odd-random phase data analysis of the damaged coatings

Fig. 9.9 ODR-EIS
Impedance spectra plotted on
Bode coordinates showing the
impedance value (red), noise
level (green), non-stationary
behaviour (black) and the
non-linear behaviour (blue) of
the corroding metal system
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minimization [7, 24] but on the chi-square, however, it is generally accepted
without questioning its validity. When this circuit is applied to fit the odd-random
EIS data, a residue (difference between model and experimental data) higher than
the stochastic noise of the measurement is observed. This is a clear indication that
the equivalent circuit is not well adapted to this electrochemical system probably as
a result of a simplification of the physical phenomenon in a damaged coating. Based
on this lack of correlation it was possible to propose a new EC consisting in two
parts [30]: one related to the organic coating and one related to the phenomena
occurring in the artificial defect. The fitting of the data with this new model pre-
sented a residue at the level of stochastic noise of the measurement, indicating that
all information in the spectrum is taken into account.

The odd-random phase impedance spectroscopy (ORP-EIS) appears as a valu-
able alternative to conventional impedance methodology for the study of corrosion
and self-healing processes. The main advantages are: rapid acquisition of the data
and more accurate information to model the system of interest. Nevertheless,
analysis of the spectra and the fitting procedure is still tedious and requires a certain
level of expertise that makes it not accessible yet for routine research.

9.3.5 AC/DC/AC Accelerated Electrochemical Protocol

Despite the fact that EIS and ORP-EIS can lead to very reliable information about
the properties of intact and damaged coatings, they require very long times to assess
intact high impedance coatings. In the case of intrinsic self-healing coatings, EIS
and ORP-EIS can discern quickly the level of healing when the healed interface is
only weakly healed (closed). When the damage interface of the healed coating is of
high quality and close to the original network properties non-destructive EIS
requires very long times to assess the healing of the scribe. A very recent study with
highly efficient intrinsic healing coatings demonstrated that EIS is not capable of
detecting any difference between the intact coating and healed coating (macroscale
scratches) even after 30 days immersion in corrosive media [34]. In order to detect
the healing state (healing degree) the researchers introduced the use of an accel-
erated destructive electrochemical protocol named AC/DC/AC or ACET. Such
technique consists of cycles of EIS measurements/polarization to −2 or −4 V
depending on the coating quality/potential relaxation/new EIS to measure the after
damage state. [35–38]. When this protocol was applied to self-healing coatings [34]
the healed scratches (interfaces) were detected after a number of cycles by a sudden
drop of the impedance spectrum. While EIS indicated that the healed coating
behaved as a high impedance coating (same behavior as the intact coating) for at
least 30 days the AC/DC/AC indicated in three cycles (approximately 12 h) that the
damages do act as heterogeneities in the coating even when the healing degree is
high (Fig. 9.11). Such a result suggests that healed interfaces can protect damages
for long times (at least 1 year as shown in the same article) but that the polymer
network at the healed interface remains different from the bulk coating. This first
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time results suggest that the AC/DC/AC technique can be a powerful technique to
evaluate healing in intrinsic coatings and potentially even quantify healing degree
based on the number of cycles to failure as well as polarization potential applied.

9.4 High-Throughput Screening Techniques

In the previous section the most common electrochemical methods to evaluate the
efficiency of self-healing systems were introduced. In general, these techniques
require testing times ranging from hours (in the case of electrochemical studies) to
weeks (for accelerated laboratory testing, mass loss testing) or even years (in the
case of outdoor exposure testing) and produce data on only one system of interest at
a time. Hence, if a broad range of systems is to be investigated, more rapid means of
evaluating their performance need to be found. This is typically an issue for the
research focused on development of new corrosion inhibitive coatings. Restrictions
on using Cr(VI) compounds for corrosion protection has forced an increase in the
effort to search for equally efficient substitute inhibitors. Up to now the research of
alternative corrosion inhibitors for all sorts of metals is still an ongoing topic.
Within the development of new protective coatings we can identify five stages or
milestones (Fig. 9.12):

• selection of alternative inhibitor candidates
• evaluation of their intrinsic efficiency
• incorporation into the coating
• total performance evaluation
• final optimization of delivery kinetics

In all these steps the main problem, apart from finding the perfect inhibitor, is
that it is a very time consuming process, especially when thousands of inhibitor
candidates have to be tested. For this reason the introduction of high throughput
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Fig. 9.11 Healed coating after 30 days exposure to electrolyte measured by EIS (left) and after 6
cycles of the AC/DC/AC procedure (right). (adapted from [34])
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techniques for inhibitor selection is a very necessary step previous to traditional
aqueous corrosion tests. It is needed to test the efficiency of a large number of
chromate-free alternative inhibitors and to be able to provide a shortlist of candi-
dates in a reasonable time. Furthermore, due to the reliable and efficient perfor-
mance of chromate-based inhibiting technologies, attempts to find a ‘direct
replacement’ have largely failed, and therefore, present day approaches aim to
develop ‘multifunctional’ corrosion inhibitors, which have the ability to passivate
both anodic and cathodic reaction sites at the metal surface. Inhibitor development
and evaluation approaches therefore require a large number of experiments if a
systematic survey of potential cathodic, anodic and combined (multifunctional)
inhibitors is to be performed [39, 40]. Then, high-throughput or rapid screening
methods need to be used for assessing inhibiting efficiency of a broad range of
potential inhibitors.

In this section the development of rapid screening techniques for
high-throughput testing of inhibitors is described

Multi-electrode arrays have been introduced in recent times as valuable methods
to carry out corrosion measurements [42–44] and high-throughput testing of cor-
rosion inhibitors [45–49].

In the approach proposed by Taylor et al. [46], identical pairs of metal wires
were placed into a large number of separate reaction wells. The experiment con-
sisted of polarizing one of the electrodes with respect to the second pair which is
held at a potential corresponding to the open-circuit potential of the metal. The
current between each pair was monitored and used to measure the linear polari-
sation resistance (LPR) from which the corrosion rates can be calculated.

Muster et al. [41, 50] presented an adaptation of the multiple-electrode method
that allowed the simultaneous investigation of several metals in one solution. Pairs

Fig. 9.12 Scheme presenting the milestones to develop corrosion inhibitive coatings [41]
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of metals were immersed into various inhibitor solutions at relatively low polar-
ization. The current flowing between the individual electrodes of each metal pair
was measured. The current exchange between the individual electrodes of the same
metal then was expressed in inhibitor efficiency with respect to that in uninhibited
solutions.

Other main differences with respect to Taylor and Chambers approach are:

• no reference electrode is used to fix electrode potentials of the metals
• a blank sample is used as a control for each inhibitor evaluation

Electrochemical methods are usually not carried out in the absence of a reference
electrode. However, for the rapid screening of multifunctional corrosion inhibitors,
the omission of the reference electrode offers the benefit of simplicity whilst
retaining the key information regarding inhibition.

High-throughput screening methods reduce the experimental time significantly.
For example, in the work of Taylor and Chambers [45, 46] potential corrosion
inhibitors and their synergistic combinations for aluminium alloy AA2024 were
studied. The inhibition characteristics of 50 separate chemistries were assessed
simultaneously. The test using direct current (DC) polarization in the
multiple-electrode system was performed within 9 h while for electrochemical
impedance experiments for the same number of inhibitors at least 10 days of
measurements was needed.

In addition to electrochemical techniques that aim to determine the corrosion
current, or potentiostatic current as above, high throughput studies of corrosion
inhibition have also been applied to the detection of chemical changes. These
techniques are non-electrochemical, high-throughput screening methods. These
methods are based on fluorimetric [45, 51] and spectroscopic measurements [52].
They are used to determine the concentration of chemical species in solution.

A different type of method for high-throughput screening is based on micro-
fluidic approaches [53]. These differ from the multielectrode in that only one metal
can be studied in the one test. The metal is exposed to a range of aqueous corrosion
inhibitors and concentrations via micro-fluidic channels. The sample is visually
inspected and solutions are chemically analyzed. Another non-electrochemical
high-throughput test employs arrays of wells which are filled with inhibitor-doped
solutions and after exposure the bottom wells are then examined by digital
micrograph analysis [54].

9.5 Local Electrochemical Techniques

In Sect. 9.3, general electrochemical methods were presented. These methods are
characterized by having the sample of interest as working electrode. The obtained
results provide averaged information of the electrochemical processes taking place
on the entire surface of the working electrode. In this section we examine localised
electrochemical techniques.
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9.5.1 Electrochemical Microcapillary Cell

The electrochemical microcapillary cell is a technique used to perform conventional
electrochemical measurements (open circuit potential measurements, potentiody-
namic polarization and EIS) on areas with dimensions in the micrometer range [55,
56]. In general the microcapillary cell is a powerful technique since it allows
performing electrochemical measurements on very small surface areas, in the
micrometer range.

The microcapillary cell is based on the miniaturization of the standard
three-electrode cell setup. For this, the area of the working electrode is reduced by
using a glass microcapillary which holds a droplet of the electrolyte on the sample
surface. The most common sizes of the tip of the capillary are found between 10–
100 μm for corrosion research, but can be even less. The droplet of electrolyte can
be held in position in two different ways: free droplet and silicone rubber gasket
[57]. The silicon gasket provides a cushion while approaching and reaching the
sample and it avoids leakage of electrolyte. The silicone with its high deformability
shapes to the roughness of the surface. In any case, the wetted area on the sample
surface defines the working electrode.

In Fig. 9.13 a scheme of the components of the microcapillary cell technique is
shown. The setup consists of micro-electrochemical cell (3-electrode cell), micro-
scope, camera, potentiostat and computerized controller. The microscope and
camera enable a fast and precise positioning of the microcapillary on the desired
spot of the sample surface. The components that will determine the resolution and
quality of the electrochemical measurements are mainly:

• The potentiostat. A high resolution potentiostat is required. The current detec-
tion limit of the potentiostat will determine the resolution of the measurements.
Currently modern instruments have a lower detection limit for the current down

Fig. 9.13 (left) Schematic of the electrochemical microcapillary cell setup. (right) Detail of the
microcapillary approaching the sample surface

222 Y. Gonzalez-Garcia et al.



to pA and fA levels. Furthermore, adequate isolation and filters to reduce noise
influencing the measurements is required.

• Microcapillary. Preparation of the microcapillary consists of “pulling” a glass
capillary until the desired shape and diameter is obtained. The final size of the
capillary is achieved by careful grounding and polishing of the capillary
tip. Afterwards, the silicone gasket is applied. The final inner diameter of the
capillary will influence the limiting current density during the measurements. It
is important to take into account this factor when planning a experiment. For
example, a current density of 10 μA/cm2 corresponds to a capillary of 1 μm
diameter (exposed area). This is equivalent to corrosion currents in the order of
10 fA [57].

The electrochemical microcapillary cell is a very attractive technique to study the
effect of microstructural features on the corrosion mechanisms of metal alloys. The
microcapillary cells have been successfully used to the study of the local behaviour
of intermetallics in aluminium alloys [58–60] and pit initiation of steels [61–63].

In this sense, the microcapillary cell can be used to study the protection
mechanism of corrosion inhibitors for individual phases or intermetallics from the
metal alloy. Some works have been done focusing on rare-earth corrosion inhibitors
and their cathodic-type behaviour for AA2024 alloy.

Birbilis et al. [64] studied the protection mechanism of AA2024 alloy offered by
cerium dibutyl phosphate (Ce(dbp)3). Taking advantage of the capabilities of the
microcapillary cell, it was possible to perform potentiodynamic measurements on
individual intermetallics and to study their behaviour in presence and absence of the
inhibitor. Cathodic polarization curves on the main cathodic phases (Al2Cu,
Al7Cu2Fe, Al20Cu2Mn3, and Al3Fe) showed that the Ce(dbp)3 effectively inhibits
oxygen reduction on each of them. Interestingly, anodic polarization curves mea-
sured for anodic phases (Al7Cu2Fe and Al2CuMg) demonstrated that the inhibitor is
able to stabilize the passivity of these phases. This work suggested that Ce(dbp)3
acts as a mixed inhibitor offering cathodic and anodic inhibition for the AA2024
alloy. It may effectively inhibit localized corrosion owing to its mixed nature,
providing retardation of the oxygen reduction reaction upon noble intermetallics
and concomitant retardation of dissolution of phases that may be prone to attack.

In the work of Andreatta et al. [65] the localized corrosion inhibition of CeCl3
was investigated for clad AA2024. In this case the research focused on the beha-
viour of areas containing Fe-rich intermetallic compounds and areas without
inclusions (matrix). Microcapillary based potentiodynamic polarization evidenced
that the deposition of Ce-species occurs on the entire sample surface being affected
by the alloy microstructure. Moreover, it is activated by alkaline etching of the
substrate. The deposition takes place preferentially at the sites of intermetallics due
to their cathodic behaviour and to local alkalinization associated with cathodic
reactions. It was possible to demonstrate that the amount of Ce detected at the sites
of intermetallics is larger than on the matrix.

More recently, the microcapillary cell has been used to characterize the pro-
tective layer formed in a scratch by inhibitor released from the coating after it is
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damaged. In this work by Recloux et al. [66], benzotriazole (BTA) inhibitor was
incorporated into a silica mesoporous thin film as pretreatment applied on an
AA2024 alloy sample. The acquisition of local anodic polarization curves with the
microcapillary cell on the bare metal exposed in the scribed coating was used to
monitor the formation of a passive film by the BTA within the defect. The results
demonstrated that the inhibitor was directly released from the mesoporous pre-
treatment once the top coat was damaged and acted rapidly to protect the bare metal
and to delay the initial stage of corrosion phenomena.

It is clear that this type of information and conclusions are not accessible from
conventional (macroscopic) potentiodynamic experiments. The microcapillary cell
is a powerful method for localised electrochemical measurements and to establish
correlation between corrosion/inhibition mechanisms and microstructural features
at metal surfaces.

Nevertheless, the electrochemical microcapillary cell technique also presents
several drawbacks or precautions:

• risk of crevice corrosion at the silicon periphery of the capillary
• requires a large number of measurements to assure the reproducibility of the

results
• possibility of contamination of the solution during the measurement
• small size of the microcapillary can affect the transport of species to the sub-

strate, such as oxygen and protons resulting in diffusion limited corrosion
behaviour

• problems with high ohmic resistance between working and counter electrode
can occur. The choice of an appropriate geometry of the cell will minimize this
issue.

9.5.2 Scanning Vibrating Electrode Technique (SVET)

The SVET technique produces in situ measurements with high spatial resolution
and provides valuable information on the behaviour of the corroding system at a
microscopic level [67, 68]. The SVET offers the possibility of mapping variations
in the ionic current densities in the micrometric range facilitating the location of
anodic and cathodic zones (related to corrosion processes). This technique is based
on the detection of electric fields generated in a solution due to ionic concentration
gradients. The electric field is zero when the solution is at rest, but if there is a
gradient of concentration caused by a source of ions, a variation of potential in the
solution occurs. Ionic flows can arise from corrosion processes on a metal. The
oxidation reactions occurring at anodic sites on a metal surface in contact with an
electrolyte cause electrons to flow through the metal substrate to adjacent cathodic
areas. This flow of electrons through the metal is supported by a flow of ionic
current in the electrolyte, which in turn causes potential gradients to exist in the
solution close to sites of localized corrosion. Figure 9.14 depicts a scheme of the
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distribution of equal-potential and current lines during a corrosion process and the
operation principle of the SVET.

The SVET uses a vibrating microelectrode that scans the surface to measure
these gradients in situ. Measurement is made by vibrating a fine tip microelectrode a
few hundred microns above the sample, usually in a plane perpendicular to the
surface. The electrochemical potential of the microelectrode is recorded at the
extremes of the vibration amplitude, resulting in the generation of a sinusoidal AC
signal (cf. Fig. 9.14). Then this signal is measured using a lock-in amplifier, which
is tuned to the frequency of probe vibration. The measured potential variation, ΔV,
can be related with the ionic currents (I) by use of the equation [7, 69]:

I ¼ E
q
¼ 1

q
DV
Dr

: ð9:8Þ

where E is the electric field measured between two points of the solution, ρ is the
resistivity of the solution, and Δr the distance between the two extremes or
vibration amplitude of the microelectrode.

The resulting signal, which is a measure of the DC potential gradients in solu-
tion, can be converted to current density by a calibration procedure. This consists of
placing the vibrating microelectrode at a known distance from another electrode
that acts as source of a given constant current. Then the potential measured by the

Fig. 9.14 Schematic representation of the operation principle of the SVET technique
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SVET probe at determined distance from the source corresponds to a known cur-
rent. The potential (V) measured in each point can be related to the current inten-
sities (I) of the processes occurring at the metal surface by Ohm’s Law, using the
following equation:

V ¼ Iq
2pd

ð9:9Þ

where ρ is the resistivity of the solution, and d the distance between the point of
measurement and the source of the current. The calibration is valid for the solution
used and while the amplitude and the frequency of the vibration remain unaltered
[70].

The scanning vibrating electrode instrument is basically constituted by:

• The electrochemical cell (detail in Fig. 9.15)
• The piezo-oscillator system which produces the vibration of the microelectrode
• Two lock-in amplifiers that measure and filter the signal produced in the probe.
• Tri-axial piezoelectric motors to control with precision the movement and the

position of the vibrating probe
• Computer, interface and display system

The SVET microelectrode consists of a platinum/iridium (Pt/Ir: 80 %/20 %) wire
insulated with paralene C® and arced at the tip to face the metal. The tip is pla-
tinized to form a small spherical platinum black deposit of 10–20 μm diameter. An
image of the tip after platinization is shown in Fig. 9.15.

A map of current distribution can be obtained by making a grid of points and
measuring at each point the potential difference while scanning in a plane parallel to
the surface of the sample. The SVET is therefore a technique able to make in situ
measurements of the localised corrosion activity occurring at the surface of the
sample. Figure 9.16 shows an example of the application of the SVET for mea-
suring the distribution of anodic and cathodic activities on AA2024 alloy sample
during immersion in chloride solution.

Fig. 9.15 (left) Configuration of the electrochemical cell employed in the SVET experiments
(right) Image of the SVET microelectrode tip after platinization
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One of the important advantages of the SVET is that it is not a destructive
method, in the sense that it allows to visualize corrosion activity occurring on the
same sample surface during immersion [71]. The SVET is currently one of the most
extended scanning micro-electrochemical techniques applied for corrosion research.

SVET measurement is widely used for analysis of corrosion inhibitor perfor-
mance [72, 73]. In this case the bare metal substrate is immersed in the solution
containing the inhibitor under study. Sequential SVET maps are obtained with
immersion time to monitor the corrosion activity on the surface in situ.

Inspired by the high-throughput concept, a fast screening of the corrosion
inhibitors by SVET measurements has also been proposed [74, 75]. It consists of a
multi-electrode cell with a range of metal wires embedded in insulating material.
Then the inhibition performance of the inhibitor for each metal wire is monitored all
at the same time by using SVET. It can be used as preliminary testing when a large
number of metals and corrosion inhibitors have to be tested.

With the emerging interest on finding new, environmentally friendly inhibitors
and novel inhibitor controlled release concepts, the number of publications using
the SVET has increased significantly in the last years [76–78]. With this technique
it is possible to monitor the corrosion or inhibition activity in a coating defect.
Therefore it is a useful and straightforward method to evaluate the performance of
self-healing polymeric coatings [24, 79].

9.5.3 Selective-Ion Electrode Technique (SIET)

The SIET consists of a potentiometric micro-probe that measures the concentration
of specific ions at a quasi-constant distance (at micrometer range) over the surface
of interest. Potentiometric micro-probes have been used for biological applications
for a long time now. Profiles and gradients of concentrations of Ca2+, Mg2+, K+,
Na+, NH4

+, Cl− determined by potentiometric micro-sensors above biological

Fig. 9.16 a Image of AA2024-T3 sample after 2 days immersed in 0.05 M NaCl solution (image
obtained while in solution). Scale 1 mm × 1 mm. b Vector map of the SVET data representing the
direction of ionic currents. c Current density map of the surface. Anodic and cathodic currents can
be correlated with the aspect of the sample in (a)
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specimens have been reported in numerous publications [80–83]. It is not until
recent years that the SIET technique has been used to monitor specific ions in real
corroding systems. The first time, it was applied for mapping local activity of Mg2+ and
H+ over the surface of a Mg-based alloy in chloride-containing solution [84].

The main components of a SIET device are: an ion-selective microelectrode, a
reference electrode (e.g. Ag/AgCl mini-electrode), 3D computerized stepper-motors
systems, a camera to control the location of the microelectrode over the sample.

The microelectrode consists of a glass-capillary filled with a selective
ionophore-based oil-like membrane. The microelectrode also includes an inner
reference electrolyte and the reference electrode Ag/AgCl wire. The diameter of the
glass-capillary microelectrode varies from 0.1 to 5 μm. This type of electrode is
highly fragile and have limited life time (<1 day). Furthermore, the detection limit is
biased by the flux of primary ions from the ion-selective membrane and inner
reference electrolyte. Recently, more robust designs have been introduced. They are
based on solid-contact ion-selective microelectrodes which do not require an inner
reference solution [85–89].

The potential measurements are correlated to the ion concentration (activity) by
the Nernst equation:

Ei ¼ E0
i þ

RT
Fzi

lnai ð9:10Þ

where F is the Faraday constant, R is the universal gas constant, and T is the
absolute temperature.

Before and after measuring a sample the ion-selective microelectrode has to be
calibrated. The calibration consists of recording the potential Ei versus time
dependence with sequential increase of ion activity, ai. This also allows to check the
stability of the potential measurements, the drift and the time response. More details
about potentiometric measurements can be found in several reviews [90, 91].

SIET mapping has been used in several studies to evaluate corrosion inhibitor
efficiency and mechanism [92, 93]. For example, the corrosion processes on AZ31
alloy coated with hybrid sol-gel was studied in NaCl solution containing three
different potential inhibitors by Karavai et al. [94]. Localized measurements of pH
and Mg2+ concentration at microdefects of the sample showed that it was possible
to obtain complementary information of electrochemical reactions inside the defect.

9.5.4 Scanning Electrochemical Microscope (SECM)

The SECM is a non-optical scanning microscopic instrument which is included in
the group of scanning probe microscopies (SPMs) [95]. The SECM is based on the
reaction that occurs on the surface of a microelectrode immersed in the electrolyte
solution. The microelectrode is scanned in close proximity to the sample surface to
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characterize the topography and/or redox activity of the microelectrode/sample
interface [96]. This latter feature is very important, because it allows SECM to gain
information about reactions that take place in the solution space between the tip and
the sample, as well as on those occurring on the surface of the scanned sample.
The SECM has become a very powerful technique for probing a great variety of
electrochemical reactions, due to the combination of its high spatial resolution and
its electrochemical sensitivity. Its capability for the direct identification of chemical
species with high lateral resolution is of great interest in the study of corrosion
processes [97].

Prior to explaining the operation and the response of the SECM, it is necessary
to understand the behaviour of the microelectrode inside the electrochemical cell.
Let’s consider the case where the microelectrode is immersed in a solution con-
taining an electrolyte and a reducible species, R. When a potential sufficiently
negative is applied to the microelectrode, the reduction of the specie occurs at the
surface of the microelectrode:

Rnþ þ ne� ! O ð9:11Þ

If this reaction is kinetically controlled by the diffusion of R from the bulk of the
solution to the electrode surface, the current decays due to the formation of a
diffusion layer of R around the electrode, and attains a steady-state value rapidly
given by:

ilim ¼ 4nFDca ð9:12Þ

where F, is the Faraday constant; a, the microelectrode radius; D, the diffusion
coefficient of the reducible species; and, c, its concentration.

A steady-state current results from the constant flux of R to the electrode surface
due to an expanding hemispherical diffusion layer around the microelectrode
(Fig. 9.17).

The measurements at a SECM microelectrode are not affected by stirring or
other convective effects. In SECM measurements, the proximity of the tip to the
substrate is the perturbation that constitutes the microelectrode response [96]. If the
microelectrode is brought to the vicinity of an insulating substrate, the steady-state
current that flows through the tip, tends to be smaller than ilim (Fig. 9.18). This is a
result of the insulating substrate partially blocking the diffusion of An+ towards the
tip. The current at the tip becomes smaller when the tip is closer to the substrate,
and tends to zero when the distance between tip and substrate, d, approaches zero.
This effect is known as negative feedback. In contrast, if the tip is close to a
conductive substrate at which the oxidation reaction of A can occur (Fig. 9.18).
Then a flux of An+ from the substrate to the tip occurs, in addition to some flux from
the bulk solution towards the tip. This effect leads to an enhancement of the current
at the tip, itip, which is higher than ilim. This effect is known as positive feedback.

Then by using An+ as electrochemical mediator, the nature of the substrate
(conductive or insulating) can be established. The SECM technique operating in
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Fig. 9.18 Basic principle of SECM: (left) Negative feedback: The tip is placed near an insulating
substrate which hinders the diffusion of species An+. (right) Positive feedback: The tip is located
near a conductive substrate where the oxidation of species A occurs

Fig. 9.17 Scheme of the geometry and diffusion field for (left) conventional macro-electrode, and
(right) microelectrode. They present linear and hemispherical diffusion layer respectively
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this mode provides an excellent tool for the in situ study of film growth on various
materials. Such is the case for the formation of a passive layer by corrosion inhi-
bitors. Several works have been published in the study of organic inhibitors for the
protection of copper [98, 99]. SECM was used to follow the transition of the copper
surface from conducting to insulating as film growth proceeds. A scheme showing
this effect is presented in Fig. 9.19. A sequence of approaching curves of the SECM
microelectrode towards the metal (copper) is recorded. It represents the transition of
the metal from active to passive with the time of immersion in the solution con-
taining the inhibitor.

When studying with the SECM, organic corrosion inhibitors such as mercato-
benzimidazole, benzotriazole or similar, it should be noted that often contamination
of the microelectrode by the deposition of the inhibitor on it, may occur.
Measurements should be performed with caution and regular checking of the state
of the electrode is needed. There is no report so far of using the SECM for the
evaluation of inorganic chromate-free inhibitors for the protection of aluminium
and steel alloys.

Another way of operating the SECM is the generator-collector mode. In this case
the tip current is used to monitor the flux of electroactive species generated or
consumed by the metal substrate. The microelectrode is polarized at certain
potentials where a redox reaction of one of the species takes places. This config-
uration has been applied to determine concentration profiles of species involved in
the corrosion processes [100]. Iron, zinc and oxygen profiles have been monitored
when corrosion is taking place on bare metals and defective coatings [101–103].

Recently this SECM operating mode has been applied for the evaluation of
self-healing processes. In this case measurements are based on monitoring changes
of dissolved oxygen concentration in the solution at the proximity of the substrate.
The reduction of oxygen is commonly the cathodic reaction of corrosion processes
in neutral/alkaline solutions. A consequence of this is the local depletion of

Fig. 9.19 Plot representing approaching curves of the microelectrode toward the metal surface at
different immersion times. By the formation of a passive layer by the inhibitor action, a change of
the response of the metal from conductive to insulating is detected. X axis: normalized distance
(d/a = distance/electrode radius). Y axis: normalized current (I/Ilim = measured current/limiting
current)
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dissolved oxygen concentration in the solution near the cathode area (Fig. 9.20).
This is an indirect way to follow the spontaneous corrosion processes occurring on
a metal system and their depletion by the action of the healing process. This mode
was used to evaluate the healing efficiency of polymer healing in a shape-memory
type of coating for protection of an aluminium substrate [104]. Also this operation
mode was used to study an autonomous healing system consisting of encapsulated
healing-agent incorporated into organic coating for protection of the underlying
metal substrate [105, 106].

The SECM oxygen sensing measurements are very interesting for corrosion
research, however the results (profile concentration of oxygen) should be carefully
discussed. While reducing oxygen at the SECM tip, two undesired processes will
take place at the proximities of the microelectrode: consumption of dissolved
oxygen and increase of pH by the generation of OH− ions. These processes can
have an impact on the corrosion processes taking place on the metal substrate,
affecting the kinetics and the formation of corrosion products. The SECM mea-
surement by itself can influence the natural corrosion mechanism under study. This
undesired effect has been pinpointed by electrochemical simulation [107] and the
analysis of the corrosion products [108]. The magnitude and impact of the unde-
sired effect depends on: the proximity of the tip to the substrate and the duration of
the experiments. When performing the experiments, short-time measurements and a

Fig. 9.20 (top) Diagram showing the anodic and cathodic reactions (oxygen reduction) on a
corroding metal. The SECM microelectrode is polarized at a potential corresponding to the
reduction potential of oxygen. (bottom) SECM line scan of the microelectrode across the metal
surface. It shows the depletion of current when scanning over the cathodic region where less
oxygen is available for the reduction reaction at the microelectrode
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large tip-substrate distance is desired. The SECM oxygen sensing mode is a
valuable method for qualitative indication of corrosion activity on the metal sur-
face, but quantitative data should be carefully interpreted.

In general the main components of the scanning electrochemical microscope are:

• The tip movement and position controller, which is the SPM component.
• The electrochemical cell, which is formed by the tip, the counter electrode, the

reference electrode and the substrate that, occasionally, can act as second
working electrode.

• The bipotentiostat, which constitutes the SECM electrochemical setup together
with the electrochemical cell. The bipotentiostat allows to polarize microelec-
trode and sample.

• Computer, interface and display system.

The most common microelectrode used for corrosion research is a platinum wire
embedded in a glass capillary, resulting in a microdisc electrode. The diameter size
of the electrode can vary from 1 to 25 μm.

SECM is a more versatile technique when compared to SVET or the micro-
capillary cell since it provides higher resolution (wide range of microelectrode
sizes) and chemical selectivity at the same time to monitor electrochemical pro-
cesses occurring on the surface. When performing SECM measurements several
facts needs to be considered:

• resolution of the measurement depends on the microelectrode dimensions and
tip-sample distance,

• possible contamination or poisoning of the microelectrode. It is important to
check the state of the tip after experiments,

• undesired influence of the SECM measurement on the system to be studied, The
redox processes occurring on the microelectrode can affect the electrochemical
processes taking place on the sample.

• select the adequate scan rate to assure limiting steady-state during measurement

9.5.5 Local Electrochemical Impedance Spectroscopy
(LEIS)

SVET and SECM are based on the measurements of events or processes taking
place between the probe and the specimen. A disadvantage of both these techniques
is that this information may be disturbed by noise or limited response from the
substrate, and the impossibility to obtain information of the processes underneath a
coating. Local Electrochemical Impedance Spectroscopy (LEIS) appears an alter-
native where it is important to have direct information of the response of the
substrate under different conditions such as during a healing event.
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The LEIS technique is based on the hypothesis that the local impedance can be
generated by measuring the AC-local current density in the vicinity of the working
electrode in a three-electrode cell configuration. This was introduced by the Isaacs
group in the 1990s [109]. Quantitative information was achieved by using a dual
microelectrode for sensing the local AC-potential gradient, and therefore the local
current by direct application of Ohm’s law. The use of a multichannel frequency
response analyzer also allows for the simultaneous measurement of global and local
response of the specimens. The resolution of the technique depends on the size of
the electrodes used in the bi-electrode probe to sense the local potential and the
spacing between the electrodes. More detailed information about the fundaments of
LEIS can be found in the recent review by Huang et al. [110].

The first applications of LEIS method were in the study of corrosion processes
and focused on the investigation of localized delamination of coatings. As an
example, Jorcin et al. in 2006 [32] mapped local electrochemical impedance which
allowed them to observe and quantify the delamination process beneath the
steel/epoxy-vinyl primer interface. An interesting observation was that the delam-
inated surface area measured by LEIS was significantly higher than that observed
by visual examination of the systems. These results pointed out that LEIS is a
powerful technique for visualizing, with high accuracy, the zones of coatings where
adherence to the metal substrate has been lost.

The use of LEIS to evaluate the local efficiency of a healing mechanism against
corrosion is becoming more common in recent years. Several works have
demonstrated the capabilities of LEIS method for evaluation of corrosion inhibitor
performance [111, 112]. Snihirova et al. [113] presented a new smart anticorrosion
system for AA2024, based on the incorporation of encapsulated inhibitor into a
coating. Controlled delivery was triggered by local changes of pH induced by the
corrosion processes. Conventional EIS and local impedance spectroscopy were
used to evaluate the efficiency of the systems as function of the active inhibitor
employed and their incorporation into the coating.

The resolution of the LEIS technique depends on the size of the electrode/sensor
and the distance between the electrode and the sample. The ultimate resolution
achievable is constrained by the sensitivity of the potential measuring circuitry.
Measurement sensitivity in the order of 1 nV limits the resolution to the micrometer
range [110].

9.6 Conclusions

This chapter describes several global and local electrochemical techniques used for
the evaluation and characterization of novel protection approaches based on
extrinsic and intrinsic self-healing concepts.

Potential measurements, potentiodynamic experiments and electrochemical
impedance spectroscopy (EIS) are the most commonly used methods used for
corrosion and self-healing research. These global methods provide kinetic and
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mechanistic information of the self-healing processes. Apart from these traditional
techniques some newer methods based on EIS have been proposed to obtain faster
and more accurate information about the healing degrees and process such as the
odd-random EIS and the AC/DC/AC protocol.

High-throughput techniques have also attracted considerable interest due to their
powerful use for fast screening of a large number of samples. This is tremendously
useful for evaluation of potential corrosion inhibitors of potential use in self-healing
concepts.

In order to obtain local information about the evolution of damage and protected
or healed damage local electrochemical techniques with spatial resolution have
been proposed. Within this group micro-capillary cell, scanning vibrating electrode
technique (SVET), selective ion-electrode technique (SIET), scanning electro-
chemical microscope (SECM), and local electrochemical impedance spectroscopy
(LEIS) are the most common. Even though these techniques have so far only been
used to obtain pseudo-quantitative information about the healing degree they have
the potential to be used for more quantitative studies of the healing processes
themselves.

There is no doubt that electrochemical evaluation of self-healing processes is
considered a key requirement to understand the healing mechanisms and to evaluate
the corrosion performance of new developments. Nevertheless, these studies should
always be supported by dedicated complementary surface, optical and/or physical
chemical analysis.
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Chapter 10
Physico-Chemical Characterisation
of Protective Coatings and Self Healing
Processes

Anthony E. Hughes, Sam Yang, Berkem Oezkaya, Ozlem Ozcan
and Guido Grundmeier

10.1 Introduction

Achieving high adhesion strength and corrosion resistance at polymer/metal
interfaces, even in hostile environments, is one of the most important challenges of
interface engineering and is relevant to many technical applications. In most cases,
the materials susceptible to corrosive attack are protected by means of polymeric
films such as coatings, paints or adhesives [1–8]. All organic coatings applied to
metals such as steel, zinc-coated steel, aluminum, and magnesium require strong
interfacial adhesion forces that are able to withstand severe forming operations and
long-time exposure to corrosive environments.

In certain cases, polymeric films such as coatings or adhesives are directly
applied on the metal surface, which is covered by its native oxide. However,
nowadays it is quite common that the metal is processed via chemical, electro-
chemical, physical, or mechanical pre-treatments to improve the interfacial stability
[4, 9–20]. It is well known today that, the long-term stability of the polymer/metal
interface in corrosive environments determines the performance of the composite
interface and the necessary initial adhesion is rather easily achieved.

To understand the interaction mechanisms between polymers and metal/metal
oxide surfaces, as well as to clarify how such interfaces degrade when exposed to
corrosive environments, various in situ techniques have been developed in elec-
trochemistry, spectroscopy and microscopy. Such in situ techniques have emerged
as advantageous alternatives to the classical ex situ methods and enabled the
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investigation of formation of interfaces, as well as their degradation as the processes
are taking place in the relevant environment [3, 15, 21–35].

Self healing coatings expand the challenges regarding interface design and char-
acterisation, since for the development of self-healing coatings not only is the coating
and interface analysis of importance but also the characterisation of the formation and
healing of defects. To determine whether self healing has occurred the experiment
demonstrating self healing needs to be designed with the characterisation technique in
mind. With respect to characterisation in a general context, consider Fig. 10.1a

Fig. 10.1 Schematic for the detection of Self Healing at a Defect. aThe defect is filled withmoisture
that acts as the trigger for the healing agent which, in this case is likely to be an inhibitor. b There are
numerous techniques that can be used to characterise the reaction in the defect but the choice will
depend on the nature of the healing process. For film formation, self healing can be detected by
surface sensitive techniques. c If a thick product is formed, but the healing agent is dispersed, then a
technique that has a good sensitivity for the healing agent is desirable.d If a thinfilm is formed, but the
healing agent is also dispersed in an overlying layer then a profiling technique is desirable
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displaying a self healing action in a defect. In this instance the defect is filled with
moisture that acts as the trigger for the healing agent which, in this case, is likely to be
either an inhibitor [36–38] or a film forming agent [39–43]. There are numerous
techniques that can be used to study the reaction in the defect with some of the
exciting radiations listed in Fig. 10.1b including photons (infrared, ultraviolet, X-ray,
optical), electrons, nucleons (protons and neutrons) and particles/ions (α-particles, ion
beam sources (see below under SIMS)). Emitted radiation can include photons,
electrons, nucleons, particles and molecular fragments. Characterisation of the reaction
in the defect will depend on the nature of the healing process. For film formation, self
healing can be detected by surface sensitive techniques such as XPS, Static SIMS,
TOF-SIMS, vibrational spectroscopies (FTIR, Raman) and nuclear techniques that use
either protons or α-particles as exciting radiation such Rutherford Backscattering
Spectroscopy (RBS) or Particle Induced X-ray Emission (PIXE) all have good sen-
sitivity for thin films. However, if a thick product is formed and the healing agent is
dispersed within the product at low levels Fig. 10.1c; this may require a combination
of depth profiling and a technique that is sensitive to the healing agent. If a thin film is
formed, but the healing agent is also dispersed in an overlying layer then again a
profiling technique is desirable with high sensitivity to the healing agent. While the
approach outlined here sounds straight forward there is not always a technique or
combination of techniques, which will be able to identify the healing agent. One final
point to make about characterization of self healing is that it needs to be performed in
combination with a technique that demonstrates recovery (see Chap. 9).

In the following sections, suitable methods for the analysis of the protective
coatings and self healing processes will be summarized with a special focus on
spectroscopic, microscopic and tomographic methods.

10.2 Tomography and Microscopy

10.2.1 Tomographical Methods

The word tomography is derived from the Greek for ‘cut’ and thus tomographic
methods allow us to characterize sample in three dimensions by sectioning the
object either physically in the case of destructive methods such as micro-toming
and focused ion beam milling, or virtually by using non-destructive techniques such
as X-ray tomography.

The study of three dimensional structures within materials and changes in those
structures is of growing importance in modern materials science. The key materials
science challenges in this area are (i) probing multiple and smaller length scales,
(ii) revealing chemistry and (iii) revealing changes to structures as a result of
processing or other external influences such as degradation mechanisms.

In the area of active protective coatings the key areas are alloy microstructures
and related corrosion processes, and the protective coating, including the distri-
bution of inhibitor and other inorganic phases and changes to it in response to
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damage that invokes a self healing response. The study of these effects requires
information on a range of different length and time scales, generally meaning that a
range of probing techniques might be required to give a complete overview of the
structure and processes within these types of systems.

As we will see later in this section there are many probes that can be used for
computed tomography (CT) studies of materials; some are non-destructive methods
for characterization whereas others are destructive. X-ray techniques based on
absorption or phase contrast are certainly one class of emerging techniques in
materials science for characterization, particularly with three dimensional imaging
of the internal structures of materials, but electron beam approaches are also being
developed. Much of this work is based on developments in three dimensional
scanning of biological systems, particularly with a focus on medical applications. In
materials science, the focus has been on improving the resolution of the techniques
as well as on obtaining chemical information.

10.2.1.1 Non-destructive Tomographical Methods

Non-destructive approaches to tomography all rely on imaging the sample in
transmission using penetrating radiation such as X-rays, electrons or light, though
X-ray computed tomography is by far most widely used method. Tomographic data
collection consists of acquiring a series of transmission images of the sample as it
rotates through a range of angles. In X-ray tomography the angular range is typi-
cally 180 or 360° on a (usually vertical) rotation axis.1 In electron tomography in a
TEM it is typically 140° (−70° to +70°) depending on the tilt range of the TEM
sample holder. Computational methods such as filtered back projection, or the
Feldkamp, Davis, and Kress (FDK) [44] algorithm are then used to transform these
views into a three-dimensional reconstruction of the sample. This can then be
digitally sectioned and segmented to probe the internal structure of the sample.

X-rays are the probe of choice when it comes to the application of tomography to
materials. This is largely because the X-ray spectrum covers a broad range of high
energy photons with good penetration in many materials. Standard absorption
contrast X-ray CT relies on the attenuation of the X-rays propagating through a
material sample to form an image. The X-rays are attenuated on passing through a
sample according to Beer’s law,

I=I0 ¼ e�lt

where I/I0 is the ratio of transmitted to incident intensity for anX-ray passing through a
thickness t of material with X-ray linear attenuation coefficient μ. The tomographic
reconstruction of absorption-contrast CT data produces a three-dimensional

1This is the case for non-medical CT, however medical and small animal CT scanners rotate the
X-ray source and detector around the stationary person or animal to achieve the same result.
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microscopic map of the linear attenuation coefficient in the sample, however this is
often insufficient to determine compositional distributions within heterogeneous
materials as different materials may have similar attenuation coefficients.

Phase-contrast imaging utilizes the refraction of X-rays. It is based on the prin-
ciple that different materials produce different shifts in the phase of the X-rays
passing through them. It is more sensitive to edge effects and is thus suitable for the
determination of structure gradients, particularly where there is a well-defined
boundary between different regions in a material. X-rays passing through an object
of varying refractive index will have their propagation direction modified by the
sample. Unlike visible light this effect is small and subtle in the case of X-rays.
Nonetheless, at boundaries in the sample there will be sharp changes in the propa-
gation direction of adjacent X-rays passing through either side of the boundary. With
a micro-focus or synchrotron X-ray source this refractive effect can easily be
transformed into intensity changes by leaving a gap between the sample and
detector. The propagation of these deflected X-rays from sample to detector results
in interference and produces characteristic fringes in the X-ray image, enhancing
the visibility of high gradient regions such as edges, voids, cracks and fine features of
the sample. This form of X-ray imaging is known as in-line phase-contrast and is the
simplest X-ray imaging mode which can make use of X-ray refraction.

It should be noted that, in X-ray CT, both amplitude attenuation and phase
contrast effects exist at the same time. It is often the case that careful considerations
are made during projection image acquisitions and CT reconstruction to reduce the
effect of one or the other.

Sample requirements

In order to successfully carry out X-ray tomography on a sample the thickest or most
strongly absorbing part of the sample should not completely attenuate the X-rays
passing through it. This means that a very absorbing sample may require harder,
more penetrating X-rays to image it, or else a small subsection of the sample will be
required. Conversely the X-rays should have sufficiently strong interaction with the
sample to form good contrast in the resulting images. In the case of absorption
contrast this means that the sample should absorb a significant fraction of the X-rays
passing through it. For phase-contrast imaging absorption is not required but the
X-ray refraction should be sufficient to result in good fringes in the image corre-
sponding to surfaces and boundaries within the sample. This will depend on the
X-ray energy and the imaging geometry and detector resolution. Softer X-rays will
generate stronger fringes, and the detector resolution and magnification of the image
should be sufficient that the fringes are well resolved by the detector.

Types of X-ray sources

Two main classes of X-ray sources are widely used for X-ray tomography.
Lab-based sources and synchrotron sources. Lab-based sources generate X-rays by
focusing a multi-keV electron beam onto a target, usually a solid metal such as
tungsten or molybdenum, though some new systems use a liquid metal jet as the
target [45]. The X-rays produced by lab sources comprise broad spectrum
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bremsstrahlung radiation with some sharp spectral peaks corresponding to char-
acteristic X-ray emission lines of the target material. The maximum photon energy
of X-rays generated has an upper limit set by the electron energy which is in turn
determined by the accelerating voltage setting. The peak energy in the X-ray
spectrum will typically be around half this value. Accelerating voltages for a typical
lab source go up to around 200 kV and are used to produce X-rays in the 10–
100 keV range, though in some special industrial CT equipment, the accelerating
voltage can be as high as multiple MV.

Lab sources used for micro-CT are typically micro focus sources, in which the
electron beam is focused into a tight spot of a few microns in size on the target to
produce a quasi-point source of X-rays (Fig. 10.2). This enables images to be
acquired in a magnified geometry with the sample relatively closer to the source and
further from the detector without resulting in a blurred image. This magnifies the
image of the sample on the detector so that the imaging is not limited by the detector
resolution but is instead limited to the source size. A microfocus source is also
suitable for inline phase-contrast imaging if the sample-detector distance is sufficient.
A typical microfocus source system will be capable of tomographic scans with a
resolution of*5 μm, and more specialised systems can reach submicron resolution.

The majority of micro-CT characterisation is done using lab sources, however
they do have a couple of drawbacks. Using microfocus sources and achieving
higher resolutions results in longer data collection times of up to several hours.
Secondly the polychromatic spectrum can result in beam-hardening where the softer

Fig. 10.2 Sketch of typical imaging geometry for lab-based micro-CT system
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components of the spectrum are much more strongly attenuated than the hard (high
energy) components. This results in reconstruction artefacts but these can be
ameliorated by using filters to remove the softest X-rays from the spectrum, or by
doing a beam hardening correction after data collection. In some special cases with
soft X-ray systems it is also possible to get quasi-monochromatic spectra from a lab
source using K emission lines [46].

Synchrotron sources are highly specialised X-ray sources available at syn-
chrotron facilities rather than in the lab. However, the special qualities of syn-
chrotron radiation, particularly the very high-power monochromatic X-ray beam,
means that synchrotron micro-CT is ideal for certain types of experiments that
cannot be performed in the lab.

The synchrotron is based on a particle accelerator which accelerates electrons to
the GeV energy range and then injects them into a circular storage ring. The elec-
trons travelling round the storage ring have their trajectories guided and modified by
bending magnets and insertion devices. As the electrons are accelerated into curved
trajectories by these devices they emit a powerful, highly focused beam of radiation
in the forward direction. The resulting X-ray beams come off at a tangent to the main
ring and are collected in a series of beamlines set around the storage ring, where they
are used for a variety of experiments including X-ray imaging and tomography.

Thus X-rays have a broad polychromatic spectrum with a far higher intensity
than a laboratory source. The beam is usually filtered using a monochromator to
produce a monochromatic X-ray beam with sufficient intensity for rapid image
acquisition. The photon energy of the X-ray beam can be adjusted conveniently in a
wide energy range, typically in 8–60 keV. A monochromatic beam avoids the
beam-hardening artefacts that can occur in tomography with polychromatic X-rays.
Tomographic scans can also be performed in the same sample at different energies
which can give more information on sample composition by exploiting the variation
in attenuation coefficients with energy, which vary for different materials, partic-
ularly near absorption edges of their constituent elements. The high intensity of the
X-ray beam also makes synchrotron sources very suitable for time-resolved, or ‘4D’
tomography, enabling the observation of dynamic processes in three dimensions.
Typical tomographic scan times at a synchrotron are of the order of a few minutes,
but sub-second speed have been achieved for high-speed studies.

At a synchrotron the X-ray beam is approximately parallel so there is no mag-
nification of the image as seen in a typical lab-system. Consequently the resolution
is determined by the detector with a best resolution of around half a micron. Some
very specialised beamlines using X-ray optics and softer X-rays are capable of
resolution down to tens of nm, however, these are limited to very small samples and
low density materials.

Practicalities of data collection

X-ray tomographic data is typically collected using a CCD or CMOS based detector
as the imaging device, optically coupled to an X-ray sensitive phosphor or scintillator
via optic fibres or lenses and mirrors. The sample is mounted on a high-precision
rotation stage, which normally rotates around a vertical axis. A sequence of
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projection images are acquired with an equal angle increment for a total sample
rotation of 180 or 360°. For adequate reconstruction of the 3D map of the sample, the
maximum linear displacement at any part of the sample should not be greater than the
detector size. Consequently, for a sample with a maximum horizontal projection size
of n pixels, the number of required projections should be as high as

N ¼ p
2
n

In practice, acceptable reconstructions can be achieved with

N ¼ p
6
n

projections.
In addition to acquiring sample projection images, flat-field and dark-field images

are acquired to correct for detector and illumination artifacts. Flat-field images are
acquired with the X-ray source on and the sample out of the field-of-view. They are
used to compensate for detector and detector-ray illumination inhomogeneity. The
latter is particularly important with synchrotron sources where flat-field images are
often acquired at intervals during the image projection, by moving the sample out of
the field of view. This is required when there are time-varying illumination or
detector inhomogeneities during the data collection. Dark-field images are acquired
with no X-ray illumination and are used to compensate for the ‘dark signal’ that
accumulates in the detector in the absence of illumination. Some detectors, partic-
ularly those with optic-fibre coupling between the detector and X-ray
scintillator/phosphor additionally require a geometric correction to account for
distortions in the image introduced by the optical coupling.

Data Processing

After correction for the various imaging artefacts the projection data is transformed
into a three-dimensional digital reconstruction of the sample using one of a number of
tomographic reconstruction algorithms. Filtered-back-projection is a typical algo-
rithm for parallel-beam (e.g. synchrotron) geometry data, and the FDK algorithm for
a cone-beam, magnifying geometry as found on a lab system, though there are many
alternatives [47]. Tomographic reconstruction is computationally intensive but
continuing developments in computer hardware and parallelised algorithms have
enabled reconstruction of tomographic data on standalone multi-core computers in
reasonable time-frames of a few minutes to an hour depending on the dataset size.
Phase-contrast data can be processed in much the same way as conventional
absorption contrast data with the addition of a phase-retrieval step [48]. Phase
retrieval is a specialised low-pass filter that precisely compensates for the
edge-enhancement of phase-contrast images (Fig. 10.3). This can be carried out prior
or during tomographic reconstruction depending on the type of data and algorithm
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used. This process leads to a tomographic reconstruction that resembles that of a
conventional absorption CT scan, but with much improved signal-to-noise, partic-
ularly for low density samples which weakly absorb X-rays.

10.2.1.2 Transmission Electron Microscopy (TEM)

Of course, tomographic reconstruction can be performed with any dataset where a
series of views (section or transmission) can be collected and features within the
dataset can be uniquely identified. Thus electron transmission in a TEM as a
function of rotation can also be used to collect datasets for tomographic recon-
struction. As with the X-ray approaches electron transmission requires that the
densest part of the sample be transparent. The electron transparency will be
dependent on beam energy and sample thickness and density. With the TEM-based
approach the resolution can be much higher that of X-ray tomography, but the field
of view and thickness of the sample that can be imaged is also much smaller.

Fig. 10.3 Top row—high magnification projection image of a self-healing polymer showing
phase-contrast edge-enhancement (left) and the same image after phase-retrieval (right). Bottom
row—reconstructed slices from a noisy, lower-magnification dataset of the same sample, without
phase retrieval (left) and with phase-retrieval (right)
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10.2.1.3 Destructive Tomographical Methods—Microtomy

While X-ray tomography in its various forms provides a non-destructive approach
to the study of the internal structure of materials, there are many instances where it
cannot be used for a variety of reasons. In some materials the absorption path length
may be much shorter than the microstructure of interest, in other instances it may be
that the features of interest are small compared to the volume of material that is
required to be examined, i.e. there may not be enough sensitivity. Sample sensi-
tivity to X-ray doses may also be a problem. Consequently there may be a need for
other types of tomography to be used.

Microtomy has long been used in biology and materials science to study sections
of materials for the investigation of internal structure. More recently electron
microscopes have become available where multiple slices can be made using a
diamond knife whilst collecting images in between each slice. This technique is
called Serial Block Face Scanning Electron Microscopy (SBFSEM). The key issue
here is to find features in the image that have a unique signature. In corrosion and
coating studies, the features of interest are the distribution of microstructural features
of the underlying metal and well as corrosion attack of these features, distribution of
inhibitor and other phases within the protective paint system and transport of inhi-
bitors to attack sites and the formation of protective layers or compounds.

To investigate some of these targets for the application of tomography, alu-
minium alloy 2024-T3 (AA2024-T3) is used here by way of example. AA2024-T3
is a high strength aluminium alloy used in aircraft manufacture. It has alloying
additions which form hardening precipitates at the submicron level. However, the
alloying additions also form larger particles (typically a few microns to tens of
microns) with themselves and residual impurities [49–51]. These IM particles are
one source of corrosion in these alloys so their study, particularly their spatial
relationship to corrosion sites is of interest. The IM particles have several different
compositions, but for the purposes of demonstration here they can be defined as
AlCuFeMnMgSi particles, S-phase (Al2CuMg) and θ-Phase (Al2Cu). (Within the
category that contains AlCuFeMnMgSi particles are a number of distinct compo-
sitions that will not be discussed further here).

Figure 10.4 shows a phase map obtained using electron microprobe analysis as
described elsewhere [49]. The three phases, AlCuFeMnMgSi, S-phase and θ-Phase,
are clearly identified in red, blue and green respectively. These phases have different
levels of Cu with the lowest for AlCuFeMnMgSi particles, then at higher Cu levels
there are the S-phase particles and θ-phase has the highest levels. This means that in
backscatter mode they have different contrast levels which can be used to uniquely
identify each particle type. This is demonstrated in Fig. 10.5. For Fig. 10.5a, the
brightest greyscales are those for the θ-phase (see the red rectangle in the inset)
which has the highest levels of Cu and therefore the largest backscatter electron
signal. Figure 10.5b includes the S-phase in addition to the θ-phase. S-phase has less
Cu than θ-phase and thus a lower backscatter signal on the greyscale which is
reflected Fig. 10.5b. Figure 10.5c includes the AlCuFeMnMgSi particles which have
lower Cu levels than either s-phase or θ-phase. Finally, Fig. 10.5d shows the addition
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of all the other greyscale pixels which represent the matrix. So, windows can be set
for each intermetallic particle type and a three dimensional picture can be con-
structed based on the difference in greyscale.

10.2.1.4 Tomographical Reconstructions

As mentioned above tomographic reconstructions can be performed from many
different types of datasets including from elemental maps collected in an SEM.
Reports are now emerging on studies of pitting corrosion and intergrnaular attack
[52–55]. Figure 10.6 shows a reconstruction from Al elemental maps of a region of
attack beneath filiform corrosion on AA2024-T3 that has been coated with a clear
polyurethane topcoat. An inset of a typical Al elemental map is included in
Fig. 10.6 for example. The thick surface band represents the corrosion product
within the filament but on the surface of the alloy. The intergranular attack is a
region where the intergranular network has been preferentially attacked and is a
common form of corrosion in high strength aluminium alloys. In this instance the
intergranular attack region is highlighted because at the time of examination the
filiform was dehydrated and any electrolyte solution in the grain boundary attack
region had formed a solid product which “decorated” the attacked region. For the
intermetallic particles, they have a lower concentration to the alloy matrix and
therefore a lower intensity in the Al map.

Fig. 10.4 Phase composition map obtained from microprobe analysis of a region of AA2024-T3
showing the distribution of three phases. Details are described in the text

10 Physico-Chemical Characterisation of Protective Coatings … 251



Fig. 10.5 Backscatter images of the surface of polished AA2024-T3 showing various
intermetallic particles. Tomographic reconstructions of intermetallic phases can be made by
taking a series of images and using diamond microtomy in between each image. The “chemical”
information is contained in the intensity of the backscatter image which, in this case reflects the
amount of Cu in the intermetallic particles (see text). a θ-Phase. b θ and S-phase.
c AlCuFeMnMgSi and θ and S-phase. d All backscattered intensity

Fig. 10.6 Reconstruction from Al elemental maps of an attack site in AA2024-T3 beneath filiform
corrosion (A. M. Glenn and A.E. Hughes, unpublished)
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10.2.1.5 4-D Tomography

The term 4D tomography refers to the use of tomographic techniques to study time
dependant changes to materials. It comes from the ballistics studies where there is a
need to obtain tomographic data at the μ-second level for the study of impact on
armour. This is leading to new developments with experimental configurations and
high intensity and energy sources [56, 57].

Of course high speed tomography is not required for the types of issues related to
coating applications where the fastest events that are likely to be probed using
tomographic techniques are a million to a hundred million times slower, i.e. sec-
onds to minutes. Nevertheless, even at these longer time scales there are still issues
with obtaining information on appropriate timescales. The major areas where
tomography is perhaps the only type of techniques that provides a complete insight
into physical and chemical changes with time is with three dimensional structures,
particularly with the relationship between structures such as the connectivity. These
structures include the distribution of intermetallic compounds and other
microstructure within alloys, corrosion, particularly the extent intergranular attack
and particles within coatings such as inhibitor particles.

As an example of 4-D tomography, we look at the dissolution of SrCrO4 inhi-
bitor particles in an epoxy-based primer. X-ray tomography of these types of
systems can be fraught with problems of sample stability, particularly if dehydra-
tion occurs during tomography where sample movement makes it difficult to align
images after the data has been collected.

Nevertheless some very interesting progress has been made in studies on
SrCrO4—inhibited epoxy. For example, tomographically reconstructed sections of
a slither of an epoxy-based primer containing SrCrO4 inhibitor particles are pre-
sented in Fig. 10.7. The purpose of this study was to use tomography to determine
the degree of connectivity between these inhibitor particles and to see how that
changed upon leaching of the inhibitor from the primer.

Fig. 10.7 Reconstructed sections from X-ray tomography of a SrCrO4 inhibited epoxy-based
primer. a reconstructed end slice showing the SrCrO4 particles (red), epoxy matrix (blue) and a
low density part of the epoxy (green). b “Sandwich” showing the distribution of only the SrCrO4

particles between two end slices which have all components highlighted
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The density and distribution of the SrCrO4 inhibitor particles (red) in the full
reconstructed section is similar to that observed in SEM studies of section of the
same primer system [58]. The full slice also has the epoxy matrix in blue as well as
another feature thought to be lower density epoxy in green. Figure 10.7a is one end
of a sandwich section of the inhibited primer displayed in Fig. 10.7b which shows a
dense concentration of inhibitor particles between the two end slices of the section.
In this view the inhibitor particles appear to densely populate the epoxy even
though they only constitute 10 wt% of the sample. However, this image provides no
information on the level of connectivity between particles or the nature of void
formation which might result from inhibitor dissolution. This later point (void
formation) is where 4D tomography becomes important.

There are 2,725 clusters in the sandwich with the largest cluster having over
185,000 SrCrO4 voxels in it (Table 10.1). These clusters include all the inhibitor
particles depicted in red in Fig. 10.7b. It should be pointed out that the clusters here
represent both the voxels and the inhibitor particles since the clusters represent all
the voxels that contain SrCrO4. The presence of separate clusters in this material
may explain why there is a considerable variation in the depth of the depletion front
observed in SEM studies of this system and reported above for RBS studies of
inhibitor depletion from the cut edge of a slot. The presence of isolated clusters
suggests the depletion depth may only reflect the size of individual and isolated
clusters of SrCrO4 particles with the largest clusters representing the deepest pen-
etration into the film and the smallest the shallowest depletion depth.

This sample was then immersed in 0.1 M NaCl solution for 20 min at room
temperature, dried and re-examined. It was obvious from the absorption contrast
that some of the strontium chromate has been dissolved. When the clustering was
performed on the same slice and it was evident that the largest clusters were much
smaller than those observed prior to leaching. The statistics for the clusters are
presented in Table 10.1.2 The number of clusters increased as a result of dissolution

Table 10.1 Statistics for
clustered SrCrO4 particles
prior to and after leaching

Before After

Slab

Number of clusters 2,725 3,365

Largest 185,393 21,438

Smallest* 3 3

Mean (± SD) 223 ± 724 190 ± 419

Smaller volume

Number of clusters 634 804

Largest 55,525 10,835

Mean (± SD) 187 ± 397 120 ± 203

2The data presented here is from the same study as reported elsewhere, however, the slice
thickness is narrower than the previous report. For this reason the largest cluster size reported here
is much smaller as a result of the largest cluster dimension being larger than the slice dimension.
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SrCrO4 particles connecting different parts of the largest cluster size was signifi-
cantly smaller at around 22,000 voxels compared to prior exposure where the
largest cluster contained 185,000 voxels. Figure 10.8 shows a region from within
the sandwich which has been magnified. It is evident that the amount of SrCrO4 was
reduced after exposure to 0.1 M NaCl. The voids created by the dissolution of the
SrCrO4 are not shown. The region, highlighted by a red ellipse, shows where one
cluster, after leaching, was divided into more than three clusters as a result of the
dissolution of some intervening particles.

10.2.1.6 X-ray K-edge Subtraction Tomography

X-ray K-edge subtraction tomography is a technique which can be used to selec-
tively identify the 3D distribution of a particular element within a sample. This
technique requires a monochromatic, tunable source of X-rays and is therefore
largely limited to synchrotron sources, or lab systems with highly specialized
detectors.

K-edge subtraction makes use of X-ray absorption edges which occur at specific
energies characteristic to a given chemical element as shown in Fig. 10.9. X-rays
with energies just above the absorption edge are absorbed much more strongly than
those below it. Two X-ray tomographic datasets are acquired at closely spaced
X-ray energies just above and below the absorption edge for the element of interest.

Fig. 10.8 Magnification of a region within the sandwich presented in previous sections. It is
evident that the amount of SrCrO4 has been reduced after exposure to 0.1 M NaCl. The region
highlighted in a red ellipse shows where one cluster after leaching was been divided into more than
three clusters
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Since the X-ray attenuation of the other elements within the sample will change
very little between these two energies, an effective tomographic reconstruction for
the targeted element can be obtained by subtracting the reconstruction below the
absorption edge from that above.

This method can only detect one chemical element at a time and is restricted to
those elements which have an absorption edge at an X-ray energy which is also
suitable for X-ray tomographic imaging. Even so, it has been used in a variety of
materials characterization applications [59, 60].

10.2.1.7 Data Constrained Tomography

Although single energy X-ray micro-CT is becoming a powerful and widely used
method for characterizing 3D microstructures non-sample-destructively [61, 62],
there are some limitations. One of the limitations is the inherent resolution issue.
With modern X-ray CT equipment the pixel size (on the detector) cannot be smaller
than 10−4 of the sample size without loss of image signal to noise ratio. For
instance, if we need to image a 1 cm sample, the pixel size will need to be larger
than 1 µm. For a factor 10 improvement in resolution, the number of projection
images will need to be increased by the same factor, and the data volume will be
increased by 1000 times. To maintain a similar level of reconstruction accuracy, the
exposure dosage will be increased by the same factor. These limitations make it
impractical to resolve finer details of the materials by simply increasing the imaging
resolution. In post-processing of the CT images to obtain the microscopic distri-
butions of materials in a sample, we also face the issues of non-uniqueness of
attributing a particular image gray-scale level to a material composition.
Consequently, identification of mixed composition at X-ray CT voxel level is
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Fig. 10.9 X-ray absorption spectra or the various components of a SrCrO4-inhibited epoxy-based
primer containing TiO2 and BaSO4. By performing tomography experiments at several different
energies, it is possible to obtain data that has different combination of absorption features which
can be processed to give chemical information
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difficult, although it is potentially very useful when attempting to reconstruct a
faithful image of the material microstructure distribution.

Considerable effort has been devoted to dual energy (spectrum) approach in
characterisation of various materials [63, 64]. These approaches were targeted to
resolve the density and atomic number distributions. The dual energy X-ray CT
works well in resolving materials with large atomic number difference. However, it
is still inadequate in resolving mixing of multiple materials phases and void at the
X-ray CT pixel level.

Recently, a data-constrained model (DCM) has been developed [65, 66]. DCM
is based on a lattice statistical mechanics model. Multiple sets of X-ray CT data
acquired at different X-ray beam energies are used as pervasive boundary condi-
tions to constraint the model. Computationally, the DCM model is defined on a
simple-cubic lattice grid with a cubic voxel on each grid point and with the total
number of voxels as N. The X-ray absorption coefficients (μn) for each voxel are
obtained from X-ray CT. For a voxel at n ðn ¼ 1; 2; . . .;NÞ, the computational
model minimizes the following objective function:

Tn ¼
XL
l¼1

dlðlÞn
h i2f

þEn ð10:1Þ

where L is the number of X-ray CT data sets acquired from the same sample using
L different beam energies.

For each X-ray spectrum (beam energy) l, the relative CT error is expressed as

dlðlÞn ¼ 1

lðlÞmax

XM
m¼0

lðm;lÞvðmÞn � l̂ðlÞn

�����
�����; ð10:2Þ

where lðm;lÞ is the linear absorption coefficient (or linear phase-shift coefficient, or real
or imaginary part of the complex refractive coefficient) for material m, l̂ðlÞn is the CT
reconstructed linear absorption coefficient (or linear phase-shift coefficient, or real or
imaginary part of the complex refractive coefficient), and

lðlÞmax ¼ maxflðm;lÞ;m ¼ 0; 1; 2; . . .;Mg. The optimization is achieved by adjusting

the volume fraction variables vðmÞn ðm ¼ 0; 1; 2; . . .;MÞ for each material composition
m,whereM is the total numberof compositions in the system, subject to the constraints:

XM
m¼0

vðmÞn ¼ 1 where 0� vðmÞn � 1 form ¼ 0; 1; 2. . .;M ð10:3Þ

The dimensionless phenomenological interaction energy is expressed as

En ¼
XM
m¼0

vðmÞn SðmÞ þ
XK
k¼0

XNðkÞ

j¼1

XM
m1¼0

XM
m2¼m1

vðm1Þ
n vðm2Þ

nþ nðkÞj

� �g

Iðm1;m2Þ
k ð10:4Þ
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where S(m) denotes the self-energy (chemical potential) for composition m, Iðm1;m2Þ
k

denotes the interfacial energy between neighboring voxel compositions m1 and m2

at distance k, where = 0 (k > 0) denotes intra- (inter-) voxel. The maximum
interaction range is denoted by K. The number of neighboring voxels with neigh-
boring range k is denoted by N(k) and the jth neighboring vector with a neighboring

range k is denoted by nðkÞj . The parameter η with a default value of g ¼ 0:5 is used
to approximate the volume to interface relation.

DCM has the same voxel size as the original CT data. It differs from the more
conventional image segmentation techniques in that it allows co-existence of void
and multiple material compositions in the same pixel (partial volume effect). Such
co-existence of multiple materials in the same voxel is related to the structures finer
than the X-ray CT resolution.

By ignoring the phenomenological self energy and interaction energy, the linear
approximation of the DCM model can be expressed as [67]

0� vm;n � 1 m ¼ 0; 1; . . .;M

XM
m¼0

vm;n ¼ 1

XM
m¼0

lm klð Þvm;n ¼ �ln klð Þ l ¼ 1; 2; . . .; L

8>>>>>>><
>>>>>>>:

n ¼ 1; 2; . . .;N ð10:5Þ

The linear DCM implementation is very CPU efficient. Satisfactory results can be
obtained under certain circumstances [55, 68, 69].

DCM requires some prior knowledge about the chemical phases within the
sample. For example, the calculated absorption coefficients for a chromate inhibited
epoxy containing SrCrO4 and TiO2 are shown in Fig. 10.9. Optimal distinction of
compositions is achieved if the beam energies are so chosen that the corresponding
absorption coefficients of the material compositions have maximum linear inde-
pendence. For the chromate inhibitor, the optimal beam energies would be one
below about 4.8 keV and another one above around 6.2 keV and one in between.
This type of CT image acquisition experiment can be performed in a synchrotron
where a selection of incident X-ray energies can be selected or can be performed in
a X-ray ultramicroscope (XuM) which is an SEM that has been adapted to use and
electron beam focused onto a target which will emit characteristic X-ray that can be
used as source X-rays. Pursuing the XuM approach the target materials for the
X-ray source are Fe (6.4 keV) and Ti (4.5 keV). The corresponding rendered
tomographs are shown in Fig. 10.10a for the Fe source and in Fig. 10.10b for the Ti
source, where the X-ray linear absorption coefficients are represented as image
intensities. The rendered volume in these two images contains both TiO2 and
SrCrO4 since there is only absorption contrast in these images. Assuming that the
X-ray attenuation by a voxel is small, a linear constraint relationship between CT
reconstructed linear absorption coefficients and the volume fractions of the com-
positions can be established [46, 68, 70, 71].
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Figure 10.11 is a 3D image of the materials components reconstructed using
DCM where the actual SrCrO4 is represented as green colour and TiO2 as red. The
validity of the DCM approach to chemical phase reconstruction has been demon-
strated using scanning electron microscopy where it has been shown that there is
good correspondence between the two, providing confidence that the technique

Fig. 10.10 Reconstruction of the combined distribution of TiO2 and SrCrO4 in a section of an
epoxy-based primer. a Use a Ti target X-ray source. b Use a Fe target X-ray source

Fig. 10.11 DCM chemical
phase reconstruction showing
SrCrO4 in green and the TiO2

in red
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reproduces the distribution of phases faithfully. The beauty of the DCM technique
is that it can be used to provide more information than either the X-ray maps alone
or absorption contrast by itself. DCM has also been used in characterisation of Zn
corrosion product [55] and nano-structured gold particles in Al [72].

10.2.2 AFM Based Analysis of Surface Topography,
Adhesive Properties, and Mechanics

Atomic force microscope (AFM) is one of the widely used tools for surface
characterization. It was developed to overcome the shortcomings of scanning
tunneling microscope (STM), to enable measurements on non-conductive surfaces.
Possibility to perform imaging and spectroscopy in liquid environments or under
UHV conditions makes AFM a powerful characterization tool to perform in situ
measurements. AFM, which started as a method for the investigation of substrate
topography, can provide today, thanks to the developments in imaging modes,
chemical and mechanical information at a higher spatial resolution, which made it a
valuable asset for surface science studies.

In a standard AFM mode, a very sharp tip—with a typical radius of curvature on
the order of a few nanometers—at the end of a cantilever scans the surface. In the
close proximity of the surface of interest, the forces between the tip and the surface
lead to a deflection of the cantilever. This deflection is precisely measured with a
beam of laser reflected from the back of the cantilever to a position sensitive
detector (PSD). After the spring constant calibration, measured deflection values
can be converted to force with accuracy down to a few piconewtons (pN).
Conventionally, a feedback mechanism is used to maintain a constant force
between the tip and the sample. Piezoelectric elements are used to control the
tip-sample separation (z direction) and to perform the scanning motion on the
sample surface (x and y directions).

In addition to high resolution imaging with AFM, force distance spectroscopy,
or so called chemical force microscopy (CFM) is an AFM based technique to obtain
quantitative information on the interaction forces between tip and the sample.
Figure 10.12 demonstrates a typical force-distance curve, where so-called pull-off
force is recorded to obtain the mean adhesion force between the tip and the surface.
The tip approaches to the surface and attractive forces dominate in the close vicinity
of the surface. At this point, so-called jump-to-contact is observed. A predetermined
load is applied to the surface before the cantilever is retracted from the surface. The
separation (indicated between the points E and F) is the force value to detach the tip
from the surface, which is recorded as the pull-off force value.

In the study of Tanem and coworkers, AFM force-distance measurements have
been used to measure the adhesion forces between functionalized AFM tips and
aluminum alloys before and after application of different conversion coatings [73].
Moreover, the results were compared with a model aluminum surface.
Conventionally, Si or Si3N4 tips are coated with a thin Au layer and thiol-Au
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chemistry is used to deposit self-assembled monolayers with desired end-groups.
Figure 10.13 compares the adhesion forces between a—COOH functionalized
AFM tip and aluminum substrates. It has been reported that the adhesion force
between the chromate conversion-coated (CCC) aluminum alloy and the tip was
significantly increased in comparison to uncoated surface likely due to the increase
of hydrogen bonding. However, a decrease of adhesion force was observed after
24 h due to aging of the CCC. Moreover, it has been reported that chromate free
Ti-Zr based treatment also increased the adhesion although the measured forces
varied significantly due to the non-uniform nature of the technical alloy. The
measured AFM adhesion forces were qualitatively correlated with macroscopic

Fig. 10.12 Schematic curve of cantilever deflection versus displacement (distance to surface) in
AFM adhesion force measurements. Reprinted from [73], Copyright (2009), with permission from
Elsevier

Fig. 10.13 Average adhesion force measured on the α-Al (Fe,Mn)Si particles (p) and aluminum
matrix (m) of the uncoated ultra-microtomed (UM), chromated (CCC) and Ti–Zr-treated surfaces.
Measurements were performed within 2 h after surface treatment, using a COOH functionalized
tip. Reprinted from [73], Copyright (2009), with permission from Elsevier
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adhesion tests on various conversion coatings. Overall, AFM based adhesion
measurements provide useful information on the adhesion behavior of heteroge-
neous conversion-coated aluminum surfaces.

Several AFM modes allow not only collecting topographical information but
also mechanical [74], electrical [75, 76], magnetic [77] and chemical [78] properties
of the surface. Typically, nanoindentation, or AFM based force volume imaging is
employed to obtain quantitative mechanical or adhesive properties. However, the
conventional phase and force modulation methods fail to provide the resolution
comparable to the topographical images. In addition to the poor lateral resolution,
the time required to obtain a complete surface map is the drawback of these
techniques.

HarmoniX, is a recently introduced mode to map the elastic modulus of a sample
with high spatial resolution as fast as conventionalAFM imaging. The elasticmodulus
is derived from force-indentation curves based on Derjaguin–Muller–Toporov
(DMT) model [79]. HarmoniX typically work with small loads (<5 nN) and inden-
tation depths are as small as 1 nm [80].

HarmoniX mode uses the so called torsional harmonic cantilever (THC) which
has a tip that is offset from the long axis of the cantilever, as can be seen Fig. 10.14
[81]. When the cantilever is oscillated in the tapping mode, a torque is generated
due to the tip-sample interaction (Fig. 10.14b). This torsional motion along the long
axis of the cantilever moves the reflected laser spot horizontally on the PSD. Similar
to the tapping mode, the conventional vertical oscillations are used to follow
topography while the torsional vibrations are used to calculate tip-sample interac-
tions in sub microsecond resolution.

Fig. 10.14 Design of the torsional harmonic cantilever with an off-axis tip. a a scanning electron
micrograph image of a torsional harmonic cantilever. The cantilever is 300 mm long, 3 mm thick
and nominally 30 mm wide (50 mm near the free end). The tip is offset 15 mm from the centre of
the cantilever. b An illustration of the THC interacting with the surface. The offset position of the
tip results in a torque around the axis of the cantilever. Reprinted by permission from Macmillan
Publishers Ltd: Nature Nanotechnology [81], copyright (2007)
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One of the prominent examples of surface characterization with AFM topog-
raphy and mechanical measurements is the work by Yoon and coworkers [82].
They have performed AFM imaging to monitor the self-healing of induced cracks
on polymeric films and characterized the mechanical properties to assess the degree
of healing. Defects of various sizes were induced with tapping or contact mode on
reversibly cross-linked star polymer gel films and the evolution of the appearance of
the cut region was monitored with the continuous tapping mode AFM imaging.
Figure 10.15 indicates that the size of the damaged area decreased within minutes
and the depth of the cut decreased to 5–10 nm.

Measurements on the center and edge position revealed that the healing response
is driven by the bond re-formation initiated from the bottom of the cut, which
indicates that the cut surfaces are accessible to each other for the healing process to
start. Figure 10.16 demonstrates the case where a penetrating cut with 300 nm width
remains unrepaired even after 3 h. It is concluded that the stiffness of the polymer
film prevents the flow and consequently, the contact of two damaged surfaces does
not take place. In order to accelerate this process, the damaged area was gently
stroked under contact mode scanning perpendicular to the cut direction.
Figure 10.16b and c show that the areas stroked with contact mode became as
smooth as the original film (arrows). It is argued that the AFM tip in contact with
the surface causes the cut surfaces to be accessible to each other and thus, enhance
the healing response. Figure 10.16d demonstrates the modulus map of the cut and
the healed areas acquired with HarmoniX mode. The arrows indicate that the
damaged areas are indistinguishable from the intact area, indicating a successful
healing process.

Fig. 10.15 Time-dependent change of height mode AFM image for the cut on the surface of X3
film: a 3D images, b 2D height mode images, and c evolution of damage depth for 12 min
measured at two positions. The surface of film is referenced to zero for the Y-axis. The “center”
position describes the center of the damage and the “tip” position, 2 μm away from the “center”.
Reprinted with permission from [82]. Copyright (2012) American Chemical Society
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10.3 Electron and Nuclear Spectroscopy

10.3.1 Electron Spectroscopy

There are two major electron spectroscopies of interest for characterisation which
include photoelectron spectroscopy and Auger electron spectroscopy (AES).
Photoelectron spectroscopy uses photons to ionise electrons from a surface and is
therefore based on the photoelectric effect. AES most commonly uses an electron
beam as the exciting source and examines the Auger electron emission. In photo-
electron spectroscopy, the exciting photon can be low energy such as ultraviolet
(UV) used in UV photoelectron spectroscopy (UPS) or can be higher energy such
as X-ray energies (soft X-rays) that are more typically used for characterisation of
materials of interest for coatings using X-ray photoelectron spectroscopy (XPS).
UPS is used to study orbitals involved in bonding, and laboratory UPS equipment
generally use a He source which can typically probe from 0 to 40 eV, whereas
X-rays are used to probe core level electron orbitals. Auger lines can be measured in
XPS experiments. Binding energies of core photoelectron lines can be plotted
against X-ray generated Auger lines in two dimensional chemical state plots which
can be useful for distinguishing oxidation states.

10.3.1.1 X-Ray Photoelectron Spectroscopy (XPS)

Laboratory XPS equipment generally comes with a dual anode X-ray source
comprising a Mg (1253.6 eV) and Al (1486.6 eV) electrode from which the
characteristic Kα lines are excited. In XPS parlance, Kα means a superposition of
the Kα1 and Kα2 X-ray lines. These lines are not monochromated hence the emitted
electrons also display broad peaks which make spectroscopic analysis more

Fig. 10.16 Healing response of X3 film accelerated by AFM tip stroke with contact mode
scanning: a original cut, b after the first series of strokes at the position marked by a red arrow
(+0.5 V), c after the second series of strokes at two positions marked by of blue arrows (0 V), and
d HarmoniX mode modulus map in a logarithmic scale. Brighter color represents higher modulus.
The brightest regions in the damaged area correspond to high Young’s modulus of silicon wafer
exposed at the bottom of the deep cut. Reprinted with permission from [82]. Copyright (2012)
American Chemical Society
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difficult. These sources also include other target X-ray lines which can interfere
with the determination of low levels of material. Modern XPS instruments often
have monochromators in which only the Kα1 line is the source after monochro-
mation. Accessibility to synchrotrons means that monochromatic energies can be
tuned to suite the experiment if desired.

One of the most important outputs from an XPS experiment is the core level
binding energy which reflects the local chemistry. However, because the sample is
continually emitting electrons due to the photoelectric effect, it develops a positive
charge that must be taken into account before any useful information can be
extracted from the position of the photoelectron peak. In many modern instruments
the charge is neutralised using electron flood techniques where very low energy
electrons flood the surface of the sample and neutralise the positive charge that
develops from the emission of the photoelectrons. For other instruments (and also
to check the charge neutralisation of the flood guns) an internal reference peak
should be used which can be the C 1s peak which falls at 284.6 eV for inorganic
materials or 285.0 eV for organic materials although this is an area of debate [83,
84]. All other peaks are then adjusted accordingly. Another standard is evaporated
Au with a peak Au 4f binding energy at 84.0 eV, but care must be taken that the
evaporated gold particles are large enough to have the bulk gold binding energy
(very smaller particles do not have the same peak binding energy as large particles)
[85, 86]. Implanted Ar at with an Ar 2p BE of 243.3 eV has also been used for
binding energy calibration [87, 88].

While XPS is widely used to determine surface composition, the interpretation
of XPS spectra however, is not always so straight forward as the literature might
suggest. Consideration should be given to the analysis volume of XPS compared to
the microstructure of the sample since the analysis depth typically has a maximum
of 10 nm. If the sample under examination is nanoparticulate with a size of 5 nm,
then XPS is effectively a bulk analysis technique. On the other hand if the particles
are microns in size or a rough film forms on a surface then the surface that is
actually examined may be very complicated.

An advantage of XPS is that it can give chemical state information based on
peak positions. Often there are multiple oxidation states as well as multiple species.
For example, in the O 1s spectrum there may be oxygen anions as well as hydroxyl
ions, the positions of these peaks varies with the type of oxide so in a mixed oxide
system with surface hydroxyl ions there may be several peaks contributing to the O
1s envelope. A further issue related to the study of the corrosion protection of the
transition metals, is the complicated nature of the transition metal 2p lines, since
these have quantum mechanical features (multiplet lines) and loss features that
make interpretation difficult [89–95]. This is most extreme for the Fe 2p spectra but
while there are good examples of fitting of the Fe 2p spectra for Fe-based corrosion
product [96, 97], the multiplet structure is often ignored, perhaps leading to erro-
neous interpretation [98]. As an example Fig. 10.17a shows the Fe 2p spectrum for
the corrosion product generated during atmospheric corrosion. It consists of Fe
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metal, Fe2+ and Fe3+. The top spectrum shows the breakdown of the Fe2+ and Fe3+

components into all of the multiplet states revealing a complex shape for both
oxidation states. Figure 10.17b shows the three oxidation state components where
all the multiplets are summed for each oxidation state. In addition to the multiplets
there are a number of loss lines as well as shake-up peaks leading to a very
complicated spectrum. If a single oxidation state is present, then interpretation of
the Fe 2p spectra is relatively straight forward since details of the multiplet splitting
are not important (i.e. only the total area under the peak is important [99].

The data in Fig. 10.17 has been generated using a Shirley background sub-
traction where the background at any particular point is defined as the difference
between the background intensity above (at higher binding energy) a photoelectron
peak to that below the peak multiplied by the fraction of the integral intensity below
the peak divided by the total integral intensity. The fraction is determined by the
integral amount of intensity below the peak to the total integral intensity for the
peak. This type of background is one of the most common backgrounds used in
XPS. The full Fe 2p spectrum with a Shirley background is displayed in Fig. 10.18a

Fig. 10.17 XPS Fe 2p
spectrum of mixed oxidation
state Fe corrosion product
containing metal as well as
Fe2+ and Fe3+
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[100–102]. Linear backgrounds are also commonly used in XPS, although not so
commonly for photoelectron peaks where there is a large increase in the back-
ground intensity such as for the Fe 2p spectrum. Figure 10.18b shows a linear
background. A third type of background is the Tougaard background [103, 104]
which is based on the fundamental physics of electron scattering [103–105]; it is
shown in Fig. 10.18c.

Fig. 10.18 Various methods
of fitting of Fe 2p3 core level
peaks. a Shirley, b, linear and
c Tougaard backgrounds. The
solid black line is the data, the
dashed blue line is the fit and
dashed black lines are the
individual component for the
different Fe oxidation states
and the dotted lines are the
shakeup satellites
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It can be seen that there is a huge increase in the intensity of inelastically
scattered electrons going from Shirley to linear to Tougaard backgrounds (area
between the spectrum and the background line). This increase has an enormous
impact on the fitting of the multiplets for the oxidation state components as well as
the satellite peaks. The percentages for each of Fe metal, Fe2+ and Fe3+ for the Fe
2p3/2 section of the Fe 2p peak using the different backgrounds are shown in
Table 10.2. The Fe 2p3/2 of the Fe 2p part of the spectrum has been chosen since
the quality of the fit with all three backgrounds is much better in this region of the
Fe 2p spectrum. It can be seen that while there is rough agreement between the
percentages for each component using the different backgrounds, the results do not
agree in detail and cannot be considered as quantitative. There is currently no
generally accepted approach to fitting the Fe 2p spectra although there are some
very good studies examining this problem [94].

Other first row transition metals also have complex spectra. Copper spectroscopy
has intense shakeup satellite peaks, but the main photoelectron lines are not com-
plicated by the presence of multiplet splitting lines [89, 106]. However, the Cu
metal and Cu (I) 2p photoelectron lines have similar binding energies which make it
nearly impossible to breakdown the measured envelope into its component peaks.
Fortunately the Auger KLL lines (generated by X-rays in this case) can be used to
distinguish the different components. These two peaks can also be used together to
identify different Cu compounds by plotting the Cu 2p3/2 binding energy against
the Cu KLL kinetic energy in a plot that is called a 2D chemical state plot. These
types of plot are very useful for identifying different compounds.

The spectroscopy of the light metals aluminium and magnesium is straight
forward, partly because there are only two oxidation states for each metal (Al metal
and Al3+ and Mg metal and Mg2+) and the strongest photoelectron lines are from
relatively simple core shells with the 2p line for Al and the 1s line for Mg. As with
Cu, the 2D chemical state plots can be useful for identifying different oxidation
states as well as different classes of compounds. The other light metal worth
mentioning here is Si since silanes are studied extensively for coatings and for self
healing agents (see Chaps. 5 and 8), Both the Al and Si 2D chemical state plots can
be used to provide rich information about surface species and phases.

The surface sensitivity of both XPS and AES means that profiling techniques are
required to obtain information at depths greater than around 10 nm. Traditionally
this has been achieved using ion milling, particularly with Ar+ ions. Another,
newer, ion source is C60 which is also discussed in the SIMS sections. In principal,
any source can be used which provides even sputtering of all species.

Table 10.2 Percentage of Fe
metal, Fe2+ and Fe3+ from the
Fe 2p3/2 peak for three
different background fits as
displayed in Fig. 10.18

Background type Fe metal Fe2+ Fe3+

Shirley 12.0 60.5 27.5

Linear 6.0 57.2 36.8

Tougaard 5.8 67.2 30.0
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Physical sectioning is another technique that can be used to obtain depth
information. This can be achieved by a variety of methods including mechanical
milling, polishing at an angle to the normal or cutting at an angle to the normal. In
this latter process the objective is to “spread” out the layer in the section to suit the
lateral resolution of the technique, so the thinner the layer the closer the angle has to
be to the surface parallel. Hinder et al. demonstrated this process for XPS [107] and
also for Tof-SIMS approach [108].

The application of XPS to self-healing coatings is limited and generally used to
support other techniques. It can be used to study components of coating systems,
such as the polymer resin, inhibitors and other additives as well as the effects of self
healing such as inhibitor or healing agent reactions on a surface. For example,
double layer hydroxides have been used extensively as carriers for inhibitors [36–
38, 109–113]. XPS has been used for characterisation of the inhibitor in these types
of double layer hydroxides structures such as hydrotalcites [114] and Fe-based
structures [115], the latter occurring in green rust [96, 97]. In self healing studies
XPS can be very useful in studying well prepared surfaces exposed to extracts from
new inhibitor pigments. For example, Granizo et al. [99, 116] examined steel
surfaces after exposure to extracts from various vanadates exchanged hydrotalcite
pigments and found the surfaces after exposure had films incorporating the inhibitor
species. Similarly XPS has been used to examined Ce release and interaction with
AA2024-T3 [114, 117] and Mg alloys [118].

For novel inhibitors, it has been applied to determine the layer thickness by
monitoring the Si photoelectron lines of an organo-silane coating on latex particles
[119]. It has also been used to study the Mo 3d lines during molybate inhibition
[120]. The rare earths and in particular, Ce (Ce 3d) which have been used exten-
sively in aluminium inhibition [121–125]. Ho et al. [126] used XPS to determine
oxidation states on AA2024-T3 surfaces and to examine Ce diphenyl phosphate
interaction with steel surfaces [126]. In this case the self healing properties of these
films were determined using EIS.

In the case of coatings, there is a wealth of information to be obtained from the
spectroscopy of C 1 s and N1 s peaks which have been used extensively to study
conducting polymer coatings [125, 127, 128]. Trabelsi et al. [121] used XPS to
determine the cerium oxidation state in silane derived sol-gel films. On a variation
on the self healing theme Jakab and Scully used XPS to confirm the segregation of
Co and Ce for forming a protective, self healing coating on an Al-Co-Ce alloy
[129].

10.3.1.2 Spatially Resolved XPS

Spatially resolved XPS is now a common technique in many XPS instruments with
spatial resolution down to 1 μm, although the fine resolution comes with a loss of
signal to noise [130]. Some of the early applications of XPS included failure
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analysis in adhesively bonded structures where the large area analysis of early
instruments was not an impediment to studying different area of adhesive failure [7,
131]. While it has been used to study Pb pigments in paintings [132] and coating
interfacial chemistry, particularly cohesive or adhesive failure [133], its use in self
healing applications is not widespread. Mapping has also been used in corrosion
studies [130, 134]. The approach used in these applications can be logically
extended to self healing, but only if there is a unique “marker” in the healing agent
that can be used to reveal the spatial distribution of the healing agent. Thus, in self
healing systems where there is encapsulated monomer which is released and
polymerises, then XPS is not likely to be able to detect the healing processes.

10.3.1.3 Auger Electron Spectroscopy (AES)

AES as an electron beam characterisation technique, has the potential for excellent
spatial resolution, however, much self healing work is on non-conductors which
means that charging is a significant problem. Non-conductors include polymers,
hybrid (organic/inorganic composites) and inorganic coatings as well as failure sites
where non conducting corrosion product occurs.

Despite these difficulties AES has been used to study inhibition in a defect
through a coating on galvanised steel by Montemor and Ferreira [123]. In their case
they used a variation of the techniques described in Fig. 10.1 by taking lines scans
across and along the length of a scribe. They detected that cerium was present in the
defect and had leached from an adjacent sol-gel coating during immersion.

10.3.2 Nuclear and Ion Spectroscopy

There are two nuclear techniques that are worth mentioning for characterisation of
self healing systems. The techniques are Rutherford Backscattering Spectroscopy
(RBS) and Particle induced X-ray Emission (PIXE) spectroscopy. Both techniques
use either protons or α-particles (2 protons and 2 neutrons—i.e. a He nucleus)
which are accelerated in an accelerator up to energies in the vicinity of MeV. These
probes then interact with the system under study; in the case of RBS the quasi
elastically scattered particles are measured (the measurement angle is typically
170°), but in PIXE the X-ray emission spectrum is measured. Both PIXE and RBS
have spatial resolution that can resolve features down to the micron scale and are
therefore ideal to measure interactions in a defect that reflect a healing process. The
disadvantage of these techniques is that they require an accelerator which typically
is the size of a small building.

The sensitivity and data analysis requirements of the two techniques are quite
different because the emitted radiation is so different (backscattered particles versus
X-ray emission). As an example Fig. 10.19 shows an optical image and
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corresponding elemental maps for a sample of aluminium alloy 2024-T3
(AA2024-T3) which has been exposed to 0.5 M NaCl solution for 30 min prior
to the introduction of 4.5 × 10−4 M K2Cr2O7. The Al, Cl and Cr maps show the
typical ring patterns of corrosion product that has been reported previously as being
the sites for stable pits [135, 136]. The Fe, Cu and Mn maps show that the attack
sites are associated with clusters of intermetallic particles which are typical of the
heterogeneous microstructure of this alloy [49, 50, 137]. In this figure it can be seen
that chromate has reacted both with the aluminium oxide corrosion product as well
as the many of the intermetallic particles, particularly the Cu-containing ones.

In the context of this chapter it can be seen that 2D mapping using PIXE
provides good quality elemental imaging, but relating features of the maps to the
sample is limited by optical microscopy. Some advantages of mapping with PIXE
are similar to electron microprobe work in that the sample is scanned beneath the
particle beam, so the beam-sample geometry remains constant and there is no
distortion at the perimeter of the field of view, as can occur at low magnification
using a standard scanning electron microscope. Thus large sample areas can be
examined. Quantitative analysis from the X-ray emission is also a standard output
from PIXE and many facilities which offer PIXE will collect hyperspectral datasets
(each pixel in a map has an associated X-ray spectrum).

In the case of RBS the ideal type of application is for heavy elements forming a
thin film over light elements. Figure 10.20 shows an RBS spectrum for samples of
AA2024-T3 treated for 1 h at 95 °C in 10 mM of either CeCl3 or CrCl3 [138].

Fig. 10.19 PIXE images of the surface of AA2024-T3 that has been exposed to 0.5 M NaCl
solution for 30 min followed by the introduction of 4.5 × 10−4 M potassium dichromate
(unpublished). NB: The colour code is an inverse thermal code
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In RBS the position of any element at the surface is known from the backscattered
energy position (horizontal scale) and a number of element surface positions are
shown in Fig. 10.20. If there is intensity to the left of this position then this means
that the element is beneath the surface. It can be seen that the transition elements
and Ce fall in a high signal to noise region of their respective spectra making RBS
an ideal technique for detecting small quantities of heavier elements in a lighter
matrix. In this case the RBS spectra can be used to distinguish between the thick
pseudoboehmite coating developed during treatment in CeCl3 solution and the very
thin passivating layer during treatment in CrCl3. In addition the cerium profile
indicates that Ce is distributed throughout the film since the Ce peak is broad, and
for the chromium treated sample there is Cu enrichment at the surface.

As an example of mapping using RBS, Fig. 10.21 shows a Cr map in plan view
obtained from the cut edge of a primer that has been exposed to neutral salt spray
test (NSS). Figure 10.21a shows the schematic of the sample configuration. The
sample was manufactured by cutting a defect through the protective paint system to
the underlying metal (using a milling machine). This is a classic configuration for
measuring self repair since recovery from damage can be monitored. The paint
system consisted of a primer and topcoat. The sample was then put into a neutral
salt fog chamber for 16 days and chromate was released from the cut edge with
some going to runoff and some reacting with the surface of the slot. Figure 10.21b
shows the Cr map collected from the interfacial region between the coating and the
milled slot. There is a depletion zone that extends from the cut edge back into the
primer. Using RBS it was possible to follow the development of the depletion zone
with time. The depletion zone developed rapidly in the early stages but it eventually
appeared to reach a maximum depletion depth into the primer. It can be seen in
Fig. 10.21 that there appear to be filaments extending into the primer beyond the
depletion front. Both the limit to the depletion depth and the appearance of

Fig. 10.20 RBS spectra for samples of AA2024-T3 treated for 1 h at 95 °C in 10 mM of either
CeCl3 or CrCl3. In the case of CeCl3 there is a buildup of a pseudoboehmite coating which
contains Ce. In the case of CrCl3 only a thin Cr-containing oxide was developed. Reprinted from
[138], Copyright (2003), with permission from Elsevier
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filaments are consistent with some recently published work that identified clusters
of connected SrCrO4 particles within these types of primers [58, 139]. It was
observed that only the clusters connected to the surface were the ones that were
leached out leading to a general depletion depth for those clusters connected to the
surface but also some deeper penetration due to the dissolution of larger clusters.
This model is extremely important for the design of paint systems more generally,
but also for strategies for self healing where the internal structures of coatings can
be used for delivery systems for various agents. It is also discussed in more detail in
the tomography section.

The area of Secondary Ion (or Neutral) Mass Spectroscopy (SIMS or SNMS) is
an area where there has been considerable development in a range of techniques
which are covered in a number of good reviews in the literature [140–142].
Considerable effort has been put into the development of the techniques for soft
material analysis, particularly for biological applications. The developments have
focused on ionisation techniques that deliver large molecules into the gas phase.
These include matrix assisted laser desorption/ionisation (MALDI) and electrospray

Fig. 10.21 Cr map obtained
using Rutherford
Backscattering Spectroscopy.
a Schematic showing the
configuration of the sample in
section. The sample was
manufactured by cutting a
defect through the protective
paint system the underlying
metal (using a milling
machine). The paint system
consisted of a primer and
topcoat. The sample was then
put into a neutral salt fog
chamber for 16 days. b Plan
view of the slot (defect, right)
and the paint system (left) and
the depletion zone at the cut
edge
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ionisation [140]. Two dimensional information can be obtained by scanning the
laser across the surface but this technique is limited to at best 1 μm and generally
higher [140]. On the other hand an ion beam can be focused down to 100 nm. There
are two different modes of operation for SIMS instruments including time-of-flight
(Tof)—SIMS and dynamic SIMS. In Tof-SIMS the ion beam is pulsed onto the
surface and the total mass spectrum is analysed, whereas in dynamic SIMS the ion
beam etches the surface and preselected mass to ion ratios are monitored.

The sensitivity of SIMS techniques depends strongly on the ion source. There
are a number of different sources that are used including gallium (Ga+) [142],
cesium (Cs+) [142, 143], O [142], bismuth (Bi3+) [143–145], gold (Au3+) [108, 146,
147] and fullerene (C60) [143, 144, 148, 149]. Secondary ion (SI) yields are highly
dependent on the source and the target material as discussed in the literature [142,
143, 150, 151]. The metal ion cluster sources and fullerene are able to produce
higher yields of larger mass fragments improving both the scope and sensitivity of
the technique [143, 152]. Giannuzzi and Utlaut reported that different ion sources
made a difference of a couple of orders of magnitude in SI yields [142].

In the context of self healing in coating applications, SIMS could be applied for
characterisation of surfaces generally and SIMS with lateral resolution capability
could be used to monitor repair process as a function of time such as repair in a
defect.

In practice SIMS and related techniques have not seen widespread use for self
healing applications, but are increasingly being used as characterisation techniques
in coatings and corrosion work. For example, XPS and SIMS were used to study a
range of exposure and curing effects on the adhesion of cathodic e-coats on gal-
vanised steel [8]. It has also been used to study plasma coatings deposited onto
water soluble inhibitor particles to reduce the release rate [153] as well as for
studying coating defects for a range of coatings [154] and also for interfacial
chemistries [133]. It has widespread application in sol-gel technology as well [155,
156].

10.4 Optical Spectroscopy

10.4.1 Fourier Transform Infrared Reflection-Absorption
Spectroscopy (FT-IRRAS)

Fourier Transform Infrared reflection-absorption spectroscopy (FT-IRRAS) is
generally used for characterization of thin films or monolayers on metal substrates.
FT-IRRAS is also an ideal method for the investigation of inhibitor loading in
self-healing coatings. The advantages are the high surface sensitivity and the sur-
face selection rule. FT-IRRAS with polarization modulation (PM-IRRAS) enables
the differentiation between the surrounding bulk medium and adsorbates on the
metal surface. Consequently, the interfering effect of water vapor and carbon oxide
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can be eliminated. IRRAS is dependent on the optical constants of the thin film and
substrate, and the angle of incidence, as well as the polarization of the incident IR
radiation can be varied to obtain the optimum information. The surface selection
rule enables the investigation of the molecular orientation of thin films or mono-
layers deposited on metal or dielectric substrates.

The methods for the evaluation of the molecular orientation is recently sum-
marized by Arnold et al. [157]. The transition dipole moment (TDM) of a molecular
vibration can be decomposed into two components, one oriented normal (TDMz)
and the second one oriented parallel (TDMx) to the surface (see Fig. 10.22a). The
tilt angle Θ can be calculated from the equation:

tanH ¼ TDMx

TDMz

At a metal surface the parallel component of the electrical field Ex is almost
completely screened by the electrons of the metal substrate (Fig. 10.22b) [157,
158]. As a consequence, TDMx does not contribute and for a single vibrational
mode, the tilt angle can only be calculated if the absolute magnitude of the tran-
sition dipole moment, |TDM|, is known.

If two vibrational modes with different orientations of their transition dipole
moments can be measured (Fig. 10.22c) the ratio (|TDM1|/|TDM2|)

2 can be cal-
culated from the ratio of their intensities (I1 bulk/I2 bulk) of the bulk spectrum.
Similarly, the ratio (TDM1,z/TDM2,z)

2 is equal to the ratio (I1 SAM/I2 SAM). If these
ratios can be evaluated the tilt angle can be calculated using [157]:

ðtanHÞ2 ¼ Ibulk1 ISAM2

Ibulk2 ISAM1

The details on the relative method was described by Debe and the interested reader is
referred to this article [159]. Parikh and Allara have proposed in 1992 an alternative
method, based on the determination of the absolute excitation probability, which
corresponds to |TDM| of a given mode in the bulk [157, 160]. Considering the
geometrical approximation by Tillman et al. [161], Bram et al. [162] calculated the

Fig. 10.22 Orientation of the transition dipole moments (TDM) of molecular vibrations (a, c) and
the electric field (b) at the surface. Reprinted with permission from [157]. Copyright (2001)
American Chemical Society
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tilt angle of self-assembled n-alkanoic phosphonic acid molecules on aluminium
surfaces using the following formula:

IsmCH2

IsmCH3

¼ nCH2 � 2ðH per CH2Þ � cos2ð90� �HÞ
nCH3 � 3ðH per CH3Þ � cos2ð35� �HÞ

A recent applications of the same formalism were reported by Maxisch et al. and
Pohl et al. for the investigation of self-assembled monolayer formation on
oxyhydroxide-covered aluminium and plasma treated Zn-Mg–Al alloy surfaces,
respectively [10, 12].

In the region of 2800–3000 cm−1 of PM-IRRA spectra acquired on plasma
treated Zn-Mg–Al alloy surfaces after octadecylphosphonic acid (ODPA) adsorp-
tion (see Fig. 10.23a), the C-H stretching modes of CH2 and CH3 vibrations
belonging to the aliphatic chains of ODPA are visible. The spectra shown in
Fig. 10.23b indicate the absence of the peaks belonging to the free acid group P-OH
and P = O (1230 cm−1). The absence of the free acid groups was interpreted by the
authors such that the adsorbed phosphonic acid functionality is deprotonated, which
is supported by the presence broad PO3

2− stretching mode. Thus, the interaction of
the ODPA molecule and the oxide layer was explained by the presence of coor-
dinative binding modes. Moreover, the tilt angles of the monolayers to the surface
normal were calculated as 44°, 39° and 28° for just polished, reductive plasma
treated and oxidative plasma treated Zn–Mg–Al surfaces, respectively. The results
indicated that the highest molecular ordering of the ODPA self-assembled mono-
layer was obtained on the oxygen plasma treated Zn-Mg–Al alloy surface [10].

With the high sensitivity for changes in the molecular structure, FT-IRRAS is
also an ideal method for the investigation of self-healing processes. In a recent
study, Garcia et al. applied FT-IRRAS spectroscopy for the investigation of a
reactive silyl ester as a new organic reactive healing agent [39]. The aim of the work
was to develop a coating with encapsulated silylester, which in contact with
moisture should undergo hydrolysis and forms silanol and oleic acid. These two

Fig. 10.23 A and B: PM-IRRAS of Zn–Mg–Al alloy polished and after plasma modifications
immersed in 10−3 mol/l ODPA. All spectra are referenced to the surface spectra taken before
ODPA adsorption. Reprinted from [10], Copyright (2013), with permission from Elsevier
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components then adhere to the metallic surface creating a polymeric hydrophobic
barrier layer and undergo further crosslinking upon prolonged exposure to corrosive
environment. As seen in Fig. 10.24, the silyl ester undergoes chemical changes
upon exposure to an aqueous solution at pH 4. As seen in Fig. 10.24, the disap-
pearance of the Si–O–CO–R peak (1190 cm−1) together with a the formation of a
peak at 1060 cm−1 (corresponding to Si–OH, Si–O–Si or Si–O–Al bonds) and shift
in the ester carbonyl peak from 1720 cm−1 to 1713 cm−1 along with a decrease in
the intensity of the ester peak 1376 cm−1 indicates that the silyl ester bond has
broken by hydrolysis and new bond has been formed [39].

Moreover, FTIR and Raman spectroscopy was reported for the characterisation
of molybdates incorporated into HTs [163]. FTIR spectroscopy was used to analyse
Zn and Fe benzoates (insoluble forms) [164, 165]. FTIR spectroscopy has also been
applied to confirm encapsulation of oils for alkyd self healing [40] and epoxies [41,
166]. It has been used to study a variety of inhibitors including Ce-salicylate [167],
Ce-dibutyl phosphate [168] and Cu-Al DLH with either carbonates or sulphonates
[169, 170].

Raman has been used to study epoxy healing in polymers [171] as well as
chromate depletion zones as a result of leaching from scribes [172]. Raman is used
extensively to study organic molecules and therefore has seen application to the
identification of organic inhibitors such as organophosphates [71, 173–175]. It has
less sensitivity for keys lines in inorganic compounds, but there are reports on CeO2

thin films [176], single crystals [177] and mixed lanthanide oxides [178] as well as
Ce-based conversion coatings [179, 180], aluminium oxides and hydroxides [181]
and SiO2-based sol-gel studies [182].

Fig. 10.24 FTIR spectra.
Un-reacted silyl ester (black
top line) and reacted silyl
ester on AA2024-T3 exposed
to aqueous solution at pH4
(dashed red bottom line).
Reprinted from
[39], Copyright (2011), with
permission from Elsevier
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10.4.2 Attenuated Total Reflection Infrared Spectroscopy
(ATR-FTIR) and Surface Enhanced
ATR-Spectroscopy

ATR-FTIR is based on the phenomenon of total internal reflection and the gener-
ation of evanescent fields at an internal reflection element (IRE)/sample interface.
An electromagnetic radiation travelling from a medium with a higher refractive
index (n1) to a medium with a lower refractive index (n2) is found to totally interlay
reflect in the incident medium if the incidence angle of the beam exceeds a certain
value, known as the critical angle (θc) ZnSe, silicon, germanium and diamond are
used typically as IRE due to their high refractive index. The penetration depth of the
evanescent wave depends on the wavelength of the incident radiation, angle of
incidence and the refractive index of the IRE and the sample. However, the spectral
information obtained is the average over the wave that is decaying exponentially
with the distance from the surface. The evanescent field penetration depth is usually
in the low nanometer or the micrometer range.

Non-enhanced attenuated total reflection (ATR) spectroscopy provides infor-
mation from the interphase region within depths between a few hundred nanometers
up to few micrometers, where the information depth is dependant on on the angle of
incidence and the refractive index of the ATR crystal [183]. However, the depo-
sition of nanoparticles of coinage metals on surfaces of ATR crystals enable much
more localized and enhanced fields at the interface between the analyzed medium
and the optical crystal. For more information on the evolution of the SEIRAS
technique, the readers are referred to the review article by Grundmeier and
Stratmann and the references therein [5].

Attenuated total reflection infrared spectroscopy [184] has been applied for the
determination of water ingress into polymer films. Due to the high sensitivity to the
local environment of the adsorbates, ATR spectroscopy allows for an identification
of different interaction modes of water at the interface, such as the formation of
clusters or molecular water layers, hydrogen bonding between the polymer and
water and surface hydroxylation of the metal oxide [29, 30, 33–35, 185].

Öhman and coworkers recently reported the application of ATR spectroscopy to
the investigation of the burried zinc—conversion layer—polyester and aluminium
—silane—epoxy interfaces [31, 32, 186]. Figure 10.25a shows the ATR-FTIR
absorption spectra when the thin zinc film with a conversion layer was exposed to
the NaSCN electrolyte. Figure 10.25b and c show the corresponding Bode impe-
dance and phase angle plots.

Figure 10.25a, the broad band at about 3400 cm−1 was assigned to hydroxyl
stretching vibrations of water and zinc hydroxide. The narrow peaks at 1650 and
2075 cm−1were assigned to bending vibrations ofwater andC-N stretching vibrations
of thiocyanate, respectively.Theauthors report thatwater-induced reactionsduring the
exposure to the electrolyte result in the appearance of a band between 1150 and
850 cm−1with amaximum at about 1030 cm−1which is in agreementwith the bending
vibrations of Zn(OH)2 at 1080 and 1025 cm

−1 indicating a less ordered zinc hydroxide
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film. The simultaneous increase of the band at 3400 cm−1 with exposure time and the
water peak at 1650 cm−1 remaining constant further supports the hydroxide formation.
Moreover, the formation of e.g. Zn(OH)2 also contributes to the lower region of the
hydroxyl stretching band, with a maximum at around 3260–3240 cm−1. The bands
between 1550 and 1350 cm−1 were assigned by the authors to carbonate containing
reformation/oxidation products of the conversion layer. The corrosive activity at the
substrate surfacewas also detected by the decrease of themodulus of impedance at low
frequencies, indicating active processes at the metal surface [32].

In Fig. 10.26a and b, ATR-FTIR absorption spectra obtained at different times
and the time dependence of the absorption peaks at 3400 and 1030 cm−1 are
presented. In agreement with the results obtained on conversion films, the band
between 3700 and 3000 cm−1 was present in the spectra obtained on polyester
coated conversion films due to hydroxyl vibrations of water and of metal
hydroxides within the buried conversion layer. The occurrence of the peak at about
2100 cm−1 indicates the presence of thiocyanate species at the interface, assuring
that the electrolyte solution can ingress through the polymer film and reaches the
interface. It is reported that, during the first 3 h of exposure, water diffuses to the
interface through the polymer layer resulting in an increase of the absorbance at

Fig. 10.25 a ATR-FTIR spectra of the zinc-conversion layer samples after 15 min and 2 h of
exposure to a 1 M NaSCN solution and the corresponding b Bode impedance plot and c Bode
phase angle plot after 10 min, 30 min and 2 h exposure. Reprinted from [32], Copyright (2011),
with permission from Elsevier
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3400 cm−1 (see Fig. 10.26b). With the prolonged exposure, the absorbance of the
band at 3400 cm−1 follows a similar trend as that of the band at 1030 cm−1 and does
not reach a steady state, which is attributed by the authors to the formation of zinc
corrosion products within the surface film. The authors support this conclusion with
the increase in the modulus of impedance at low to intermediate frequencies within
the first 22 h of exposure (see Fig. 10.26c) indicating that the formation of the
corrosion products at the interface result in the sealing of conductive pathways and
thus, prevent the transport of electrolyte to the metal surface [32].

In a recent study Öhman and coworkers have investigated the
aluminium/silane/epoxy interface by means of ATR spectroscopy and electro-
chemical impedance spectroscopy (EIS) [186]. As seen in Fig. 10.27a, within 1 h of
exposure a broad and strong FTIR band is detected between 3700 and 3000 cm−1

with the maximum at ∼3430 cm−1, which is assigned to symmetric and asymmetric
—OH stretching vibrations of water molecules and of hydroxides possibly formed
at the aluminum surface. The narrower peak observed at ∼1650 cm−1 was assigned
by the authors to the H–O–H bending vibrations of the water molecule. Öhman
et al. observed that while—OH vibrations were detected within 1 h of exposure and
the bending vibrations of water were not detected until after ∼7 h of exposure. The
negative bands observed at 1510 and 830 cm−1 were assigned to a decreased
density of the aromatic structure of the epoxy backbone. After 10 h of exposure, the
broad band observed below 1000 cm−1 with a maximum at 950 cm−1 was attributed

Fig. 10.26 a ATR-FTIR spectra of the zinc-conversion layer—polyester samples after 75 min, 22
and 120 h exposure to a 1 M NaSCN solution, b the time dependence of the peak maxima at 3400
and 1030 cm−1, and c the Bode impedance plots after 75 min, 22, 34, 76 and 120 h exposure.
Reprinted from [32], Copyright (2011), with permission from Elsevier
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to water-induced alterations of the aluminum surface. According to the authors, this
observation confirmed ongoing surface processes, which require at least a partial
delamination of the silane film. The broad negative band observed between 1050
and 1000 cm−1 was assigned to more loosely bonded Si–O–Si, keeping in mind that
changes in this spectral region could also stem from possible structural alterations
of the epoxy network. The results from supporting EIS measurements (not pre-
sented here, for further information please refer to Ref. [186]) indicated that after
45 h of exposure, a resistive behavior can also be verified from the Bode impedance
and Nyquist plots where the lowest resistance was registered after about 70 h of
exposure. The authors discuss the possibility of an active surface process with
electrolytic pathways opened and physically sealed by reaction products [186].

Fig. 10.27 a ATR-FTIR Kretschmann spectra for the aluminium film coated with silane and
epoxy after 8, 24, 45, 70, 89 h exposure to 0.1 M NaCl and b the absorption intensity of the
maxima at 3430, 950 and 1650 cm−1 as a function of the exposure time. Reprinted with permission
from [186]. Copyright (2011) John Wiley & Sons, Ltd.

10 Physico-Chemical Characterisation of Protective Coatings … 281



In 1980, Hartstein et al. reported the enhancement effect of IR-absorption on thin
gold or silver films in the so-called Kretschmann-ATR configuration [187]. After
this pioneering study, many reports were published addressing the nature of the
enhancement effect [188, 189]. Osawa and coworkers broadened the application of
this technique to equilibrium and kinetic studies at electrochemical interfaces
[190–192]. Wandlowski et al. investigated the structure and the orientation of water
at gold electrodes in contact with aqueous sulfuric acid by means of ATR-SEIRAS
[193]. Hue et al. recently reported the application of ATR-SEIRAS for the inves-
tigation the electrosorption of a corrosion inhibitor benzotriazole (BTAH) on Fe
electrode, expanding the applicability of the method for corrosion studies of iron.
The measurements were performed as a function of the applied potential, providing
valuable spectral information at positive potentials indicating the formation of a
polymer-like surface complex [194].

The AFM images for the Au underfilm chemically deposited on a Si wafer
without and with the Fe overfilm are presented in Fig. 10.28. Regular and uniform
nanoparticles with a mean size of ca. 60–80 nm in diameter are present in the Au
underfilm, whereas the Fe overfilm exhibits irregular nano-islands with significantly
larger particle size.

The transmission spectra of the bulk BTAH powder and potential dependent
SEIRA spectra for the adsorption of BTA on the Fe electrode are presented in
Fig. 10.29. At potentials negative of −0.6 V, no characteristic modes corresponding
to the BTAH/BTA molecule were observed in the SEIRA spectra. The intensity of
the bands at 1487, 1447, 1390, 1288, and 1187 cm−1 increased with increasing
potential, interpreted by the authors with structural changes occurring at the
interface at positive potentials. The deprotonation of BTAH to form BTA- on the Fe
surface was deduced from the comparison of the characteristic bands such as

Fig. 10.28 AFM images for a Au underfilm chemically deposited on a Si wafer and b Fe overfilm
electrodeposited on the Au underfilm. Reprinted with permission from [194]. Copyright (2010)
American Chemical Society
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in-plane N-H bending at 1092 cm−1 and the asymmetric triazole ring stretching at
1418 cm−1 corresponding to BTAH (see Fig. 10.29a), which disappeared upon
adsorption of BTAH on the Fe surface (see Fig. 10.29b). Moreover, a red-shift from
1209 to 1187 cm−1 was observed with the triazole ring breathing mode accom-
panied with a decreased intensity, which was interpreted by the authors as the
deprontonation of BTAH upon its adsorption on Fe electrode. This example
illustrates the applicability of the ATR-SEIRAS technique for the study of the
inhibition mechanism of BTAH on Fe, in particular, at relative high potentials
[194].

A recent development for the application of ATR-SEIRAS technique was
reported by Xue et al. by sandwiching an ultrathin water interlayer between a
hemicylindrical ZnSe prism and a Si wafer as an integrated window [195]
(Fig. 10.30). The hemicylindrical prism ZnSe crystal was used as the primary ATR
element and the Pt-coated Si wafer was pressed with its uncoated side against the
water-wetted reflecting plane of the ZnSe prism. The novel combined ATR element
offers a wider spectral range in comparison to standard Si prisms, which suffer from
strong IR absorption at frequencies lower than 1000 cm−1. Important spectral fin-
gerprints in this region containing crucial information regarding the molecular
structure could be resolved by the combined ATR element approach which revealed
that adsorbed formate acts as the intermediate moiety in the electrooxidation of
methanol. Moreover, the results reported by Xue et al. clarified the orientational
configuration of p-nitrobenzoate species on Pt electrode surfaces in acid solutions
[195].

Fig. 10.29 a IR spectrum of BTAH powder in transmission mode. b Potential dependent SEIRA
spectra for the adsorption of BTA on a Fe film electrode in 0.1 M KClO4 + 10 mM BTAH; the
potential was indicated as the spectra, and the reference spectrum was collected at −1.0 V.
Reprinted with permission from [194]. Copyright (2010) American Chemical Society
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10.4.3 Surface Enhanced Raman Spectroscopy (SERS)

SERS is currently one of the most sensitive techniques available to surface and
materials science. Its ability of delivering specific chemical identification and the
ease of combination with other experimental methods such as electrochemistry
makes SERS an excellent tool for the in situ investigation of adsorption and cor-
rosion processes, as well as self-healing mechanisms.

The enhancement of the Raman signal on coinage metals is explained by two
mechanisms. The first one is the classical electromagnetic (EM) enhancement
mechanism, where the creation of a localized surface plasmons (LSP) on the
substrate surface transfer energy through an electric field to the target molecules
allowing otherwise inaccessible vibrational transitions to be determined. The sec-
ond mechanism is the charge transfer (CT) or chemical enhancement mechanism,
where the incident radiation striking the roughened metallic surface results in a
photon being excited within the metal to higher energy levels and promotes a
charge transfer process to a vibrational level of the same energy. Vibrations in the
energetic states take place, which result in the transfer of a photon of different
frequency being passed back to the metallic energy levels and returned to the
ground state of the metal [5, 183].

SERS has been successfully utilized for the investigation of the geometry,
conformation, and chemical reaction of corrosion inhibitors on metal surfaces. The
most prominent systems studied by SERS are pyridine and its derivatives adsorbed
on silver electrodes, the surface reaction of thiols adsorbed on silver surfaces the
orientation of organic molecules adsorbed on metal surfaces and protein adhesion
[196–209].

In a recent paper, Maciel et al. presented the application of SERS technique to
the investigation of the nature of the protective benzotriazole (BTAH) film formed
on the surface of the 90/10 CuNi alloy [210]. The spectra presented in Fig. 10.31

Fig. 10.30 Schematic diagram of the practically modified ATR-SEIRAS configuration containing
an ultrathin H2O interlayer in between two solid surfaces of a ZnSe hemicylindrical prism and a Si
wafer. Reprinted with permission from [195]. Copyright (2008) American Chemical Society
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were acquired in situ on a 90/10 CuNi alloy substrate during a polarisation
experiment in the presence of the BTAH molecule. A very thorough spectral
analysis was performed by Maciel et al., enabling the characterization of the film
formed on the alloy surface as the cuprous benzotriazolate complex. A similar
nickel complex was not detected in the SERS analysis, indicating a selective
reaction mechanism. As seen in this example, the application of SERS can elucidate
the protection mechanisms of corrosion inhibitors on metals and alloys, which a
mechanistic understanding.

10.5 Concluding Remarks

A variety of spectroscopic and microscopic techniques are available for a detailed
understanding of repair processes in materials and coatings. The healing process has
to be addressed microscopically in most cases as the size of defects strongly
influences the repair process. As in many cases the defect formation occurs at

Fig. 10.31 In situ Raman
spectra for the interface of the
90/10 CuNi alloy in 0.5 mol
L−1 H2SO4 containing
3.0 × 10−2 mol L−1 BTAH,
polarized at 0.4 V (curve A),
0.1 V (curve B), 0.0 V (curve
C) and 0.1 V (curve D) versus
Ag/AgCl reference electrode
(numbers quoted in curves are
peak position, in cm−1).
Reprinted from [210],
Copyright (2008), with
permission from Elsevier
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buried interfaces, the spectroscopic and microscopic methods have to be adapted to
the studied system. Moreover in situ techniques which can monitor the defect
formation and self-healing under ambient and corrosive conditions will become
more and more important.
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Chapter 11
Transport in Protective Coatings

Niteen Jadhav, Joseph Byrom, Abhijit Suryawanshi
and Victoria Gelling

11.1 Introduction

Corrosion is a thermodynamically favorable electrochemical process in which metal
is transformed to its original oxide form. Coatings are the effective means of
protecting metals and their alloys from the corrosion. Inorganic and organic coat-
ings are applied to metal substrates for corrosion protection. Water/moisture,
oxygen, corrosive ions are the components which induce corrosion. The process of
corrosion in the case of metals coated with coatings is dependent on following
factors [1–3].

1. Water, oxygen, and ionic species diffusion through the coating
2. Delamination, loss of adhesion at coating metal interface
3. Changes in composition and continuity of coating
4. Charge transfer process
5. Surface treatment/modification of metal substrate

Water and moisture permeation through the polymeric coating is factually dif-
ferent as the kinetic energy of the water molecules in the vapor form (ca. 450 m/s) is
much higher, than the water molecules resulting in the different behavior of the
permeation by water and water vapors. Accumulation of the diffused water at the
coating/substrate interface results in delamination of the coating leading to loss in
adhesion and finally leads to the increased rate of corrosion. The permeation of
water/moisture, oxygen, corrosive ions leads to changes in the composition of the
coating binder and induces the inhomogeneity in the coating matrix resulting in the
increased corrosion rate. The active nature of the corrosive inhibiting pigments in
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the coating for corrosion protection results in the charge transfer process at metal
substrate interface. Proper surface treatment is important for the adhesion of the
coating on the substrate as good adhesion results in better corrosion protection.

11.2 Water and Oxygen Transport in Polymers
and Coatings

Water is the main means of transportation of aggressive ions as well as water
soluble gases through the coating [4]. Water has high hydrogen bonding capacity
which leads to changes in the coatings resulting in loss in mechanical, electrical and
adhesive properties. Paint film properties such as water uptake, permeability,
permselectivity, and ion exchange capacity could be analyzed for studying the
transport properties. Furthermore, water transport is also the function of binder
composition, molecular weight, concentration of additives, solvents, coating curing
conditions, pigment volume concentration, polymer crystallinity, orientation,
crosslinking and functionality [5]. Water diffusion through the coatings is important
phenomenon which has tremendous impact on the protective properties of the
coating.

Diffusion in the steady state is given by Fick’s first law of diffusion as
demonstrated in Eq. (11.1)

J ¼ �Dð@c=@xÞ ð11:1Þ

where, J is the flux in the flow direction, c, is the concentration, @c=@x is the
concentration gradient in the direction x and D is the diffusion coefficient.
Non-steady state diffusion is given by Fick’s second law of diffusion as demon-
stratated in Eq. (11.2). It states the effect of time on the changes in the concentration
of the permeating species.

@c=@t ¼ Dð@c2=@x2Þ ð11:2Þ

Diffusion processes occurring in the coating have been characterized by several
techniques such as Fourier transform infrared spectroscopy (FTIR), attenuated total
reflection Fourier transform infrared spectroscopy (ATR-FTIR), solid state nuclear
magnetic resonance (NMR), positron annihilation lifetime spectroscopy (PALS),
gravimetry (Gravimetric cup method, Manometric cell method), neutron reflectivity
technique, capacitance, molecular simulations, dielectric relaxation measurements,
ultraviolet (UV) reflection, and radiotracer technology [6–8].

Changes in the capacitance values of the coating can be determined using EIS at
various time intervals. The capacitance values of organic coatings vary with per-
meation of water through the coating, thus the volume fraction of penetrated water
can be calculated. Water uptake, in terms of volume fraction of water absorbed (Vt),
can be determined using Brasher/Kingsbury expression (as shown in Eq. 11.3) at
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capacitance values C0 and Ct after 0 and t hours respectively, where ɛ is the
dielectric constant of water [9].

Vt ¼ 100 logðCt=C0Þ
log e

ð11:3Þ

Furthermore, if saturated coatings of thickness L have capacitance of C∞, dif-
fusion coefficient of water can be determined using the following Eq. (11.4)

D ¼ L2p
4t

logðCt=C0Þ
logðC1=C0Þ

� �2
ð11:4Þ

Diffusion kinetics can also be monitored using FTIR-ATR, increase in absorp-
tion intensity at approximately 3000–3700 cm−1 corresponding to characteristic OH
absorption, in FTIR spectrum can be observed with water permeation through
coating [6]. A combination of FTIR-ATR and EIS has also been studied recently;
simultaneously two sets of data were obtained from a single set-up, however
complex data was obtained due to consideration of space charge distribution of the
semiconducting electrodes used in the study [10].

Water vapor permeability can be measured using the gravimetric cup method
(ASTM D96), wherein, the weight of the cup containing distilled water or anhy-
drous calcium chloride, attached with the film of interest is measured for the
movement of water vapor through the film. The test is conducted in a controlled
atmosphere. Infrared spectroscopy can also be utilized to measure water vapor
permeability. Similar to gravimetric cup method oxygen permeability can be
determined using a chamber which is separated in two parts by the film of interest.
Oxygen free environment is created in one chamber, while oxygen is introduced in
the other chamber. The permeation of oxygen to the former chamber is measured by
a coulorimetric detector which produces electric current proportional to permeated
oxygen per unit time. The gaseous permeation can also be determined using
manometric cell method which relates to the drop/increase in pressure because of
permeation of gas from one chamber to the other through the film that separates the
two chambers [11].

Scanning Kelvin probe (SKP) and scanning acoustic microscopy (SAM) are two
techniques which are often used to study transport phenomenon at the interlayer of
coating and metal substrate [12]. Some of the advanced quantitative techniques for
studying water transport in the protective coatings are summarized in Table 11.1.

Permeability can be explained with solution-diffusion theory according to which
first sorption of penetrating species occurs followed by diffusion of penetrating
species from high concentration to low concentration, ending with desorption of
penetrating species from other side of film. The solution-diffusion theory can be
expressed by Eq. (11.5).
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P ¼ D� S ð11:5Þ

where, P is the coefficient of permeability, D is the coefficient of diffusivity, and S is
the coefficient of solubility of the penetrating species. For the penetrating molecules
exhibiting simple dissolution behavior and molecules exhibiting pre-cavity exis-
tence before dissolution were demonstrated by the modifications given by Henry’s
law and Langmuir isotherm respectively. Free volume theory model was employed
which demonstrated permanent diffusion of polymer segments from one hole to
another hole.

For the O2 permeation, the coefficients of permeability, diffusivity, and solubility
are almost constant as the polymer does not undergo rearrangement’s or strains as
its interaction with O2 is minimal. However depending on the level of polymer
unsaturation, crosslinking, intermolecular forces such as hydrogen bonding, ori-
entation, crystallinity, polarity, glass transition temperature, and symmetry of
polymer chains differences in the permeation rates are observed. Polymer unsatu-
ration results in greater mobility around the polymer chains leading to increases in
the diffusion of O2. Increase in the saturation due hydrogenation leads to the
restriction for the diffusion and permeability of O2 [22]. Increased crosslinking
density results in chain entanglement thereby reducing coefficients of oxygen sol-
ubility, diffusion, and permeation [23]. Hydrogen bonding results in increased
inter-chain interactions thereby reducing the rate of O2 permeation [24].
Crystallinity represents the order in the polymers. A decrease in the O2 occurs as the
percent crystallinity in the polymer increases [25]. Orientation results in better
packing and reduction in O2 permeation rate [26]. Polar groups on the polymer
backbone decreases O2 permeability. Again steric hindrance posed by bulky side
groups increased permeability. O2 permeability decreases as the symmetry of the
side groups on the polymer backbone increases [26].

O2 permeation measurement is generally performed by monitoring increases in
pressure at constant volume or by monitoring increases in volume at constant
pressure by ISO 2782 and ISO 1399 respectively [26]. Luminescence quenching for

Table 11.1 Advanced techniques for water transport study in protective coatings

Technique Measurements Processes References

Electrochemical
impedance
spectroscopy

Capacitance measurement Diffusion/Absorption [13–15]

FTIR-ATR Peak intensities corresponding to
OH absorptions

Diffusion [16, 17]

Scanning Kelvin
probe

Measures work function
difference between a sample and
a vibrating probe

Diffusion in the
coating-substrate
interlayer

[18, 19]

Scanning
acoustic
microscopy

Sound pulses are transmitted to
the sample which are reflected by
various interfaces of the sample

Diffusion in the
coating-substrate
interlayer

[20, 21]
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measuring diffusion and permeability of O2 was also employed [27, 28]. A six port
measurement device, with hexagonal dissolved O2 sensors consisting electro-
chemical system, was employed for the measurement of O2 permeability in six
different polymers at the same time [29]. A spectrophotochemical method was also
demonstratated for the measurement of O2 permeability through the polymer film
[30]. The singlet oxygen technique was also employed for the measurement of O2

permeability of films made up of polymers [31, 32]. Apart from the coatings
industry, O2 permeation is important in waste water treatment, food and beverage
packaging, and artificial lungs development [33].

11.3 Effect of Coating Constituents on the Transport
Properties

Paint is a mixture of several components including binders, pigments, solvents, and
various additives. By definition, paint is also an inhomogeneous mixture of these
components in the dispersed form. Once applied to the substrate, paint transforms
into a film by the process of curing (air drying, radiation curing, heat curing,
crosslinking etc.). The process of drying may also introduce porosity in the coating.

11.3.1 Effect of Pigmentation

In order to decrease permeability, the pigments should be impermeable and should
also exhibit maximum interaction between themselves and binder. Proper pigment
dispersion also leads to reduced permeability. If proper dispersion of fillers is not
achieved due to the incompatibility between filler particles and binder, free spaces
might be created leading to the increased porosity for the permeation of the cor-
rosive species. Use of flaky pigments and extenders (aluminum flakes, mica,
micaceous iron oxide, glass flakes, talc, and steel and nickel flakes) can reduce the
permeability by lengthening the path for species such as water, O2, ions as shown in
Fig. 11.1.

Fig. 11.1 Tortuous path taken by corrosive species in the coatings due to the presence of flaky
pigments
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Protective properties of the coatings dramatically change above critical pigment
volume concentration (CPVC). Above the CPVC there is not enough binder present
in the coating to hold pigment and filler particles together which induces porosity in
the coating [34]. As shown in Fig. 11.2, permeability and rusting increases above the
CPVC. Above the CPVC the tendency to blistering also increases. This is valid for
barrier coatings whereas in case of metal rich coatings, where electrical contact
between two particles is necessary, the coatings are formulated at or near CPVC.
This ensures mutual contact of metal particles as well as their contact with under-
lying substrates (steel substrate in case of zinc-rich primers and aluminum substrate
in case of magnesium-rich primers) [35]. Pigment and filler addition also affects the
adhesion of the paint film to the substrate. There is also the possibility of adsorption
of moisture onto the pigment particles during storage. The adsorbed moisture might
result in incompatibility in dispersing the pigment in non-aqueous media resulting in
poor dispersion and compromising water and O2 barrier properties.

11.3.2 Effect of Binder

Most of the information regarding the effect of the binder on transport properties
has been explained in the earlier section (Water and oxygen transport in polymers
and coatings) of this chapter. It has been found that water necessary for the cor-
rosion of unpainted steel (0.003–0.06 mg cm−2 d−1) is an order of magnitude less
than the actual permeation rate of water through most of the binder systems. Water
vapor permeability on a 100 µm film thickness for alkyd resin was observed to be
2.3 mg cm−2 d−1 and chlorinated rubber was observed to be 1 mg cm−2 d−1 [11].
Oxygen necessary for corrosion of unpainted steel was observed to be 0.008–
0.150 mg cm−2 d−1 whereas the O2 permeability for at 100 µm film thickness for
alkyd resin was observed to be 0.0103 mg cm−2 d−1 and chlorinated rubber was
observed to be 0.0022 mg cm−2 d−1 [11]. It is still a matter of debate whether O2

permeation through the coating is the rate determining step for the corrosion
occurring on the metal substrate.

Fig. 11.2 Effect of CPVC on
paint characteristics. Adapted
with permission from Ref.
[34] Copyright (1949)
American Chemical Society
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Solvent borne coatings usually cure by a crosslinking mechanism in which small
molecular weight precursors get transformed into the high molecular weight coat-
ing. Increased crosslinking density leads to a lower water and O2 permeation. Water
based coatings generally cure by coalescence of the latex particles. Finally a
polyhydric structure is formed but there are still doubts about the homogeneity of
such films which might compromise the protective nature of the coating towards
permeation of water and O2. Interfaces of latex particles might serve as an avenue
for water vapor transportation [36].

11.3.3 Effect of Additives

Coatings contains several additives such as wetting and dispersing agents, rheology
modifiers, flow and leveling agents, defoamers, biocides, colorants, high boiling
solvents, etc. Some of the additives have affinity for the water and so there is a
tendency for them to leach out. Leached additive might leave pores behind in
coating leading to increased permeation of water and O2 in the coating. Surfactants
employed for the latex synthesis for water-based coating are water sensitive. They
increase the water transmission rate. Anionic surfactants have been found to show
lower permeation (due to ability to form denser films) as compared to cationic
surfactant [37]. Plasticized films due to addition of plasticizers show increased
segmental mobility thereby increasing O2 permeability.

11.4 Transport in Rebar Reinforced Concrete

Corrosion underneath porous materials is also a very important phenomenon with
rebar reinforced concrete being one of the most widely used building materials.
Rebar located inside a concrete matrix typically does not corrode due to the passive
layer formed on the iron. Penetration of corrosive species is problematic, however,
due to the porous structure of the concrete surrounding the rebar. With sufficient
carbon dioxide penetration, the pH surrounding the rebar can drop low enough to
cause dissolution of the passive layer and facilitate corrosion processes to occur
[38]. Corrosion byproducts of rebar have much lower densities and as such, can
induce stresses that can cause mechanical failures in concrete which can end up
being costly to repair, or life threatening.

Permeation of these corrosive species can be facilitated through three different
mechanisms: diffusion, absorption, and permeation [39]. Permeation of the invasive
materials occurs slightly differently than described in the previous section. The
permeation of corrosive species in porous materials can best be described by
Darcy’s law shown in Eq. (11.6).
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t ¼ Q=A ¼ � k=lð Þ @P=@Lð Þ ð11:6Þ

where υ is the velocity of flow, Q is flow rate, A is cross sectional area, P is the
pressure @P=@L is the pressure gradient in the direction L, µ is viscosity of the
permeating liquid, and k is the intrinsic permeability of the medium. With per-
meability being an important parameter in determining the lifetime of concrete,
ASTM standards have been developed to effectively characterize concrete samples.
ASTM 1202 is a rapid permeability test where concrete samples are vacuum sat-
urated for 24 h followed by exposure of a DC potential of 60 V for 6 h. The
resulting charge of the concrete samples determines the chloride ion permeability of
the samples.

Absorption of corrosive species is another important pathway for the introduc-
tion of corrosive species. Absorption takes place due to the capillary forces that
exist due to the porous channels that appear in concrete [40]. This phenomenon can
be understood by Eq. (11.7)

S ¼ Vw= A
ffiffi
t

p� � ð11:7Þ

where S is the sorptivity of the material, Vw is the volume of water absorbed, A is
the cross sectional area, and t is time. Water absorption tests include the Autoclam
sorptivity test, and a variety of ASTM tests for different grades of concrete.

11.5 Measurement and Monitoring of Transport
of Corrosion Inhibitors in Coatings

Measurement and monitoring of transport of corrosion inhibitors in coatings can be
done directly using an electrochemical quartz microbalance (ECQM) or indirectly
using cyclic voltammetry, scanning vibrating electrode technique (SVET), and DC
polarization techniques.

Barrier coatings fail to perform once a defect is created. Corrosion inhibitors are
added to coatings so that they can be released on stimulus (creation of defect or
change in pH). Inhibitors form, or cause to form, a passivating layer on the metal
substrate thereby restricting further corrosion. Anodic inhibitors inhibit anodic
reaction whereas cathodic inhibitors inhibit cathodic reactions. Some of the inhi-
bitors are of mixed types which inhibit both anodic and cathodic reactions.
Performance of these inhibitors can be studied by electrochemical characterization
techniques such as DC polarization to study the effect of the inhibitor on either the
anodic or cathodic arm. Results can be further quantified.

Leaching of inhibitive species from the coating to the substrate is a critical
process for the anticorrosion performance. This is primary mode of action for
soluble inhibitors. Chromate is one of the examples of such types. However
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chromates are toxic and carcinogenic, and when leached into environment cause
serious problems.

Al–Zn hydroxide-based hydrotalcite (HT) with decavanadate as
corrosion-inhibiting, charge-balancing anions were dispersed as additive in the epoxy
coating. This coating was applied to an aluminum 2024-T3 substrate. Decavanadate
gets released under appropriate conditions of the corrosion and chlorides and sulfates
are adsorbed on HT for charge compensation as evidenced in Fig. 11.3. In Fig. 11.3,
HtInh refers to inhibitor and HTCl refers to chloride in the gallery of HT. This
exchange resulted in a change in crystal structure as evidenced in X-ray diffraction
(XRD) studies. Changes in the diffraction pattern of the coating were monitored
which can serve as a tool for observing corrosion inhibition in the coating [41].

In smart coatings, dopants are released on demand. The efficiency of the Cr(VI)
and Ce3+ ions was studied by rotating disc electrode experiments. It was found that
the current density (Fig. 11.4) was less in the case of inhibitor as against the one
without inhibitor [42].

Conducting polymers such as polyaniline (PAni) and polypyrrole (PPy) can be
doped with corrosive inhibiting dopants which can be released once the polymer is
reduced in the corrosive environment (Fig. 11.5). Incorporation of dopants also
improves PPy properties such as solubility and electrical conductivity. The released
dopant then can combine with metal cations to form an impervious layer due to
passivation. This passivation results in reduced current and shift in the positive
direction in DC polarization experiments. In electrochemical impedance spec-
troscopy (EIS) experiments, passivation leads to increased low frequency impe-
dance suggesting better corrosion protection.

Fig. 11.3 Anion exchange in hydrotalcite clays, Reprinted from Ref. [41] with permission from
Elsevier

11 Transport in Protective Coatings 307



PAni doped with molybdate anions showed reduced current in the defect as
observed by SVET experiments after 24 h of immersion in 1 % NaCl (Fig. 11.6).
The reduction in current was attributed to the self healing ability of PANi due to the

Fig. 11.4 Plot of current density versus inverse diffusion length for a Cu RDE in aerated 5 %
NaCl with and without Cr(VI) and Ce(III) inhibitors. Reprinted from Ref. [42] with permission
from Elsevier
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Fig. 11.5 Anion (A−) release by PPy in redox reaction

Fig. 11.6 Current distribution map for PAni-molybdate on steel immersed in 1 % NaCl (Left
image after 15–20 min, Right image after 24 h). Reprinted from Ref. [43] with permission from
Elsevier

308 N. Jadhav et al.



release of molybdate dopant and its combination with iron to form an
iron-molybdate complex [43, 44].

In another study, mass change and mobility study of the molybdate dopant was
performed by employing EQCM in combination with cyclic voltammetry [45].
From the mass-potential curve a mass decrease was observed as reduction of PPy
occurred suggesting the release of dopant molybdate (Fig. 11.7). A gain an increase
in the mass was observed when oxidation occurred suggesting bromide ion
countercharge.

11.6 Summary

As discussed in this chapter, physical processes such as diffusion, permeation, and
absorption play important roles in the transport of water, O2 and other corrosive
species through the coatings. The role of coating ingredients (pigments, binders,
and additives) significantly affect the protective properties of the coatings. Several
techniques including specialized electrochemical techniques can be employed for
studying and quantifying the transport of corrosive species as well as inhibiting
dopants in the protective coatings.

Fig. 11.7 Cyclic voltammogram (…) and the EQCM mass change (—) versus potential of Ppy
(MoO4) in 0.1 M tetrabutylammoniumbromide (N(Bu)4Br) solution. Reprinted from Ref. [45]
with permission from Springer
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Chapter 12
Aerospace Coatings

Peter Visser, Herman Terryn and Johannes M.C. Mol

12.1 Introduction

Since the first flight of Orville and Wilbur Wright on Dec. 17, 1903, the aviation
industry evolved from pioneers that wanted to fly, into a global high-tech engi-
neering industry that enables transport and travel around the world, with an
impressive safety record. Aviation has become an integral part of society; it brings
people closer together, contributes to economic growth, and plays an important role
in today’s global economy. As air travel continues to grow and new business
models expand, the evolution of the industry continues and provides new aircraft
designs and construction materials. Over the years, aircraft design evolved from
wooden structures covered with fabric into complex multi-material models opti-
mized in terms of strength to weight ratio, fatigue, aerodynamics and operational
performance.

Aerospace coatings play an important role in aircraft design. They have a dec-
orative role, but an active protective function as well. Coatings for aircraft must
cope with extreme conditions. In daily service they have to withstand rapid tem-
perature changes when taking off for example from the desert at +50 °C, and
climbing to a cruising altitude of 10 km with temperatures as low as −55 °C and
high levels of UV irradiation. On the other hand, these coatings need to withstand
repeated dry and wet cycles due to condensation, erosion and impact effects, the
vibrations of the engines and structural flexing due to turbulence, pressurizing
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effects and wing movements. In addition to this, the coating systems are from time
to time exposed to various fluids and chemicals, such as de-icing fluids, aviation
fuel, cleaning chemicals, and hydraulic fluids. Last but not least, other environ-
mental stresses such as accumulated dirt and potentially corrosive salts from coastal
and maritime environments, and acids formed by industrial air pollution and vol-
cano eruptions have a detrimental effect on the coating system integrity [1].

Each aircraft is exposed to unique conditions during its operational life. For
example, long haul with low cycles or regional service with many cycles and the
operational route (transatlantic or continental, northern hemisphere or southern
hemisphere) and geographical areas (Europe or South-East Asia). Whereas com-
mercial aircraft may fly up to 4000 h per year, defence aircraft or business jets can
have only limited flight time. Some aircraft are even parked in the desert for a
significant period of time. Despite all these factors and impacts originating from the
in-service environment the aircraft needs to be colourful and glossy on the outside
and the coating systems should protect the structure against corrosion for the entire
service life. Aerospace coatings have been designed to address these specific needs
of this highly regulated and demanding industry.

12.2 Aerospace Market

The Aerospace coatings market can be divided in four segments: commercial
passenger aircraft, defence aircraft, general aviation and space. The first two mar-
kets account for most of the sales and volume of the market. The commercial
segment is a growing segment whereas the military and defence markets are
expected to decline over the coming years [2]. The general aviation market pro-
duces private and business jets and depends strongly on the economical climate and
is slowly recovering after production dropped from 4277 units in 2007 to about
2100 per year in 2012 [3].

According to the long-term outlook of large commercial aircraft manufacturers,
air travel will keep growing together with the expansion of the world’s aviation
network and connectivity and more capacity between major populations centres.
Based on this, they produce between 27,000 and 34,000 commercial aircraft in the
coming 20 years [4, 5]. The in-service fleet of 20,341 commercial aircraft with a
capacity of more than 100 passengers is expected to grow an average of 3.6 % per
year to double its size to more than 41,000 aircraft by 2032. Growth of passenger
travel in Asia and Middle East and the need for more fuel-efficient aircraft are
driving this growth. Over a 23-year period the 7-year moving average of aircraft
deliveries grew from 500 to more than 1000 in 2013 and is expected to grow even
further [2].

The aerospace coatings business has evolved to a global business. All segments
have their Original Equipment Manufacturers (OEM’s) and Maintenance, Repaint
and Overhaul (MRO) facilities. In addition to their final assembly lines, OEM’s
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have an extensive network of contractors and subcontractors all over the world that
supply a variety of parts and assemblies. These suppliers must apply coatings
specified by the OEM’s. Most airlines repaint their aircraft every 5–7 years of
service during maintenance intervals or for rebranding purposes. Considering the
average service life of an aircraft being more than 20 years, the volume of paint for
this MRO business is significant [6].

Historically, the final assembly lines of the OEM’s were concentrated in Europe
and North America. Now, manufacturing and maintenance operations are moving
to Asia and South America to take advantage of the lower labour costs. In particular
the aerospace industry of China is growing rapidly in terms of airline operations,
maintenance and aircraft production [7].

12.3 Corrosion Control in the Aerospace Industry

Air transport plays an important role in the world’s economic activities. Safety is a
key element next to efficient and environmentally sustainable operations on regional
and global level. Due to many safety management programs and systems that are
based on risk management principles, the safety record of the industry dramatically
improved, with 2013, as the safest year ever in terms of fatalities for scheduled
international air transport operations [8]. Despite this achievement corrosion control
remains a very important aspect of the aerospace industry. The cost of corrosion is a
significant percentage of the total aircraft maintenance costs [9]. In addition to this,
corrosion impacts safety and aircraft availability. Corrosion compromises the
structural integrity of aircraft structures and in the event of corrosion consequences
can be dramatic. In the design phase of an aircraft many requirements such as
weight, aerodynamics, fatigue and fuel properties are determined. An aircraft design
comprises many dissimilar metals, complex geometrical structures, joining tech-
niques and many difficult-to-inspect areas. Corrosion is a very important but dif-
ficult parameter to take into account because the prediction of corrosion initiation
and extent of structural damage is hard to determine. Despite advances in corrosion
knowledge, computational design capabilities, maintenance data analysis and
simulations, there is no reliable model for predicting corrosion [10]. Aircraft
structures are exposed to a number of stresses and conditions depending on the
operating environment of the aircraft. The aircraft is designed to resist various types
of corrosion through selection of the proper materials, alloys, tempers,
pre-treatments, coating systems (defined as the corrosion protective scheme), and
the use of drainage points, sealants and corrosion inhibitors. These designs are
based on knowledge and experience of what causes corrosion and the types of
corrosion that occur in airplane structures. In addition to this design, a corrosion
control program is needed throughout the service life of the aircraft. This is
essential to control corrosion to a predictable, manageable level that does not
degrade structure or jeopardize the ability of the airplane to carry its intended design
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loads. The use of the current corrosion schemes and corrosion management
programs has made it possible for aircraft to operate beyond their designed life
without compromising safety performance.

12.3.1 Introduction to the Corrosion Protection Scheme

The corrosion protection scheme is a key element of the aircraft design. Each part of
the structure has several protecting layers to ensure the structural integrity during
the service life. In general it can be stated that the ‘state of the art’ corrosion
protection scheme is applied on top of the substrate, aerospace aluminium alloys,
and consists of 2 or 3 layers, which typically is a pre-treatment and a coating
system. The pre-treatment can be a chemical conversion coating, wash-primer or an
anodic film (anodising layer). Whereas, the second layer is an organic coating,
which can be a primer or a primer-topcoat system. The main function of such a
corrosion protection scheme is to act as a barrier between the alloy and the oper-
ating environment (passive protection). In addition, the corrosion protection scheme
needs to provide active corrosion protection, through the ability to release an
inhibitor (leaching mechanism) to provide corrosion protection in case this barrier is
damaged. Today, this leaching mechanism is a key feature in the active corrosion
protection mechanism of the “state of the art” corrosion protective scheme. This
means, when the corrosion protective scheme is damaged and the substrate is
exposed to the environment, the inhibitor dissolves from the coating due to
moisture ingress and will be transported to the exposed or damaged area and forms
a new barrier layer and protects the alloy from the aggressive environment and
corrosion.

For decades, the aerospace industry has been, and still is relying on hexavalent
chromium-based (Cr(VI)) compounds (chromates) as active corrosion inhibiting
material for the corrosion protection of the structures. These hexavalent chromium
compounds are used in many processes such as: deoxidizers, anodising processes,
conversion coatings, sealants and organic coatings. The corrosion inhibition
mechanism of these compounds has been studied extensively [11]. Their solubility
combined with the ability to act as both an anodic or cathodic inhibitor and the
complex oxidation/reduction chemistry, provide them with unique properties to
inhibit corrosion on ferrous and non-ferrous metals at low concentrations and over a
wide pH range. Chromates have a proven track record for many years. They are not
perfect, but over the years, the industry has based all the designs, specifications,
processes, and corrosion management programs around the solid performance of
this class of inhibitors. Unfortunately, these hexavalent chromium compounds are
toxic and proven to be carcinogenic [12]. Hence, elimination of these compounds
has been an important topic for more than 20 years [13].
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12.3.1.1 Aluminium Alloys Used in Aerospace

Aluminium is the most dominant substrate in aircraft design, because of its light-
weight properties and high strength-to-weight ratio. The mechanical, physical and
chemical properties of aluminium alloys depend on the composition and
microstructure. The addition of selected alloying elements in combination with the
mechanical and thermal treatments (tempering) provide the desired properties for
the intended application of the aluminium alloy [14]. Wrought alloys such as
AA2024 and AA7075 are most commonly used for the legacy aircraft. The first
digit of the alloy indicates the major alloying element. This is copper for AA2024
and zinc for AA7075. The second digit indicates modifications from the original
alloy and the last two digits identify the specific alloy. The alloy designation is
followed by a temper designation, for example T3 or T6. This designates the heat
treatment used. T3 is solution heat treated, cold worked, and naturally aged. The T6
temper is solution heat treated and artificially aged [15–17]. AA2024 is mainly used
for the fuselage skin and frame along with other structural parts, AA7075 is often
used for a wide variety of structural parts.

The addition of alloying elements such as copper and zinc to aluminium has
significant benefits for the strength-to-weight ratio but it also reduces the corrosion
resistance. The heterogeneous microstructure of these aluminium alloys, crystal-
lography, grain size and shape, residual stresses and intermetallic particles, plays an
important role in the reduced corrosion resistance of these alloys. In recent years,
understanding of the microstructure and the influence on corrosion of high strength
aluminium alloys advanced significantly [18].

Weight reduction is one of the most important driving forces in new aircraft
design [19]. Lower weight reduces fuel consumption, increases payload and range.
New construction materials should also provide improved and optimised mechan-
ical properties to increase maintenance intervals and reduced repair costs.
Reduction of the material density is the most effective way to reduce the weight of
the aircraft. Hence, composites and fibre metal laminates (GLARE) have been
introduced and new alloys are being developed. Although, the use of composite in
new aircraft models reduced the role of high strength aluminium alloys to some
extend, the aluminium alloys remain important in the aircraft design due to their
low cost, lightweight properties and easy low cost workability. Besides the 2000
and 7000 series aluminium alloys, the 3rd generation aluminium-lithium (Al–Li)
alloys are finding their application in new aircraft designs. This new generation of
alloys provides weight savings, but also higher strength and improved fracture
toughness. Al–Li 2199 is used for the fuselage and lower wing applications. Al–Li
2099 is used for extrusions for the internal structure (Table 12.1).

12.3.1.2 Surface Treatment of Aluminium

The surface treatment is the first step of the corrosion protective scheme after the
selection of the alloy. These treatments are the first defensive layer to protect the
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substrate from the environment and are the foundation for the second step, the
application of the organic coating. Typically, three types of treatments are being
used in the aerospace coatings industry: chemical conversion coatings, anodising
and wash primers. Each of them has its specific characteristics and application
properties. Their use has been described in specifications and application manuals.
These treatments are mostly used in combination with an organic coating but
provide stand-alone corrosion protection as well.

Chromated chemical conversion coatings have been an important part of the
corrosion protective scheme for commercial and military aircraft for many decades.
These coatings provide a thin protective layer on the substrate generated by a
chemical reaction of the chemical conversion solution and the metal. The layer is a
very good base for paint adhesion and it provides good stand-alone corrosion
protection. Chemical conversion coatings can be applied by dipping, spraying and
no-rinse processes.

The chromated chemical conversion process has been studied extensively to
resolve the mechanism [20]. When the chemical conversion solution is applied on
the aluminium, a redox process forms the chemical conversion film. In this process
aluminium is oxidized and hexavalent chromium (Cr(VI)) is reduced to triva-
lent chromium (Cr(III)) and the coating formation evolves by hydrolysis, poly-
merization, and condensation of Cr(III), triggered by the pH increase near the
surface of the aluminium alloy [21, 22]. Fluoride species are added to the con-
version solutions to activate the aluminium and to prevent re-passivation of the
surface. Higher concentrations of fluoride (F−) activate the surface faster and results
in a thicker conversion coating in the same time [23]. Studies demonstrated the
inclusion of Cr(VI) in the chemical conversion coating [22, 24]. This inclusion is
thought to be the reason for the excellent corrosion protective properties and the
“self-healing” nature of these chromated chemical conversion coatings. The model
for self-healing activity assumes the leaching or diffusion of Cr6+ species from the
chemical conversion film to cracks or other damage whereas it forms a chromate
corrosion product consisting of an Al3+ and Cr3+ mixed oxide which repassivates
the damaged area [25]. This storage, release, diffusion and inhibition are essential to
the excellent corrosion protective properties of these chromated chemical conver-
sion coatings.

Anodising of aluminium alloys is another common treatment in the aerospace
industry [26]. This electrochemical process converts the surface of the aluminium
surface to a strong and stable aluminium oxide with a porous morphology. These
porous aluminium oxide films provide very good corrosion protection and wear

Table 12.1 Chemical composition of some aerospace aluminium alloys [19]

Cu Zn Li Mg Mn Fe Si Cr Zr Ti Al

2024 4.4 – – 1.5 0.6 ≤0.5 ≤0.5 0.1 0.15 Balance

7075 1.2–2.0 5.1–6.1 – 2.1–2.9 0.3 0.5 0.4 0.18–0.28 – 0.2 Balance

2099 2.4–3.0 0.4–1.0 1.6–2.0 0.1–0.5 0.1–0.5 0.07 0.05 0.1–0.5 0.05–0.12 0.1 Balance

2199 2.0–2.9 0.2–0.9 1.4–1.8 0.05–0.4 0.1–0.5 0.07 0.05 – 0.05–0.12 0.1 Balance
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properties. Also, it serves as a good foundation for adhesive bonding and adhesion
of organic paint films.

Such an anodic layer is typically 2–5 μm thick and consists of millions of pores
per cm2. The film has a thin non-porous barrier layer of 10–50 nm thick. On top of
this layer there is the porous structure with a close packed hexagonal (honeycomb)
cell arrangement, each cell consists of an amorphous anodic alumina with a central
pore. The pore and cell dimensions can be influenced by selection of the anodising
electrolyte and the anodising parameters, such as pH, time, temperature, current
density, and voltage etc. [27]. The desired morphology and anodic film charac-
teristics depend on the properties needed for the application, for example adhesion
bonding, painting or stand-alone corrosion protection.

There are many types of anodising processes. In the aerospace industry, chromic
acid and sulphuric acid electrolytes are widely used for the protection of aircraft
parts. Chromic Acid Anodising (CAA) provides excellent corrosion protection with
a relatively thin coating and without significant decrease in the fatigue strength of
the material [28]. Sulphuric Acid Anodising (SAA) and Phosphoric Acid Anodising
(PAA) are frequently used as well. Boric sulphuric acid electrolytes have been
introduced to overcome the fatigue issues, which are the main drawback of the
traditional sulphuric acid anodising processes. Tartaric Sulphuric acid (TSA) and
Boric Sulphuric acid anodising (BSAA) have been introduced as a replacement of
the hexavalent chromium CAA process.

In some cases, anodised parts are subjected to a sealing procedure. Sealing in hot
water or hot dilute dichromate solution will convert the amorphous aluminium
oxide to a monohydrate. This process partially or fully closes the pores and
enhances the corrosion resistance. However, sealed anodised layers are not very
suitable for adhesive bonding or coating adhesion. If painting or bonding is
required, the sealing step must be eliminated or carefully controlled to ensure good
adhesion. Anodising is much more expensive than a chemical conversion process
and not suitable for all types of parts. Critical structures are often anodized for
maximum corrosion protection.

Wash primers, also known as etch primers, have been used as metal conditioner
and alternative to the “wet” chemical conversion process. Polyvinyl butyral based
wash primers have been used extensively on military and commercial aircraft. The
reactions of a curing chromated wash primer are complex. They are available in two
component and one-pack systems. A typical two-component wash primer consists
of a base component and an activator. The base component contains: polyvinyl-
butyral, zinc tetraoxychromate, talc, and solvents such as isopropanol and butanol.
The activator is a solution of water isopropanol and phosphoric acid [29]. Upon
mixing of the base with the activator many different reactions take place that are
unique for this chemistry and make it very difficult to develop alternative chromate
free formulations. Wash primers were mainly used in repair schemes and in the
maintenance area for repainting of commercial aircraft using chromated or
chromate-free epoxy or urethane intermediate primer over it. Various wash primer
systems are qualified according to maintenance specifications. However, the use of
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wash primers has declined over recent years due to the introduction of new
pre-treatments and coating solutions.

12.3.1.3 Organic Coatings

The organic coatings are the last part of the corrosion protection scheme. They act
as the first barrier against the environmental conditions and need to fulfil a wide
range of functions. Secondly, they have to be able to actively protect the substrate
when a damage, crack or delamination occurs. Typically, the organic coating is
applied in one (primer only) or two (primer/topcoat) layers. The primer is designed
to maintain adhesion on the various treatments and contains corrosion inhibitors for
active corrosion protection. Their composition has been carefully formulated to
ensure the performance throughout the service life of the aircraft. In other cases, a
second layer (top coat) is applied to the corrosion protective scheme. This topcoat
can have a decorative or an additional protective function. Together with the
pre-treatment, the coating system protects the substrate or alloy against environ-
mental effects. There are many different coating systems specified in an aircraft
design. For example, a fuel tank coating system has a different build-up and
requirements differ compared to exterior decorative systems. The specific require-
ments of each coating system is defined in specifications defined by the OEM’s.

12.3.2 Types of Corrosion and Failures

Corrosion occurs in many forms on the aircraft structure. These complex phe-
nomena, although mechanistically different, are similar in terms of their potential
effects in reducing the structural integrity. The corrosion processes of the alu-
minium in the aerospace industry are electrochemically driven. The local electro-
chemical potential differences at the alloy surface create the driving force for
corrosion initiation [30–32]. Active spots become anodes, whereas the more noble
areas act as a cathode. The form of corrosion is influenced by factors such as alloy
and temper used, environmental conditions, corrosive agents present, geometry,
design, and mechanical loading. The various types of corrosion are briefly dis-
cussed below.

Filiform corrosion is a very common type of corrosion in aircraft structures. This
worm-like type of corrosion occurs between the metal and the polymeric coating. It
initiates at a crack or rupture around a rivet head or lap joint under acidic, chlorine-
rich and humid conditions. Once initiated, the propagation is determined by anodic
undermining [33]. In addition to the environmental effects, filiform corrosion is also
affected by the microstructure of the aluminium alloys and the properties of the
applied coating system [34].
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Pitting is another type of corrosion that occurs frequently in aerospace structures.
It is different from general corrosion because of the absence of measurable material
thinning. This is an extremely localized form of corrosion that results in holes and
pits that penetrate in the structure and leads to degradation of the structural capa-
bilities. The typical 2000 and 7000 series aluminium alloys used in the aerospace
industry are susceptible to pitting corrosion and therefore have been studied ex-
tensively [35–41]. These studies have led to improved knowledge on the nucleation
of pits on high strength alloys such as AA2024-T3. However, the establishment and
propagation of stable pits is still being investigated.

Intergranular corrosion and to a greater extent exfoliation corrosion typically
occurs on 2000 and 7000 series high strength aluminium alloys [42–44]. Especially,
the AA7075-T6 alloy is susceptible to intergranular and exfoliation corrosion, this
alloy contains both copper and zinc. Due to processing and heat treatments copper
and/or zinc accumulate at the grain boundaries. These grain boundaries preferen-
tially corrode because of the galvanic couple between the grain bodies and
boundaries and the anodic behaviour of aluminium towards copper. Intergranular
corrosion can start at a pit, second phase intermetallic particle or at grain boundaries
at the surface and it penetrates much faster into the alloy compared to pitting
corrosion. Exfoliation corrosion has a very characteristic appearance of leafing
aluminium layers due to corrosion of a very elongated and flattened grain structure
parallel to the alloy surface due to the rolling. It originates from intergranular
corrosion at the edges of riveted and bolted aircraft components. The susceptibility
to exfoliation corrosion can be reduced by the modification of the annealing process
to obtain a more favourable distribution of precipitates [45, 46].

Stress corrosion cracking (SCC) [47–49] or environmental assisted stress cor-
rosion can be one of the most destructive types of corrosion. This form of corrosion
causes a loss of load-carrying capability from the combined effect of tensile stress
and corrosion. There are two forms of SCC: intergranular and transgranular SCC.
Aluminium alloys typically show intergranular SCC. Under corrosive conditions
(humid environments with chloride) stress corrosion is initiated rapidly and follows
the grain boundaries in aluminium alloys. There are two mechanisms proposed for
SCC: anodic dissolution and hydrogen embrittlement. However, the exact mecha-
nisms have not been resolved yet, despite extensive work in modelling of SCC and
elucidating microstructural features along grain boundaries that influence stress
assisted corrosion. The most effective way to control this kind of corrosion is to use
materials that are not susceptible to SCC at design stress levels and protection from
corrosion initiation by coatings and excluding electrolytes.

Crevice corrosion [47] or concentration cell corrosion is the most common type
of corrosion in aircraft. It occurs when moisture is trapped between surfaces. This
can be at fasteners, delaminated paint, and unsealed joints or within a delaminated
bond line. This type of corrosion is aggressive and can initiate pitting and exfoli-
ation corrosion depending on the alloy, temper and form of the material that is
affected. It is driven by a differential concentration mechanism [50]. The most
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effective way to prevent crevice corrosion is to avoid water penetration by the
application of sealants and water-displacing corrosion inhibiting compounds [51].

The aircraft design does not only contain aluminium alloys but also many dis-
similar materials like: titanium, magnesium, stainless steel and composites. Without
proper protection the combination of these dissimilar materials can lead to galvanic
corrosion. This occurs when two dissimilar materials are connected in the presence
of an electrolyte. Recent aircraft designs use more and more carbon-reinforced
plastics. These composite materials can induce galvanic potential differences due to
the very conductive carbon fibres in the material. When joined to the aluminium
structure, composite materials can act as a cathode and accelerate the electro-
chemical dissolution of the aluminium. The rate of corrosion depends on the surface
ratio between the cathode and the anode design geometry. A large cathode surface
area with respect to the anode surface area can lead to fast and severe corrosion. The
only way to prevent galvanic corrosion is to prevent direct contact of the dissimilar
metals and the ingress of moisture (electrolyte). This can be done with the use of a
physical barrier in the form of a coating, sealant and/or corrosion inhibiting com-
pounds (CIC’s).

12.3.3 Corrosion Protection and Design

Corrosion can be initiated by many sources and affect the aircraft structure. These
sources can be identified at the manufacturer and operator level [50]. The basic
design combined with manufacturing and processing are the most important factors
in corrosion protection at the manufacturing level. At the operator level there are
different factors that potentially could initiate corrosion of the structure, among
them improper maintenance, deterioration of the coating system, operational
environment, accidental contaminations, and the environmental conditions in the
aircraft.

Corrosion can initiate when the following three parameters are present:

• A cathode and an anode.
• A metallic connector between the anode and cathode.
• An electrolyte (water).

Elimination of these three conditions is limited by feasibility, practicality, and
functionality. Each part of the aircraft is designed to withstand the stresses and
operating environment for the service life of the aircraft. Therefore, six key ele-
ments need to be considered when designing for corrosion control:

• Selection of materials
• Coating system
• Sealants
• Corrosion inhibiting compounds
• Avoidance of contact between dissimilar metals
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• Drainage
• Access for maintenance

For the material selection, the design considers many parameters such as, alloy,
shape, weight to strength ratio strength, durability and fatigue properties. Whereas
the high-strength aluminium alloys are used most widely in the aircraft design,
coupling to other materials like Titanium (6-AL-4 V), Magnesium, Stainless steel,
low alloy, high strength carbon steel, and increasing amounts of Carbon
Fibre-Reinforced Plastics (CFRP) can set up galvanic corrosion cells which need to
be eliminated in the design stage.

The coating system is a key element to protect the selected material from the
operating environment. This barrier typically consists of multiple layers which may
include anodised layer or chemical conversion coatings that are coated with cor-
rosion inhibiting primers. Exterior surfaces and some structural areas are coated
with chemical resistant topcoats. Titanium alloys are anodized or coated and
stainless steel is most commonly cadmium plated before being primed. The active
protective primers are a key element in the protection scheme and will be discussed
in more detail.

It is not always possible to avoid dissimilar metal contact, crevices and the use of
specific alloys because of weight, cost, and functional issues. However, the
potential for corrosion can be minimized by using polysulfide sealants that are
typically applied to faying surfaces of the joints to prevent moisture ingress leading
lap joint or crevice corrosion or to prevent dissimilar metal contact. They are
applied at many connections like stringer to stringer and skin-to-shear tie joints,
skin splices and skin doublers and pressure the bulkhead. In addition to this,
exterior fasteners and fasteners that penetrate pressurized areas are installed with a
sealant.

Moisture cannot be eliminated during operations. Therefore, it needs to be
controlled by drainage and corrosion-inhibiting compounds (CIC’s). Drainage of
the aircraft structure by the use of drain paths, drain holes is important to prevent
entrapment of moisture and corrosive fluids in crevices and lower fuselage area.
The design is optimized to direct the fluids towards the drain holes. CIC’s are used
to provide additional corrosion protection. These CIC’s are petroleum based
water-displacing compounds with corrosion inhibitors and are sprayed on the
structure to penetrated faying surfaces. The CIC’s are applied in areas that are prone
to corrosion (lower fuselage). Low viscosity CIC’s are able to penetrate crevices
and displace water, whereas viscous CIC’s will act as a coating.

The features discussed above must ensure a safe and economical service life.
However, the aircraft design must ensure easy access for maintenance and corro-
sion inspections as part of a corrosion management/maintenance program.
Corrosion cannot be eliminated but, timely inspections will help to detect corrosion,
trapped moisture, plugged drain-holes, and chipped or missing paint at an early
stage and combined with sealant and CIC’s applications much corrosion can be
prevented.
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12.4 Introduction into Aerospace Coatings

Aerospace coatings serve as decorative and protective layers for all types of pas-
senger, freight and military aircraft. The systems evolved over the years from very
simple formulations into complicated materials with specific functions and an
important role in the corrosion protective scheme of today’s aircraft industry. Three
types of coating systems can be recognized. The exterior decorative system, which
provides image and recognisability. Structural coatings that are an integral part of
the corrosion protection scheme of the aircraft structure, and finally the special
purpose systems. Each of these coating systems has their own requirements and
must be able to withstand a wide range of stresses during their operational life.

12.4.1 History of Aerospace Coatings

In the early days, 1910, the first aircraft were painted with colourless single com-
ponent cellulose lacquers to provide tension to the linen (fabric). Around 1915,
pigmented or coloured coatings were introduced to provide camouflage for military
aircraft during World War I. Up to 1935, aircraft were mainly constructed from
wood, linen and steel. Cellulose lacquers and alkyd enamels were mainly used as
coatings for the protection of these aircraft. Around 1935, the first metal aircraft
were designed. New coatings were developed to protect these aircraft from corro-
sion, such as zinc chromate alkyd primers and chromated chemical conversion
coatings (CCC), wash or etch primers, acrylic lacquers and alkyd enamels. The
products were used on commercial as well as on military aircraft. In 1960, the first
generation of jet engine powered aircraft, McDonnell-Douglas DC-8 and the
Boeing B-707, were introduced. New highly chemical resistant coatings were
required to withstand the hydraulic fluids that were introduced with these new
aircraft. These developments are the basis of the coating technologies used today.
Two component paint systems were developed such as epoxy -amine or -amide
primer technology and polyurethane (polyester/isocyanate) topcoats. In the mid
1980s clear coat technologies were introduced because of atmospheric acidification
due to volcanic eruptions (Mt Pinatubo) caused severe damage to the paint systems.
At the same time environmental awareness started to influence the aerospace
coatings industry. Toxic materials such as lead and cadmium were removed from
the coatings and the quest for the replacement of carcinogenic hexavalent chro-
mium was started. Solvent emissions needed to be reduced. This led to the intro-
duction of high solid primers and topcoats and water-based coatings. Benzyl
alcohol based paint removers replaced methylene chloride and phenol containing
paint removers. These can be neutral, acid or hydro peroxide activated. This ini-
tiated the introduction of selective strippable paint systems. In early 2000, devel-
opments were focused on efficiency improvements like super durable topcoats,
weight reduction, less layers, easy application fast curing systems. This led to the
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introduction of base coat/clear coat systems for the aerospace industry. Over the
years aerospace coatings evolved into high performance coatings that are able to
withstand aggressive environments. Currently the aerospace coatings industry is
facing new challenges with the introduction of all composite fuselage designs and
the replacement of hexavalent chromium for structural applications.

12.4.2 Aerospace Coating Systems and Their Requirements

The main reasons for painting aircraft are corrosion protection, airline identification,
appearance and survivability. The paint system on the aircraft protects the metal and
composite structures from the environment. Many aircraft components are designed
for structural and fatigue performance and are not very resistant to the atmospheric
exposure. Aerospace coating systems have to cope with extreme in-service con-
ditions. Because of this, the systems evolved over the years in terms of chemical
and fluid resistance, corrosion resistance and exterior durability. Many different
systems were developed to protect the various areas of the aircraft. In general,
aerospace coating systems can be categorized into 3 main groups: exterior systems,
structural systems, and special purpose systems.

12.4.2.1 Exterior Systems

Exterior coating systems are applied on the fuselage and other exterior areas of the
aircraft. These systems reflect the identity and image of the airline. Historically
aircraft were mainly white. Today, aircraft liveries have to be glossy and often
feature vibrant colours which are used as a marketing tool (Fig. 12.1). The exte-
rior coating systems have to be able to withstand a wide range of environmental
stresses like temperature changes, high levels of UV irradiation, humidity exposure,
erosion and exposure to aggressive media including fuel, de-icing fluids, hydraulic
fluids, potentially corrosive salts due to maritime areas and acidic aerosols in the
atmosphere due to volcano eruptions and industrial pollution. These stresses com-
bined with the vibration effects of the powerful engines and structural flexing due to
pressurizing of the fuselage and turbulence put the coatings under severe stress.

A typical exterior coating system is a multi-layered system and consists of a
pre-treatment layer (anodised layer or chemical conversion coating), and a primer
layer of 15–25 μm, which is covered with a pigmented decorative topcoat of 60–
120 μm (Fig. 12.2). The airline livery is applied with the decoration colours on top
of this basic topcoat layer.

Recently, the base coat/clear coat topcoat philosophy has been introduced into
the aerospace market. In this philosophy the decorative topcoat is replaced by a
fast-drying, highly pigmented coloured base coat making it possible to reduce the
process time of painting an aircraft, particularly complex liveries. Once all the
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colours are applied, the clear coat is applied providing an improved gloss and
colour retention, thus longer durability.

Typical failures of external systems during aircraft operation are gloss reduction,
loss of adhesion (rivet rash), cracking, and filiform corrosion.

12.4.2.2 Structural Coating Systems

Structural coating systems are designed to protect the structural parts of the aircraft.
These systems are applied on small parts and sub-assemblies before the final
assembly (Fig. 12.3).

Usually the system consists of a pre-treatment layer, which can be a chemical
conversion coating or an anodic film, coated with 15–20 μm of structural primer.
In some areas of the aircraft, for example in lower areas (bulge area) and cargo
areas, an additional 20 μm epoxy or polyurethane topcoat is applied for additional
protection (Fig. 12.4). Structural coating systems are usually not stripped at regular
maintenance intervals and are applied in areas that cannot be inspected. The system

Fig. 12.1 Exterior coating systems are used for identity and marketing

Fig. 12.2 Generic system build-up of exterior coating systems
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needs to provide passive and active corrosion protection for the entire service-life of
the aircraft. Therefore these systems are excellent barriers and provide long-term
corrosion protection and excellent adhesion to a wide variety of substrates. During
the operational life of aircraft these coatings are exposed to many different stresses
and wet and dry cycles [52].

12.4.2.3 Special Purpose Coating Systems

In addition to the exterior and structural coating systems, specific area’s of the
aircraft need specific coatings. Examples are: composite areas, the fuel tank and
wings. But as well, there are many different types of coatings with specific pur-
poses. Among them, coatings for non-slip, conductivity, selective strip ability, heat
resistance, abrasion resistance, solar heat-reflection, fuel vapour barrier, and
camouflage (Infra-red absorption or reflection).

Fig. 12.3 Impression of the aircraft structure with the structural coating system

Fig. 12.4 General build-up of a structural coating system
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12.4.2.4 Coating System Requirements and Specifications

The requirements for coating systems used in the aerospace industry are controlled by
a large number of specifications. Various specifications can be considered: MIL-
Specifications issued by the USGovernment for military aircraft, OEM specifications
of commercial aircraft manufacturers and maintenance specifications defined and
controlled by the SAE group. Specifications describe the general properties and
performance requirements of a coating system for a specific purpose like: structural
primer, fuel tank primer, exterior paint system, paint system for composites or a wing
coating. The requirements are based on critical properties that are needed for a coating
to demonstrate its intended function. Commercial aircraft manufacturers, govern-
mental research laboratories or certified private testing institutes perform tests on
submitted coating products to determine whether it complies with the requirements of
a particular specification. Once the product meets the specification requirements, it
will be added to the Qualified Product List (QPL) of the specification. Specifications
of commercial aircraft manufacturers are usually not public documents, whereas
military specifications that are managed by governments are publicly available.

Specifications are designed for each specific coating. They describe a variety of
tests that ensure that application, appearance, and performance characteristics of the
coating match the intended use. The tests listed in these specifications often follow
ISO, or ASTM standards. Specifications describe qualification and quality control
tests that coatings must pass in order to be approved for use in the industry. The
specifications contain a list of requirements for wet paint properties, application,
appearance, and the dry film properties. Quality control tests describe which tests
must be performed to ensure that the batch has been manufactured correctly. Some
of the typical tests for aerospace coatings are described below [53].

Wet paint properties:

Properties such as viscosity, pot life and dry-time are typical application related prop-
erties. The paint viscosity influences the atomization, substrate wetting, flow, levelling,
and sagging resistance. Usually, the paint viscosity is measured with a flow
cup. Coatings with thixotropic and pseudo-plastic behaviour need more sophisticated
techniques such a Brookfield viscometer. Most aerospace paints are two-component
chemically curing systems. These systems have a so-called “pot life”. This important
property can be defined as the period of time in which the product can be applied with
the required finish quality (appearance) and final dry film is performing according to the
specification. Viscosity increase is an important measure for this property. In addition
to this, dry-time is an important factor in the aerospace industry. The curing profile is an
important characteristic when developing an aerospace formulation. Various dry times
can be identified as relevant for the aerospace business. Set to touch time, dust free time,
tack free time, dry to stack-time, dry to tape time, dry hard time and dry to recoat.

Appearance and durability

Gloss and colour retention are the most important appearance related properties for
exterior coatings. Gloss can measured at various angles (20°, 60° and 85°) with a
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gloss meter. Colour retention and colour accuracy is very important to the aerospace
business. Colour is usually measured with a spectrophotometer using the CIELAB
colour system [54] and compared with colour standards. Exterior systems need to
retain their gloss and colour during their service life. Aerospace coatings are
exposed to high levels of ultraviolet light, which has a detrimental effect on the
binder system and colour retention of the pigments. Thermic cycling and moisture
from humidity, condensation and rain accelerate this degradation. Artificial
weathering tests are used to simulate these degradation phenomena. UVCON and
Xenon Weather-O-Meter are the regularly used methods for accelerated weathering.
Unfortunately, neither are representative of real life conditions. Alternatively, south
Florida exposure is used as another reference exposure for durability.

Dry Film properties

There are many properties that should be considered when evaluating the perfor-
mance aerospace coating systems. Adhesion is one of the prime properties and can
be tested by scribing the coating with a knife, followed by the application, and
removal of a pressure sensitive tape. Pass or fail is specified by the amount of
coating that was removed by this test. The method, scribe pattern and tape are
specified in the specification. Adhesion tests are normally executed before and after
water or fluid immersion. During operation of the aircraft, the coating will be
exposed to several kinds of fluids like hydraulic fluids, kerosene, lubricating oil,
toilet fluids, and de-icing fluids. Both primers and topcoats are designed to with-
stand these fluids and their resistance is tested by immersion in these fluids for a
specific duration at a specific temperature. After immersion the system is tested for
adhesion, softening, and blistering.

Flexibility and impact resistance

Aerospace systems are exposed to a range of fast and slow deformation tests.
Therefore, the systems are subjected to various flexibility tests with conical and
cylindrical mandrels at ambient and low temperature (−55 °C). Impact tests are
typical fast deformation using a specified force and or shape. Impact resistance is
reported in different ways varying from pounds per inch, elongation or degree of
cracking with fixed deformation and mass. After impact the coating is evaluated for
cracks and adhesion. During the service-life of an aircraft, the exterior paint system
will be removed and re-applied a number of times. Reasons for such strip and
re-paint exercises include periodical maintenance, inspection and overhaul sched-
ules but as well changing aircraft owners and new liveries (re-branding). In order to
ensure adequate and efficient strip ability process, the system needs to be tested for
strippability using aerospace qualified chemical paint removers.

Corrosion Resistance.

In order to assess the corrosion resistance of aerospace coatings, a number of
corrosion testing methods are used. Salt spray and Filiform corrosion testing are the
most commonly applied corrosion tests. In these tests, coated panels, primer only or
primer—topcoat, are scribed through the coating into the bare metal and subjected
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to the corrosion test. In neutral salt spray, panels are positioned in a slight inclined
vertical position and exposed to a 5 % sodium chloride solution up to 3000 h. After
this exposure the panels are evaluated for corrosion extended along the scribe and
blistering. In addition to this regular neutral salt spray, some specifications require
acidified salt spray. Whereas in salt spray, corrosion develops under a continuous
salt fog, filiform develops under high temperature and humid conditions in the
presence of chloride ions. Therefore, the scribed paint systems are exposed first to
the fumes of concentrated hydrochloric acid for one hour and then immediately
placed in elevated temperature (30–42 °C) and high-humidity (85–95 %) envi-
ronment for 1000 h. Although, these accelerated corrosion tests do not represent the
in-service conditions, these are currently the only way to assess the corrosion
protective properties of the active corrosion protective mechanism of the coat-
ings before implementation.

12.4.3 Coating Chemistry

Several reviews on protective coatings for aerospace applications can be found in
the literature [55, 56]. The organic coatings that are applied in the aerospace
industry are complex materials. These heterogeneous materials are the basis for the
corrosion protection scheme of aircraft structures. The complex resin matrix con-
tains pigments, fillers, solvents, and additives. Each type of coating is carefully
designed to meet the industry standards. In the 1970’s, the fundament of today’s
generation of coatings and the protection of aerospace structures was set with the
development of hexavalent chromium containing, hydraulic fluid resistant
epoxy/amine primers, together with the development of flexible but chemical
resistant polyol/isocyanate polyurethane topcoat technology.

This section discusses the different coating technologies, primer and topcoat
chemistries in the marketplace and the active protective mechanism used to provide
long term corrosion protection.

12.4.3.1 Coating Technologies

There are many different types of coatings in the aerospace industry. Over the years,
many coating technologies have been developed due to pressure to reduce solvent
emissions of coatings. The regulations for Volatile Organic Compounds
(VOC) vary all over the world but in general the current limits for VOC are 350 g/L
for primers and 420 g/L for topcoats. Currently, there are 4 different types of
coatings in the market place:

• Conventional coatings
• VOC exempt coatings
• High Solid coatings
• Water Based coatings
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Together with this pressure to reduce VOC in the coatings many different resin
technologies were developed to maintain the application properties and perfor-
mance of the aerospace coating systems. Whereas in conventional coatings solid
resins were used, high solid coatings are based on liquid resins. Whereas, in some
instances the solvent reductions in grams per litre seems limited, Fig. 12.5 shows
the real solvent emission reduction per applied surface area when replacing con-
ventional coatings by low VOC coating technologies.

Conventional aerospace coatings contain typically 550–650 grams of solvent per
mixed litre (g/L) paint. The coatings are often formulated with high molecular
weight resins. In addition to their physical properties and the ability to comply with
the aerospace applications, these systems have very favourable application prop-
erties such as: long pot life, fast physical drying properties, good film thickness
control and a smooth appearance.

VOC exempt coatings are applied as a low VOC (340 g/L) alternative in primer
technology. Some VOC’s have a negligible atmospheric photochemical reactivity
and are considered as exempt solvents and therefore these solvents are not con-
sidered a VOC. Examples of such solvents are acetone and parachloroben-
zotrifluoride. The use of exempt solvents offers many advantages to the coating
formulator to formulate low VOC coatings with similar resin technologies as
conventional coatings but maintain low viscosity and the application characteristics.

Today, new technologies are often based on high solid coating technology is
another common approach to formulate VOC compliant primers and topcoats.
Respectively they have a VOC of 350 and 420 g/L. High solid coating technology
is based on the crosslinking of low viscosity resins with low viscosity curing agents.
These resins are much lower in molecular weight compared to the conventional
resins and have a higher reactivity. The drying time depends on how fast a high
molecular weight network requires to become tack-free. However, a fast tack–free
time is in contradiction to a long pot life. Therefore, formulators have to find the

Fig. 12.5 Relative solvent
emission reduction by
introduction of high solids
and water based coating
technology
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right balance between these properties. Additionally, low molecular resins and
curing agents provide very highly cross-linked systems. This is very beneficial for a
good chemical resistance but can be detrimental to the flexibility. Usually high
solids coating formulations are blends of various resins and curing agents to find the
right balance between the dry film and application properties.

Progress in the resin industry has helped it to develop water-based coating
technologies for aerospace applications. In the late 1980’s, the first water reducible
primers were introduced for military aircraft. Today, there are multiple water based
primer technologies available for structural applications. Water-reducible coatings
are based on high solid resins made in solvents that form a dispersion of resin in
water when reduced with water. Modern water-based systems are based on dis-
persions and emulsions of resins that easily mix and can be used without the
addition of additional water. These systems provide a further reduction of solvent
emissions (250 g/L excluding water) and application properties of conventional
coating systems such as fast cure and good film thickness control.

12.4.3.2 Aerospace Primer Coating Technologies

Primers are used for exterior and structural protection of the aircraft. They provide
active corrosion protection towards the substrate and provide adhesion to the top-
coats. These primers have to comply with many criteria. These include:

• Room temperature cure
• Excellent adhesion to multiple substrates
• High chemical resistance
• Sufficient flexibility
• Long term corrosion resistance
• Good compatibility with the topcoat
• Applicable under various climatic conditions

Epoxy primer technology
The majority of the primers in the aerospace coatings market are 2 component
epoxy/amine primers. The base component comprises a mixture of epoxy resins,
pigments, corrosion inhibitors, extenders, additives, and solvents. The second
component, the hardener or curing solution, contains curing agents (amine or poly
amide) and solvents. Corrosion inhibitors such as barium chromate and strontium
chromate have been and are still most commonly used as corrosion inhibitor. Epoxy
primer technology is used because of its very versatile properties. It has good
adhesion to many substrates, good corrosion resistance, and can be formulated to
find a balance between the chemical resistance, flexibility, impact resistance and
hardness requirements of the aerospace industry. On the other hand, epoxy amine
primers are difficult to strip, have relative long drying times and limited exterior
durability.
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Epoxy resins

There is a wide range of epoxy resins available. The majority of the epoxy resins
are derived from the reaction between epichlorohydrin and diphenylol propane
(Bisphenol A) [57]. There are mainly 4 groups of epoxy resins (Fig. 12.6):

• Bisphenol A epoxy resins
• Bisphenol F epoxy resins
• Epoxy Novolacs
• Epoxy functional diluents and modifiers

Each type of resin has a range of variations in molecular weight and function-
ality. The selection of an epoxy resin depends on for which specification or
application the coating needs to be developed. Many products contain mixtures of
epoxy resins to obtain the specific coating properties needed for aerospace appli-
cations. High functional resins are blended with flexible epoxies for increased
elongation properties whereas solid high functional resins are blended for fast
physical drying and chemical resistance. Bisphenol A and F resins are blended to
adapt the cure speed and epoxy functional reactive diluents are added to reduce
viscosity and increase flexibility.

Fig. 12.6 Types of epoxy resins
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Epoxy Curing agents: There are many possibilities to cross-link epoxy resins
(amines, thiols, carboxylic acids) via an addition reaction. In aerospace coatings,
most epoxy primers are formulated with amine functional curing agents (Fig. 12.7).
Epoxy resins react under ambient conditions with the primary and secondary
amines. The reaction rates depend on the epoxy and amine structures.

Terminal epoxy groups are more reactive than internal and more sterically
hindered epoxy groups. Reactivity of amines tends to increase with base strength
and decreases with steric hindrance. Cycloaliphatic amines have reduced reactivity;
the second reaction of such an amine is particularly slow. Aliphatic amines are less
basic than aromatic amines and therefore more reactive. The epoxy amine reaction
is catalysed by water, alcohols, tertiary amines, and weak acids (e.g. phenols),
which promote ring opening by proton complexation with the epoxide oxygen.

The selection of epoxy resins and curing agents depends on the desired coating
properties. Most commonly the formulation will consist of a mixture various epoxy
resins reactive diluents of aliphatic or cyclo-aliphatic amines blended with poly-
amides. This all to adjust the various coating properties for adhesion, flexibility,
chemical resistance, pot life, and cure speed needed for its specific application and
specification.

12.4.3.3 Aerospace Topcoat Technologies

Aerospace topcoats are applied both in structural and exterior applications.
Although, both with a different purpose. Epoxy topcoats are applied for structural
applications due to their good adhesion and excellent fluid resistance to ensure the
good corrosion protection properties of the coating system. The basic chemistry of
epoxy topcoats is similar to the primer technology. Epoxy topcoat technology is

Fig. 12.7 Epoxy curing reactions
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only used for structural parts since they are not durable enough for exterior
applications.

Since the late sixties, polyurethane topcoats have been applied in the aerospace
industry due to their very good exterior durability combined with excellent flexibility
and good fluid resistance. Polyurethane topcoats are based on 2 K formulations of
which one part contains a polyol (polyester or acrylate resin) that is cured with the
other part that contains aliphatic isocyanates. Sometimes, a third part that contains a
catalyst is added to adjust the cure rate for different application conditions.

The polyurethane coating technology is based on the main reaction between
primary and secondary hydroxyl groups of the polyol and isocyanates forming
urethane crosslinks [57]. On the other hand, urea crosslinks are formed by the
reaction of atmospheric water with isocyanates (Fig. 12.8). This secondary reaction
is somewhat slower than the reaction with a secondary hydroxyl group but it is an
important aspect of formulating chemical resistant aerospace coatings with poly-
urethane coating technology.

The properties of polyurethane coatings depend on the polyol structure, type of
isocyanate and the stoichiometric ratio of the isocyanate and hydroxyl groups
(NCO/OH ratio). The chemical or fluid resistance of the coating depends on the
crosslink density. Polyols with high hydroxyl functionality will increase crosslink
density and provide more chemical resistant but less flexible films. Aerospace
finishes are often formulated with a higher NCO/OH ratio to increase fluid resis-
tance especially hydraulic fluids. Over-indexing with isocyanate minimizes the
amount of unreacted hydroxyl groups and the excess isocyanate groups react with
water to form the urea groups resulting in a more resistant coating with a higher Tg.
Hydroxy-terminated polyester and hydroxy-substituted acrylic resins are most
commonly used polyol resins in aerospace exterior topcoats. Polyesters permit
higher solids and give films with greater solvent resistance. Acrylics provide faster

Fig. 12.8 Polyurethane curing reactions
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dry, higher gloss and better exterior durability, resulting from superior hydrolytic
and photochemical stability. Therefore, polysesters are used for solid colour top-
coats and acrylics are used for clear coat applications.

Aliphatic isocyanates such as hexamethylene diisocyanate and isophorone
diisocyanate are commonly used in the aerospace topcoats. Because of their toxic
nature, these diisocyanate monomers are converted into high molecular weight
trimers (triisocyanurates) with a very low concentration of monomeric isocyanate.
These high molecular isocyanates are available in liquid but 100 % solid form.

Aerospace coatings are designed for cure at room temperature conditions. However,
the reaction between primary or secondary hydroxyl groups and the aliphatic iso-
cyanate are slow at room temperature conditions and therefore needs to be catalysed.
Tertiary amines (diazabi-cyclo [2.2.2] octane (DABCO)) and organometallic com-
pounds, such as dibutyltin dilaurate (DBTDL), or carboxylic acid salts, are the most
commonly used catalysts for these 2 component polyurethane coatings.

The type of the catalyst and the amount used in the formulation is critical to the
balance of pot life, application properties and the drying time of the coating.
Extended pot life in combination with rapid cure can be obtained using organotin
catalyst (DBTL) in combination with 2, 4-pentanedione (acetyl acetone) or volatile
carboxylic acids (formic acid or acetic acid).

The majority of the polyurethane technology is used for exterior applications.
Therefore, exterior durability is a key element for these formulations. Exterior
durability is referred to the resistance to withstand degradation processes when
exposed to environmental conditions and the ability to maintain the aesthetic and
functional properties of the coating. Chemical processes such as hydrolysis and
photo-oxidation resulting from exposure to the environmental conditions cause
coating degradation. UV irradiation from sunlight can initiate photo-oxidation pro-
cesses in the resin system. In addition to this, environmental conditions such as acid
rain due to air pollution or atmospheric degradants (e.g. ozone) can initiate hydrolytic
degradation processes in the coating. Temperature and adhesion also can affect these
processes. These degradation processes may lead to loss of gloss, discoloration or
even to cracking, delamination that can provide an access point for the environment to
reach the substrate and cause corrosion. The resins for exterior applications are
optimized for hydrolytic stability and are stable against photo-oxidation. Another
critical factor for exterior durability is the selection of pigments. The quality and
after-treatment of pigments can have a significant effect on the colour stability and
gloss of the coating. Photo stabilization additives, such as UV absorbers, and radical
scavengers hindered amine light stabilizers (HALS) and anti-oxidants, provide an
additional protection against photo initiated oxidative degradation.

12.4.4 Active Corrosion Protection and Leaching

Organic coatings provide protection to the metallic substrates by passive inhibition
mechanisms such as barrier function and adhesion to the substrate; this protects
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substrates against corrosive species from the operating environment. However,
passive inhibition is not sufficient for aerospace coatings and therefore these
coatings require an active protective mechanism as well. This active protection is
achieved by the addition of corrosion inhibitors. Hexavalent chromate pigments
(i.e. strontium chromate) loaded primers are widely used in the aerospace industry
and have demonstrated excellent performance and long-term corrosion resistance.
[58, 59]. These coatings provide active corrosion protection by means of a leaching
mechanism (Fig. 12.9). This is initiated by the ingress of water into the coating via a
crack, void or other damage. This will enable the dissolution of the corrosion
inhibitor particles and transportation of these inhibitors to the damaged area that is
exposed to the corrosive environment and inhibit the corrosion process. The rate of
inhibitor leaching has an influence on the immediate and long-term corrosion
protection.

Ideally, coating systems would release inhibitors quickly for fast and effective
corrosion protection as well as slow release to ensure long-term protection. The
performance of active protective coatings depends on many parameters like the
binder system [58] and solubility of the inhibitor, pH, coating composition, pigment
volume concentration (PVC) and finally the inhibitor loading. Corrosion inhibiting
primers usually are highly loaded coatings with a PVC between 25 and 32 %. The
amount of hexavalent chromate pigment depends on the leach rate necessary for the
specific application. Although the corrosion protection of hexavalent chromium
systems is very good, their leaching properties have been studied only since early
2000. Scholes et al. characterized the leaching properties of chromate from primers
[60] and Furman et al. found that the inhibitor release is not controlled by a Fickian
diffusion process [61]. However it must be considered that every coating compo-
sition is different and leach rates can differ significantly which each different
coating. Studies are continuing to improve the understanding of the leaching pro-
cess Sellaiyan et al. studied the leaching process using radioactive tracers
demonstrating that water ingress can cause the complete dissolution of the chromate
inhibitor and the generation of small voids which can further enhance the leaching
of the inhibitors [62]. Knowledge and understanding of the leaching process is

Fig. 12.9 Inhibitor leaching from the coating as active corrosion inhibition mechanism
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important to understand the leaching mechanisms. Computed tomography tech-
niques are becoming more and more common in corrosion [63, 64] and paint
research [65]. These techniques make it possible to study microstructural changes in
a paint film. For example, Hughes et al. studied the transport pathways of a
chromate inhibitor loaded model primer using Quasi 4D computed tomography and
demonstrated that there is no chromate transport through the epoxy resin matrix
itself [66]. However, the chromate release occurs via direct dissolution of chromate
clusters, which are in contact with the electrolyte at the surface and at a later stage
through the micro-capillaries and voids left after the dissolution of the inhibitor
pigment. This work defines a model that considers fast initial release due to dis-
solution and a slower release mechanism of inhibitor dissolution and transport
through the fractal network. Clusters that were not connected to the electrolyte were
not dissolved and are considered inhibitor reservoirs in case of any further local
damage. These inhibitor transport studies and models are important for the devel-
opment of new hexavalent chromium free systems to tailor the release of alternative
inhibitors for immediate and long term protection [67]. All corrosion inhibiting
primers in the aerospace industry use this leaching mechanism for the active pro-
tection mechanism. The unique solubility and corrosion inhibiting properties of
these chromated primers is the basis for the good track record and confidence of the
chromated primer technologies for the protection of aircraft structures.

12.4.5 Application

Today, most aerospace coatings are applied with hand-held spray equipment. The
large variety of parts that need painting before assembly and the dimension and
shape of the aircraft have made automation difficult. Especially, the exterior
painting process is still a labour-intensive job due to the pre-treatment steps and the
masking and de-masking processes involved prior to and during the painting pro-
cess (Fig. 12.10). In addition to this, there are several other factors that influence the
painting process. Hangar conditions can vary from 23 °C and 55 % Relative
Humidity (RH) in climatized hangers to severe conditions with high temperatures
and high humidity (35 °C/90 % RH) or low tow temperature conditions with very
low humidity conditions. Some hangars are equipped with movable platforms and
others have fixed scaffolding. Under these varying conditions, the quality of the
finish depends on factors like, teamwork, experience, and skills of the painters.
Another important factor is the application equipment.

12.4.5.1 Equipment

There are many different types of equipment for the application of aerospace coat-
ings. The most conventional type is the air-atomized spray. This type of spray guns
uses air to atomize the paint in very small droplets that results in a very smooth finish.
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The equipment is not expensive, easy to clean and is easy to maintain. Although, it
has a low transfer efficiency of approximately 20–30 % and is not suitable for large
area application. Over the years several alternative types of air atomized spray guns
have been developed to improve the transfer efficiency. Examples are HVLP (High
Volume Low Pressure) and HR/RP (High Return/Reduced Pressure) spray guns. Air
Less spray equipment uses hydraulic pressure instead of air to atomize the paint. The
paint is forced through the nozzle with 100–150 bar of pressure to atomize the paint.
The velocity of the atomized droplets is less compared to air atomized spray, which
results in a higher transfer efficiency. The equipment has a high flow rate providing a
faster application speed. Airless air assisted spray equipment combines both of both
worlds in air atomized and airless spray. Another way to reduce overspray and
increase transfer efficiency is the use of electrostatic spray equipment. The atomized
droplets are charged using a high voltage (60–90 kV)/low current generator and
attracted to a grounded conductive object. Transfer efficiencies of 70 % are possible.
This transfer efficiency depends on the coating formulation. This type of equipment is
most frequently in OEM and MRO paint shops.

Plural component spray equipment is becoming more common in the structural
coatings market but as well for exterior aircraft painting. The equipment mixes the
components (base, hardener and activator) at the desired mixing ratios just before or
at the spray gun. This equipment reduces the pot-life factor of 2 component paints
and reduces the amount of waste from unused mixed paint.

Fig. 12.10 Aircraft painting
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12.4.5.2 Paint Automation for Exterior and Structural Painting

The use of paint automation in commercial aircraft production is being studied to
reduce process cycle times, provide a higher quality paint finish, lower emissions,
increased transfer efficiency and increased process consistency [68]. Increasing
production rates and the need for increased capacity in the current hangers is
driving this need for automation and use of new coating technologies. However,
there are differences between aerospace and automotive applications such as paint
cure times, number of paint colours, environment control, and part size consider-
ations are some of the issues that make aerospace application of coatings more
difficult than automotive applications. Understanding the unique factors involved in
the robotic application of commercial aerospace coatings is important for future
advancements in application technology, gains in aircraft paint hangar capacity,
delivering quality coating finishes, and lowering environmental footprint. In
structural painting automation has been introduced. Small parts are applied on
conveyer belt systems and robotized paint lines have been introduced on the sub-
contracting level e.g. for the wing sections and stringer painting.

12.4.5.3 Application of an Exterior Paint System

Painting aircraft is a labour-intensive, multi-step process that requires a significant
amount of handwork and attention to detail. Figure 12.11 illustrates the different
steps required for exterior painting. The aircraft is washed and moved into hanger,
all the at-risk components (composite parts) and flight controls are covered or
removed. Then the chemical stripper is applied to remove the old paint film. After
this, the aircraft is cleaned and inspected, flaws are removed, corrosion is treated,
and necessary repairs made. Then the aircraft is pre-treated for application using an
alkaline soap wash, the aluminium surfaces are etched or abraded prior to the
application of the chemical conversion coating, or wash primer. Within the rec-
ommended application window the protective primer will be applied followed by
the base colour topcoat for the aircraft. With use of decals, the paint scheme will be
laid out on the aircraft and the rest of the aircraft is masked and the decoration
colours are applied. When the paint scheme is completed, there is the final
inspection and the aircraft will be released for service.

12.4.6 Trends in the Aerospace Coatings

The aerospace market [69] is focused to increased efficiency, reduced operational
and maintenance costs. There are two important drivers that influence the aspects of
innovation in the in the market for aerospace coatings. First, there is the drive for
more environment friendly coating systems and second, there is the need for
increased efficiency.
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When considering efficiency, there is a drive towards reduced weight, faster
application times for coatings, longer service life and increased functionalities. Fuel
costs are a significant part of the operational costs, airlines and aircraft manufac-
tures need to consider ways to save money. One way to achieve this is to reduce
weight by selecting new materials in design or reduction of the weight of the paint
system. The weight of the paint film can be reduced in different ways like, the
reduction of the dry film density of the coating, reduction of thickness of the paint
system or using fewer layers in the paint film.

The second efficiency driver is the time of the paint process. Airlines merge and
rebrand their liveries; therefore there is an increased need for repainting. In addition
to this, the market is growing; build rates at the OEM’s are increasing to keep up
with the demand from the market. Therefore the cycle time of paint process needs to
be reduced to get the aircraft back in service quicker to create revenue for the airline
and to ensure final assembly line throughput at the OEMs. The livery and interior of
the aircraft are part of the airline’s brand and image. A clean and glossy appearance

• Incoming Inspection
• Washing Masking
• Stripping process
• Corrosion Inspection and Repairs

• Alkaline cleaning
• Deoxidation
• Pre-treatment
• Primer application

• Top coat application
• Layout decoration scheme

• Application decoration colors
• Unmasking 
• Application of markings

• Final inspection 
• Roll-out
• Return to service

Fig. 12.11 Steps required for aircraft painting (images kindly provided by Airbus and Emirates
Airlines)
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with vibrant colours is a key aspect of the branding strategy of an airline. To
support this, basecoat/clear coat paint systems have been introduced into the
market. These fast curing collared basecoats are covered with a clear coat to ensure
long-term durability (gloss and colour). In addition to this, the industry is looking
for increased coating functionalities in the coating. Examples of such functionalities
are: drag reduction, anti-icing, solar hear reflection/heat dissipation, and
self-healing abilities.

The other important aspect is the environmental impact of the coatings. Terms
such as eco-efficiency, sustainability, and carbon footprint are an integral part of the
development of new products for the aerospace industry. Not only for the coating
manufacturers, but for the entire supply chain from raw material to end-user.
More importantly, new legislations such as REACH (Registration, Evaluation,
Authorization, and Restriction of Chemicals) and regulations from governmental
institutions such as the Environmental Protection Agency (EPA) and Occupational
Safety and Health Administration (OSHA) are applying enormous pressure to
develop more sustainable products with a lower environmental impact.
The REACH legislation targets the ban of all chemicals that may be considered
hazardous. Over the years, this has resulted in the replacement of many hazardous
materials with more acceptable alternatives and solvent emissions have been
reduced.

In the field of aerospace coatings there have been many advances [70]. Today,
solvent emissions can be reduced significantly. Conventional coatings, with low
solids and high solvent content can be replaced by high solids or water-based
coatings. Water based cleaners and pre-treatments have been introduced and
environmentally friendly paint removers were developed.

The elimination of hexavalent chromium or chromate from the protective
coatings and coating processes is a key topic for the aerospace industry, which will
be discussed below.

12.5 Developments Towards a Chromate Free Corrosion
Protective Scheme

For more than 50 years the aerospace industry has been using hexavalent chromium
as corrosion inhibiting compounds for the protection of the aircraft structure in
many processes and products. However, the health issues associated with the use of
these chromate materials and new regulations and legislations are putting pressure
on the industry to find alternative solutions [12, 71, 72]. The European REACH
(Registration, Evaluation, Authorization and restriction of Chemicals) regulation
(EC N° 1907.2006), hexavalent chromium compounds have been included as a
Substances of Very High Concern (SVHC) and are subject to a formal and time
limited authorization for use. This means that they cannot be used after the “sunset
date” unless there is an authorization. In the USA, the Occupational Safety and
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Health Administration (OSHA) reduced the employee permissible exposure limits
(PEL) to hexavalent chromium from 52 to 5 μg/m3 inducing strict expose controls
of these chemicals.

Through significant efforts in the different areas of the industry various chromate
free alternatives have been developed and qualified to aerospace standards and
specifications, and introduced to the market place [13, 73–79]. Examples of this are
chromate free anodising, acid pickling, conversion coatings, sealants and coatings.
This part of the chapter provides an overview of the developments in chromate free
coating technology from pre-treatments, coatings and some more innovative
approaches which should lead eventually towards a fully chromate free corrosion
protective scheme for the protection of the aircraft structures.

12.5.1 Chromate-Free Pre-treatments

Various processes can be utilized prior to the application of the organic coating. The
specific process used depends on the substrate, and the performance characteristics
required for the protective system. Typically, a process will start with a cleaning
step to remove organic contaminations. This will be followed by a deoxidation or
pickling step and the application of a surface treatment for corrosion protection and
paint adhesion [80, 81]. The use of non-chrome processing solutions for cleaning,
deoxidation, desmutting and etching has increased over the recent years. In addition
to this, several alternative solutions for surface treatment have been developed and
introduced to the market place. These hexavalent chromate free surface treatments
are the new base for the future hexavalent chromate free corrosion protective
scheme.

12.5.1.1 Chemical Conversion Coatings

Significant effort has been spent to develop a suitable alternative to the chromated
chemical conversion coatings. The coatings developed from chromate solutions have
a robust performance in processing, corrosion protection and adhesion performance.
A wide range of technologies has been investigated, demonstrating the array of
alternative chemistries available for aluminium. These include molybdates, vana-
dates [82], permanganate [83–85], phosphates, silanes, sol-gels, self-assembling
monolayers, hydrotalcites [86–91], and rare earth (cerium) based chemistries [92].
Only a few chemistries have been able to come close or meet the corrosion protection
requirements of aluminium according to the MIL-DTL-81706/5541 specification.
Examples of this are conversion coatings based on trivalent chromium (Cr(III))
processes (TCP) and cerium. Both these approaches are commercially available and
found their application as part of a coating system [81].

Rare earth based salts are promising options for chromate replacement in
chemical conversion coatings for the protection of aluminium alloys. Several rare
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earths have been identified as cathodic inhibitors [93, 94]. These materials tend to
precipitate as metal hydroxide at local areas that are associated with a pH increase
due to the oxygen reduction reaction at the cathode [95]. This results in the
deposition of a hydrated oxide layer on the aluminium surface [96–98].
Unfortunately, most rare earths are too costly for commercial use. However, cerium
is the most active rare and has been studied extensively since the early 1990’s [93].
A review by Harvey is the most recent that covers specifically cerium-based con-
version coatings [92]. Several cerium-based chemical conversion coating have been
developed and commercialised [99–102].

On the other hand, the trivalent chromium (Cr(III)) processes have been devel-
oped as alternative to hexavalent chromium pre-treatments. The Naval Air Systems
Command (NAVAIR) has developed and patented a range of processes using
trivalent chromium and zirconium fluoride [103]. This process has been approved
according to MIL-PRF-81706/5541 and has been licensed to various parties. These
trivalent chromium conversion coatings have been introduced into the hexavalent
chromium free surface finishes of the US Navy [104–106] and slowly finds it way to
the civil aviation market. There have been many studies on this Trivalent Chromium
Process (TCP). Guo and Frankel studied the conversion layers and the self-healing or
active corrosion inhibition properties of TCP [107, 108]. On the coating surface a
dense layer of 40–120 nm was found. The protective barrier layer provides corrosion
protection by suppression of the oxygen reduction reaction. Moreover, the TCP
coating is able to release chromium from the coating proving self-healing or active
corrosion inhibition properties. No hexavalent chromium has been detected in these
coatings after deposition and corrosion testing [109, 110].

The performance of these new chemical conversion coatings is not at the same
level as the hexavalent chromated conversion coatings. Although, these chromate
free chemical conversion coatings are finding their place in the aerospace industry
and potentially are the new base for the chromate free coatings systems.

12.5.1.2 Anodising

Traditionally, the anti-corrosion performances were achieved by chromic acid
anodizing (CAA), followed by painting. However, environmental issues and
associated costs for the disposal of chromate wastes, require the development of
new approaches for anodizing of aluminium alloys. Phosphoric acid anodising
(PAA) and sulphuric acid anodising (SAA) have been available to the industry but
were not suitable chromate free alternatives to CAA because of degradation of
fatigue life, corrosion resistance, adhesive bonding or paint adhesion. Boric sul-
phuric acid (BSA) and tartaric sulphuric acid (TSA) electrolyte anodising processes
have been developed and introduced as suitable alternatives to CAA for corrosion
protection [111–113]. Phosphoric sulphuric acid (PSA) anodizing is used for
structural bonding. These processes have been optimized balancing 3 criteria:
Adhesion, corrosion resistance and fatigue properties. The new processes provide
anodic film with a similar thickness as the conventional chromate containing
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process and a regular open structure using lower anodizing temperatures, shorter
process times and reduced voltages.

Further research is focused to improve and understand the chromate free ano-
dising processes and their performance even further [114, 115]. Reduction of
energy costs [116] modification of film morphologies [117] Potentiodynamic
anodising is a new tool that allows fundamental and practical investigations of the
anodising process. It is suitable to compare different electrolytes and to determine
the optimum parameters to obtain porous anodic films. These parameters include
current-potential relationship, maximum anodizing potential and current as a
function of electrolyte concentration or temperature [118]. Dichromate sealing
processes are commonly used after the anodising process to improve the corrosion
resistance of the anodic film. Numerous studies were performed to investigate the
effect of the addition of inhibitive species to the anodizing electrolyte or as sealing
process to improve the anodic film or to replace this dichromate-sealing
step. Proposed alternatives are species like cerium nitrate, molybdate, perman-
ganate, phosphates, or hydrophobic carboxylic acids [119–122].

12.5.1.3 Pre-treatments

The need for hexavalent chromate free chemical conversion coatings stimulated the
development of several alternative chromate free pre-treatments. An example of
such an alternative is a sol-gel based pre-treatment. This coating has a specific
formulation of components that provides a sol-gel hybrid network. The formulation
is based on a reactive mixture of an organo-functionalized silane with a stabilized
zirconium complex and forms a covalently bonded film on the metal surface
(Fig. 12.12) and strong and durable bonds with paints adhesives and sealants [123].
The sol-gel pre-treatment does not contain any corrosion inhibitors and has no

Fig. 12.12 Representation of the sol–gel coating structure [125]
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significant “stand-alone” corrosion protection. However, it is compliant to the
aerospace specifications when used in combination with appropriate paint systems.
In 2008, this pre-treatment was introduced to the OEM end-lines for exterior
painting. Since then it was licensed to several parties and is currently used in OEM
and the MRO sector as part of chromated and chromate free coating systems. In
addition to the environmental and health, and safety benefits, “in-service” flight
data demonstrated that the sol-gel pre-treatment reduced the occurrence of “rivet
rash” adhesion failures, which has been a serious issue for many years. The material
can be applied by spray, brush or flooding. This pre-treatment did not only elim-
inate the use of hexavalent chromium in the conversion coating step but, it sim-
plified the application process, reduced drying times, water consumption and, the
time required to paint an aircraft [81, 124].

In addition to the sol-gel technology, other chromate-free pre-treatment tech-
nologies were introduced into the marketplace. These products do not only elimi-
nate hexavalent chromium from the pre-treatment step but as well acid brighteners,
solvents and alkaline washes [126]. These particular pre-treatments clean the sur-
face to be painted and deposit a molecular layer that bonds to the metal. This layer
improves the adhesion of the coating system to the metal, but do not have any
stand-alone corrosion protection. However, they provide an environmentally
friendly alternative to the hexavalent chromate containing chemical conversion
coatings in combination with aerospace qualified coating systems [73, 77].

12.5.2 Developments in Chromate-Free Organic Coatings

The hexavalent chromate-free surface treatments as discussed above provide the
first basis of the corrosion protective scheme. Today, the majority of these envi-
ronmental friendly surface treatments are coated with chromate containing organic
coatings (primers). On the other hand, there is an enormous effort ongoing to find
suitable alternatives for hexavalent chromium in coatings for the aerospace
industry. Many inhibitors were evaluated over the years, however with limited
success [58, 127]. For a long time, the objective was to mimic the activity of
chromates which are very effective in low concentrations and in a wide pH range
[128]. Many inhibitors were identified in electrochemical studies but, often these
were out-performed by the unique properties of hexavalent chromium or they
needed the support of chromated chemical conversion coatings, wash primers or
anodising. The quest has not yet been resolved but, there has been promising
progress in chromate free coatings development and total chromate free coating
systems are being introduced into the market place for exterior painting. With this
achievement, the industry will be able realign its focus to the elimination of hex-
avalent chromium from the structure of the aircraft.
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12.5.2.1 Corrosion Inhibiting Strategies

Multiple corrosion inhibiting strategies have been developed for chromate free
active protective coatings. First, there is the traditional “leaching” process, whereas
a corrosion inhibitor is incorporated in a paint film and moisture dissolves the
corrosion inhibitor and transports it to the damaged area as discussed in
Sect. 12.4.4. Second, there is the mechanism of galvanic inhibition, this inhibiting
strategy is based on sacrificial oxidation (cathodic protection) using metallic par-
ticles which are electrically connected and more anodic (reactive) than the substrate
in the electrochemical series and last, there are the “smart” coating approaches with
inhibition through self-healing properties and on-demand inhibitor release. The
“leaching” and “galvanic” inhibition strategies have been introduced to the market
place [129] and the “smart” coating approaches are still under development.

12.5.2.2 Inhibition Through Leaching

The traditional “leaching” mechanism is the fundament of current aerospace
specifications for active protective coatings in the aerospace industry. The perfor-
mance of hexavalent chromium corrosion inhibiting pigments provided a proven
track record and is currently the benchmark for all new chromate free active pro-
tective coatings. The leaching inhibitors need to provide active corrosion inhibition
when the measures of the corrosion protection scheme are failing (substrate,
pre-treatment, sealant, drainage) and the system is damaged by means of a crack,
drilling hole or, scratch. At this stage, moisture ingresses into the crack or system,
the inhibitor should be dissolved and transported to the damage. Where chromates
were unrivalled for a long time, chromate-free alternatives are being introduced into
the market place.

Leaching inhibitors have to be versatile and it is the question whether it is
possible to find the complete package (like chromates) in a single inhibitor. There
are many chromate-free inhibitors that demonstrate activity but do not perform
when incorporated into a coating due to various reasons like: solubility, efficacy, or
compatibility with the binder system. Therefore the leaching capabilities should be
considered from coating/inhibitor perspective and have adequate solubility and
leaching characteristics, fast and effective formation of an irreversible protective
layer in the damaged area, underneath the coating and, maintain a good coating
integrity (adhesion and barrier function). Many inhibitors have been developed and
investigated in the academic environment but as well in the industry. Many patents
have been filed and published on a range of corrosion inhibiting materials. Several
of them have been introduced to the market place but none of them can be really
considered as the true replacement and alternative to hexavalent chromium. Some
examples are mentioned below.

Most of the inhibitors are based on inorganic materials, among them inhibitors
based on rare earths (cerium and praseodymium), molybdates and vanadates [130,
131]. Praseodymium has received considerable attention. Stoffer et al. claim a
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corrosion inhibiting coating composition based on a rare earth compound (pra-
seodymium oxide) and a neutral to acidic generating extender (Calcium Sulphate)
[132]. Praseodymium oxide (Pr2O3) provides the best protection across a pH range
from 5 to 8. Praseodymium-rich species leach from the coating and precipitate as
hydroxy carbonates in the damaged area near cathodic sites [133]. Pipko and Vitner
developed and claimed compositions of oxyaminophosphate salts of magnesium as
leaching inhibitors. These slow releasing materials were found to form stable
magnesia layers on the metal surface [134, 135]. Yu et al. claimed a
non-carcinogenic corrosion-inhibiting additive comprises an anodic corrosion
inhibitor and/or a cathodic corrosion inhibitor. This leaching inhibitor uses a
molybdate salt as anodic inhibitor, cerium as cathodic inhibitor and citrate as a
metal-complexing compound [136, 137]. Walters and Schneider claim a coatings
composition utilizing nano-sized Magnesium oxide particles as alternative to hex-
avalent chromium [138]. Visser and Hayes propose lithium salts as corrosion
inhibitor for 2024-T3 aluminium alloys [139]. Whereas, organic inhibitors and rare
earth species are active on active copper intermetallic (cathodes) [140], leaching of
lithium species from organic coatings results in the formation of a protective layer
with a characteristic 3 layered morphology on the aluminium in the damaged area
[141]. Boocock used a composition with amorphous zirconium vanadium
oxide/hydroxide for the protection of high strength aluminium alloys [142], and
Becker et al. proposed a coatings composition containing a corrosion inhibitor and
at least one quaternary ammonium compound [143].

In addition to the inorganic inhibitors, there are many organic inhibitors that are
and have been investigated. Harvey et al. investigated the effect of the inhibitor
structure on the corrosion of AA2024-T3 and AA7075-T6 and found good inhibitor
efficiencies for most of these well-known “copper” inhibitors, Among them
Benzotriazole, 2-mercaptothiazole, dithiocarbamates, dimercapto thiadiazoles [144].
Sinko designed different hybrid organic-inorganic corrosion-inhibiting micro com-
posite pigment grades that contain 2, 5 dimercapto-1, 3, 4-thiadiazole, zinc oxide,
zinc phosphate and zinc cyanimide [145–147]. Furthermore, together with Kendig,
Sinko proposed a guest–host pigment (hydrotalcite based) that can be loaded with an
organic inhibitor [148, 149]. Hayes et al. proposed a pigment comprising a neu-
tralized metal salt of a corrosion inhibiting organic anion, wherein 2.5 % by weight
aqueous mixture of the dry salts has a pH above 6 and below 8 [150].

Other researchers have tried to find viable alternatives for hexavalent chromium
combining the best of both inorganic and organic inhibitors. Examples are cerium
salts of organic inhibitors cerium cinnamate [151], cerium dibutylphosphate [152,
153] and cerium or praseodymium mercapto acetate [154].

12.5.2.3 Galvanic Inhibition

Cathodic protection or galvanic inhibition is a method that is extensively used for
the protection of steel structures. The protection is based on a sacrificial mechanism.
In the case of steel, zinc (Zn) is used because it is more reactive (anodic) compared
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to Iron (Fe), which is the main constituent of steel in the electrochemical series.
Using this principle metal rich coatings have been developed for the protection of
the aluminium structures of aircraft.

There are some basic principles that need to be taken into account to provide
cathodic protection. The coatings are composed of organic or inorganic film
forming resins and are pigmented with particulate metal particles in either spherical
or flake form. The metallic particle selected must be must be more anodic compared
to the metal/substrate that needs to be protected. As already mentioned, for steel this
is most commonly zinc. The pigment volume concentration (PVC) of the metal
particles in the coating needs to be close to or exceed the critical pigment volume
concentration (CPVC) enabling mutual contact between the particles and the
underlying substrate. The resin matrix of the coating must be able to withstand the
alkaline environment created by the oxidation of the metal pigment. Good adhesion
to the substrate under corroding conditions is another essential parameter. In order
to preserve the inhibitive capacity, the sacrificial primer needs to be covered by a
topcoat ensuring good barrier for the structure to the environment and protection in
case of damage [155].

In 2004, Nanna and Bierwagen proposed Magnesium-Rich Primer technology
(MgRP) as a new paradigm for chromium free corrosion protection for aerospace
aluminium alloys [156, 157]. This was an entirely different approach compared to
the traditional chromated “leaching” technology. Aluminium is at the bottom of the
galvanic series, and magnesium has an even more positive potential [158]. Therefore
magnesium can act as a sacrificial metal for the protection of aluminium alloys. The
magnesium rich coating has the same features as a zinc rich primer. The magnesium
particles are connected to each other and the metal substrate (Fig. 12.13) [159].
Therefore the primer is loaded with magnesium particles to a level close to the

Fig. 12.13 Cross-section micrograph of Mg-rich primer on aluminium alloy substrate [160]
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critical pigment volume concentration (CPVC). When the MgRP is applied over
aluminium alloys, the steady state potentials (OCP) are corresponding to the
potential of the galvanic couple of the substrate and magnesium (Fig. 12.14).
Magnesium polarizes the system cathodically, shifting the system potential below
the pitting corrosion potential. This polarization prevents pit nucleation at exposed
or damaged areas or inhibits pit growth for nucleated pits. In addition to this elec-
trochemical protection, a precipitation effect has been postulated due to precipitation
of magnesium oxides in damaged areas [160]. The technology was licensed and
developed to a mature product that meets aerospace specifications and is currently
used in the aerospace industry [161, 162]. Research on this inhibitor continued,
addition of metal salts (Li2CO3 and Mg(NO3)2) enabled the reduction of Magnesium
metal in the coating while improving the overall corrosion protection [163].

Similar approaches with different alloys have been investigated since the
introduction of the magnesium rich technology. Xu et al. [164] evaluated magne-
sium alloys to understand the effects of particle shape, particle size, particle size
distribution, and metal alloy chemical composition whereas, Plageman et al. [165]
investigated the effect of spherical zinc and zinc alloys to use the benefits of both
zinc and magnesium by alloying. Magnesium would still provide cathodic pro-
tection, whereas the zinc would provide a lower reactivity of the particle. In
addition, the zinc magnesium particles would lead to more voluminous corrosion
products and a densification within the coating and improving the barrier properties
of the coating. The alloy with 74 % zinc and 26 % magnesium demonstrated to be
effective in accelerated corrosion testing. Thin film zinc rich primers (10–20 μm)
were successfully tested on laboratory scale and by flight trials [166].

12.5.2.4 Smart and Self-healing Coating Technologies

Self-healing and smart coatings have become a growing and important concept for
coatings for the protection of metals and alloys. One of the strategies is to detect

Fig. 12.14 Open circuit
potential of the bare
substrates, of the
magnesium-rich primer
coated substrates and of
magnesium, in 0.1 % NaCl
[160]
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and heal damage in a coating and to recover the initial functionality of the coating
system. Since this pioneering work of White et al. [167], self-healing or smart
coatings discipline took a flight and resulted in a rapid increase of approaches. The
main self-healing strategies are aesthetics and barrier recovery (gap filling) and
active corrosion inhibition [168]. The strategies include the release of liquid reac-
tive healing agents from capsules due to a mechanical damage, expansive phases,
flow and reflow of material followed by a chemical reaction or restoration of
physical bonds. The other approach is the release corrosion inhibitors or surface
reactive compounds from microcapsules. Inhibitor release from these capsules can
be triggered by mechanical damage, diffusion, ion exchange or change of pH. In
2011 Zheludkevich provided a comprehensive review of these smart and self
healing technologies [169]. Since then, new approaches have been proposed. Garcia
et al. proposed a self-healing concept based on an encapsulated water reactive silyl
ester that is based on wetting and a reaction with ambient humidity and the metallic
surface and it finally forms a hydrophobic layer to extend corrosion protection
[170]. Other micro-capsule approaches have been proposed including: inhibitor
impregnated CaCO3 micro beads [171], TiO2 nano-containers loaded with
8-hydroxyquinoline [172], Silica nano-containers with a regular shape and diameter
between 100 and 150 nm loaded with 2-mercaptobenzothiazole [173], EDTA
loaded layered double hydroxides [174], and Cerium and diethyldithiocarbamate
(DEDTC) double doped zeolites [175]. Also some patents have been filed to claim
the use of such strategies for the protection of aluminium structures for aerospace
applications. Gammel et al. propose a coating with embedded micro-capsules
containing 2-mercaptobenothiazole [176]. Barbe et al. claim a coating composition
that comprises ceramic particles with a releasable active material homogeneously
distributed in each particle [177].

Another approach is the use of conducting polymers. Tallman et al. reported
corrosion protective properties of conductive polymer coatings [178, 179]. Most of
the investigated conductive polymers are based on polyaniline (Pani). The galvanic
interaction between the oxidized and conducting form of Pani, the emeraldine salt
(ES) and the aluminium substrate leads to positive polarization of the aluminium
substrate and the reduction of Pani ES to the leucoemeraldine base (EB) of Pani and
the release of a dopant anion [180]. The dopant can play a role in the corrosion
protection due to the formation of a metal-dopant interface, Kendig et al. proposed
to dope Pani ES with specific anions that could work as cathodic inhibitors and
reduce the oxygen reduction reaction at copper-rich intermetallic particles [181,
182]. However the exact protective mechanism for aluminium alloys has not been
resolved yet [183, 184]. Concepts of such ‘smart’ conductive coating have been
developed by Kinlen and Kendig et al. [185, 186], and the first field testing studies,
as an alternative to chromated chemical conversion coatings, have been reported
[187].

Both the self-healing and conductive coating approaches are still under devel-
opment and do not provide the industry with a drop-in alternative for hexavalent
chromium, however the knowledge that is generated from this work can provide
future tools for chromate free corrosion protection of aircraft structures.
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12.5.2.5 Alternative Coating Techniques

The aerospace industry has been rather conservative in terms of accepting alter-
native coating technologies. The coating systems have been improved incremen-
tally over the years and no real new coatings concepts have been introduced.
However, with the current demands of the industry in terms of productivity and
environmental impact, alternative coating techniques can be considered. Examples
of such alternative coating techniques are electro-deposition paints, powder coat-
ings and UV-curable coatings.

Electro-deposition primers are widely used in the automotive industry. However,
it was not introduced in the aerospace industry because of bath stability issues,
coating thickness, high curing temperature and large capital investment. Recent
developments make it possible to coat small parts with a chromate-free electro
deposition process [188]. In this efficient coating process, an electrical field is
applied and water dispersed paint particles will be negatively charged and move to
the anode. When the surface is coated, the part will be rinsed and thermally cured.
Introduction of this technology will increase transfer efficiency and reduce over
spray and solvent emissions, waste, and improved layer thickness control. The
technology is based on anaphoretic paint deposition, which cures below 120 °C. An
Electro-deposition coating provides anodisation and coating application in the same
step. An interfacial oxide layer is formed during the anaphoretic paint deposition
[189]. The oxide layer is composed of a dense sub-layer on the substrate with oxide
filaments interpenetrating in the coating with a film thickness of 20 μm. The
technology is being introduced to the aerospace industry [190].

Since the early 1980’s there have been developments on powder coatings for
aerospace applications [191]. This technology would eliminate solvent emissions,
hazardous air pollutants, and reduce waste. In addition, it can provide improved
efficiency due to faster curing, eliminate pot life issues, and increased transfer
efficiency. The main issue of powder coatings has been the high temperatures
needed to get a full cure of the system. These high curing temperatures, 220 °C and
higher, might affect the strength of the aluminium alloy. Research has resulted in
low temperature and UV curable approaches, but the technology is not widely used
in the industry [192, 193].

Ultraviolet (UV) curing is the other alternative technology that can be used in
coatings. These coatings can be formulated as 100 % solids, without the use of
VOC and hazardous air pollutants and can be polymerized, cross-linked in a matter
of seconds and provide films that are decorative and functional. The UV curing
mechanism is a photo-chemical process by which a liquid coating is completely
cross-linked to solid polymer through exposure to UV radiation without the need
for isocyanate cross-linking agents. There are two classes of UV-curing technology,
based on the nature of photo-initiators and resin chemistry: free radical (mostly
acrylate) and cationic (epoxy). Acrylate self-priming topcoat approaches were
proposed for the protection of aerospace aluminium alloys. Although the approach
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was over chromated conversion coatings, energy savings and solvent emission
reductions were additional benefits to the reduction of chromates in the total paint
system [194, 195]. Moreau et al. designed UV-curable hybrid sol-gel formulations
based on both organic and inorganic photo polymerization [196]. This process is
based on the liberation of photo acids by the UV decomposition of an iodonium
salt. This triggers simultaneously the sol-gel process and epoxy cationic polymer-
ization [197]. The one-step UV-curing process hybrid sol-gel coatings can provide
high corrosion resistance on metallic substrates and protection of composites.

12.5.3 New Approaches Towards Chromate Free Coatings
Technology

Chromate-free coating technology is evolving rapidly. Over the years, many inhi-
bitors have been tested. However, corrosion testing is one of the bottlenecks in the
coating development process. There is a need for faster and more accurate screening
of new chromate-free candidates. Inhibitors need to be tested for synergistic per-
formance or activity over a wide pH range. In addition to this, chromate-free
corrosion inhibiting coating technologies became better and therefore it becomes
more difficult to discriminate between the current technologies and possible
improvements, resulting in longer testing. Evaluation of corrosion results is still
rather old fashioned and difficult to obtain absolute numbers. High throughput
experimentation and imaging techniques are two examples of tools that can be used
to accelerate the development of new chromate-free inhibiting technology.

12.5.3.1 High-Throughput Experimentation

Corrosion performance has been historically evaluated using electrochemical
techniques, accelerated corrosion testing, or even outdoor exposure. These methods
require testing times ranging from hours to years. Advances in material science
have broadened in the scope for the discovery of new corrosion inhibitors. Recent
developments consider the combination of two or more inhibitor technologies (i.e.
anodic and cathodic inhibitors) to obtain multifunctional or synergistic performance
[198, 199]. There has been a considerable effort to develop high throughput
experimentation techniques to increase the rate of new inhibitor screening and to
find combinations for synergistic and antagonistic effects. High-throughput com-
bination and electrochemical characterization have provided new tools for the
exploration and understanding of new corrosion inhibitors. Chambers et al.
investigated the inhibition characteristics of 50 different chemistries within 9 hours
using a direct current (DC) polarization between two AA2024-T3 wire electrodes
and a multiple—electrode-testing system [200]. Garcia et al. used a multi-metal
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electrode set-up to identify inhibitor efficacy to different metals simultaneously
[201, 202]. White et al. designed a multi-channel array for screening aqueous
corrosion inhibitors on aluminium AA2024-T3. This method allows solutions to
flow over the surface of the alloy. Inhibitor efficiency can be compared visually and
quantitatively via solution analyses [203]. Another approach of White et al. is the
use of a multi-well plate that can be filled with a range of solutions and the inhibitor
performance is quantified with a computerized optical analysis method [204].
Further high throughput techniques are summarized in a review of Muster et al.
[205].

12.5.3.2 Imaging Techniques for Corrosion Evaluation

Quantification of corrosion during and after corrosion testing is another issue in
corrosion research. Today, corrosion evaluation of coated panels for specification
testing is still a visual process which is supported by a ruler and a camera to capture
a value for the maximum corrosion, creep or undercutting from the scribe edge and
sometimes corrosion density. Many specifications have only maximum creep from
scribe requirements. In addition, corrosion progresses after testing which makes
storage of specimen after corrosion testing for future reference more or less useless.
Imaging techniques have been proposed to improve the quantification of corrosion
during and after corrosion testing [206, 207]. The quantification of corrosion is
potentially valuable because it provides researches with absolute numbers, which
can be used to discriminate between different inhibitor technologies. Corrosion is
dissipating over a certain area and hence using maximum creep values does not
provide a realistic value for the degree of corrosion. Imaging has been used for the
analysis of coatings with different corrosion inhibitors during the filiform corrosion
test, large differences are obvious and can be easily observed. On the other hand,
the other systems perform alike according the longest filament evaluation.
However, the filiform analysis (Fig. 12.15) method can analyse data over a larger

Fig. 12.15 Imaging of filiform corrosion [207]
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area, and it provides absolute values that potentially can be used for corrosion rate
or corrosion kinetics calculations [207]. Evaluation of the total corrosion area
provides a different perspective and makes it easier to discriminate the systems that
perform better and have a lower corrosion rate.

Another challenge for the engineers that develop or qualify new corrosion
inhibiting systems is the evaluation of panels that have been exposed to salt spray
exposure (ASTM B-117). It is very complicated to assign absolute numbers to these
panels. Moreover, the time to discriminate between better performing technologies
is increasing and limits fast developments. A method has been developed to
evaluate the degree of pitting corrosion during and after accelerated corrosion
testing. The method involves a surface roughness measurement of the exposed
damaged area with the use of white light interferometry (Fig. 12.16). Especially on
AA2024-T3, the method demonstrated the ability to monitor the increase of the
surface roughness of the damaged area (scribe) due to corrosion phenomena at the
early stages of exposure and after longer-term exposure to the corrosive environ-
ment [206, 208].

With the use of imaging software it is possible to quantify the surface roughness
of the area, increase in surface area, and the amount of areas or pits deeper than a
certain threshold value. These values can be related to a degree of pitting [208]. The
technique enables the determination and quantification of the performance of cor-
rosion inhibiting technologies before the human eye is able to detect the differences,
and support engineers to make decisions based on values rather than opinions.
A practical example can be found in Fig. 12.17. This figure compares three
chromate-free coatings and a chromated coating. It shows that the surface rough-
ness and degree (%) of pitting corrosion are closely related and that both new
chromate free coatings are demonstrating good corrosion protection with a low
degree of pitting like the traditional chromated coating.

Fig. 12.16 White light interferometry analysis before (a) and after (b) neutral salt spray (ASTM
B117) exposure reveals the change in surface roughness due to pitting corrosion on
AA2024-T3 [208]
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12.6 Remaining Challenges for Chromate Replacement

The replacement and elimination of hexavalent chromium based processes and
inhibitors is an enormous challenge for the aerospace industry. The corrosion control
requirements in the aerospace industry have been developed and are based on the
performance of hexavalent chromium (chromates). All designs, specifications,
testing data and in-service experience are based on this versatile and unique inhibitor.
The track record of chromates is impressive. However, legislative pressure pushes
the industry to look for suitable alternatives for this unique material. A tremendous
amount work is ongoing and over recent years, the progress has provided the
industry with a number chromate free options for pre-treatments, and coatings.
Despite this progress, there are still many challenges for the industry. Processes and
mechanisms need to be reviewed or reconsidered and possibly changed to provide
the industry with the confidence to eliminate hexavalent chromium. Chromate-free
coating technology evolved and chromate-free systems are being qualified at the
major aircraft manufacturers for external applications. Nevertheless, it is clear that
the current efforts did not result in the perfect replacement and a lot of work is needed
to provide confidence to apply these systems.

Fig. 12.17 Relation between surface roughness and pitting area for various corrosion inhibiting
coating technologies after 3000 h. neutral salt spray (ASTM B-117) exposure [208]
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Multiple chromate free alternative processes have been introduced to the
industry [80, 106]. Especially on pre-treatment level, alternative solutions were
introduced but still to be used in combination with chromated coating systems
Therefore, many challenges have to be overcome before hexavalent chromium and
chromates can be eliminated from the aerospace industry. These challenges are:

• Technical performance
• Processes and requirements
• Industry confidence
• Service life prediction

First, the primary challenge is to find suitable alternative inhibitors and coating
systems that demonstrate an equal or better technical performance compared to the
hexavalent chromium. The superior inhibiting efficiency and versatile behaviour of
chromates and hexavalent chromium materials make it very difficult to replace it by
a single drop-in material. Chromate inhibition mechanisms have been studied [20],
but mimicking chromates has not been very successful and possibly new approa-
ches are necessary to provide a similar protection. Nevertheless, in recent years
many inhibitors were identified and tested extensively. Some are promising can-
didates and some are very close to the performance of chromates in accelerated
corrosion tests. However, the performance in service is still unclear.

The second challenge concerns the processes and requirements of the aerospace
industry. Hexavalent chromium is the primary corrosion control material. It is
embedded in all parts in aerospace industry, from the smallest clip to the largest
stringer, fasteners and sealants, coatings and pre-treatments. Chromate containing
products processes are specified by material specifications for new aircraft but as
well in the maintenance manuals of legacy aircraft currently in service. The
replacement of chromates will be a long process with many hurdles.

Industry confidence is the third challenge. First of all, is the performance of the
new chromate free technologies and the confidence of the industry sufficient enough
to make a switch to total chromate free aircraft when legislation and regulations ban
the use of these carcinogenic materials. Today, alternative solutions have been
introduced, these solutions passed the material specification requirements but still
are not as good or robust as chromated technology. When these individual qualified
materials are introduced in a system, it is possible that the total system does not
always meet the requirements. The laboratory performance of new systems is
known, but the in-service behaviour and performance is unknown. Therefore, new
chromate-free systems need to be tested extensively to provide confidence to the
aerospace engineers to justify a switch to chromate-free coating technology.

The final challenge is service-life prediction. Chromated systems have a proven
track record of more than 50 years within the aerospace industry. The protection of
aircraft structure has been ensured for more than 30 years. With the introduction of
the chromate-free technology it is a brand new story. Developments demonstrate
that it is possible to meet the aerospace specification requirements. However, it
remains unclear how the system behaves under in-service conditions. The challenge
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is how to predict the long-term performance of a new chrome-free coating system
so it protects the aircraft structure for more than 30 years. Reduced performance
will lead to higher maintenance and depreciation costs.

12.7 Summary and Conclusion

Aviation is an integral part of society of today. Air travel is increasing and the
number of aircraft is expected to double over the coming 20 years. Aircraft have very
complex designs with a variety of metals and composite materials. With an expected
service- life of about 30 years and the harsh operating environment with many flight
cycles makes fatigue properties and corrosion protection important concerns.

Aluminium is the predominant construction material for aircraft. Especially,
AA2024-T3 andAA7075-T3 are commonly used because of their favourable strength
to weight ratio. However, these alloys are susceptible to various types of corrosion.
Corrosion control is a key element next to efficient and environmental sustainable
operations Coatings and surface treatments is one of the critical factors in the corro-
sion protection scheme to ensure the long- term protection of the aircraft structure.

Aerospace coatings are used on all types of commercial and military aircraft as
protective and decorative finishes. These coatings are designed and formulated to
withstand challenging aerospace operating conditions. The requirements and
properties for aerospace coatings are controlled by specifications. There are three
categories of aerospace coatings: structural systems, exterior systems and special
purpose systems. They are usually applied with hand-held spray equipment and
cured at ambient conditions.

Current aerospace coating systems are mainly based on a pre-treatment (e.g.
chemical conversion coating or anodising) on the aluminium alloy, a corrosion
inhibiting epoxy-amine primer, and a protective or decorative polyurethane topcoat.
Hexavalent chromium compounds are widely used in these aerospace coatings and
pre-treatments, these materials exhibit excellent anticorrosive properties and pro-
vided the foundation of the corrosion protection of today’s aircraft structures.

The industry has been using hexavalent chromium inhibition since the intro-
duction of the aluminium aircrafts. However, health issues and new legislations and
regulations are putting pressure on the industry to find sustainable alternatives to
replace hexavalent chromium compounds. Already since the 1980’s fundamental
and applied research has been searching for alternatives and resolving the inhibition
mechanism of hexavalent chromium. The quest for chromate-free coatings systems
that provides corrosion protection better than or equal to the chromated technology
has resulted in a range of chromate-free pre-treatments and coating systems. Several
of them have been qualified and introduced into the market place. The research also
provided new inhibition strategies like: cathodic protection, conductive polymers,
self-healing approaches, high throughput technologies, and advanced corrosion
assessment tools.
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Despite the availability of these chromate-free materials and systems, it can be
stated that there is no direct replacement for hexavalent chromium available to date.
Therefore, research continues to meet the technical performance of chromated
technology and to overcome the challenges associated chromate-free inhibition
systems for aerospace coatings and to provide the confidence to the industry to
introduce the chromate-free alternatives and eliminate hexavalent chromium com-
pounds from the industry.
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Chapter 13
Automotive Coatings

Mark Nichols and Janice Tardiff

Modern automotive coating systems are purposefully designed to provide long-term
corrosion protection and aesthetic enhancement to vehicle bodies. The pretreatment
(conversion coating) and the electrodeposition coating provide corrosion protection
by forming a strong bond with the underlying metal and preventing ion and water
transport to the metal surface, while the primer, basecoat and clearcoat provide stone
chip resistance, color, and long-term gloss retention. Future enhancements to auto-
motive paint systems could provide additional functionality including active corro-
sion protection. Further process and quality improvements may be found through the
reduction of VOCs, and a reduction in energy usage through the lowering of bake
temperatures or a reduction in the number of application steps.

13.1 Introduction

Automotive coatings play a key role in both the aesthetic and functional perfor-
mance of a vehicle. From a vehicle owner’s standpoint, a vehicle’s paint serves to
enhance its visual appeal, through its color and high gloss appearance. From an
automotive OEM’s perspective, the paint system serves to entice customers to buy
the vehicle, but additionally, the paint system protects the underlying body structure
from environmental degradation caused by weather, de-icing salts, water, stones,
and environmental fallout [1].

A typical, modern automotive paint system is shown in cross section in
Fig. 13.1. The multilayer system is applied in a series of painting steps, with each
layer serving specific purposes. The process by which the paint is applied, the
chemistry of each layer, and their functional properties are detailed below.
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13.2 Automotive Paint Application and Materials

13.2.1 Pretreatment

The first coating layer applied to an automotive body is the pretreatment.
Traditionally, this layer has been a tri-cationic (zinc, nickel, manganese) phosphate
coating on metallic surfaces, which serves to improve the adhesion between the
metal substrate and the organic layers that are subsequently applied. This strong
adhesive bond also acts to improve the corrosion resistance of the coating system by
preventing ionic species from penetrating to the substrate.

Zinc phosphate is applied in a series of steps that begin with the cleaning of the
vehicle body. The steps are a mixture of immersions and sprays, depending on the
details of each assembly plant. A representative layout of the assembly plant pre-
treatment system is shown in Fig. 13.2. Cleaning of the metal surface is necessary

Fig. 13.1 Cross-section of an automotive paint system

Fig. 13.2 Representative automotive plant pretreatment system layout
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to remove lubricants that are used in the stamping process, as well as dirt and
manufacturing debris such as weld balls. These contaminants, if left on the surface,
can prevent good adhesion of the deposited zinc phosphate to the metallic surface.
In automotive applications, an alkaline cleaner is typically used. The alkaline
cleaner is generally composed of a builder, such as sodium or potassium hydroxide,
and a surfactant.

The cleaning step is followed by water rinsing, which is then followed by a
conditioning step. Typically the conditioning step is an aqueous mixture of tita-
nium salts that deposit onto the metallic surface and provide nucleation sites for
the zinc phosphate. A more recent alternative to the titanium salts is the use of a
sparse layer of zinc phosphate to provide nucleation sites for the full zinc phos-
phate coating.

The zinc phosphate bath applies the zinc phosphate coating on the surface.
When the zinc phosphate solution is exposed to the prepared metallic surface, acid
in the bath etches the metallic surface, using up hydronium ions in the acidic
solution. As a result, water and hydrogen gas evolve from the solution, causing a
pH increase at the interface of the solution and the metal. The pH increase causes
the insoluble zinc phosphate crystals to deposit on the nucleation sites. It is
necessary to build a multi-layer crystalline coating to ensure adequate protection
of the metallic surface.

A scanning electron micrograph of a zinc phosphate coating is shown in
Fig. 13.3. The small interlocking crystals are typical of a high quality coating. The
final step in the zinc phosphating process is a sealer, which acts to close the pores
between the zinc phosphate crystals and enhance corrosion performance. This
sealer is typically a zirconium oxide based material which deposits from an aqueous
solution as a thin (*50 nm) coating on top of the zinc phosphate.

Fig. 13.3 Zinc phosphate on
galvanized steel
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13.2.2 Electrocoat

The electrocoat (e-coat) layer is applied on top of the pretreatment layer. The e-coat’s
primary function is to provide outstanding corrosion protection to the underlying
metallic substrate. It does this by forming a tight adhesive bond with the pretreatment
and by suppressing the transport of ionic species to the substrate [2].

The electrocoat is applied via a cathodic deposition process in a large bath. The
vehicle acts as the cathode and anodes are positioned along the sides and bottom of
the electrocoat tank. The process is run between 200 and 275 V with a vehicle
residence time of approximately 3 min in the bath. The electrocoat solution is a
water based material that contains paint resin and pigments. The paint particles are
positively charged and migrate to the cathode. At the cathode (the vehicle) water in
the solution is reduced, resulting in hydrogen evolution and hydroxyl formation [3].

2H2Oþ 2e� ! H2 þ 2OH�

The hydroxyl ions neutralize the charged paint particles and the particles pre-
cipitate onto the surface of the vehicle. As the paint particles build up on the
cathode surface, the resistance of the paint film increases and deposition on the
surface slows. Nearby unpainted surfaces will then be coated since the surface
resistivity on these surfaces is lower than on the painted surface. This process
continues while the vehicle remains in the electrocoat bath, with exterior locations
coated first, followed by interior locations, and finally recessed cavities of the
vehicle body. The efficiency of the process of coating all surfaces of the vehicle
body is termed the throw power of the electrocoat material [3].

A challenge in the electrocoating process is to adequately coat all exterior and
interior surfaces of the vehicle body. Electrodeposition is dependent on both paint
material contact with the surface and the availability of electric current. The exterior
surface of a vehicle body sees both the material and current, but there are many
locations on a vehicle body that are not in the sight line of the anodes. Deposition of
electrocoat in these recessed locations is dependent on access of the electric field.
An example of the behavior of the electric field in recessed locations is shown in
Fig. 13.4.

The thickness of the deposited film varies as a function of the applied voltage,
the bath temperature, and the resin concentration in solution. Evidence indicates
that the coagulated material deposits in such a way that creates pores within the
deposited material. By varying the electrocoat bath parameters, the size of the pores
can be reduced to create a more compact coating that is more resistant to the
diffusion of water, salts, and other contaminants to the metal or pretreated surface. If
these contaminants reach the metal-coating interface, they can adversely affect the
adhesion and corrosion performance of the paint system [3].

There are multiple rinse steps following the electrocoat deposition process,
primarily to remove excess coagulated resin material that has not fully deposited
onto the surface as a film. The intent is for all electrocoated surfaces to be uniformly
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smooth, regardless of differences in the material of construction on exterior parts of
the vehicle.

After the rinse steps the vehicle body enters an oven to crosslink the coating.
Modern cathodic electrocoat is formed from an epoxy polymer crosslinked by
blocked isocyanates. Because of the aromatic nature of the backbone and cross-
links, the electrocoat is highly photolabile and must be protected from UV and short
wavelength visible light by the paint layers on top of it. Failure to do so can result in
catastrophic delamination of the paint system. The electrocoat is generally lightly
pigmented, but contains little in the way of corrosion inhibiting pigments. The
process is highly efficient with less than 5 % of the electrocoat wasted during the
process.

13.2.3 Primer

After the electrocoat is cured the primer is electrostatically applied in a spray booth.
During this process the paint is atomized and applied to a thickness of approximately
25 μm onto the vehicle surface using rotary electrostatic atomizers or electrostatic
spray guns. While the pretreatment and electrocoat layers are applied to the entire
vehicle body, primer, basecoat, and clearcoat are applied only to exterior surfaces
and select high visibility interior locations such as under hood and door openings.
All substrates that are used on a vehicle body, both metallic and non-metallic, are
coated with primer.

Fig. 13.4 Electric current trajectories on the exterior surface compared to the current within a thin
gap immersed in the electrocoat bath
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The voltage used to apply the primer material at the applicator can vary
depending on the material and the application conditions, but generally is 60–80 kV.
To keep the atomized paint directed at the target (the vehicle body), shaping air is
used. A goal in electrostatic painting is to direct the majority of the paint onto the
target with minimal losses to the environment. The transfer efficiency is a measure of
the amount of paint that reaches the target compared to the amount of paint that was
sprayed. A good transfer efficiency is greater than 80 % but most modern automotive
paint applicators provide transfer efficiencies in excess of 85 %.

Although new application processes are being utilized that reduce energy usage
in the paint application facilities, the standard practice to date has been to cure the
primer layer in an oven after application. As with the electrocoat oven, the primer
oven crosslinks the deposited material and provides a smooth and uniform surface
for further paint application.

The primer layer serves many functions in an automotive paint system. As
mentioned earlier, it must protect the underlying electrocoat from damaging light,
thus it is typically highly pigmented and hides very well. The primer also plays a
primary role in smoothing the surface of the e-coat to ensure a smooth topcoat
appearance. Both the e-coat and substrate metal can display objectionable surface
roughness. This roughness must be mitigated to ensure a superior paint system
appearance. By bridging and filling the valleys between surface features, the primer
reduces the surface texture. In addition, the primer also plays a substantial role in
the chip resistance of a paint system. The high speed impact of rocks and stones
produced by other vehicles can be extremely damaging to a paint system.
A significant amount of energy, concentrated in a small area, must be dissipated by
the paint system during a very short impact event. The primer serves to absorb this
energy and prevent delamination and cracking of the paint system due to stone
impact [4, 5]. Modern automotive primers are typically formulated from acrylic or
polyester polymers crosslinked with alkoxylated melamine or from polyurethanes
and can be either solventborne, waterborne or powder based. Often primers are
“color-keyed” with the subsequently applied basecoats. This means that the color of
primer sprayed on a vehicle is matched to the color of basecoat that will subse-
quently be applied. Thus, the amount of basecoat required to achieve hiding is
minimized and the visual impact of stones chips is reduced.

13.2.4 Basecoat and Clearcoat

After primer application and cure, the topcoat, which includes the basecoat and
clearcoat layers, is applied. As with the primer, the paint is atomized using rotary
electrostatic atomizers or electrostatic spray guns. Basecoat and clearcoat are
applied sequentially without a baking step in between the application steps. The
time between the basecoat and clearcoat application allows the solvents used in the
paint to evaporate. This prevents the clearcoat from striking into the basecoat,
which can cause appearance issues by altering the flake orientation in the basecoat.

378 M. Nichols and J. Tardiff



Changes in flake orientation cause light to be reflected in a non-uniform manner,
resulting in an unsatisfactory appearance for the consumer.

The basecoat is the color coat and is applied to a thickness that provides uniform
color across the surface while hiding the underlying primer—usually to a thickness
of 10–20 μm, depending on the color. Clearcoat is used to protect the color of the
vehicle and to provide a glossy surface. The clearcoat is usually applied to a
thickness of 40–50 μm. As with the primer, the basecoat and clearcoat are sprayed
at voltages of 60–80 kV, with shaping air used to direct the atomized particles to the
target. After the basecoat and clearcoat application process, the vehicle body is
again baked to crosslink the coating system.

The basecoat is the most expensive layer in the automotive paint system and
provides the vibrant array of colors that are available to vehicle buyers. The brilliant
colors are the result of a mixture of many high performance pigments and effect
flakes encapsulated in the basecoat binder. Basecoats binders are formulated from
either acrylic or polyester polymers crosslinked with melamine. Environmental
regulations have forced the solids levels in basecoats to continually rise. This had
led to both high solids solvent borne basecoats and waterborne basecoats displacing
low and medium solids solvent borne basecoats in much of the world. It should be
noted that waterborne basecoats still contain appreciable levels of volatile organic
compounds (VOCs).

The metallic or sparkle effects seen in many basecoats are the result of light
reflecting off of the small flakes of aluminum or mica that are dispersed in the
basecoat. The alignment of these flakes parallel to the surface of the coating is
critical to achieving excellent appearance and high “travel” (the difference in
lightness of the coating when viewed from different angles) of the coating
(Fig. 13.5). Alignment of the flakes is achieved by various mechanisms including
deformation of the paint droplets on impact with the vehicle, rheology control
additives in the paint, and shrinkage of the paint film as VOCs evaporate from the

Fig. 13.5 Upper—Light rays incident upon a silver basecoat surface reflect off of flakes in both a
specular and diffuse manner. Specular reflections give rise to metallic sparkle and increase the
head-on brightness of the color. Lower—Top down SEM view of a silver metallic automotive
basecoat. Note that flakes are nominally aligned with the surface of the coating
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wet film [6]. The strive for higher solids has challenged paint formulators to
maintain good metallic appearance. In addition to the effect flakes, the pigments in
modern basecoats are typically high performance transparent organic pigments
(perylenes, quinacridones, …) and inorganic pigments (TiO2, carbon black, iron
oxides…). These pigments must be highly UV and thermally stable to ensure
minimal color fade during the lifetime of a vehicle.

The clearcoat, the uppermost layer in the automotive paint system, functions to
maintain the high gloss appearance of the vehicle for many years. It must be able to
withstand the severe environmental pressures that a vehicle is exposed to such as
UV radiation, temperature, environmental fallout (acid rain and industrial pollu-
tants), mechanical deformation and water. Only the most durable polyurethanes or
acrylics functionalized with hydroxyl, carbamate, or epoxy groups are suitable for
use. These resins are crosslinked with melamine or aliphatic isocyanates. To
enhance their durability and meet 10+ year life requirements, all clearcoats are
formulated with ultraviolet light absorbers (UVAs) and hindered amine light sta-
bilizers (HALS). The stabilizer additives inhibit and reduce the rate of photooxi-
dation induced by UV radiation. The UVA also acts to screen the underlying
basecoat layer from UV light, thereby enhancing the basecoat’s longevity [7].

In addition to UV durability, the clearcoat must protect against mechanical
stresses from stone impact and scratch events. Keys, tree branches, fingernails and
other asperities are often abraded across the surface of the clearcoat during a
vehicle’s life. Its ability to resist plastic deformation and fracture is key to mini-
mizing the visual appearance of these scratches [8].

13.2.5 Compact Paint Processes

To reduce the footprint and operational costs of vehicle painting, automotive OEMs
have begun to implement “compact painting” processes. In general, compact
painting processes eliminate the stand alone primer booth and oven. Instead, the
primer is applied as the first step in the basecoat/clearcoat booth. Thus, compact
painting necessitates the application of three wet layers on top of each other and the
subsequent co-cure of those layers. The elimination of the primer booth and oven
reduces the energy consumption by *15 %, the effective CO2 emissions by
*15 %, and the VOCs released by *10 % [9]. To-date, compact paint processes
have been deployed in medium solids solventborne, high solids solventborne, and
waterborne coatings. These processes go by various names and are sometimes
referred to as “primerless” when the primer layer is replaced by a layer that more
closely resembles the basecoat layer. In all compact processes, film build control is
critical to maintain opacity at low film builds (to protect the electrocoat) and on the
high end to avoid pops and sags.

380 M. Nichols and J. Tardiff



13.3 Future Technologies Needs

As one looks to the future of automotive painting, three underlying themes will
drive most of the innovation: reduced costs, lower environmental footprint, and
increased functionality. The first theme, reduced costs, will likely result in the
continued roll-out of compact painting processes in all assembly plants where it is
feasible. The economic and environmental benefits are too compelling to reverse
this trend. There is relatively little that can be done to lower the cost of raw
materials and the coating layers themselves. Because of stringent performance
criteria, the pigments and binders are relatively costly compared to those used in
coating systems for other manufactured goods. Instead, much of the cost oppor-
tunities lie in the improved efficiency of the various painting operations.

A reduction in the environmental footprint of automotive painting means that the
use of energy and the output of waste must decrease. The main waste streams from
automotive painting are wastewater; which comes from the pretreatment operations
and from capture of the primer and topcoat overspray; VOCs, which are released
during application of both solventborne and waterborne coatings; paint sludge,
which is produced during both pretreating and paint spraying; and CO2, which is
produced by the burning of fossil fuels for ovens, the generation of electricity to
circulate enormous volumes of air in the spray booths, and the conditioning (cooling,
heating, and (de)humidification) of air in the spray booths. Several technologies are
now beginning to be implemented that provide significant advantages in these areas.

As zinc phosphate produces significant amounts of metal-containing sludge,
particularly when significant aluminum is incorporated into the vehicle body, thin
film pretreatments are poised to supplant zinc phosphate in the near future. These
thin film pretreatments are based on zirconium oxide chemistry that etch the surface
of the vehicle body much less than traditional pretreatments. Reduced etch results in
up to a 90 % reduction in solid waste produced. In addition, these pretreatments
baths operate at lower temperatures and with fewer process steps. The technical
challenges for such pretreatments, however, are not insignificant. In particular,
achieving acceptable corrosion performance on mixed metal (steel, galvanized
steel, and aluminum) vehicle bodies is difficult due to the need to balance depo-
sition rates on each substrate.

Due to significantly higher fuel economy targets, vehicle weights will decrease,
perhaps substantially, in the near future. The incorporation of lighter substrates may
drive new coating strategies. For example, magnesium is used sparingly on current
vehicles due to its strong tendency to corrode, particularly at joints with dissimilar
metals. Most magnesium parts are pretreated and coated, typically powder coated,
before careful assembly and isolation onto a vehicle body. The ability to pretreat
and coat magnesium parts in parallel with the rest of the vehicle would be an
enormous benefit. However, no pretreatment system currently exists that would
enable all relevant substrates to be pretreated together.

Similarly, the extensive use of carbon fiber composites could lower the weight of
vehicles and improve fuel economy. The current bake temperatures in the electrocoat
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oven (*180 °C for 20 min) prevent the use of most low cost polymers and com-
posites in vehicle bodies. Thus, only a few thermosetting resins and high temperature
thermoplastics can be contemplated for use at either structural or closure panels on
vehicles. To enable the use of lower temperature resins in carbon fiber composites
components a dramatic shift in the cure chemistry and secondary operations of the
automotive paint shop may be necessary. It should be noted that the electrocoat
oven, in addition to curing the paint, also cures adhesives and sealers, and serves to
bake harden both steel and aluminum components. Thus, a drive to lower the
temperature of the e-coat oven has significant secondary and tertiary effects on other
parts of the automobile assembly process.

While lower temperature curing is challenging for the electrocoat layer, low
temperature curing of the topcoat is attractive. A reduction of the curing temper-
ature would drive significant CO2 and natural gas reductions. If thermal curing
could be eliminated, via ambient cured chemistry or radiation curing, additional
significant savings could be obtained due to footprint reduction. Quality would also
likely improve, as circulated air in baking ovens is a source of dirt defects. While
significant work has been done on UV curing of automotive coatings, line of sight
or shadowing issues continue to be problematic.

Higher solids coatings, particularly for basecoats and clearcoats would be ben-
eficial for multiple reasons. Currently, VOCs are abated from both spray booths and
ovens to a greater or lesser extent depending on the local regulations and the solids
level of the coatings being applied. Higher solids coatings would reduce abatement
requirements (and the CO2 output generated during thermal oxidation of the VOCs)
and reduce the costs of painting. Practical limits on basecoat solids are driven by
acceptable appearance. Some moderate amount of solvent will always be required
to achieve flake orientation in metallic colors, as solvent loss is one of the main
mechanisms of flake alignment (Fig. 13.6). However, no such constraint is placed
on clearcoats, and 100 % solids clearcoats are technically possible, particularly with
2K formulations. Further advances in oligomer chemistry and viscosity reductions,
coupled with lights-out paint shops to reduce worker exposure to monomers, make
this goal achievable.

Fig. 13.6 Flakes in metallic basecoats align preferentially with the surface of the coating due to
shrinkage in the thickness direction as solvent evaporates from the coating surface. Improved flake
alignment leads to improved metallic appearance
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Currently, appearance and corrosion protection are the two main functions of an
automotive paint system, coating systems in the future may be required to perform
additional functions or perform traditional functions in fundamentally different ways.
For example, corrosion protection is currently achieved through a combination of
sacrificial coatings (zinc galvanized), barrier to ions and water (e-coat) and strong
adhesion (zinc phosphate and e-coat). Future corrosion protection may occur through
self-healing of coatings. Micro or nano-spheres that release corrosion inhibitors or
crack healing agents after pH changes or mechanical stress are active areas of
research [10, 11]. Currently, little work has been done to make these coatings elec-
trodepositable or to make the spheres small enough for incorporation into thin paint
layers. These deficits represent rich and meaningful research opportunities.

As vehicle electrification grows, some have proposed that the surface of the
vehicle would be a valuable solar energy collector, and photovoltaic paints have
been developed [12]. However, the practicality of these proposals is doubtful.
Unlike traditional solar cells, automotive paint is subjected to significant damage
events in terms of scratches and stone impacts. The impact on cell output (short
circuits, reduced performance…) has not been addressed. In addition, the available
surface area of a vehicle is not sufficient to contribute a significant amount to the
vehicle’s energy budget. [For example, a typical electric vehicle might have 4 m2 of
surface area that could be used for solar cells with perhaps 50 % ever facing the sun.
A 20 % efficient solar cell operating during 8 h of peak sunshine in a typical
environment would deliver less than 1.3 kW h of energy to the vehicle
(400 W/m2 × 4 m2 × 0.5 × 0.2 × 8 h). A typical EV or PHEV battery is on the order
of 16–20 kW h.] The impact of these coatings on appearance would also likely not
be met with customer approval.

Other functional enhancements to automotive paint have also been envisaged.
Pigments that respond to external stimuli (pH, temperature, UV light) or that are
luminescent have been utilized in less demanding applications such as nail polish or
toys. However, their use in automotive coatings is questionable due to durability,
and color harmony issues. Also, consumers are less likely to indulge in trendy or
whimsical colors on expensive items that last 10+ years. Luminescent pigments are
problematic as lighting on the exterior of vehicles is highly regulated by most
federal governments for safety reasons.

13.4 Summary

Significant unmet needs will continue to guide innovations in automotive coatings
technology. Reductions in cost and environmental footprint, in addition to
improved functionality, will drive many of these future changes. The high volume
and stringent functional requirements will ensure that only the most robust and
practical materials and process solutions will be implemented.
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Chapter 14
Polymer Coatings for Oilfield Pipelines

Russell J. Varley and K.H. Leong

14.1 Introduction

Pipes and pipeline systems are an integral part of modern society, from the network
of pipes that transport water, gas and sewage of our daily needs to the continuous
transmission of hydrocarbons across continents satisfying the energy demands of
the global economy. Despite the enormous distances and the harsh environments
involved, oil and gas pipelines are the most efficient and environmentally safe form
of hydrocarbon transportation currently available today. For this reason, they are
critical to continued global prosperity in the 21st century.

The oil and gas (O&G) industry, primarily uses steel pipelines to transport
natural gas, crude oil, water, as well as petrochemical feedstocks and petroleum
products which are susceptible to corrosion from their surrounding environment, be
it soil (buried lines), or seawater (subsea lines) and compromising their service life.
The life expectancy of oilfield pipelines ranges typically between 25–35 years so
reliable protection during this period is of utmost importance. External coatings are
one of the most widely used methods for providing a barrier to the steel surface
against air (oxygen) and water (electrolytes), the two critical factors which most
impact the electrochemical process of corrosion. Despite this, all coatings deteri-
orate over time due to inter alia soil stress, moisture and gas ingress, reduced
adhesion, chemical attack and mechanical damage, thus imposing the challenge of
maintaining the required durability and performance over the intended service life.
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Indeed, the universal strategy accepts that a coating will inevitably deteriorate
during its service life, so an additional solution is always required in readiness for
when this happens. Cathodic protection (CP) is almost always employed as a
back-up in tandem with a physical coating. Together, a coating protects the bulk of
the metal pipeline while CP addresses any potential threat of corrosion where the
coating has been breached.

This chapter concentrates on the application of multi-layered polyolefin based
pipe coatings, as illustrated in Fig. 14.1, the most widely used external coating
systems in the O&G industry today. Other coating systems are covered, for com-
pleteness, but only relatively briefly. The history of their development and use, the
major variants available, the underlying materials chemistry and processing,
industry standards, as well as some of the commonest failure mechanisms
encountered are reviewed and examined. Finally, some of the newer developments
in high performance coatings are also discussed as new oilfields continue to place
greater demands upon pipes and consequently the coatings required to protect them.

14.2 A Brief History on the Evolution of Pipe Coatings

Pipes and pipelines have been made from virtually any material to transport fluids
and date back to the ancient Egyptians and Chinese where they were used to
transport water for drinking and irrigation [1]. With the discovery of oil in the
mid-nineteenth century, pipes and pipelines experienced a new importance that
grew with global energy consumption and relied upon them for the efficient, low
cost and safe transportation of hydrocarbons. At first they were constructed using
wrought iron and rivets, but as welding techniques developed this was replaced in
the 1930s with more durable steel [2]. Since then, the strength, temperature

Fig. 14.1 3 layered polyethylene (3LPE) coated pipes; note the ends of the pipes are exposed to
facilitate jointing by welding
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resistance and durability of steel has made it the logical choice for oilfield pipelines.
So began the need for advanced pipe coatings that have become integral to ensuring
that steel pipelines function as they were intended over their design life, with no or
minimum disruption.

The first pipe coatings to emerge during the 1860s were made from coal
tar/asphalt enamel and typically were applied manually in the field and thus highly
variable in quality and performance [3, 4]. It was soon recognised that their
resistance to corrosion left much to be desired, and as well as being highly sus-
ceptible to oxidation, cracking and soil stress, were limited to low stress and
temperature environments. The need to reduce these deficiencies led to a gradual
improvement throughout the first part of the 20th century as better materials and
more controlled application methods became available. Asbestos, for example, was
used to reinforce coal tar coatings while waxy coatings were also introduced around
the same time [5].

In fact, coal tar coatings remain in use today due to its ease of application and
minimal surface preparation. As a by-product from refineries, it is often also the
cheapest coating option for many pipeline projects further enhancing its usefulness,
but its inherent disadvantages, including health-related concerns [6], limited wider
usage, particularly as better two layer extruded polyethylene tape coating systems
emerged in the 1940s and followed by fusion bonded epoxy systems. Application
methods continued to improve and by the 1950s it was recognised that the com-
bination of cathodic protection and pipe coatings was the best long-term defence
against corrosion.

Modern oilfield pipeline coatings however, are not just required to provide
external protection against corrosion but, where necessary, also protect against
structural damage, such as impact during transportation and installation; maintain
on-bottom stability; and/or provide insulation. Driven by the need to explore and
operate in harsher and more remote locations, pipe coating suppliers face the
constant challenge to meet the increasingly demanding requirements of the industry
[7]. Indeed, continuous development of pipe coatings over the years has improved
their properties, and cost competitiveness, such that coatings encountered in the
field today range from being single layered asphaltic or thermosetting polymer
systems to multilayered polyolefin-based coatings, depending on budget and ser-
vice condition requirements [8, 9].

Despite the wide variety of environments, materials and applications available,
the majority of oilfield pipe coatings can be generally categorised into a small
number of different types of coatings as shown in Table 14.1. Each system is
specified by pipeline owners/operators and consultants for particular pipeline pro-
jects and based on factors, including short-term cost, long-term investments, captive
usage, regional availability of the coating material, control on handling, trans-
portation and installation of pipelines, as well as technical requirements. Matching
intended service conditions with the right materials is necessary to ensure coating
longevity [10]. Figure 14.2 shows a historical timeline illustrating the development
of external and field joint coatings from the 1940s to the present day.
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Table 14.1 Typical coatings used for oilfield pipelines, and corresponding maximum service
temperature and typical thickness

Coating Max. svc. temp. (°C) Typical thickness (mm)

Epoxy Standard FBEa 65 [11] 0.35–0.50 [12]

Dual layer FBE 130 [11] 0.65–1.30 [12]

Liquid, 100 % solid 150 [11]

PEb 2LPE 90 [11] 60 [13]

3LPE 85 [14, 15] 85–90 [13]

PPc 3LPP 130 [11] 110–140 [13]

5LPP 155 [16] *55 [16]

7LPP 155 [16] 130 [16]

Concrete N/A Max. 25 [17]

Asphaltic mastic 95 [18] 3–5 [18]

PUd 85 [19] 40–50 [20]

Internal coatings (Epoxy) 120 [21] Ave. 0.22 [21]
aFBE Fusion bonded epoxy
bPE Polyethylene
cPP Polypropylene
dPU Polyurethane

Fig. 14.2 Historical timeline illustrating the development of pipe coatings, and field pipe joint
coatings, from the 1940s to the present day [4] (PP polypropylene; HSS heat shrink sleeve)
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Fusion bonded epoxy (FBE) systems are one-part thermosetting formulations
generally based upon well known epoxy resin chemistries. As such, they adhere
well to a metal substrate and after cure provide a tough, chemically and abrasion
resistant single layered coating that is resistant to cathodic disbondment [22, 23]
and soil stress [5, 24]. Since the 1960s formulations have been continuously
developed further to provide better control of the polymer network and improved
properties and performance [23, 25]. These single-layer coating systems use a
highly controlled application and installation process and are commonly used when
environmental demands and/or operating temperatures are less severe (typically
below 65 °C). They are however, known to be susceptible to blistering and external
damage such as impact, but when adequate impressed current is used, protection to
the pipeline can be very effectively maintained despite the presence of blisters [25].

FBE systems are also applied as the primer layer for many two, three and
multi-layered coatings systems [23]. More recently, two-layer FBE systems con-
sisting of an FBE coating applied over an existing FBE layer still in the melt, has
been shown to facilitate intimate chemical bonding between the two layers [26].
The benefits of this two-layer FBE approach is an improvement in abrasion
resistance and mechanical properties due to plasticization of the FBE topcoat [12],
while having inherently favorable compatibility with impressed current and thus
improved corrosion resistance.

The first tape coatings and extruded two layer systems appeared after World
War II represented the birth of multilayer coatings as they took advantage of the
then newly commercialised inert, non-polar, chemically resistance, flexible and
highly impact resistant polyethylene [27]. Both methods wrapped polyethylene
around the pipe using a suitable adhesive either via a manual infield method (in the
case of tape coating), or a new factory based extrusion process. Tape coatings
tended to suffer from poor stress resistance and shielding of cathodic protection,
while the adhesives used with the tapes, particularly butyl rubber, tended to
biodegrade [28, 29]. Two layer extruded coatings systems continued to develop and
remains an important product in the market for applications where temperature
requirements are modest.

As temperature requirements increased and greater resistance against impact
damage during transportation and installation, in-ground shear forces, chemicals
and abrasive soils was required, three layered polyolefin (3LPO) systems have
become the preferred choices. 3LPO systems consist of an FBE primer, a polyolefin
adhesive and a polyolefin topcoat, as shown schematically in Fig. 14.3a.
Polyethylene is used in situations where service temperature requirements reach up
to 60–80 °C [30], while polypropylene is preferred when service temperatures up to
110 °C are required [30, 31] for more demanding applications. Polypropylene has
very low moisture absorption (0.02–0.03 %), excellent processability, low health
and environmental risks, excellent mechanical properties (including tensile
strength, elongation-to-failure and flexural modulus), flexibility in design for a wide
range of requirements and a long track record of use and available service infor-
mation [32].
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Multi-layered coating systems are typically made up of 5–7 layers with the
additional layers providing insulation and added protection from damage [33, 34].
Foam insulation layers are often made from polyurethane or polypropylene, though
epoxy-based systems are also available albeit less popular [35]. They are primarily
designed to control excessive cooling of the crude oil to prevent wax formation and
crystallisation of clathrate hydrate crystals which can otherwise adversely affect the
flow assurance of the pipeline. These coating systems are normally associated with
deeper water fields which also increases the required service temperatures and
compressive properties. Figure 14.3b shows an idealised 5 layer pipe coating
system, differentiated from the 3 layered coating systems by the addition of a
polypropylene foam layer and an additional solid polypropylene layer providing
further thermal barrier protection. Table 14.2 lists several subsea insulation coatings
systems used in the industry. It is noteworthy that other than wet insulation,
pipe-in-pipe, which tends to be a heavier option, and the flexible insulated pipe,
often more expensive but cost-effective in niche applications such as flowlines and
risers on Floating Production, Storage and Offloading vessels (FPSOs), are also
available to afford heat insulation to pipelines [35].

Concrete coatings, typically applied over the aforementioned coating systems,
are an important part of the pipe coating family. They are targeted primarily for
buoyancy control of subsea pipelines, and/or for rugged outdoor applications
subject to potentially heavy impact during and/or after installation. Guan [36] listed
four different methods of applying concrete coating to a steel pipe that had been
pre-coated with an anti-corrosion coating. The processes are impingement, com-
pressive wrapping, casting and gunniting. A typical concrete coated steel pipe is
shown in Fig. 14.4 illustrating how it is used in addition to a 3LPE system.

The types of internal pipe coating used are dependent upon the media trans-
ported by the pipeline. Generally, they are used to reduce pressure drop due to
surface roughness by inhibiting corrosion, preventing precipitation on the pipe wall,
and modifying the surface energies of the pipe wall [21]. Internal FBE is sometimes
used in combination with a phenolic primer that is applied prior to powder

Fig. 14.3 Schematics of multilayer polyolefin pipe coating systems. a 3 layer systems: FBE
primer (80–100 μm), polyolefin adhesive (350 μm) and polyolefin topcoat (1–3 mm). b 5 layer
systems: FBE primer, polypropylene adhesive, solid polypropylene layer, polypropylene foam and
polypropylene topcoat
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application to enhance the coating performance. These coated pipes are also used
for water and corrosive media transportation, while internal cement mortar lined
pipes are used predominantly for waste and potable water [37].

Table 14.2 Selected subsea insulation coatings systems in use today [20]

Material Insulation
type

K-value
(W/m K)

U-value
(W/m2 K)†

Service
temp. capability
(°C)

Max.
water
depth
(m)

Type Insulation

Thermoplastic 3LPPb Solid 0.22 10.0 140 2000a

4LPPb Foam 0.17 3.0–4.0 115 600
nLPPb Foam 0.17 3.0–4.0 140 600
Syntactic
PPb

Glass
syntactic

0.19 3.0 140 2000a

Thermosetting
elastomer

Solid PUc Solid 0.19 10.0 140 2000a

PUc foam Foam 0.03–
0.04

0.7 140 2000a

Syntactic
PUc

Polymer
syntactic

0,12 2.0 115–125 300–
600

Glass
syntactic
PUc

Glass
syntactic

0.16 2.0 90–100 2000a

Synthetic
rubbers/elastomers

PCPd Solid 0.35 30.0 95 2000a

EPDMe Solid 0.35 30.0 150 2000a
aAlso known as the overall heat transfer coefficient (OHTC)
bPP Polypropylene
cPU Polyurethane
dPCP Polychloroprene (Neoprene)
eEPDM Ethyl propyl diene monomer

Fig. 14.4 Concrete coating
applied over a 3LPE system
on a steel pipe
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14.3 Materials and Processing

This section discusses some of the chemistry and process engineering that under-
pins the effectiveness of the most commonly used coating systems: FBE; three
layered polyolefin; and multilayered thermally insulated coatings.

14.3.1 Fusion Bonded Epoxy Coatings

Fusion bonded epoxy coatings are multi-component formulations containing epoxy
resins, curing agents, corrosion inhibitors and fillers to control viscosity, color or
toughness. Their primary role in either single or multi-layered coatings is to prevent
corrosion, but when applied as a single layer are also required to protect the pipe
from damage.

Corrosion is an electrochemical reaction, shown schematically in Fig. 14.5,
consisting of oxidation at a metal surface in the presence of water and air to form
iron oxides. Thus in the context of a coating, a strong and durable polymer and
polymer/steel interface is required to separate air and moisture from the metal
substrate and inhibit the electrochemical process of corrosion.

Clearly, this can only be achieved through the optimisation of the FBE resin
chemistry, cure process and suitable coating deposition methodologies. To achieve
this, the pipe is pre-heated prior to FBE application, using an oven or induction
methods, so that when it is applied to the pipe, the resin viscosity rapidly decreases

Oxidation of ferrous steel at anode Reduction of oxygen at cathode

Rust

2Femetal 2Fe2++ 4e- O2 + 4e- + H2O 4OH-

2OH-+Fe2+ Fe(OH)2

Fig. 14.5 Schematic representation and the chemical reactions of the electrochemical processes
occurring during corrosion illustrating the impact of electron movement on the formation of Fe
(OH)2
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as it melts, promoting resin flow and even wetting over the pipe. It is noteworthy
that pipes are heated to a temperature of approximately 180 °C when the FBE is
used as primer, or to as high as 250 °C when used as a top coat [36]. At this point,
the relatively polar nature of the epoxy monomers in the FBE facilitates good
interaction and dissolution with the inorganic metal oxide on the pipe surface also
promoting adhesion. The hardener within the FBE, typically dicyandiamide, well
known for its latency, initiates resin cure which increases viscosity until the epoxy
network forms an intractable gel. Continued cure consumes reactive groups, further
increasing crosslink density of the network, to produce a tough, durable and
abrasion resistant coating. Final properties therefore are a function of many
parameters such as the extent of cure, molecular structure, stoichiometry, cure
temperature and time, all of which need to be tuned for optimum performance.

FBE coatings are often made from high molecular weight bisphenol A based
epoxy resins partly because of their low cost and availability, but also due to their
comparatively high toughness in epoxy networks. This is particularly advantageous
for materials that need to accommodate significant flex and to resist impact damage
during their lifetime such as pipe coatings. A schematic representation of the
physical and chemical transformations occurring during FBE application and cure is
shown in Fig. 14.6, along with the chemical structures of the epoxy resin and
hardener, dicyandiamide, typically used in advanced FBE formulations.

A. Solid particles in fluidized bed prior to application.
B. Particles melts onto pipe, evenly wetting surface
C. Epoxy begins crosslinking to form intractable gel
D. Completion of cure to form durable hard coating
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Fig. 14.6 a Schematic representation of the rheological transformations of the FBE during pipe
coating from the melting and wetting of the FBE, through gelation and finally to full cure.
b Chemical structures of high molecular weight diglycidyl ether of bisphenol A epoxy resin, and
hardener, dicyandiamide
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14.3.2 Three Layer Polyolefin Coatings

Polyolefins are ideal topcoats because of their high impact strength, ease of use and
very low moisture absorption characteristics, but their inertness and hydrophobicity
provides negligible adhesion to the surface of steel pipes. To overcome this lack of
adhesion, a multilayered approach is utilised where each successive layer is
designed to adhere to the next, by gradual altering the chemistry to aid compati-
bility and chemical interaction from the steel pipe surface to the outer layer topcoat.
These chemical interactions and physical processes associated with each of these
different layers are shown schematically in Fig. 14.7 and discussed in the following
sections.

14.3.2.1 Chemistry of Primer

The FBE coating is expected to have good adhesion to the steel pipe, but when, as
part of a three layered system, it must also be compatible and adhere well to the
polyolefin adhesive subsequently applied over it. This is a challenge because a
highly filled epoxy resin will be polar and contain many inorganic components
which will not be compatible with the highly hydrophobic non-polar polyolefin
adhesive. However, the increasing cure reaction of the epoxy primer illustrated in
Fig. 14.8, shows how the uncured epoxy resin is transformed into a less polar and
more hydrophobic network through chain branching (Fig. 14.8a) and crosslinking
(Fig. 14.8b). Furthermore, residual epoxide groups and other reactive functional
groups such as hydroxyls, and secondary and tertiary amines produced during cure
create potential reaction sites within the adhesive layer. As cure proceeds, the

Layer 2. polypropylene 
adhesive

Layer 3. polypropylene 
topcoat

Layer 1. epoxy primer

Metal surface

Fig. 14.7 Schematic illustration of the materials science underpinning a 3LPO coating, from the
topcoat to the steel surface. Layer 1, the epoxy primer is compatible with the steel pipe surface
because of its polarity and solubility with the metal oxides surface. Layer 2, the polyolefin
adhesive ties the primer and the topcoat together through chemical reactions with epoxy primer
and co-crystallisation and chain entanglement with the topcoat
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primer forms a gel, representing the initial formation of a cross-linked network that
gives some structural integrity and toughness to the coating. Beyond gelation, the
reaction continues to increase the strength of the polymer network, but as the
concentration of the functional groups decreases, reactivity slows and the surface
becomes increasingly inert. This creates a processing window whereby applying the
adhesive too soon, or prior to gelation will produce a coating with no structural
integrity and poor overall performance, but applying the adhesive too long after
curing will produce poor adhesion because of the lack of available reactive func-
tional groups.

14.3.2.2 Chemistry and Synthesis of Adhesives

Polyolefins are inert, non-functional, non-polar hydrocarbons and for this reason
adhere very poorly to most other materials. It is somewhat surprising therefore that
in certain circumstances they can be successfully used as adhesives in pipe coating
applications. Despite their lack of functionality, reactive chemical groups can be
chemically grafted onto the polymer using free radical chemistries which promotes
compatibility and chemical reaction with the primer. Maleic anhydride (MAH) is a
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Fig. 14.8 Reaction mechanism of epoxy/amine cure illustrating a chain extension reaction
occurring during primary amine addition to epoxide groups followed by b crosslinking and
network formation via secondary amine addition to the epoxide. Formation of hydroxyl groups,
secondary and tertiary amine catalysts and unreacted epoxy groups are circled to illustrate potential
sites for chemical interactions with subsequent polyolefin adhesive layer. a primary amine
addition, b secondary amine addition
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widely used grafting agent for the polyolefins pipe coating industry although many
other grafting chemicals can be used to good effect, ranging from methacrylic acid,
glycidyl methacrylate and others [38]. MAH is particularly advantageous because
of its low cost, relative ease of grafting and excellent adhesion at low levels of
grafting for both polyethylene and polypropylene.

Chemical grafting of polyolefins begins with the decomposition of a free radical
initiator such as peroxybenzoate (Fig. 14.9a) abstracting a hydrogen from the
polymer backbone (Fig. 14.9b) which is then able to attack the alkene group of the
MAH. This propagation or grafting of MAH to the polymer backbone continues
(Fig. 14.9c) until it is terminated (Fig. 14.9d). Controlling this reaction therefore is
critical to the overall performance of the final adhesive as side reactions, chain
scission and crosslinking can all interfere and reduce the effectiveness of the
grafting process.

The most economically viable method to modify polyolefins for pipe coatings is
via reactive extrusion [39, 40] because it uses little or no solvent, there is no need to
purify the reaction product, the process is continuous and the infrastructure costs are
relatively low. The primary challenge of reactive processing, however, is to develop
a method that maximises initiator lifetime and propagation of the grafting reaction

O
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O

O

O
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H

O

O

O

OO O

+

OO O
OO O

H transfer

(a)

(b)

(c)

(d)

Fig. 14.9 Free radical reaction mechanism showing the formation of maleic anhydride grafted
polyethylene. Process begins with a decomposition of initiator to form free radicals, followed by
b initiation (H abstraction) to form free radicals in polyethylene, c propagation (chemical
modification with maleic anhydride grafting agent), and finally d termination
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while minimising side reactions such as chain scission or crosslinking. The process
parameters most commonly used to optimise grafting include the barrel tempera-
ture, screw speed, reactant concentrations, initiator lifetime and screw design.
Grafting levels of only 1–2 wt% of MAH onto the polymer backbone are all that is
typically required to produce excellent adhesion to the FBE primer [41].
Nonetheless, careful control is required at all times, particularly in the case of
polypropylene, as chain scission can easily occur, decreasing molecular weight and
reducing overall efficiency and hence performance [42, 43]. In the case of
polypropylene the methylene group stabilises the tertiary carbon free radial thus
making it more vulnerable to β chain scission, according the reaction mechanism
illustrated in Fig. 14.10. This can be minimised or controlled using a co-agent such
as styrene, which preferentially adds to the vulnerable tertiary carbon radical but
continues propagating the grafting reaction via a radical less susceptible to degra-
dation [44].

14.3.2.3 Composition of Topcoat

Three layered polyolefin (3LPO) coatings are formed through the gradual chemical
and physical transformation of each successive layer to maintain adhesion between
chemically disparate materials. While the adhesive layer maintains adhesion to the
primer primarily through chemical interactions, it is more physical processes such
as chain entanglements and/or co-crystallisation that promote adhesion to the top-
coat. The primary role of the topcoat is to protect the pipe from the external
environment and any damage arising from mechanical impact, during fabrication,
transportation, installation or in service. So, while maintaining good adhesion with
the adhesive layer is critical, being damage tolerant and chemically resistant will
ultimately determine whether the coating system successfully protects the pipeline
over its service life.

+
β scission

Ph

styrene co-agent

(a)

(b)

Fig. 14.10 Chemical reaction mechanisms illustrating a degradation via β scission arising from
the stability of the tertiary carbon free radical and b subsequent use of styrene co-agent to minimise
degradation
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As previously discussed, polyolefins are used as topcoats because of their ease of
processing and excellent properties which derives from their non-functional and
non-polar hydrocarbon chemical structure. This however, is somewhat misleading
because at a molecular level, polyolefins can vary widely in their level of branching
(density) and molecular weight as shown in Fig. 14.11a, and at a microstructural
level, are semi-crystalline in nature, containing both amorphous and crystalline
regions (Fig. 14.11b) connected by tie layers. Branching, molecular weight and the
different kind of crystal structures and how they are interconnected all have a
profound impact upon the final polyolefin properties and will ultimately determine
suitability as a topcoat. For example, the inherent flexibility of the aliphatic chains
in polyethylene ensures it is inherently tough although higher density polyethylene
(less branching) tends to be used when greater strength and stiffness is required. In
contrast, the semi-crystalline structure of polypropylene provides increased
mechanical properties and higher temperature resistance, but the increased brittle-
ness from the crystal structure remains a constant challenge in many pipe coating
applications.

Toughening polypropylene without impacting its other desirable properties, is
therefore of great interest for pipe coating applications and has been investigated
extensively using a variety of strategies [45]. Modifiers ranging from rubbers [46],
rigid thermoplastics [47], block copolymers [48] and nano-composite based tech-
niques [49] have all been somewhat successful depending on the specific appli-
cation. Ideally however, inherently tough polypropylene synthesised in the reactor

(a) (b)

Fig. 14.11 a Molecular structure of polyethylene polymers varying only by the extent of
branching and the likely impact on density. b Micro-structure of semi-crystalline polyolefins
showing the crystalline and amorphous regions
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without the need for further blending and processing is highly desirable. The
development of metallocene catalysts in the 1990s [50] has made this possible
through increased selectivity providing greater control of molecular weight and
distribution of olefinic species. This has allowed the synthesis of a variety of new
polypropylene block copolymers with improved properties that introduce α-olefins
or cyclic olefins, for example [51]. Furthermore, if two metallocene catalysts are
used in the same reactor, bimodal polymers of varying molecular weight can be
synthesised concurrently to produce interpenetrating macromolecular structures
with much greater compatibility than would otherwise occur. These developments
form the basis of high impact strength polypropylene formulations used in the pipe
coatings industry for topcoats and also thermal insulation foams. This technology
has been used to independently polymerise polypropylene and ethylene to form
highly compatible interpenetrating networks consisting of a biphasic morphology of
ethylene propylene elastomer domains of the order of 1 μm dispersed within a
continuous polypropylene block copolymer matrix. A schematic representation of
the structure and morphology in Fig. 14.12 illustrates the thermodynamic
self-assembly of the polyethylene block copolymer into micron sized domains of
polypropylene and ethylene propylene elastomeric rich phases. This multiple length
scale polymeric structure provides an excellent balance of mechanical properties,
stiffness, impact strength and creep resistance over a wide temperature range, whilst
providing good chemical and abrasion resistance.

14.3.3 Thermally Insulated Polyolefin Coatings
for Deepwater Applications

Offshore oilfields are increasingly being developed in deepwater locations (1000–
2000 m and beyond) that inevitably place greater demands upon the functional and

Fig. 14.12 Schematic representation of the self-assembly of high impact strength polypropylene
co-polymer into a bi-phasic microstructure of micron sized domains of ethylene-propylene
elastomer
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mechanical performance of pipe coatings. At such depths, thermal insulation is
necessary to prevent crystallisation of paraffin waxes and hydrates during shut-
downs and maintain fluid temperature to facilitate separation of the oil at the surface
[52]. Hydrates are crystals of methane and water formed during high pressure and
low temperature flows and are a major source of pipeline blockages and is exac-
erbated at greater depths. The oil and gas extracted at these depths is also hotter
making pipe coating reliability even more important to the economic recovery of
the oil. Thermally insulated coatings, therefore, are necessary for preventing [53]:

• flow difficulties;
• phase separation;
• unplanned shutdown due to formation of hydrate plugs;
• wax formation;
• reduced fluid viscosity; and
• rapid temperature drop.

From a mechanical performance perspective, increased water depth also means
higher hydrostatic pressure, so it is important that the pipe coating has the strength
to withstand this pressure and not collapse or undergo creep significantly. Pipe
coatings at extreme depths, therefore, require high compressive strength and stiff-
ness, as well as sufficient temperature resistance and insulative capacities. Polymer
foam, either polypropylene or polyurethane, is widely used for thermal insulation at
these depths, although polypropylene is often the material of choice because of its
combination of properties and compatibility with the other layers in the coating
system.

Foam is typically applied by extruding an additional layer over an existing three
layer coating system which produces a five layer system from an additional topcoat
over the foam layer, as shown earlier in Fig. 14.3b. The foam is typically created
from one of two different routes, either through an in situ gas expansion extrusion
process or through the addition of micro-spheres (syntactic polypropylene).

Fig. 14.13 Scanning electron micrographs of polypropylene foam made using a glass
micro-spheres [54] and b in situ foam [55] formation
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Scanning electron micrographs of the microstructures of these foams are shown in
Fig. 14.13.

The in situ fabrication method uses a chemical foaming agent, such as a low
boiling point hydrocarbon, mixed into the blended polypropylene which volatilises
into a gas during extrusion. The liberated gas produces bubbles within the polymer
melt, which must be strong enough to keep the gas dissolved in the polymer until it
exits the extruder. The structural integrity, microstructure of the foam and hence
insulation efficiency is therefore highly dependent upon the melt strength of the
polypropylene. The density of the foam formed is critical to insulation (i.e. the
lower the density, the better the thermal insulation), but reduced density also
increases the tendency for it to fail in compression and to creep. If the increased
pressure on the pipe collapses the foam, its insulation capacity will inevitably be
compromised. Another problem encountered in deepwater applications is that
although increasing foam thickness (and hence overall coating thickness) improves
thermal insulation, it also reduces seabed stability of the flowline and increases drag
on the steel riser [52].

To overcome these operational challenges, more efficient foams that improve
insulation without increasing buoyancy or significantly reducing compressive
strength are being developed using blends of high impact and melt strength
polypropylenes. High melt strength polypropylene can be synthesised from
homopolymer polypropylene using the susceptibility of β chain scission degrada-
tion as an advantage and effectively crosslink the polypropylene through a
re-combination mechanism shown Fig. 14.14a [56]. The highly branched, high melt
strength structure promotes strain hardening increasing the drawability of the
polymer to provide greater control over bubble growth. As a result, smaller and

recombination β scission

(a)

(b)

Fig. 14.14 a Reaction mechanism showing competition between β scission and chain branching
leading to high melt strength polypropylene. b Resultant improved morphology [52]
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more evenly distributed bubbles within a more closed cellular structure is formed as
shown in Fig. 14.14b. High melt strength polypropylene in combination with high
impact strength polypropylene block copolymers discussed in Sect. 14.3.2.3 is
therefore a very attractive material for thermal insulation for deepwater pipe
applications [16, 52].

Despite this, the addition of micro-balloon glass spheres to polypropylene
(syntactic polypropylene) has several advantages over the in situ formation
approach as it has less impact on the mechanical properties of the polypropylene, in
fact it can be further improve mechanical properties, making it highly suited for
deepwater applications and hence the most widely used insulation route since the
mid-1990s [35]. Manufacturing is more flexible in that the foam can be directly
extruded onto the pipe or it can be blended into pellets for subsequent processing.
The wide range of hollow glass microspheres available provides much greater
control over the density of the foam as well as its thermal properties. The primary
disadvantage of this method, however, is that the glass spheres are fragile and there
is a tendency for them to fracture, particularly during manufacture, with failures of
around 10 and up to 30 %. Polymer and plastic beads are also available but they are
restricted to use in shallower waters as they are structurally weaker than glass
microspheres [35].

14.3.4 Mill Applied Pipe Coating Manufacture

Without continuous improvements in surface preparation, quality control and
manufacturing processes for multilayered coating systems, any improvement to
materials would be of little value, such is the importance of the application process.
When compared with the advent of 2 and 3 layer coating systems in the 1950s, state
of the art pipe coating factories are a sophisticated and high technology manufac-
turing environment [57–59]. The coating of pipes is now a fully continuous process
where rotating pipes traverse through a sequence of tightly controlled treatments
and processes shown schematically in Fig. 14.15. The main stages of the coating
process comprise the following.

(1) Cleaning of the pipes
(2) Pre-heating of the pipes
(3) Application of coatings
(4) Water cooling
(5) Inspection

Cleaning the pipes starts with a simple pre-treatment step which removes various
hydrocarbon and organic based surface contaminants, mill scale and moisture. Salts
and soil are removed using high pressure fresh water (sometimes with phosphoric
acid [60]) while hydrocarbon solvents, such as xylol or mineral spirits, are used to
remove organic contaminants. The pipe surface is then pre-heated to 75 °C to
loosen the mill scale (i.e. the flakes on the surface of fabricated steel, comprising
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iron oxide, hematite and magnetite) remove moisture and burn off any remaining
organic matter. Final cleaning of the steel surface is carried out by abrasive blasting
under high pressure to achieve a SA 2.5 (which states an average profile depth of
85–115 µm) [61].

To apply the primer, the pipe is then typically pre-heated to anywhere between
150 and 220 °C depending on the coating thickness required and the reactivity of
FBE coating. Monitoring the exact temperature throughout the process is important
to ensure proper wetting of the surface and the curing of the FBE as this will impact
final performance of the overall coating system. Upon application of the FBE, the
polyolefin adhesive and topcoat are then applied in rapid succession. Earlier
methods such as liquid application of the epoxy primer and extrusion wrapping of
the adhesive are still in use today, but the state of the art is to use electrostatic spray
methods for both the FBE primer and adhesive. Electrostatic application uses
powder with particle sizes ranging from 150 to 300 μm to allow suspension in a
fluidised bed. The epoxy primer is applied to a thickness of between 80–100 μm
while the adhesive film is typically no thicker than 350 μm. The polyolefin topcoat
is then applied with a generous overlap of the preceding layer using an extruder to a
coating thickness of about 1.5–3 mm.

After the topcoat has been applied, the pipes are then rapidly cooled by
quenching using a cold water spray over the length of the pipe. As described,
polyolefin topcoats are semi-crystalline polymers, so the rate of cooling is important
to achieve a microstructure with the best combination of mechanical and thermal
properties. Following quality checks, cutbacks are created at the ends of the pipes
by removing a section of the coating using rotary brushes leaving bare endings in
readiness for welding in the field using field joint coatings. The pipes are then
stored until required. Quality inspection is critically important after coating so a
series of on-line tests are performed such as surface inspection, thickness

Fig. 14.15 Schematic illustration of a typical factory process to fabricate a 3LPO coating
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measurements, testing for holidays. Offline destructive quality checks consist of
traditional mechanical properties tests including peel adhesion test, impact strength,
hardness, elongation but also cathodic disbondment and coating resistivity which
are selectively carried out but more typically only during process qualification trials

14.3.5 Field Joint Coatings

Pipelines are typically made from individual pipes of the order of 12 m in length
that are welded together in the field during construction. Field joint coatings are
applied on-site during pipeline installation and after the welding process. Field
joints are potentially the weakest link in the chain because of (i) the inherent
difficulty of application in a hostile environment, (ii) process limitations, (iii) time
constraints and (iv) the difficulty to achieve a field coating that is completely
compatible with the factory applied coating [60, 62]. The challenge of field joint
coatings therefore, is to ensure it performs as well as, if not better than the mill
applied coating. A variety of field joint coatings and methods of application are
available depending upon the type of main line coating involved. Some of the
common field joint coating systems include liquid coatings, FBE, heat shrinkable
sleeves (HSS), injection-moulded PP/PE/PU systems, and flame-sprayed powders
[36, 50, 63].

Generally, during installation of the field joint, the material melts and flows,
filling in all surface irregularities as it binds itself to the substrate thus protecting the
joint from mechanical damage and corrosion attack. Concurrently the material must
also bond itself to the mainline coating, and hence compatibility between the two
coating systems is of paramount importance for a durable field joint coating [64]. In
the case of stand alone FBE field joint coatings a transportable electrostatic spray
machine is used which applies a fluidised epoxy powder to a pre-heated surface
after appropriate surface pre-treatment. For a successful field joint it is suggested
that a combined coating consisting of a FBE coat and a polyethylene topcoat can
provide increased protection due to enhanced mechanical properties [65]. For three
layered polyolefin (PO) coated pipes the most common field joint coating systems
include heat shrink sleeves, polyurethane coatings, and various two and three
layered systems based upon similar factory applied technologies [66].

Heat-shrinkable sleeves (HSS), shown in Fig. 14.16, are one of the most widely
used technologies for field girth-weld corrosion protection because they are easy to
install while providing excellent protection and are generally very cost-effective.
A heat shrink sleeve comprises a crosslinked polyolefin sheet with a hot melt
polyolefin adhesive on one side. Prior to use, an FBE primer is typically applied
then the sleeve and wrapped around the pipe followed by the application of heat
using a flame gun. The coating then shrinks around the pipe until satisfactory
adhesion is achieved. This unique behavior is built into the polyolefin by
crosslinking it via irradiation during manufacture, and then stretching it prior to
cooling. As the polymer recrystallises during cooling the unstretched previous
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shape will be remembered and is known as a shape memory polymer [67].
Shrinking occurs during thermal treatment because as the crystalline structure
melts, the covalently crosslinked bonds in the crosslinked polyolefin begin to
control the shape of the polymer rather than the crystal structure. Since covalent
bonds are shorter than the more complex molecular configurations within a semi
crystalline polymer, the polymer shrinks. This technique is used widely, although it
requires considerable skill from the operator. Koebsch et al. [50] have reported that
significantly lower temperatures are needed (i.e. 170–190 °C) for applying
polypropylene HSSs compared to other field joint methods of injection moulded
PP (IMPP) or PP tape wrap, or even the mainline 3LPP coating (220–240 °C).
Self-sealing systems have reportedly been used to overcome this variability by
embedding electrical wires within the heat shrink sleeve which automate the heating
of the sleeves [68].

As would be expected, two and three layer field joint coatings require suitable
surface preparation and induction heating of the pipe to high temperatures and
example of successful field joint coatings applied in the field are shown in
Fig. 14.17. In two layer approaches the differences are often more related to how
the coatings are applied rather than the materials themselves. Coatings can be
applied using a flame spray gun, transports the polypropylene using a mixture of
gases, melting before it reaches the pipe surface. This approach requires a high level
of skill from the operator, but does not rely on the residual heat of the pipe to
achieve the required thickness. Alternatively FBE and sintered polypropylene can
be applied using a flocking spray approach, however adhesion between the FBE
and sintered polypropylene is determined by the residual heat of the pipe, limiting
the thickness that can be achieved. A three layered field joint coating system, again
relies on material technologies similar to the sintered polypropylene approach
which wraps pre-fabricated polypropylene sheets around FBE and polypropylene

Fig. 14.16 Schematic of the construction of a heat shrink sleeve (HSS) field joint coating
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adhesive layers as it is welded into place longitudinally and circumferentially. This
approach has the advantage that the polypropylene sheet is pre-fabricated thus
improving uniformity and quality, although it is reported that it cannot be used for
bends or tees joints. Field joint coatings today can vary widely in the type of
application technology used but they generally follow the same principle of careful
surface preparation, a keen awareness not to degrade the adhesion or materials of
the surrounding coating and maximise compatibility between the field joint coating
and the factory applied coating. Whether the outer wraps are preheated, rolled and
pressed, or clamped and welded, they all should ensure excellent adhesion between
the FBE, adhesive layer and finally the protective topcoat.

14.4 Performance

14.4.1 Industry Standards

There are now well established industry standards that govern the use of polyolefin
external coatings. Table 14.3 lists out some relevant pipe coating standards adopted
and used in the oil and gas industry. However, in many instances, end-users have
additional or extended requirements based on their experience and/or unique field
conditions. Hence, coating suppliers are continuously challenged to improve and
enhance their systems and to introduce newer and better products to stay relevant
and competitive.

14.4.2 Common Failure Modes

Whilst it is reasonable to expect pipe coatings to protect against corrosion over the
design life of the pipeline, a more realistic expectation is that protection should be

Fig. 14.17 Application of a field coated joint, as exemplified by a the flame-sprayed, and b the
heat shrink sleeve, methods [69]

406 R.J. Varley and K.H. Leong



effective for as long as the pipeline remains in service because for most pipelines,
they are operated well beyond the original design life. However, coatings inevitably
get damaged, sometimes before they even begin service, i.e. whilst in transit or
during installation, and they degrade as they age, thus compromising service life. In
this section, some of the most common failure modes are described and discussed.

Table 14.3 Some relevant standards for external pipe coatings

Origin Standard Title/Scope

German DIN 30670 Polyethylene coating for steel pipes and fittings

DIN 30678 Polypropylene coating for steel pipes and fittings

ISO ISO 21809-1:2011 Petroleum and natural gas industries—external
coatings for buried or submerged pipelines used in
pipeline transportation systems

Part 1: Polyolefin coatings (3-layer PE and 3-layer
PP)

ISO/DIS 21809-2
(under
development)

Petroleum and natural gas industries—external
coatings for buried or submerged pipelines used in
pipeline transportation systems

Part 2: Single layer fusion-bonded epoxy coatings

ISO 21809-3:2008 Petroleum and natural gas industries—external
coatings for buried or submerged pipelines used in
pipeline transportation systems

Part 3: Field joint coatings

ISO 21809-4:2009 Petroleum and natural gas industries—external
coatings for buried or submerged pipelines used in
pipeline transportation systems

Part 4: Polyethylene coatings (2-layer PE)

ISO 21809-5:2010 Petroleum and natural gas industries—external
coatings for buried or submerged pipelines used in
pipeline transportation systems

Part 5: External concrete coatings

ISO/NP 21809-6
(under
development)

Petroleum and natural gas industries—external
coatings for buried or submerged pipelines used in
pipeline transportation systems

Part 6: Multilayer fusion- bonded epoxy coatings
(FBE)

Canadian CSA
Z245.20-06/CSA
Z245.21-06

External fusion bond epoxy coating for steel
pipe/external polyethylene coating for pipe

CSA Z245.20-98 External fusion bond epoxy coating for steel pipe

French AFNOR

Recommended
practice

DNV-RP-F102 Pipeline field joint coating and field repair of
linepipe coating
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14.4.2.1 Blistering and Disbondment

Blistering and disbondment are the two commonest failure modes encountered in
external pipeline coatings. Blistering is known to result from swelling of FBE
coatings due to water absorption [70, 71] and from the presence of hygroscopic
salts remnant on the pipe surface [72]. In addition, blisters in field applied FBEs are
known to form when the force of abrupt vapour expansion exceeds its adhesive
strength brought about by uneven heating profiles and excessive heating rates
during application [73].

Disbondment, on the other hand, happens primarily when there is separation,
due to a loss of adhesion, between the coating and the steel. This loss of adhesion
could result from poorly executed coating process, mechanical damage, ageing and
deterioration of the coating system over time, the effects of cathodic protection
(CP), or a combination of these [30]. The latter effect is called cathodic disbond-
ment (CD), which is an important phenomenon and is covered in more detail
elsewhere (i.e. Section “Cathodic Protection Considerations”). Even if originally
well-bonded, loss of adhesion over time is extremely likely due to the diffusion of
ions, water and oxygen through the inherently permeable organic layers of the
coating system [74]. Hence, it is not surprising that partial to more severe cases of
complete debonding of mill and field applied coatings from steel surfaces of
in-service pipelines have been reported for both PE [75] and PP [63, 64, 76]
systems.

When disbondment happens, CP is often considered the next best line of defence
against corrosion. Hence, the combined approach of coatings and CP are normally
adopted for the task of protecting long stretches of buried and subsea pipelines
against external corrosion. However, for CP to provide effective corrosion pro-
tection to the pipeline when the coating has disbonded, the CP current must be able
to reach the pipe surface [77, 78]. “Non-shielding” coatings readily provides this
path, while “shielding” coatings essentially do the opposite. Field data strongly
suggests that FBE has superior non-shielding characteristics that contribute to FBE
coated pipes being well protected from corrosion [25] despite their tendencies to
blister [25, 79, 80]. Melot et al. [64] observed that CP shielding is confined to only
buried pipelines onshore. It is postulated that when disbondment of the coating
occurs in a seawater environment, the more conductive medium makes it easier for
CP current to access the exposed cathode and provide more effective protection
against corrosion. Depending on the degree of shielding, increasing CP current is
necessary [30], however in so doing it can also create other problems including
further disbondment due to, for example, hydrogen evolution, and coating deteri-
oration, on top of introducing potential interference effects and cost impacts [78]
(Figs. 14.18 and 14.19).
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14.4.2.2 Cracking and Wrinkling

Cracking in three layer organic coatings have been attributed to thermo-oxidative
degradation and high residual stresses in the topcoat [76]. These cracks, which
originate mainly from field joints but propagate to the mill applied coating in the
pipe body, have been observed to run circumferentially, spirally along the extruded
coating laid-down direction and axially along the pipeline [63, 76]. In addition,
cracking has also been observed at stress-raiser locations such as where CP cables
are tack welded to the pipe [63]. 3LPP systems are also susceptible to cracking as a
result of prolonged exposure to sunlight since they do not have good inherent
resistance to ultraviolet (UV) rays. Cracking has been observed to occur during
service on both mill applied coatings as well as on field coated joints in 3LPP [63]
and 3LPE [6, 64] systems (Fig. 14.20).

Fig. 14.18 Crack and disbonded field joint polypropylene [76]

Fig. 14.19 Example of
blistering on pipe coating;
including a punctured blister
[69]

14 Polymer Coatings for Oilfield Pipelines 409



14.4.2.3 Field Joint Failures

Additional to meeting the same requirements imposed on the mill applied pipe
coating systems, field applied joint coating systems need also to be compatible with
the mainline system whilst affording fast and ease of application under field con-
ditions and environments much harsher than those typically encountered in the mill.
By and large, pre-mature failures of field joint coatings are attributed to a number of
reasons including variable workmanship of applicators, harsh and uncontrolled field
conditions, and inability to reproduce in the field coating the monolithic
microstructure of the mill applied polymer coating [81, 82]. All these factors lead to
poor bonding at the overlap between the field and the mill applied coatings, as
typically evident by large scale debonding in in-service pipelines [64]. As a con-
sequence an easy path for moisture and other fluids to ingress to the steel surface is
produced thereby causing corrosion of the pipe. Risk of premature corrosion is also
high due to free-edge debonding when this overlap is too small [64].

14.4.2.4 Testing and Performance Evaluation

Table 14.4 summarises some of the major measurements and requirements based on
five widely accepted industry standards for polyolefin pipe coatings. There are over
100 tests to evaluate some 30 different coating properties [83], and a full coverage

Fig. 14.20 a Cracking [76] and b wrinkling of three layered polypropylene coatings [78]
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of them are beyond the scope of this chapter. Suffice to say that these tests cover
aspects of surface preparation, raw material properties and performance of the
complete coating system. Only the main properties are presented and discussed
here, and for a more comprehensive coverage of the tests, the reader is referred to
the review articles published by Papavinasam and colleagues [84].

Adhesion

The quality of adhesion between a virgin 3LPO coating system and steel substrate is
evaluated using a peel test. The test involves measuring the force necessary to
detach the coating from its substrate when subjected to a constant rate of pull
(viz. 10–300 mm min−1, depending on specification [11]). Hence the test is carried
out by gripping and pulling at 90° to the tangent of the pipe surface a peel strip (or,
“tongue”). The strip is of a pre-determined width (typically 25 mm) which is
formed by carefully cutting and chiselling into the coated pipe [85–87], see
Fig. 14.21. Alternatively, the rate at which the coating is peeled from the metal
substrate due to a constant load, effected by means of a hanging mass, can also be
used as the measure of adhesion strength [88]. Standards generally recommend that
the test be carried out at different temperatures, covering the field conditions of
room/ambient, low and high temperatures, although the exact recommended tem-
peratures may vary somewhat between different standards [85, 86, 88]. Similarly,
different hang-off masses are also used per specification in the relevant standard
[88]. The test requires cohesive failure of the adhesive layer for values to be deemed
valid.

Note that the peel test only measures the level of adhesion of a virgin coated
pipe. Long-term behaviour and properties of the bond of the coating to the steel
substrate cannot be predicted reliably, and, hence, should not be, inferred from the
results of this test. The test is normally used to qualify a coating system with respect
to the process, including the associated conditions and parameters.

Cathodic Protection Considerations

In order to provide effective corrosion protection, the electrochemical process of CP
is required to alkalinise (to a pH range of 9–13) the surrounding environment
around the cathode (i.e. pipe, tank, etc.) [77]. During the process hydrogen is
evolved, which is coupled with other potentially damaging electrochemical changes
in the environment that could lead to disbondment of the 3LPO coating from its
substrate. This degradation in adhesion of the coating due to CP is more commonly
referred to as cathodic disbondment (CD) (see also Sect. 14.4.2.1). Papavinasam
and colleagues [70] attributed CD to factors such as pH, cathodic potential, stability
of the interfacial oxide, substrate surface roughness, defect geometry, coating for-
mulations, wet-dry fluctuations, and water ingress. The complex array of factors
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necessitates that coatings pass a CD test before they are qualified for field
application.

Cathodic disbondment test

The effectiveness of coatings to withstand CD is evaluated using the CD test. In
simple terms, a CD test is used to give some indication of how well the adhesion of
the coating will withstand the electrochemical process of CP. In accordance to ISO
21809-1:2011 (E), for example, debonding must not be greater than 7 mm after a
28 day exposure at 23 °C and this applies to 3LPE and 3LPP. In other standards, for
example the CSA Z245.21-06, debonding due to CD testing for a 3LPE system
must not exceed 12 mm after a 28 day exposure at 20 °C. It has been argued [89]
that in order to predict the long-term behaviour of coatings, a better approach is
perhaps to generate CD rates for an array of system and service conditions, rather
than specifying CD size for particular (short-term) periods of time.

“Tongue” 
(striations from 
gripping during 
test) 

Pre-crack

Topcoat

Fracture surfaces 
(a) (b)

Fig. 14.21 The peel test is one of the standard quality assessment carried out after procedure
qualification trial (PQT), carried out prior to full production. a During testing: an instrumented test
rig is used to carry out the peel test. b Post-testing: observe the cohesive fracture surface
morphology
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It is noteworthy that there is no justification for the limits to disbondment set out
in specifications; limits are just ideas of what it is thought maximum disbondment
tolerable [90]. In fact, over a period of 30 years, from 1965, CD resistance is
reported to have improved from approximately 65 mm to less than 10 mm, for FBE
systems [23], thus showing tremendous enhancement in the performance of coating
systems in line with ever demanding field requirements.

Hot CD test

With the advent of high temperature coatings, normally required for deepwater
applications, the need for CD tests to be conducted at elevated temperatures has
become increasingly necessary. One of the limitations of standard CD tests is that
the electrolyte used to instigate disbondment is water-based and hence not suitable
for high temperature (beyond 100 °C) assessment. Buchanan [11] highlighted that
published data have indicated that a CD test carried out above 95 °C is indeed not
practical, nor is it representative of in-service conditions while CD testing at a lower
temperature of 65 °C can actually be more severe. Others [91, 92] have pointed out
that CD tests should be carried out at temperatures beyond the limitations of the
boiling point of water, to better simulate and represent the conditions to which high
temperature structural coatings are exposed. This is because other degradation
mechanisms could come into play when the service conditions reach these higher
temperatures [92]. Attempts to carry out CD testing at temperatures above 100 °C
have been investigated using autoclaves [93] and by heating the test specimen
above 100 °C while maintaining the temperature of the test (aqueous) solution at
below boiling point of water [94]. In addition, using concentrated salt brines that are
thermodynamically stable above 100 °C has also been proposed [95]. Much work
remains to ascertain the suitability of these modified test procedures in predicting
long-term behaviours of high temperature polymer coatings. Research into the
effects of coating thickness with respect to CD at “low” [89] and “high” [92]
temperatures is also being pursued.

Dielectric strength and Insulation resistance

All coatings have varying dielectric properties that reduce the tendency of the
electrolyte to complete the electrical circuit between adjacent anodic and cathodic
sites on a substrate, that is necessary to mitigate corrosion in the event of localised
coating failure [78].

Ideally, a coating should have a high enough dielectric strength to resist cor-
rosion while the coating is bonded, but at the same time sufficiently low to allow
protective CP current to reach the pipe when disbonded. Such coatings are clas-
sified as non-shielding. FBE is known to provide excellent non-shielding charac-
teristics which explains how well in-service FBE coated pipes protected against
corrosion [25] despite their tendencies to blister [79, 80].
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Presence of Holidays

The presence of defects such as voids, pores and pinholes, or holidays, that result in
discontinuities are unavoidable in polymeric coatings. Such discontinuities in the
coating are frequently minute and not readily visible. ASTM D5162–08 [96] rec-
ommends a method for picking up unacceptable levels of these discontinuities by
applying low voltage electric circuit (which is also connected in series with an LED
or noise-producing component such as a piezoelectric speaker) so that if electrical
flow is detected then the affected area is termed as conductive thus indicating the
presence of holidays. The flaws are picked up by an electric arc that forms between
the sensor electrode and the metallic support. The allowable number of disconti-
nuities should be pre-determined prior to conducting the test since the acceptable
quantity of discontinuities will vary depending on coating film thickness, design,
and service conditions.

14.4.2.5 Long-Term Exposure to Elevated Temperatures

Pipe coatings are increasingly required to service elevated temperature conditions.
These services include transmission of oil sands and heavy oils which, at 25 °C, have
viscosities, that are in the order of a million times higher than conventional crude oil.
For transmission at parity with crude oil, these highly viscous hydrocarbon need to
be transported at temperatures around 200 °C [95]. Hence, thermal ageing of
coatings need to be better assessed using a wet medium, rather than restricted to only
dry environments, and at higher temperatures that are either akin to actual field
conditions, or even to higher to accelerate the effects of long term, elevated tem-
perature exposures. This is an area of on-going research and development.

Thermal ageing

Moosavi et al. [76] have revealed discoloration and severe spiral cracking in 3LPP
when subjecting it to 1000-h thermal ageing in an oven at 150 °C. They suggested
the use of 150 °C for the thermo-oxidative test in order to accelerate thermal
degradation, and as a minimum qualification requirement, the specimen should
survive a 4000 h continuous exposure.

Hot wet soak test

The electrical resistance of polymeric materials are high, in the region of 1014 Ω,
and 3LPO coatings can hence be expected to provide effective insulation for the
steel pipeline to which it provides corrosion protection. However, the resistance is
expected to degrade over time with the ingress of fluids into the coating thus
deteriorating its corrosion protection capability [83]. An example of the hot wet
soak test can be referenced to ISO 21809-1: 2011E (Annex M) [88]. However, the
maximum temperature is set at only 95 °C and it has been proposed that this test
conditions could misrepresent the actual ones experienced by high temperature
coatings [95].
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14.5 New Developments

14.5.1 Toughness and Durability

From fabrication, transportation, installation to in-service conditions, pipe coatings
are subject to various potential damage events and as pipes are deployed in more
demanding environments their susceptibility to damage increases. Thus there is a
on-going need for tougher and more damage resistant as well as more durable
coatings whether single layered FBE, dual or multi-layered coatings. Some inno-
vative approaches and new materials which seek to address some of this challenge
are discussed below.

Commonly referred to simply as a high performance composite coating (HPCC)
[16, 97], this polyethylene based coating is a multi-component system applied in a
single step using spray coating application methods that claims to be less suscep-
tible to internal stress development over wide temperature variations and less likely
to delaminate under cyclic conditions. Applied as a single coating, the
multi-component system essentially phase separates into a three layered FBE,
adhesive and topcoat structure after application and cure. The lack of a sharp or well
defined boundary between the layers is understood to produce strongly interlocking
and compatible layers which provide this improved resistance to delamination,
penetration and abrasion, all of which are existing problems for three layer poly-
ethylene coatings [98]. Its primary target application is situations where FBE
coatings have been determined to be inadequate [99] and it has been demonstrated
to be extremely beneficial in onshore underground situations where the resistance to
impact during installation is particularly important [100].

This technology has been further developed [101] to overcome common prob-
lems such as “weld tenting” and low coating thickness over welds. A polyethylene
coating, minimum 2.2 mm in thickness, is applied using a side extruder wrapping
process over the multi-component HPCC system. In this case HPCC is typically
used to replace the FBE and polyolefin adhesive layers in three layered systems
with the polyolefin topcoat being subsequently wrapped over the HPCC

In addition to the use of block copolymers and related systems, polypropylene
can also be further toughened via β nucleation [102, 103], a technique which
catalyses the formation of an alternative and more inherently tougher β crystal
structure at the expense of the more thermodynamically favorable yet brittle α
crystalline phase. The transformation is illustrated in Fig. 14.22 as large α spher-
ulites with sharp, distinct boundaries become much smaller, more diffuse β crys-
tallites and hard to observe boundaries at only 0.1 wt% of nucleant. This approach
is very attractive for pipe coatings applications because only very small concen-
trations of β nucleant are required to significantly improve impact strength ensuring
little impact upon processability [104]. Recent work has combined the β nucleation
approach with elastomer modification, in the search for synergistic improvement in
properties [105, 106] with some success, thus improving performance even further
[107, 108].
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FBE coatings, whether applied as single, dual or three layered coatings, will
always remain susceptible to damage to some degree because of their crosslinked
network structure. As such a range of approaches have been tried to improve their
toughness and in-service durability. Block copolymers are one such approach
because they are known to self assemble into nanostructured morphologies with
advantageous properties [110]. This technology produces a gradient of interactions
with the curing epoxy resin to produce nano and microscale morphologies with
enhanced performance. The particular advantages of this is that both the flexibility
and impact strength of the coating are increased dramatically with little impact upon
other properties such as glass transition temperature, flowability and corrosion
resistance. Another nanotechnology based strategy [9, 111] that also claims to
simultaneously improve the impact strength and flexibility of FBE coatings does so
by applying a second abrasion resistance outer (ARO) layer. Although the
nano-modifier is not identified this dual layer coating method is reported to improve
resistance to crack propagation and maintain cold temperature flexibility similar to
that of a single layer FBE, without compromising impact or gouge resistance.

14.5.2 Self-healing Capabilities

Pipelines and pipe coatings are expected to last many years in hostile environments
without the need for constant repair or major interventions once they are installed.
However, despite the best use of available materials and engineered design,
materials deteriorate and age over time, eventually failing. Failure of coatings could
mean under-protected pipelines which would subsequently lead to premature failure
of the pipelines themselves. Repair of pipelines are typically intrusive in nature, and
is a costly and time consuming process, made even more difficult by the need to

Fig. 14.22 Illustration of the impact of β nucleants, transforming polypropylene from the a) α
phase consisting of large spherulitic structures with sharp boundaries and little interaction, into the
β crystal phase with its very small crystals which are much more interconnected [109]
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achieve factory quality finishes in the field. If the need for field repairs could be
eliminated or transformed into a simple process with minimal intrusion, the
effective service life of a pipe coating and pipeline could be enhanced thereby
bringing enormous economic benefits. Self-healing and/or in situ activated healing
coatings are part of an emerging technology that despite being in their infancy have
already been shown to improve pipe coating lifetimes through corrosion prevention
and the use of viscoelastic materials [112].

A type of self-healing coating based upon a poly-isobutene viscoelastic adhesive
substrate and a mechanical polyolefin protective topcoat is already on the market
today. The self-healing adhesive is fully amorphous and remains soft and tacky yet
resistant to weathering, chemicals, moisture ingress and bacteria [113]. It can
restore adhesion to a metallic surface after failure through its ability to flow even at
low temperatures such that all pores, anomalies and cavities would eventually be
filled. Conversely, despite its ability to flow over time, its modulus of elasticity
provides high strength solid like behaviour which further resists failure during
deformation. This self-healing mechanism has been adapted for use in rehabilitation
of buried steel pipelines using a three ply tape consisting of a central polyethylene
carrier film and a butyl rubber “self-amalgamating” adhesive used on both sides
[114]. When the tape is wrapped around the pipe the butyl adhesive intermingles in
the overlapping areas and because of the viscous nature of the butyl rubber, the
interfacial regions ultimately disappears completely.

Viscoelastic modifiers have been used in polyethylene adhesive formulations to
transform three layered coatings into a system that can heal the adhesive via in situ
thermal activation. This method is an adaptation of the pressure delivery healing
mechanism created by poly(ethylene-co-methacrylic acid) (EMAA) in epoxy net-
works [115]. Meure et al showed that when EMAA is added to the polyolefin
adhesive, a two phase morphology consisting of EMAA particles dispersed within a
polyolefin adhesive is produced. If good adhesion between the matrix and particles
is achieved and the particles are sufficiently large, complete restoration of adhesion
can be achieved after thermal activation. Scanning electron micrographs of the
fracture surfaces are shown in Fig. 14.23 which suggests that the healing mecha-
nism is derived from the ability of the phase separated EMAA functioning effec-
tively as reservoirs which provide polymer that can flow into any cavity during
thermal activation. Upon cooling, the inherent adhesive performance of the EMAA
then binds both the primer and polyolefin surfaces together via hydrogen bonding
and van der Waals interactions.

14.5.3 High Temperature Adhesives

Within a three layered polyolefin coating system, the polyolefin adhesive is the
most susceptible to failure at high temperature because reactive processing inevi-
tably causes some degradation or chain scission during grafting. An alternative
approach to traditional reactive grafted adhesives is to use an intimately blended
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semi-interpenetrating network (sIPN) consisting of a linear polyolefin and a
crosslinkable monomeric epoxy, commercially referred to as a protective network
coating (PNC) [62, 116, 117]. This avoids the use of reactive extrusion to synthesise
the adhesive thus minimising any potential polymer degradation as it simply is a
blend of an epoxy primer and polyolefin adhesive. This is achieved by blending the
epoxy monomer and α olefin monomers together in solution and polymerising the
olefin while the epoxy monomer is largely unaffected. The resulting sIPN comprises
a highly compatible blend of polyolefin and a monomeric or low molecular weight
poly-epoxide resin. The excellent adhesion derives from the strong interfacial
interactions between the two components, but also their respective interactions with
the epoxy primer and polyolefin topcoat. The epoxide functional groups promote
covalent bonding between the primer, while the non-polar polyolefin would be fully
compatible with the polyolefin topcoat. A schematic representation of how a sIPN
can promote interfacial adhesion in a three layered coating system is shown in
Fig. 14.24. This technology has been applied as a field joint coating where the lack
of polymer degradation of the adhesive facilitates its usage as a high temperature
adhesive [118].

Similarly, the glass transition temperature (Tg) of an FBE adhesive in a single,
dual or three layered coating system is also critically important in determining the
usage of a coating system. Their Tg’s are typically less than 110 °C, yet in modern
deepwater oil wells, the operating temperature requirements may well be about
140 °C or more, thus creating performance problems for standard FBE coatings. To
overcome this limitation, epoxy adhesives with higher Tg values have been pro-
duced using brominated epoxy resins [119] which at the same time also has
improved flexibility and impact resistance, weatherability, and cathodic disbond-
ment properties.

Fig. 14.23 Scanning electron micrographs showing the bi-phasic microstructure of the
formulation and “reservoirs” of healing agent produced
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14.6 Concluding Remarks

Oil and gas pipelines are critical assets for the industry. Large quantities of
hydrocarbon are transported around the clock in order to fulfil the ever increasing
needs for energy to power the growing economies of the world. Globally, huge
networks of pipelines run through vast lands and seas and they are expected to
provide the hydrocarbon resources to end-users in a timely and reliable fashion. The
pipelines, in many cases designed to last no less than 25 years, are constantly
threatened by corrosion attack due to the environments in which they operated.
Hence, almost universally, these pipelines are, by an arsenal of techniques,
encapsulated within the current generation of advanced pipe coatings and cathodic
protection. However, increasingly, these coatings are required to withstand harsh
service environments that continually challenge their integrity and effectiveness to
provide corrosion protection to the pipelines. Hence, from the days when the first
polymer pipe coatings were used, they have evolved from highly inefficient man-
ually applied single coating systems based on coal tar, to sophisticated multilayered
and multifunctional systems that can be equally applied in remote and extreme
environments or in pristine state of the art factories. A wide variety of pipe coating
systems have been developed to suit specific service conditions, starting with epoxy
coatings, for environments where service temperature requirements are modest
(<65 °C) while the likelihood of impact events and moisture ingress are low. Where
service temperatures reach up to about 110 °C, three layer coating systems

O
O

O

O
O

O

O
O

O

OO O

O

O

O

O

O

O

O

O

O

O
O

O

O

O

O

O

O

O
O

O

O

O

O

O

O

O

O

O

O
O O

O
O

O

O

O

O

O
O

O

O

O

O

O

O

O

O

O

O
O

O

O

O
O

OO O

OO O

O

O

O

O

O

O

O

OO O

O

O

O

O
O

O

O

O

O
O

O

O

OH

HO

O

O OH

HO
O

O

OH

O

O

O OH

HO

O

O

HO

HO

O

O

O

OH

HO

OH

OH

HO

HO
O

O

O

O

OH

HO

OH

O

O
O

O

O O
O O O

O

OO
O O

O

O
functionalised

polyolefin
epoxy resin non-functionalised

polyolefin

HO

OH

Fig. 14.24 Schematic representation of the semi interpenetrating networks of polyolefins and
crosslinkable monomeric epoxy resin. The blending of functionalised polyolefin helps to create a
more compatible network through interconnections allowing the epoxy resin to cure while
remaining miscible with the polyolefin

422 R.J. Varley and K.H. Leong



consisting of an epoxy primer, applied in conjunction with a polyolefin adhesive
and topcoat, are more commonly used. First and foremost against corrosion, but
also against exposure to physical damage incurred during fabrication, transporta-
tion, installation and actual service. In service conditions where temperatures of up
to 140 °C and thermal insulation becomes important for flow assurance,
multi-layered (5 or more) systems comprising layers of foam that are interspersed
between the adhesive and topcoat layers are more commonly used.

The need to understand the underpinning materials science and engineering of
each and every aspect of the fabrication and application of these materials therefore
is clear whether for factory or in the field applied coatings. Without this knowledge,
pipe coatings that protect pipelines against corrosion and impact damage
throughout their lifetime would not be achieved. Standardisation and specifications
are equally critical to this process, as it will ensured quality control, reproducibility
and a level of confidence to the industry enabling it to continue making better pipe
coatings.

As the O&G industry continues to explore in more challenging oilfields, e.g.
deepwater offshore, desert or arctic, the need for improved performance and
durability at extreme temperatures and pressures will continue unabated.
Developments in materials and processes are continuing to evolve, ranging from
self healing systems, high temperature adhesives to high compression strength
foams and tougher adhesives and top coats, to meet these demands. Similarly,
developments in testing methods are actively pursued so that the performance of
coatings can be more accurately assessed and determined consistent with more
extreme service conditions. Indeed the amount of new innovations seen in the pipe
coating industry have been tremendous in recent times, particularly in this new
millennium, in order to keep up with the demands of the end-users. It is anticipated
that due to its versatility and effectiveness, both economically as well as technically,
polymer based coatings will continue to dominate as one of the most important
corrosion protection systems for oilfield pipelines.
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