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Abstract: The constant change in coating technology and environmental regulations has led to the
development of low-solvent to solvent-free organic coatings, such as powder and high-solid coatings.
These two technologies are well developed, but are still not the preferred choice when considering
anticorrosive coating for marine and offshore applications. This mostly arise from a lack of perspective
in their long-term behavior and from the difficulty in their applications. This review’s principal aim
is to describe powder and high-solid technologies from their formulation and application to their use
in marine and offshore applications while recalling and giving key notions needed when the field of
anticorrosive coatings is considered. First, the requirement for coatings to be called anticorrosive will
be given alongside with their protection and failure mechanisms. The formulation and application
for high-solid and powder coatings will be exposed followed by the description of the type of coating
chemistry used in harsh environment. Finally, high-solid and powder coatings behavior in these
types of environment will be discussed.
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1. Introduction

The high potential of metals, in particular steel, to get oxidized by oxygen and water make them
sensible to degradation both in terms of appearance and integrity damages. These degradations due to
corrosion can represent a non-negligible cost of the gross annual product of industrial countries [1].
That is why it has always been crucial to find means to protect metals against corrosion. The traditional
way to do it, is to apply organic coatings as they can delay the spontaneous corrosion events [2].
Throughout the last decades, both organic and inorganic coatings have been widely applied for the
protection of metals against corrosion. This extensive use of coatings has led to a certain maturity of the
coating industry. As there are continual changes in technology, mostly due to international and national
legislations aiming at reducing the use of volatile organic compounds (VOCs), the coating industry
is always reinventing itself. For example, traditional coatings contain a relatively large amounts of
organic solvents, thus, reducing VOCs means a significant change in formulation. In order to be able
to comply with VOCs reducing policy, the coating industry has designed different types of products
such as waterborne coatings, high-solid coatings and powder coatings.

These types of formulation have been largely developed, however, the market for low VOCs
coatings is still growing. It is projected to grow by roughly 130% in five years in terms of United
States Dollar (USD) [3]. This means the beginning of the end of the long running dominance of
traditional solvent-borne coatings in favor to solvent-free coatings. As for traditional solvent-borne
coatings, these types of low to free solvent coatings can be used in various applications, from decorative
applications (indoor or outdoor) to protection of steel in harsh environments (e.g., marine and offshore
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environments). Although, high-solid and powder coatings are becoming frequently applied, it may be
difficult to substitute completely traditional solvent-borne coatings in harsh environments.

Even though, these types of coating possess the same base chemistry and same protection
mechanisms as traditional solvent-borne coatings, their systematic use is still not established
and waterborne coatings are preferred. Furthermore, despite continuous development in coating
technologies and understanding of anticorrosive coatings degradation, long-term protection of metal
from aggressive environments is still an up-to-date subject. This arises mostly from the complexity of
the coating-substrate system and the number of factors affecting the performance and service life of
anticorrosive coating [2,4–6].

The main objective of this publication is to present powder and high-solid coatings technology
in terms of both formulation and application, to describe how they protect steel, how they can be
degraded and their behavior when exposed to harsh environments. This review also aims at giving all
the necessary key concepts to understand the problematic of corrosion protection by anticorrosive
coatings in harsh environments whether it is solvent-borne or low VOCs coatings as their purpose is the
same (i.e., protect steel) even though all these notions were already developed in others publications
such as the work of Sorensen [1].

2. Protection and Failure Mechanisms

2.1. What Is an Anticorrosive Coating?

Before reaching the heart of this publication subject, it seemed important to describe what is an
anticorrosive coating as it is this aspect which will allow them to protect steel from corrosion. It should
be noted that as powder and high-solid coatings are similar in terms of chemistry as solvent-borne
coatings, first a general description of what is an anticorrosive coating, how they protect the steel and
how they fail will be made.

An anticorrosive coating is, typically, applied on a metallic surface (in this case, steel) to protect it
by stopping or at least slowing down corrosion that can spontaneously occurs when exposed to any
corrosive environment. They are constituted by five main groups of components; the binder, pigments,
fillers additives and carrier. They can be formulated from a wide variety of chemicals, materials or
combination of different chemicals. Additives are secondary products included in small quantities to
improve selected coating properties or to solve technical problems.

Among the components of anticorrosive coatings, the carrier is of importance even though it will
not have a crucial role in the mechanisms of protection offer by the coatings. It is the vehicle in the
uncured paint that carries all elements and exists only in the uncured state. In addition to dissolve
or disperse the constituents, the carrier can reduce the viscosity of the coating leading to an easier
application and enable the application by spraying or dipping. The carrier can be an organic solvent,
water or gaseous depending on the type of coatings. In its liquid form, the carrier will be mostly
responsible for the coating wetting of the surface and thus control the homogeneity of the coating film.
If the wetting is insufficient, it can lead to holes in the film and unprotected areas.

The binder is what brings the physical structure of the polymer and permits to support and
contains the pigments and additives. It binds itself to these components and to the metal surface.
In addition to bring structure, it ensures the most important properties of the coating (adhesion to the
metal, cohesion within the coating, high mechanical strength and low permeability). It is, thus, evident
that the right binder choice is crucial when designing an anticorrosive coating as its properties will
depend on its chemical composition and curing. Very often, coating performance will be linked to the
advantages and disadvantages of its binder family.

It exits three main types of pigments: barrier, sacrificial and inhibitive pigments. They differ in
their mechanisms of protection and also in their quantity in the coating as depicted on Figure 1. Indeed,
sacrificial coatings (typically zinc-rich coatings) need to have a large quantity of pigment in them
to allow the flow of electric current coming from the electrical contact between the particle and the
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substrate to be protected. Inhibitive pigments which rely on a dissolution mechanism and formation
of soluble salts at the substrate/paint interface needs to be in sufficient quantity whereas pigments in
barrier coatings are generally chemically inert.
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Figure 1. Pigment volume concentration (PVC) as a function of the type of anticorrosive coating. CPVC
stands for critical pigment volume concentration. Reproduced with permission from [7]. Copyright
2008 Elsevier.

Among the five groups, binder and pigments are the most important elements when considering
the anticorrosive performance. Whereas the binder will give the overall properties of anticorrosive
coatings, pigments will be crucial when considering the protection mechanisms.

Now that the principal components of an anticorrosive coating have been reviewed, let us see how
they can provide protection to the steel. First, an anticorrosive coating will act as a barrier between
the potentially corrosive environment and the steel. To be able to understand how these coatings
can protect steel, it is important to briefly recall the definition of corrosion and the corrosion process.
Corrosion can be defined as a physicochemical interaction between the environment and a material
that results in changes in the property of the metal (metal consumption/dissolution). It is a process
driven by a potential difference between cathode and anode sites. The anode and cathode sites can be
next to one another or separated from one another. The anode site is at the metal surface’s less noble
site or site with a higher surface energy. Corrosion requires several elements to happen such as water,
oxygen or another reducible species, a dissolution process at the anode, a cathode site and an electrolyte
path between the anode and the cathode. As any of these elements can control the rate of corrosion,
suppressing one or several of them is the main goal to achieve when designing an organic coating.

Consequently, the main protection mechanisms displayed by organic coating are:

• Creating an effective barrier against the corrosion reactants (water, oxygen and ions);
• Creating a path of extremely high electrical resistance, thus inhibiting anode-cathode reactions;
• Passivating the metal surface with soluble pigments;
• Providing an alternative anode for the dissolution process.

Based on these mechanisms and according to Bierwagen [2], there are three main modes of corrosion
protection that anticorrosive coating can provide: (i) barrier protection, (ii) cathodic/sacrificial protection
and (iii) inhibitive/passive protection (coating formulated with inhibitive pigments/or additives).

It exists a large body of literature on the protection mechanisms of anticorrosive coatings as these
subjects has been extensively studied [2,4,8,9]. The aim of this section is not to detail the protection
mechanisms of anticorrosive coatings but to give a critical review of them.
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2.2. Protection Mechanisms

As said, traditionally the protection mechanisms described in the literature are the barrier
protection, the sacrificial protection and the inhibitive/passive protection. The barrier protection
depends at the same time on the coating properties and the presence of pigments whereas the sacrificial
and inhibitive/passive protection mostly depend on the presence of pigments. This section will focus
on the role of pigments as the case of the polymer properties due to binder choice will be detailed later
in this review.

2.2.1. Barrier Protection

Barrier protection, as its name implies it, relies on the creation of a barrier which will reduce
the transport of species needed in the corrosion process, i.e., water, oxygen but also chemical species
such as H2O, O2 and electrolyte ions (Cl−, SO4

2−, Na+, K+, NH4
+ and Ca2+). It is a crucial protection

and was at first stated as the main protection mechanism offered by coating but the permeability of
coating to water and oxygen discredited it [10]. It was shown that the extent of water and oxygen
transported through the coating was at least an order of magnitude greater or comparable to the
amount needed to support corrosion [10,11].

Concerning the impediment of the transport of electrolyte ions, it is the resistance to flow of
charge which is of importance [2]. When transported to the interface, electrolyte ions can react with
metallic species and formed soluble complexes which will diffuse away from the corrosion sites and
stimulate the corrosion cycle [12–16]. That is why, allowing the diffusion of water without ions is
essential. For Mayne, this coating property (ionic resistance) is the variable controlling the degree of
corrosion but the recent work of Sykes et al. [17] showed that an undisputable correlation between
conductivity and corrosion protection was not possible. They tried to measure the high resistance
pathway by electrochemical impedance spectroscopy (EIS) using bi-electrodes and showed that it was
not measurable. They also carried out test at elevated temperature and demonstrated that the coating
resistance measured could not control the corrosion process.

Protection offered by barrier coating is known to be greatly dependent on a number of parameters
such as the polymer properties, the polymer layer structure (crosslinking density) and thickness,
the type of corrosive environment, its interaction with the substrate, the presence of a pre-treatment
layer, pigment volume concentration, type of pigments/fillers and particle shape of pigments/fillers
(see Figure 2) [1,5]. It should be noted that barrier coating may be used as primer, intermediate
or topcoat.
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Figure 2. Barrier properties of shaped pigments: spherical pigments allow easy percolation of water
while lamellar pigments create a tortuous pathway for diffusion. Reproduced with permission from [5].
Copyright 2017 Elsevier.

Concerning the pigments used in barrier coating, their efficiency to disturb water and ions
transport through the coating will depend on their nature and shape as illustrated on Figure 2.

Spherical pigments will allow aggressive species to migrate almost straight through the coatings
whereas lamellar pigments will provide a tortuous path for the aggressive species. Pigments used
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in barrier coatings are inert and insoluble in water. Another parameter to take into account for
lamellar pigments is the build-up of layers in the dry film as the more layers there are, the more
protection they offer. This effect is controlled by the shape and size of the lamellas and in particular
the diameter-to-thickness ratio [1,18]. The two main groups of barrier pigments are mineral-based
materials mineral-based materials (mica, micaceous iron oxide (MIO) and glass flakes) and metallic
flakes (aluminum, zinc, stainless steel, nickel or cupronickel). For more information about the different
types of barrier pigments please refer to [1,18–21].

2.2.2. Sacrificial Protection

In the case of sacrificial coating, the protection is offered by galvanic effect. The substrate will be
protected by a metal or an alloy that is electrochemically more active than the material to be protected.
Indeed, the protective metal or alloy will be dissolved preferentially and leave the steel unreacted.

In the case of a coating, the cathodic protection is achieved by pigmentation. The major pigments
used to achieve sacrificial protection are zinc pigments. For the coating to be able to offer cathodic
protection, the content of sacrificial pigments must be high enough to ensure an electrical contact
between them (just below the critical PVC). Thus, as long as the conductivity in the paint is preserved
(enough pigments remaining to act as an anode), the steel will be protected. In the case of zinc rich
paints (ZRP), the weight of zinc must be higher than 80% in the dry film. Another important parameter
to control is the shape and the size of the zinc particles, although the size of the zinc particles will be
more important.

This type of protection is active when the coating is damaged. It will lead to the consumption
of the zinc particles and corrosion products will be produced as illustrated on Figure 3. As it can be
seen on this figure, in addition to the cathodic protection, the metallic powder can also offer barrier
protection due to the build-up of insoluble corrosion products in damage areas. As they precipitate,
these products fill the pore of the coating, thus, reducing the permeability of the film [22–24].
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Figure 3. Sketch of the working mechanisms of a zinc-rich coating system. (a) Damage is introduced
down to the steel surface; (b) zinc around the score is still active while zinc-iron corrosion products are
being built-up; (c) the zinc is not galvanically active any longer but the coating provides barrier and
inhibitive protection. Reproduced with permission from [1]. Copyright 2009 Springer Nature.

Sacrificial coatings are only applied as primers as they are effective only if the coating is in direct
contact with the steel due to the requirement of electrical contact between the steel and the sacrificial
coating. Since these types of coatings contain a low content of binder and other components, their other
properties (mechanical properties, adhesive and cohesive strength properties, impact resistance)
are significantly reduced [1].

2.2.3. Inhibitive/Passive Protection

Similar to sacrificial protection, inhibitive/passive protection relies on action of pigments when
the surface to be protected will be in contact with moisture. Their mechanism of action is different than
sacrificial pigments even though the first step is the dissolution of inhibitive pigments. In general,
such pigments are chosen for their transformation in insoluble metallic complexes when reacting with
the steel surface after their partial dissolution due to water penetration in the coating [2,25]. As the
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insoluble metallic salts build-up, they passivate the steel by impeding the transport of aggressive
species acting as a barrier.

Inhibitive pigments are inorganic salts which are slightly water soluble. The most common
inhibitive pigment is based on phosphate chemistry and mainly zinc phosphate is used. Zinc phosphates
are widely used because of their low solubility and activity which make them compatible with a vast
type of binders however their performance as corrosion inhibitor is contradictory but it is admitted
that they give good performance in industrial environments [26]. Other types of phosphates can also
be found, such as aluminum, calcium, barium, iron, cadmium or magnesium phosphates. Inhibitive
pigments can have two types of inhibitive actions; either an anodic inhibition by maintaining a passive
layer or a cathodic inhibition by reducing the corrosion rate by restricting oxygen diffusion to the
surface [1]. They are several mechanisms by which zinc phosphates protect the steel and they were
largely described in the literature [18,26–31]. It exists a vast variety of type of zinc phosphates which
were detailed with great care by Knudsen and Forsgren [4]. The mechanism of protection of other zinc
phosphates pigments is interpreted similarly as that of zinc phosphate [27,32,33]. Among the other
types of inhibitive pigments, ferrites, calcium exchanged silica, barium metaborate, molybdates and
silicates can be noted [18,27,34,35].

The design of inhibitive coating is delicate because their efficiency relies on antagonistic
requirements as they need water to be dissolved and act as a barrier after dissolution. Then, a balance
between the barrier properties and the effectiveness of the inhibitor must be achieved. The degree of
protection from an inhibitive/passive layer will then depends on the nature of inhibitive pigments and
also on the pigment solubility in the organic coating. As sacrificial coatings, these types of coating are
essentially applied as primers because they need to react with the steel surface to be protective.

2.2.4. Adhesion: A Protective Mechanism or a Pre-Requisite for Corrosion Protection?

According to Funke [36], “Adhesion is the most important property of organic coating because
if it fails, all other coating properties become worthless” but he also defined adhesion as a
protective mechanism along with the electrochemical mechanism (protection by pigments) and the
physicochemical mechanism (barrier protection) [37]. It is true that in most of publications about
corrosion protection, the three mechanisms of protection proposed are the ones already described
previously and adhesion is not mention alongside them.

Adhesion can be described as the interatomic and intermolecular forces at the interface of two
surfaces but in reality, it is very complex phenomenon implicating a multidisciplinary knowledge.
Numerous studies have been performed on adhesion to describe it, to explain how it works and how it
can be predicted as it is a key aspect in the protection offered by coating [38–44]. Several theories exist
to explain adhesion but the aim of this paragraph is not to review them and detailed information can be
found elsewhere [38–44]. Very strong adhesion can help suppress corrosion by retarding the formation
of corrosion products, hydrogen evolution and water build-up under the coating. Basically, the role
of adhesion is to create the necessary conditions so that corrosion protection mechanisms can work.
Indeed, without an intimate contact with the metallic surface at the atomic level, organic coating cannot
act as a passivation layer, create a path of extremely high electrical resistance at the metallic surface
or prevent the contact with electrolyte or corrosive species. However, adhesion is only a “necessary
but not sufficient” condition for good corrosion protection. Good adhesion alone is not enough to
ensure protection as it will not necessarily imply enhanced corrosion protection [45]. It is particularly
the case when considering dry adhesion which is the initial strength of the coating-substrate bond.
Funke himself said that when considering protection against corrosion, dry adhesion was less decisive
than wet adhesion [36].

Wet adhesion can be defined as the adhesion of an organic coating to a support upon exposure to
liquid water or high humidity [36]. Wet adhesion is a coating property and not a failure mechanism.
The same polar groups on the binder molecules that create good dry adhesion can decrease the water
resistance at the coating-metal interface and thus the wet adhesion. Based on their literature review,
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Leidheiser and Funke [46] proposed two disbonding mechanisms; the chemical disbondment where
the water molecules can disrupt the interactions between the polymer and the metal oxide and the loss
of adhesion due to a mechanical disbondment originating from accumulation of water at the interface,
see Figure 4.
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Figure 4. Schematic representation of the mechanisms of adhesion reduction and water disbondment [46].

In a general point of view, the adhesion mechanisms are controlled by the physicochemical
properties of the polymer (chemical composition and spatial distribution of the components,
the rheology of the polymer, the glass transition temperature (Tg) and the mechanical properties)
and the metal (nature of the reactive species and their spatial distribution on the metallic surface,
roughness). It is thus difficult to conclude about the role of adhesion as it could be considered as an
essential condition for corrosion protection to work and also as a protection. Nevertheless, this coating
property is of upmost importance and need to be carefully considered.

2.3. Other Important Aspects Related to Anticorrosive Performance

It is important to consider other coating aspects such as surface preparation or internal stresses in
the coating in addition to the protection mechanisms as both can impact coating performance when
stressed and need to be taken account in the design and application of anticorrosive coatings.

2.3.1. Surface Preparation

As stated above, adhesion between the organic coating and the steel surface is a pre-requisite for
the anticorrosive coating to actually protect the steel. It is, thus, vital to correctly prepare the surface
before the coating application as presence of contaminants (dust, grease, oils, salts) on the surface of the
steel will act as a weak boundary layer. This weak boundary layer could lead to coating failure or can
promote the appearance of blistering (see Section 2.4.2 for more details) [47–51]. Surface preparation is
also important as it can enhance mechanical or chemical anchoring of the coating and several standards
can be used as guide for surface preparation [52,53]. Le Calvé et al. [54,55] indicated that the surface
cleanliness level of steel was a key parameter in the coating durability. It was shown that coated steel
surface with low roughness (machined, Ra 4 µm) presented extremely good performance as long as
high level of surface cleanliness was ensured (such as on hydroblasted steel).

The main components of surface preparation are surface cleanliness and anchor profile of the
surface. Pretreatment of steel before painting consists in washing the steel with an alkali surfactant,
rinsing it with clean water and then removing the mill scale with abrasive blasting. The two first steps
provide cleanliness by removing oil, greases or others contaminants which might have accumulated
during the period between the production the steel and its painting. This step is achieved either by
abrasive blasting (dry or wet abrasive blasting) or with water as propellant and abrasive [52,56]. The last
step produces also cleanliness but at the same time roughness, thus, better mechanical anchoring
for the anticorrosive coating. The effects of different types of cleaning and pretreatment of metallic
substrates, as well as application procedures, has been thoroughly described elsewhere [57,58].
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2.3.2. Internal Stresses

The existence of internal stress in the coating, which develops due an inability of the coating
to shrink, may add further to the complexity of the coating system. Internal stress in coatings can
significantly affect the durability of anticorrosive coatings by resulting in loss of adhesion, cracking or
cohesive failure [59].

The build-up of internal stress can come from several contributions [60,61]:

• The film formation: solvent evaporation, volume change associated with the curing reaction, etc.;
• Thermal stress induced by differences in the coefficient of thermal expansion of the coating and

the substrate at ambient temperature;
• Stress associated with the degradation of the coating polymer;
• Stress induced by the exposition of the system to humidity and temperature.

The build-up of the internal stress due the exposition to a variation of temperature or relative
humidity mostly comes from the fact that the adhesion between the substrate and the organic
coating prevent stress relaxation by dimensional changes (film constraining by adhesion) due to
different thermal and hygroscopic coefficient between the coating and the substrate [62]. A schematic
representation of the different stress which can occur in organic coating is reported on the Figure 5 [63]:
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In this section, the different protection mechanisms and the requirements for these protection
mechanisms to happen were described. It was important to resume them as they will help understanding
how anticorrosive coatings work.

2.4. Mechanisms of Degradation

In addition to understand the protection mechanism involved in anticorrosive coatings, it is
important to understand the possible failure mechanism which can be encountered as a function of the
stresses considered. It exists two main types of degradation, the one involving defects (pinholes or
mechanical damages) in the coating which can lead to corrosion and the one involving degradation of
the coating itself (cosmetic defects or weathering of paint). Both types of degradation are linked to the
coating properties such as the resistance to mechanical damage or the formulation of the coating which
can induce defects in the paint film or make it more sensitive to weathering.

2.4.1. Loss of Protection Due to Corrosion Initiated at Defects

Coating failure normally initiates at local defects, which can be the result of application errors,
chemical heterogeneities in the coating or other defects, such as bubbles, under film deposits or
mechanical damages. The corrosion of steel at a defect can lead to cathodic delamination of the
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surrounding coating or be the result of anodic undermining or filiform corrosion [1,4,20,48,64,65].
For submerged steel, cathodic delamination will be the predominant degradation mechanism whereas
in atmospheric weathering conditions alternative mechanisms of de-adhesion can be expected [64].
Another minor mechanism but that can be important is a mechanical delamination due to the
accumulation of corrosion products which can expose fresh steel. Which mechanism dominates will
depend on the type of coating, type of substrate and exposure conditions. A lot of works has been
performed to describe and explain how these mechanisms initiate and propagate and the aim of this
section is only to recall the most pertinent information needed for the understanding of these loss
of protection.

Cathodic Delamination

Cathodic disbonding is the main mechanism of failure for anticorrosive coatings for submerged and
buried steel. However, it can also play a role in degradation mechanism observed on atmospherically
exposed steel when the electrolyte is thick enough to induce this type of mechanism or when the
adhesion between the paint and the metallic surface is poor. The process of cathodic disbonding starts
at coating defects (pinhole), mechanical damages, blister, where the steel is exposed to the electrolyte.
Cathodic disbonding is a process causing the organic coating to lose adhesion to the substrate due to
the cathodic oxygen reduction:

O2 + 2H2O + 4e− = 4OH−

Disbonding from damage is the result of bonds breaking at the coating-metal interface coming
from the alkalinity of the cathodic products [1,4,19,63]. They are a result of electrochemical reactions
occurring at the coating-steel interface, where solid iron is oxidized to ferrous ions and oxygen is
reduced to hydroxyl ions at the metal-paint interface, see Figure 6 [64]. In addition to the production
of OH–, cations should also be available to maintain electroneutrality. The mechanism of loss of
adhesion caused by an alkaline environment can be divided into three groups according to the literature;
reduction of the oxide layer, chemical degradation of the coating or interfacial failure. All those three
mechanisms were experimentally observed and proposed by different authors [1,66,67].
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The extent of cathodic delamination, from a coating point of view, will be dependent of the
ability of the interface to sustain an alkaline pH and the ability of the reactive species to diffuse
through the coating and along the coating-substrate interface [19,20]. Other parameters, such as the
potential of the coated steel (in case of cathodically protected steel), the type of electrolyte and its
concentration, the oxygen concentration, the coating thickness will also influence the rate of cathodic
delamination [1,4,68,69].

Anodic Undermining

Anodic undermining usually takes place in humid air conditions. In the case of cathodic
delamination, the anodic reaction is concentrated in the defect filled by the electrolyte and compensating
cathodic process takes place under the coating. Oxygen diffusion through the thick electrolyte layer is
the limiting factor and to remove this limitation, the cathodic front spreads from the defect underneath
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the polymeric coating. In humid conditions (thin electrolyte), the defect area is well aerated and works
mostly as a cathode where oxygen reduction reaction can take place, while anodic reaction occurred
underneath the coating and spread from the defect, Figure 7 [1,4,64,70,71]. Now, when the anodic
reaction is taking place under the coating, chloride ions (Cl−) will migrate to balance the Fe2+ ions that
are formed by the anodic reaction.
Coatings 2020, 10, x FOR PEER REVIEW 10 of 42 

 

 
Figure 7. Schematic for corrosion-driven coating de-adhesion in the case of anodic undermining [64]. 

Hydrolysis of the iron chloride under the coating may result in acidification of the electrolyte. 
Due to acidification of the electrolyte, hydrogen evolution may start, which will increase the corrosion 
rate further [4]. 

Filiform Corrosion 

Filiform corrosion is threadlike corrosion which attacks under the coating film, spreading from 
a coating damage. Although filiform corrosion is usually observed on organic-coated aluminum 
parts, it has also been observed on magnesium and cold-rolled steel. Filiform corrosion occurs in 
humid atmosphere. The mechanism of filiform corrosion has been discussed in number of 
publications such as reference [1,4,48,65,72]. 

The conditions for initiation and propagation of filiform corrosion are the followings; presence 
of defects in the coating (mechanical damages, pores, insufficient coverage of edges, air bubbles, salt 
crystals or dust particles), high humidity air (65–95%R.H), sufficient water permeability of the paint 
film and stimulation by artificial or natural impurities (sulphur dioxide or chloride) [65]. 

The filaments consist of an active corroding head followed by an inactive tail filled with porous 
corrosion products. Oxygen is consumed at the active corroding head which will become deaerated. 
This results in differential aeration because oxygen and water are supplied to the filament head by 
diffusion through the porous tail [73,74]. 

2.4.2. Blistering 

Blistering is one of the most important defects which should be avoided when considering the 
cosmetic aspect of corrosion protection by organic coatings. Blistering is showing a local loss of 
adhesion between the substrate and the anticorrosive coating. It will impact the appearance and also 
the performance of the coating. According to Greenfield et al. [47], three types of blistering can be 
quoted; osmotic, cathodic and anodic blistering. Whereas osmotic blistering is linked to the presence 
of contaminants at the surface and thus linked to proper surface preparation, cathodic blistering is 
linked to the presence of defects.  

Osmotic blistering mostly originates from the presence of contaminants such as chlorides, 
sulphates, dust or solvent entrapment [48]. Foreign ions can establish local osmotic cells in the 
presence of microscopic amounts of water and the water transport is driven by the difference in 
chemical potential between the outside surface of the film and the inside of the blisters, see Figure 8 
[48–50]. The key factors in osmotic blistering are the adhesion at the interface and the metal surface 
contamination. Blister initiation does not occur when the surface is relatively clean, or where water 
does not penetrate all the way to the substrate surface [49]. 
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Hydrolysis of the iron chloride under the coating may result in acidification of the electrolyte.
Due to acidification of the electrolyte, hydrogen evolution may start, which will increase the corrosion
rate further [4].

Filiform Corrosion

Filiform corrosion is threadlike corrosion which attacks under the coating film, spreading from a
coating damage. Although filiform corrosion is usually observed on organic-coated aluminum parts,
it has also been observed on magnesium and cold-rolled steel. Filiform corrosion occurs in humid
atmosphere. The mechanism of filiform corrosion has been discussed in number of publications such
as reference [1,4,48,65,72].

The conditions for initiation and propagation of filiform corrosion are the followings; presence
of defects in the coating (mechanical damages, pores, insufficient coverage of edges, air bubbles,
salt crystals or dust particles), high humidity air (65–95%R.H), sufficient water permeability of the
paint film and stimulation by artificial or natural impurities (sulphur dioxide or chloride) [65].

The filaments consist of an active corroding head followed by an inactive tail filled with porous
corrosion products. Oxygen is consumed at the active corroding head which will become deaerated.
This results in differential aeration because oxygen and water are supplied to the filament head by
diffusion through the porous tail [73,74].

2.4.2. Blistering

Blistering is one of the most important defects which should be avoided when considering the
cosmetic aspect of corrosion protection by organic coatings. Blistering is showing a local loss of
adhesion between the substrate and the anticorrosive coating. It will impact the appearance and also
the performance of the coating. According to Greenfield et al. [47], three types of blistering can be
quoted; osmotic, cathodic and anodic blistering. Whereas osmotic blistering is linked to the presence
of contaminants at the surface and thus linked to proper surface preparation, cathodic blistering is
linked to the presence of defects.

Osmotic blistering mostly originates from the presence of contaminants such as chlorides, sulphates,
dust or solvent entrapment [48]. Foreign ions can establish local osmotic cells in the presence of
microscopic amounts of water and the water transport is driven by the difference in chemical potential
between the outside surface of the film and the inside of the blisters, see Figure 8 [48–50]. The key
factors in osmotic blistering are the adhesion at the interface and the metal surface contamination.
Blister initiation does not occur when the surface is relatively clean, or where water does not penetrate
all the way to the substrate surface [49].
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Figure 8. Model for the degradation of an organic coating on steel in a neutral NaCl solution initiated
by osmosis. Reproduced with permission from [75]. Copyright 2008 Elsevier.

Cathodic (alkaline) blistering occurs at sites damaged by mechanical action, at a pinhole, at an
incomplete or very thin coverage section, or at an area of low ionic resistance or may be inherent
fault of the coating (pore). Basically, the mechanism of cathodic blistering is close to the mechanism
of cathodic disbonding as a loss of adherence is caused by the generation of a high concentration of
OH− ions in the cathodic zone [47,76]. It is also considered that the cathodic blistering is primarily
not due to the loss of adhesion but to the overpressure at the metal interface because of the formation
of highly water-soluble corrosion products due to the migration of Na+ ions at the interface due to
the cathodic reaction [76]. The presence of this water-soluble corrosion products could lead to the
formation of an osmotic cell leading to the formation of a blister through the same mechanism as
osmotic blistering [76]. A model for the degradation of organic coatings with no apparent defect on
steel in a neutral electrolyte is represented on Figure 9. In this model, the cations are believed to
diffuse through the coating as a result of an attack by water in low molecular weight or low crosslinked
regions, followed by the interconnection of these regions.
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Figure 9. Model for the degradation of an initially intact organic coating on steel in a neutral NaCl
solution. Reproduced with permission from [75]. Copyright 2008 Elsevier.

Anodic blistering is much less observed than cathodic blistering. According to Funke [77], on steel,
anodic blistering could be the result of a differential aeration process. Polarization could be the result
of a different access of the oxygen on a steel surface. The oxygen-poor center of the blister would
become anodic while the steel around would be cathodic. This mechanism is illustrated in Figure 10.

Whatever the types of blistering considered it is believed that blistering can be formed by two
main mechanisms: through the production of corrosion products under the organic coating or through
fully mechanical effect of osmotic pressure. In both cases, blister growth is promoted by the presence of
water at metal/polymer interface and interrelated to the loss of adhesion between the organic coating
and the metallic surface.
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2.4.3. Loss of Protection Due to the Weathering of the Paint

Even though the degradation of the paint by corrosion and blistering are the most common
defects when looking at the failure mechanisms of organic coatings, it is also important to take
into account the weathering of the organic coating. Indeed, this weathering can affect the coating
properties and thus changes water or electrolyte transport through the coating, i.e., impacting the
barrier property of coatings. The aging of coating is inexorable when exposed to weather even for the
best coatings, properly applied to compatible substrates. Weathering is a joint action of ultraviolet
radiation, heat, oxygen, humidity and chemical species. They can act separately or interact to lead to
coating degradation.

The effect of UV from sunlight is usually associated with aesthetic changes such as yellowing,
color change, loss of color or chalking. However, the most critical damages are due to chemical
breakdown and thus worsened mechanical properties. The range of potential effect of UV includes
embrittlement, increased hardness, increased internal stresses, generation of polar groups at the coating
surface (increased surface wettability and hydrophilicity), changes in solubility and crosslinking
density. The action of UV light is inhomogeneous within the coating thickness as the wavelength range
of the UV will have an impact on its penetration depth in the coating [78].

The effect of moisture can come from several sources including water vapor in the atmosphere,
rain and condensation due to the day-night cycle. As already said coating are permeable to water or
water vapor and it can diffuse through pore or microcracks. This water can be randomly distributed
or aggregate into clusters, can create a water interstice between the binder and pigments particles,
can exist in voids in the paint film and can accumulate at the metal-coating interface. The uptake of
water can affect the coating in several ways such as chemical breakdown, weathering interactions,
hygroscopic stress and blistering/adhesion loss.

Temperature can have an impact on the balance of stresses as it can induce additional crosslinking
or stresses by difference between thermal coefficient of expansion between the polymer and the metallic
surface [60,61,79]. It can also impact the coating mechanical properties as they are closely related to
the glass transition temperature (Tg) of the polymer. Diffusion process through the coating can be
enhanced by temperature rising as it will increase Brownian motion mode [4].

The chemical degradation is related to the breakdown in the coating film due to chemical
contaminants in the atmosphere. When thinking about atmospheric contaminants one will automatically
think about their effect at defects, however, these contaminants can also degrade the coating by
combining with condensation and make it more vulnerable to UV, moisture or temperature action.

Obviously, the extent of the coating reaction to these stresses will depend on its chemical nature
and thus each coating type will react differently to changes in one or more of these weathering stresses.
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3. What Are High-Solid and Powder Coatings?

In the previous section, the mechanism by which anticorrosive coatings protect the steel and
how they lose their protective properties were exposed. It was shown that it was intrinsically linked
to the coating property and how it was applied. High-solid and powder coatings possess the same
base chemistry as traditional solvent-borne coatings, however, to achieve a low VOCs formulation,
change in fundamental parameters such as the molecular weight of the binder needs to be achieved.
This section aims to describe high-solid and powder coatings technology to help understand how it
will influence their performance when exposed in harsh environment.

3.1. Why Formulate Low VOCs Coatings

Historically, solvents were used as carrier however their major drawback despite their well-known
performance were their hazardous nature for environment as well as human health. Their evaporation
at normal temperature and pressure also lead to problematic issues from a safety point of view due to
fire or explosion hazards. It was all these problems which generated a reducing VOC policy and the
development of environment-friendly solutions.

Volatile organic compounds are emitted as gases from certain solids or liquids and in the scope of
this review from the evaporation of organic solvent. VOCs include a variety of chemicals, some of
which may have short- and long-term adverse health effects. Nowadays, as companies must control
their VOCs, international and national legislation aimed at reducing the use of volatile organic
compounds. This trend, led the coating industry to develop environment-friendly solutions such as
waterborne coatings, low solvent coatings or solvent-free coatings, see Table 1. Another minor type of
environment-friendly coating is radiation curable coatings.

Table 1. Environment-friendly alternatives. Reproduced with permission from [80]. Copyright 2008 Elsevier.

Nomenclature % Solid Content Advantages Disadvantages

High-solid
coatings 60–80% - Higher thickness per coat

- Low VOC
- High viscosities
- Slight difficulty in brush application

Powder
coatings 100% - Very high thickness per coat

- Costly equipment
- Airless spray technique used for coating

Waterborne
coatings

Same as
solvent-borne

coatings

- Low VOC emission
- Low viscosity
- Reduced toxicity
- No odour and non-flammable
- Conventional application processes
- Suitable for thin film application

- Resins are costly compared to
conventional coatings

- Tendency to form foam
- Requires longer drying times or increased

oven temperatures

Generally, whatever the type of coating desired (solvent-borne or solventless), the same binder,
curing agent, additives or filler can be found. It is particularly true for high-solid coatings. For powder
coatings, the same base chemistry can be found but due to the process of fabrication and application,
some specific additives or curing agent can be found.

3.2. High Solid Coating

3.2.1. Generalities

High solid coatings are a group of coatings that highly resemble to the solvent-borne coatings
but contain less than 30% solvent. By definition, a high solid coating typically contains more than
60% solids by weight or 80% solids by volume [81,82]. This technology has been accepted by the
automotive, aerospace and marine industries for use in a variety of topcoat formulations, such as
two-component polyurethanes. High solid coatings use less paint to achieve the same thickness
obtained with conventional formulations.
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High solid coatings can present several disadvantages among the following can be quoted; higher
viscosity, sensitivity to inadequate substrate cleaning, shorter pot life, flocculation of pigment, narrower
cure window and sagging.

3.2.2. Parameters Influencing Film Formation

As stressed in the previous section, coating formulation and by extension coating properties
as well as the quality of the coating film will have a significant impact on the protective abilities of
coatings. That is why it is important to review parameters influencing film formation as it can be
different than for traditional anticorrosive coatings.

Viscosity

The same base chemistry as solvent-borne coatings is found for high solid coatings but differs
mainly on the molecular weight of the resin [81,83–85]. In contrary to solvent-borne coatings which
utilized polymers, high solid coatings are formulated with oligomers with lower molecular weight.
The choice of low molecular weight arises because of viscosity issues [86]. As the quantity of solids is
higher, the viscosity of high solid coatings is high and can generate difficulty in the application of the
paint during the levelling of the film. It exists is a linear relationship between the log of the viscosity
and the weight percent of the polymer solids. The increase in viscosity with increasing solids content
is much lower with oligomers than with higher molecular weight polymers [81,83].

Molecular weight reduction causes an increase in free volume because chain ends can undergo
segmental motion relatively easily and as a consequence decrease the viscosity of the resin which
depends on free volume availability [80]. The drawback of this approach is that to obtain adequate film
properties, a large increase in Tg will be required during curing. To obtain the necessary properties,
the content of functional group needs to be increased to promote molecular weight build-up and
crosslinking during curing. As increasing the content of functional groups will also increase the
viscosity of the coating, an optimum balance of molecular weight and functional groups content
for each high solid system must be found [81,84]. In addition, as the possible presence of single
functional group oligomer can lead to the formation of dangling ends which will act as plasticizers, it
is thus critical to control the functionality of the oligomers and to have at least two functional groups
by oligomer.

Sensitivity to Inadequate Substrate Cleaning—Surface Tension Issue

The increase of functional groups content in high solid coatings can lead to surface tension issues
and film defects, such as cratering or crawling [81]. Crawling occurs when a coating of relatively
high surface tension is applied to a substrate of relatively low surface free energy. Due to their
formulation and the diminution of solvent quantity, high solid coatings have high surface tension.
Indeed, in majority, the functional groups of coatings are highly polar and the solvent used in high
solid coatings are mostly hydrogen-bond acceptor. All these factors lead to the fact that the surface to
be applied must be thoroughly cleaned and properly prepared to reach the highest possible surface
free energy.

Shorter Pot Life

Here again, the increased content of functional groups induced side effects and reduce the pot life
of high solid coatings [81,84]. Storage stability is affected by the rate of reaction at storage temperature
which in turn is influenced by the concentration of functional groups. In high solid coatings, functional
groups are more important (at least three times as for the same curing system in conventional coating)
because there is less solvent and because functionality is increased to get the right chain extension [81].
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Flocculation of Pigment

Avoiding flocculation of pigment is crucial in any type of coating, conventional or high solid. It is
not a major problem in conventional coatings but it can be critical in high solid coatings because it
can induce an increase in the viscosity of the coating before application [81]. This viscosity increase
is attributed to immobilization of continuous phase within and around the irregular surface of the
aggregate and to the crowding or packing aggregates with each other [81].

One of the primary factors controlling the stabilization of pigment dispersion is the thickness of
adsorbed layer on the pigment particles surface. The low molecular weight molecules in resin for high
solid coatings are incapable of providing an adequate adsorbed layer [81].

Cure Window

The cure window for high solid coatings is narrower than for conventional coatings, it is thus
important to have a precise formulation and to apply the coating at the right baking temperature and
time [81,84,85]. For conventional coatings, the baking temperature, backing time or catalyst amount
can be off by ± 10% [81]. There are a large number of hydroxyl groups in each resin molecule and
if 10% are not reacted, the change in the properties will be small. However, in high solid coatings,
the content of functional groups is optimized to obtain the right final mechanical properties without
having a negative impact on the viscosity. Leaving even a small amount of unreacted functional group
can, thus, lead to high change in the final properties of the coating [81,84].

Sagging

Sagging is a greater problem with high solids than conventional coatings [81,83,84]. This results
from a lower loss of solvent during application for high solid coatings in comparison to conventional
coatings. Indeed, a high solid coating having 70–80% solids at the spray gun will have 75–80% solids
on the substrate whereas it was 20–30% solids at the gun and 75–95% solids on the substrate for
conventional coatings [81,83,84]. The reasons for this difference have not been completely elucidated
but result in sagging.

Oven sagging can also happen. High solid coatings tend to sag during the early stages of heating
during thermal cure due to the strong temperature dependence of viscosity. It occurs when the
increase of viscosity resulting from the crosslinking reactions is insufficient to counteract the decrease
in viscosity of high solid coatings as temperature is increased during baking [81,83,84].

It can be seen that, even if high-solid coatings present substantial advantages, the control of
the film formation to obtain a defect free film appears more difficult than for conventional coatings.
This will obviously have an impact on the performance of these type of coatings.

3.3. Powder Coating

3.3.1. Generalities

Powder coatings were first available in Europe in the early 1950s and then in United States in
1972 [87]. The first powder coating was based on polyethylene chemistry and applied by a fluidized
bed technology on preheated steel. It is only in the 1960s that powder coatings based on polyesters
and epoxies technology were developed. Knudsen and Forsgren [87] stated that powder coatings
constituted 11% of the world coating market in 2010s.

In powder coatings, all the constituents of the coating are present in a dry, solventless powder.
They are formulated from solid resins, cross-linkers, pigments with small amounts of additives
such as UV screeners, flow promoters, catalysts and pigment dispersants. Powder coatings are usually
produced by melt mixing the ingredients at elevated temperature under high shear to disperse pigments
in a matrix of the major binder components. Even if this process can be either in batches or continuous,
the same process steps are found. An example of production line is shown on Figure 11.
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In addition to their obvious environmental benefits, powder coatings have a number of technical
and economic advantages:

- In the case of electrostatic spraying, since the powder is drawn to the substrate by electrostatic
charge, a very high ratio of the powder ends up on the substrate. This ratio is higher than the
one observed for conventional coating. Furthermore, the little fraction which does not hit the
substrate can be recycled in the application booth and sprayed again.

- The high temperature of application (160 to 210 ◦C) makes it faster to cure and allows the formation
of a very dense and highly protective film.

- They are ready to use since no dilution or thinning is needed.
- They are easy to apply because they do not run, drip or sag, unlike conventional liquid coating
- They can cover irregular shapes.

Powder coatings present numerous advantages but the size of the object to be coated is one of the
main limitations. Even if the application line allows the coating of quite large objects, this technology
is limited to objects and parts [87,89,90]. In addition, whatever the application methods selected, it is
harder to change the color of powder coating applied during the application process in comparison to
conventional solvent-borne coatings [87,89,90].

Powder coatings can be divided into two main categories as solvent-borne coatings: thermoplastic
powder and thermoset powder. The market share for thermosetting coatings is larger (90%) than for
thermoplastic coatings [87,89–91].

3.3.2. Application Methods

The method of applications for powder coatings differ greatly from the application methods
utilized for conventional solvent-borne coatings and high-solid coatings. That is why it is important to
mention them.

Two principal methods are used, namely, electrostatic spray and fluidized bed. Other minor
application methods can also be quoted, such as electrostatic fluidized bed and flame spraying.
When thin film powder coatings are desired, the preferred application method is by electrostatic spray.
For protective and thick-film powder coatings, fluidized bed method is adopted. Before coating, as for
conventional solvent-borne paints, the substrate must be carefully cleaned by appropriate surface
preparation. Conversion coatings can also be added to improve adhesion and corrosion resistance.

Electrostatic Spraying

Electrostatic spraying is the major process for applying powder even though it was not the first
one to be developed. The powder is fluidized in a hopper and conveyed by a stream of air to an
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electrostatic gun [87,89,90,92]. The substrate is electrically connected to ground so that the charged
powder particles are drawn to the substrate by an electrostatic force. The airflow out of the gun has the
role to add a velocity toward the substrate to the particles. There are two types of electrostatic gun,
the corona and tribo gun, see Figure 12. They differ by their means to input electrostatic charges to
the powder.
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Charging the powder by corona effect is the most common method used. It consists of a tube
carrying the airborne powder to an orifice at which an electrode is located. The electrode is connected
to a high voltage (30–100 kV) and low amperage supply [87,89,90]. Even though the voltage in the gun
is high, the current is very low which allow the energy transmitted to the powder to remain quite low.
Electrons emitted by the electrode react with molecules in the air, generated a cloud of ions (mostly
OH−), called a corona, around the orifice [87,89,90]. Powder particles come out the orifice negatively
charged due to the pick-up of anions and the difference in potential between the substrate and the
particles draw them to the substrate surface. One disadvantage of the electrostatic powder spray
process using corona discharge guns is that a high voltage field is set up between the gun and the
substrate. As field lines will tend to concentrate on the points closest to the spray gun, parts with deep
angles or recessed areas will be difficult to coat. This is called the Faraday cage effect.

Another means of applying electrostatic powder employs triboelectric charging of the particles.
The particles are charged by the friction generated by streaming through a poly(tetrafluoroethylene)
tube in the gun [87,89,90]. Since there is not a large differential in charge between the gun and the
grounded substrate, no significant magnetic field lines will be established leading to a minimal faraday
cage effect. This will help in the coating of irregularly shaped objects and smoother coating can be
obtained with this method. It should be noted that as throughput is slower, stray air currents can
deflect more easily the particles between the gun and the grounded substrate [90].

After the application of the powder coating, the substrate is conveyed to a baking oven where
the powder particles are fused to a continuous film, flow and crosslink (as a function of the coating
type). The volume fraction of sprayed powder that ends up on the substrate is called transfer efficiency
which will depend on the geometry of the object and the particle size. In general, the particles that do
not adhere to the substrate are particles which received little charges [81]. The particles that do not
adhere to the substrate (overspray) are recovered as a dry powder. This powder is usually recycled
by blending with virgin powder but this recycling has a limit as the recycled powder will have an
increased concentration of particles with poor charging.

The film thickness deposited by electrostatic spraying using the corona gun can be adapted by
changing the gun voltage and the distance between the gun and the substrate [94]. To increase the
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film thickness, the voltage must be increased whereas the gun–substrate distance must be decreased.
Thicker film can also be applied by heating the substrate before deposition.

Fluidized Bed

Fluidized bed is the oldest method of applying powder coatings. It is very different from
electrostatic spraying since the substrate is dipped into the fluidized bed after being preheated.
Once the preheated substrate is in contact with the powder, the powder melts and forms a film.
The fluidized bed typically contains a powder container and air supply which are separated by a
porous bottom. The powder is transformed into a fluidized state by the passage of clean air through
the porous bottom resembling a boiling liquid, see Figure 13. As the thickness of fused particles builds
up, the coating becomes a thermal insulating layer so that the temperature at the surface of the coating
decreases, finally reaching the stage which further particles do not stick to the surface. The last particles
to attach to the coated surface are not completely fused, so the substrate must be moved to another
oven to complete the fusion [87,89,90].
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The powder applied by the fluidized bed has a particle size distribution ranging from 30 to
250 microns which is larger than particles applied by electrostatic spraying [87,89,90]. Depending
on target coating thickness and properties of the powder, the substrate is heated to 230 to 450 ◦C
and dipped for 2 to 10 s. Coatings on the order of 200 to 500 µm are typically produced. The size of
the substrate that can be coated is limited because the fluidized bed container must be large enough
to readily accommodate them. Most commonly, this method is used for applying thermoplastic
coating materials.

Other Minor Methods

Among the other methods which can be quoted, electrostatic fluidized bed and flame spraying
can be mentioned.

Electrostatic fluidized bed has a similar process as fluidized bed but electrodes are added to
generate ions the air before the substrate is dipped in the powder. As for electrostatic spraying, powder
is attracted to the substrate through electrostatic force. This method is used to apply thermoplastic and
some thermosetting powder coatings.

Flame spraying is another technology for applying thermoplastic powder coatings. During this
process, the powder is propelled through a flame and stays long enough in it to melt and is deposited
on the substrate and cooled down before any thermal degradation of the polymer. Only thermoplastic
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powder can be produced this way due to a short time at high temperature which prevent the completion
of a curing reaction [89,90]. In contrast to other techniques, flame spraying can be use on field.

3.3.3. Formulation and Film Formation of Powder Coatings

As for high-solid coatings, the formulation and film formation of powder coatings are more
difficult than for convention solvent-borne coatings and a detailed description will be made in this
paragraph as it can influence coating performance.

Formulation of Powder Coatings

The formulation of powder coatings is similar to conventional coatings in many regards. The same
type of binder, crosslinker and additives can be used. However, their respective ratio in the powder
must be optimized to avoid difficulties which could lead to defects in the final paint film [87,89,90].
Another difference between powder and conventional coatings relies in additional additives adapted to
the powder production and the application methods. Whereas many additives such as UV absorbers,
light and heat stabilizers and slip agents have their basics in conventional coatings, others such as
electrostatic additives or post-blend additives are unique to powder coatings [89,95]. For example,
degassing additives can be incorporated in the formulation to mitigate the defects caused by volatiles
(air, moisture, low molecular weight polymer fragments) emitted during film formation to avoid
pinhole defects. Additives to avoid flooding, floating and pigment agglomeration which are used in
conventional coatings are not necessary and seldom used in powder coatings.

A significant formulating advantage for conventional coatings is that there are few constraints on
the Tg of the binders whereas it can be a crucial parameter for high solid coatings, see Section 3.2.2
An important formulating variable is the ratio of pigments and fillers to the binder in powder
coatings [89,90]. It is generally much lower than for conventional coatings since there are no other
liquid ingredients present to wet out the pigments. Thus, the pigment volume concentration in
powder coatings seldom exceeds about 25% [89,90]. In addition, higher levels of pigments or fillers
can reduce the flow out of powder coatings resulting in a rough grainy aspect. Many of the pigments
used in conventional coatings are also used in powder coatings. These include inorganic pigments
(TiO2, iron oxides, complex inorganic pigments) and organic pigments. Here again, their concentration
in the formulation must be adapted to avoid any negative effects on the powder flow.

For thermosetting powder coatings, the formulation is much harder than for thermoplastic
powder coatings. Indeed, the formulation must satisfy a combination of conflicting needs such as
the minimization of premature cross-linking during production, stability against sintering during
storage, coalescence, degassing and levelling at the lowest baking temperature, cross-linking at the
lowest possible temperature in the shortest time possible and film properties that meet or exceed the
requirements of the intended application [87,90,96]. In addition, flow and leveling must be balanced to
achieve acceptable appearance and protective properties over the range of expected film thickness.
For example, coatings that flow readily before cross-linking can form smooth films but they may flow
away from edges and corners.

Film Formation

As previously said, after application, the substrate covered by powder is taken to the curing oven.
For both classes of powder coatings, the mechanism is first the melting of the powder and formation of
a continuous film, Figure 14.Coatings 2020, 10, x FOR PEER REVIEW 20 of 42 
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Thermoplastic and thermosetting powder coatings differ by the fact that a curing reaction happens
following the powder melting for thermosetting powder coatings whereas for thermoplastic coatings,
the film is formed by the evaporation of air between particles [87,89,90]. This curing reaction complicates
the film formation and selecting correct curing conditions is extremely crucial [97].

Two processes can be used to cure thermosetting powder coatings either heat or UV light. Heating
is the most common way to complete the curing reaction while UV curing can only be used for
specifically designed powder coatings [87]. During heat curing, as the temperature increases the
powder starts to melt and float together. The outer powders melt first since the substrate has higher
heat capacity and takes longer time to be heated. Curing accelerates as the powder temperature
increases and consequently the powder viscosity increases. In heat-curing powder coating, there can
be a risk of pinhole formation due to the degassing of air or water molecules (produced by the curing
reaction) at the last stage of the curing process when the viscosity is high.

For UV-cured powder coatings, the risk of pinhole defects is lower because the curing reaction
happens in two steps. Indeed, powder coatings are first heated until the powder particles melt and
coalesce into a molten film. Then, the film is cured by irradiation with UV light in few seconds.

Parameters Influencing Film Formation

There are a lot of parameters which can influence film formation but they can be sorted in
two main categories, the ones inherent to the powder particles characteristics (size, distribution and
shape) and the ones inherent to the physicochemical and rheological properties of the binder powder
(Tg, melt viscosity and surface tension).

The powder particles characteristics will have an impact on the application process, mainly for
electrostatic spraying, and on the thickness of the final film. Small particles can induce a problem in the
powder transport in the application equipment (electrostatic gun) because they can fill the voids between
large particles and lead to powder packing and difficulty in the fluidization of the powder [87,89,90].
These phenomena can result in film thickness variation. In addition, during electrostatic spraying,
smaller particles can affect the flow pattern due to the fact that they receive more charge per weight
than larger particles [87,89,90]. If too small particles need to be avoided, it is the same for too large
particles. Indeed, they can affect the film smoothness. Generally, the largest particles must not be
larger than 2/3 of the desired film thickness [87,89,90,98]. In addition, particles shape and density can
influence the spray process and powder recovery. Particle size distribution can also play a role on the
packing density of the film, the fusion of the particles and the amount of air between particles before
fusion. Irregular shapes promote void in the dry powder film.

Concerning the physicochemical and rheological properties of the powder, the melt viscosity and
the surface tension of the melt are very important. Viscosity will have an impact on the powder flow and
on the coalescence of the powder particles. Generally, viscosity is high immediately after fusion, drops
with increasing temperature and finally increases when the coating approaches gelation [87,89,90].
Obtaining the right melt viscosity is essential because too low viscosity will result in sagging, dripping
of paint or the blocking of powder particles when stored whereas too high viscosity will induce a poor
flow [87,89,90]. The flow, in particular the flow window, will depend on the lowest viscosity attained
and by the length of time that the melt powder stays within the right viscosity range. Viscosity is also
crucial for the leveling of the film [87,89,90].

Regarding the surface tension, again, the right melt surface tension needs to be found. High surface
tension promotes coalescence and the flow of molten powder particles while low surface tension is
necessary to wet the substrate [87,89,90]. As for the viscosity, if the surface tension is too high or too low
it will generate film defects such as cratering or orange-peel effect (poor flow) respectively. These two
parameters will be also linked to the Tg (mostly the viscosity) of the melt which will in turn depend on
the binder nature, its molecular weight, its functionality, the curing agent, etc. The Tg of the powder
will also be essential for the storage of the powder before application and for the coalescence and
leveling of the film. The Tg must be high enough to avoid powder sintering but no too high because it
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will impact the temperature at which the coalescence and the leveling of the film will happen [81–83].
It is generally preferable that those (coalescence + leveling) happen at the lowest possible temperature.

4. Main Binder Types When Anticorrosive Properties Are Considered

In the previous section, the technology of high-solid coatings and powder coatings was described
to highlight their differences in comparison to conventional solvent-borne coatings and to present
the challenge to overcome in their formulation. This section is dedicated to the binder typically used
in harsh conditions. It includes binder for C5 and Im2 environment according to ISO 12944-5 [99].
First, a general presentation of the binder family will be made and then the particular case of high-solid
coatings and powder coatings will be address.

4.1. Epoxy Technology

4.1.1. Generalities

Epoxy technologies are widely used for anticorrosive coating especially because of their excellent
adhesion to metal and their high resistance to heat, water and chemicals [2,100–102]. In addition to
these properties, epoxy technology exhibits very strong mechanical properties, better alkali resistance
than most of other types of polymers but shows a high susceptibility to UV degradation.

Epoxy resin refers broadly to thermosetting polymer that contains an epoxide ring also called
an oxirane ring. The most common epoxide used are: diglycidyl ethers of bisphenol A (DGEBA),
diglycidyl ethers of bisphenol F (DGEBF), epoxy phenol or cresol novalac multifunctional resins for
very aggressive environments, see Figure 15.
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ethers of bisphenol F (DGEBF).

It is accepted that the corrosion protection available with epoxy technology comes from a
combination of factors, i.e., the presence of aromatic group in the bisphenol structure which form a
good barrier protection and the presence of secondary hydroxyl group along the chain for adhesion
purpose [101]. However, the presence of aromatic group in the bisphenol structure is also what makes
epoxy coating highly susceptible to UV degradation. It is because of this susceptibility that chalking
and yellowing are often encountered for epoxy coating, see Figure 16. Epoxy coatings are often used as
primer or intermediate coats and combine with another type of chemistry for the topcoat.Coatings 2020, 10, x FOR PEER REVIEW 22 of 42 
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The crosslinking of epoxy resin usually occurs by the opening of the ring by curing agents
(generally amines) through a proton donor reaction. The high strain due to bond angle encountered
in the oxirane ring makes it highly reactive. There are a number of curing agents available to react
with epoxide; amines (aromatic or aliphatic), mercaptans, amides, phenols, isocyanates, anhydrides
acids, etc. Thus, the structure of the epoxy coating will partly depend on the nature of the curing agent,
see Figure 17. The oxirane ring being highly reactive, most of these curing agents can react rapidly and
at room temperature as soon as they are mixed together.
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It is the molecular weight of the resin which will largely dictate the coating properties, see Figure 18.
For example, increasing the molecular weight will increase the flexibility, the adhesion or the toughness
with the counterpart of decreasing the crosslink density or the solvent resistance [1]. The difference
in final properties as a function of the molecular weight comes from a difference on the number of
functional groups per unit, i.e., low molecular weight possesses more functional groups. Resins of
differing molecular weight are usually blended to obtained balance property as a function of the
application needed.Coatings 2020, 10, x FOR PEER REVIEW 23 of 42 
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It should be noted that the choice of the curing agent will also impact the final property of the
coating. For instance, epoxy coatings formed by reaction with polyamides are more flexible than



Coatings 2020, 10, 916 23 of 41

epoxy coatings formed with amines. Polyamines are relatively small molecules which will lead to
tight crosslinking whereas polyamides will allow crosslinking to occur lengthwise due to their much
larger size.

4.1.2. High Solid Epoxy Coatings

The use of reduced molecular weight oligomer leads to the use of standard bisphenol A epoxy
resin modified with dimer acids. In theory, two molecules of diepoxide resin can be joined with one
molecule of dimer acid [84]. Thermosetting acrylic resin oligomer can also be used to modify epoxy
high solid coatings. The products are generally formulated and applied at much higher solid levels [84].

Concerning amine cured epoxy coatings, to be used as high solid coatings, it is common to
increase both the extender level and the thixotrope additive level to avoid sagging of the coating during
application [83,84].

The use of low molecular weight in epoxy high solid coatings can lead to more brittle coatings
than conventional coatings [1,84,103]. Thus, they can be more susceptible to damage from impact,
abrasion gouging. All these types of damage can compromise the barrier properties of the coating.
One way to remedy this problem is by the addition of flexibilizers or toughening agents [103].

When considering high solid primer, typically epoxy type for their good adhesion, they are more
difficult to formulate due to possible pigment flocculation as depicted in the previous section.

4.1.3. Epoxy Powder Coatings

They are the oldest and still one of the largest classes of thermosetting powder coatings.
One explanation is that during the development of thermosetting powder coatings, solid epoxy
resins and well-known latent curing agents were already available leading to a quicker development.
The most common crosslinker used in powder curing is dicyandiamide (DICY). This crosslinker leads
to complex polymeric structure due the complexity of the polymerization reaction which is still not
completely elucidated [104–107]. DICY can be modified to enhance its solubility in epoxy and improve
the film uniformity. As the curing reaction between DICY and epoxy can be slow it is common to add
a catalyst such as imidazole molecules [83,89,108]. Other typical curing agents are phenols, anhydride,
aromatic amines and aliphatic diamines.

The same properties encountered for conventional coatings are found for epoxy powder.
Epoxy powder coatings are mostly used for corrosion protection in particular for onshore and
offshore oil and gas pipelines which are their largest market. In the pipeline coating industry, this type
of coating is called fusion-bonded epoxy (FBE) [87,108,109]. It can be used as a single coat and as the
first layer in a multi-coats system [110]. Typical binder compositions include a solid epoxy resin and a
dihydrazide crosslinker.

4.2. Polyurethane Technology

4.2.1. Generalities

Unlike epoxy coating, polyurethane coatings are known to be highly UV resistant and made
them the favorite choice for topcoat paint but they can also be available as primers or intermediate
coats. Polyurethane coatings exhibit excellent water resistance, good resistance to acids and solvents,
better alkali resistance to most polymers and in general good mechanical properties in addition to their
good weathering properties [1,100,111,112].

They are formed by isocyanate (R–N=C=O) reactions with active or labile hydrogen atoms coming
from, for example, alcohols, amines or water molecules, see Figure 19. The crosslinking of polyurethane
coatings will also depend on the type and configuration of both the isocyanate and curing agents,
temperature and presence or not of catalyst.
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Figure 19. Some typical isocyanate reactions (a) hydroxyl reaction, (b) amino reaction and (c) moisture
core reaction.

Two types of polyurethanes can be distinguished as a function of their curing mechanisms;
moisture-cure urethanes or chemical-cure urethanes. Moisture-cure urethanes are single pack coating
and chemical-cure urethanes two components pack coatings. In single pack coating, the isocyanate
group reacts with any labile hydrogen, moisture in the air included. The use of moisture-cure urethanes
is limited to by the concentration of moisture at the surface which can induce adhesion problems and
bubble formation due to the presence of carbon dioxide as by-product of the cure reaction.

Both single pack or two components pack coatings can be made of either aliphatic or aromatic
isocyanates as a function of the final property needed. Aromatic polyurethanes, though less expensive,
have more chemical and solvent resistance but are more susceptible to UV degradation due to the
aromatic structure, such as with epoxy technology [1,100,111]. It is what makes them preferably used
as primers or intermediate coats. Aliphatic polyurethanes can be linear or cyclic and offer better UV
resistance and are used as topcoat when good weatherability is needed but are more expensive and
react more slowly [1,100,113,114]. Figure 20 shows some typical chemical structure of aromatic and
aliphatic isocyanates.
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Aliphatic polyurethanes are mostly polyester and/or acrylic polyol whereas aromatic polyurethanes
are mostly polyether polyol.

4.2.2. High Solid Polyurethane Coatings

The low viscosity, high functionality and high isocyanate content of the oligomeric polyisocyanates
make polyurethane especially suitable for high solid coatings. There is an ASTM standard for describing
the different types of polyurethane and the characteristics of high solid and solventless polyurethane
coatings are detailed in the ASTM D16-type V [115]. In the development of high solid polyurethane
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coatings, as for epoxy coatings, the adopted approach is to lower the binder of the resin, add diluents or
lower the viscosity of the polyisocyanate crosslinking agent [84,111,116,117]. Renz et al. [118] described
the effect of these modifications and their possible negative effects. Hydroxy-terminated polyester
and hydroxy-functional acrylic resins are the most common polyols used in the formulation of high
solid polyurethane coatings [84,116]. Other way using self-crosslinking isocyanate system can also be
found [116]. Depending on application area and mode of application, the solid level for typical two
package polyurethane coatings range between 55–70% weight solids and 40–60% volume solids [116].
Still in the spirit of achieving greener chemistry, high solid polyurethane coatings can be formulated
with vegetable-based polyols [119].

4.3. Powder Polyester Technology

They are mostly used for lining applications due to their ability to be applied as very thick film
builds. They have good solvent and chemical resistance but no resistance to alkaline conditions
because of the sensibility of the ester linkage. As they exhibit also excellent water resistance, they are
often used for seawater applications. The principal class of polyester powder coatings is based on
acid functional, saturated polyester resins cured using triglycidyl isocyanurate (TGIC) [87,89,90,120].
Even though TGIC has been the dominant curing agent for polyester resins, it is being slowly replaced
by primid due to its hazardous nature for environment and health issues. In case of TGIC cured resins
the binder/crosslinker ratio is 93:7 due to a high equivalent weight and a low degree of functionality
of the binder. Polyester powder coatings possess good adhesion, protective properties and are less
susceptible to UV degradation due to the absence of aromatic molecule in their formulation. However,
they can be sensible to the accumulation of moisture at the surface which can lead to hydrolysis,
oxidation and degradation of the resin [87,89,90]. Typical products coated with polyesters include
architectural components, agricultural equipment, household appliances and electrical enclosures.

4.4. High Solid Polysiloxane

Polysiloxane is any one of a class of synthetic materials characterized by silicon and oxygen
linked together in the siloxane bond, having organic group attached to silicon which have a distinct
impact on the final properties of the coating [100,121,122]. Siloxane can be chemically reacted with
epoxy, acrylic or other organic groups which can lead to the formulation of a broad variety of coating
types [100,121,123]. Two main factors have made polysiloxanes coatings highly valuable for use
in protective coatings; their strong chemical bond in comparison to typical carbon bond of organic
binders and their low surface energy. Their strong chemical bond leads to high heat resistance and
long-term weather resistance [100,121]. Their low surface energy has an impact on their hydrophobicity
properties, wetting properties and can improve flow and leveling during film formation [121].

Due to the fact that silicon can be from mono to tetra functional, see Figure 21, and due to the
chemical nature of the functional group, it can lead to a large panel of properties. For example,
more trifunctional silicon results into coating with an improved hardness but with brittle behavior and
with an improved compatibility with organic polymers.
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As for conventional coatings, changing the crosslinking density of polysiloxanes will result in
different properties; high crosslinking will lead to strong, hard, protective and chemically resistant
coating but quite brittle while low crosslinking density will result in more flexible coating but with
worse barrier properties [100,121]. The latter will be more suitable as a topcoat to be applied on a
protective epoxy, for example, while the former will be a UV-resistant barrier coating. Due to limited
surface tolerance, this coating cannot be used without a primer. Polysiloxane coatings are an alternative
choice to polyurethanes coating. Previously reported accelerated weathering data has fingerprinted
polysiloxanes technology as being a coating with extremely good weatherability. Florida exterior
weathering data (45◦ South, five-years continuous exposure) validated that polysiloxanes coatings are
very durable. This data is proof that siloxane coatings have excellent aesthetic weathering attributes in
terms of gloss retention and chalk resistance properties [124].

Polysiloxanes can be formulated as both single or two component(s). As similar for polyurethane
coatings, the curing of one component coating requires the presence of humidity in the atmosphere
whereas in two components coatings, the silicon chain is formed in the resin and the curing is achieved
by a silane with desired functional groups. Inorganic ratios can vary from 37% to 77% (weight by
weigh) but is typically around 60%.

4.5. Other Technologies

In addition to epoxy and polyurethane binders, several other chemistries can be found in the area
of anticorrosive coatings. Among them acrylic and alkyds coatings can be quoted. For more detail
information about these coating technologies, see [4,100].

4.5.1. Inorganic Zinc Silicate Coating

Zinc level of 90% or higher are common in inorganic zinc silicate coating which makes it almost
entirely composed of zinc pigment providing cathodic protection. The amount of binder is optimized
to keep the electrical contact between the zinc particles and the surface. As the name of the coating
implies it, the binder is an inorganic silicate which may be either a solvent-based, partly hydrolyzed
alkyl silicate or a water-based, highly alkali silicate. The general characteristics of these coatings are
the ability to tolerate higher service temperature, excellent corrosion properties, the requirement of
top-coating for specific pH environment and very thorough surface preparation [125].

4.5.2. Other Types of Powder Coatings

Thermosetting Powder Coatings

Polyester-epoxy hybrid powder coatings combine the decorative properties of the polyester and
the toughness of the epoxy. They were developed to be an alternative to anhydride cured epoxy
powder coatings. Despite the presence of polyester, these hybrid coatings are still susceptible to UV
degradation and are preferred to be used indoor [87,89,90]. They are typically used for furniture and
kitchen appliances.

The application segment for polyurethane powder coatings is low. Generally, blocked isocyanate
group approach is used to prevent premature crosslinking.

Thermoplastic Coatings

The two most important vinyl coatings are polyvinyl chloride (PVC) and polyvinylidene fluoride
(PVDF). Vinyl polymers belong to a group of resins having a vinyl radical as the basic structural unit.

Polymerization of vinyl chloride into PVC homopolymer or its co-polymerization with different
co-monomers is carried out by a free radical mechanism. Due to its brittle nature, PVC powder coatings
are plasticized formulations. The use of plasticizers also improves their impact resistance but at the
same time reduces their tensile strength, modulus and hardness [87,89,90]. Thus, the choice of the
amount of plasticizer is crucial to obtain the right balance between hardness and flexibility. PVC is
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degraded by UV light and therefore is preferred for indoor use. They are mechanically tough and
protective when applied in sufficient thickness. Their partial crystallinity contributes to the stabilization
of the powder against sintering.

Fluoropolymers, such as PVDF are used for coatings requiring exceptional exterior durability and
enhanced resistance to corrosive environment. Most of them are modified with thermoplastic acrylic
polymers or other fluoropolymer resins containing comonomers to improve melt flow and application
characteristics [87,89,90]. In addition to their enhanced UV resistance and gloss retention, they exhibit
good abrasion resistance. Their low surface energy also makes them dirt repellent. They are generally
applied as topcoats mostly for decorative purpose in architectural applications.

Polyolefin powder coatings consist mostly in polyethylene and polypropylene chemistry. They give
rise to coating with a smooth finish with an almost waxy feel. Their chemical composition i.e., no side
chain functional groups allow them to have almost no water absorption and a very strong resistance to
chemicals and solvents [87,89,90]. However, this inert characteristic is a drawback when adhesion to
the substrate is considered. Indeed, there is no functional groups to establish primary or secondary
bond with the surface substrate. Thus, they usually need the use of a primer or the incorporation of
other monomers in their formulation, such as acrylic acid. This type of powder coating is frequently
used on lab equipment that require regular washing.

Polyamides powder coatings relies mainly on Nylon 11- and Nylon 2-chemistries and the
properties of these two types of nylon are similar. Polyamide powders can be prepared either by
melt-mixed or dry-blend process as a function of the final gloss wanted (higher gloss for melt-mixed
process) [87,89,90]. These coatings are mechanically tough, tolerate high temperature and resist to
a wide range of chemicals and solvents. They have also a pleasing appearance and are suitable for
food contact. They are mostly used for the coating of handles, wire goods, automotive parts and
medical equipment.

5. High-Solid and Powder Coatings for Marine and Offshore Application

It was important to define the type of binder which can be utilized for designing anticorrosive
coatings because it is the binder which will have an impact on the overall coating properties for the
most part. Before reviewing the behavior of high-solid coatings and powder coatings in marine and
offshore application, it is essential to define the type of stress which can be encountered. This part is
directly linked to degradation mechanisms describe in Section 2.4.

5.1. How to Define Marine and Offshore Applications?—Stresses Encountered

The definition of the corrosive environment to which anticorrosive coatings can be exposed is
reported in the ISO 12944-2 standard [126]. It divides the environment into three exposure types:
immersion, atmospheric and splash zone, the immersion and atmospheric exposure having subclasses.
Each type of corrosive environment has its own set of stress factors which will lead to different types
of degradation mechanisms. Thus, the specific requirements for anticorrosive coatings are naturally
highly dependent on the environment and elements that the coating may experience during service
and the time of exposure. Regarding marine and offshore applications, marine atmospheric exposure,
immersion in seawater and splash zone need to be considered.

5.1.1. Atmospheric Exposure

Atmospheric corrosion is usually defined by being the result of the interaction between a material
and the surrounding atmosphere. Even though, this definition seems rather simple, it implies a relative
complex problem. Indeed, the composition of the atmosphere is far from being simple and it evolves
as a function of physical parameters such as the temperature, the humidity, presence of gaseous
atmospheric contaminants and the presence of aerosols.

Concerning aerosols, they come from sea-spray aerosols produced from waves through bubble
bursting by breaking waves at the ocean or shore. The residence time of aerosol particles varies from
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a few minutes to days as a function of the frequency of the rain and the orientation of the materials
(allowing rinsing of the surface). The deposition of chloride from sea spray aerosols depends largely
on the distance from the sea shore and wind direction. As explained in Section 2.4, marine aerosols
can produce species which have a preponderant role in the corrosion process. Regarding atmospheric
gases, mostly sulphur dioxide can be quoted. It is one of the most corrosive agents in industrial and
urban atmospheres. Sulphur dioxide has a strong corrosion stimulating effect and it was suggested
that the oxidation of SO2 to form sulphate leads to a pH decrease, a dissolution of surface oxides and
an increase corrosion.

To be able to interact with the material, both the gases and the aerosols will need to be dissolved
and thus will need the presence of water at the metal surfaces. The presence of water at the surface of
the material will have an impact on the solubilization of the contaminants and on the properties of
the paint layer [127,128]. Thus, the relative humidity and temperature appear as the most important
to consider. In addition, the wet and dry cycles which undergo the materials are of importance as
climatic parameters are never under stationary conditions with constant humidity and temperature
during outdoor exposure. When considering the day/night pattern, it is obvious that condensation on
the material and thus the electrolyte thickness will be largely impacted. The temperature will also
have an impact on the rate of chemical and electrochemical reactions and on the diffusion of pollutants
through the coating layer, as specified in Section 2.4, and will play a role in coating aging as depicted
in Section 2.4. The pollutants solubility will also be impacted by the temperature e.g., O2 solubility
decreases with the increase of temperature [129].

In addition to the climatic parameters and the atmosphere pollutants such as UV radiation, the
frequency of rain, the distance to the sea, the wind force or direction will need to be considered.

In conclusions, coatings applied in atmospheric environments will be subjected to locally alternating
conditions with respect to ultraviolet degradation, heat, moisture, salt and gas concentration. As a function
of stresses encountered, the mechanism of coating failure will be different as depicted in Section 2.4.

5.1.2. Immersion

At the difference of atmospheric corrosion which can only occur when a liquid film is deposited
on the surface, in immersion conditions, the corrosion rate is determined mainly by the amount of
oxygen that reaches the cathode, whereby the electrolyte resistance is of no consequence due to the
large cross-section and good conductivity. Due to good conductivity of the medium, the anode and
cathode can be some distance apart in seawater.

In the case of immersed coating systems, the aggressiveness of the environment is very specific.
The overall corrosivity of the environment depends on a combination of parameters such as temperature,
salinity, pH and content of dissolved gasses (mainly oxygen) and a combination of factors from different
origins (chemical, physical or biological), see Table 2.

Table 2. Main seawater corrosion parameters [129].

Chemical Factors Physical Factors Biological Factors

Soluble salts Temperature Fouling

Solute gases (O2, CO2) Movement Animals (consumption or production of gases)

pH levels Pressure Plants (consumption or production of gases)

- Solids -

The salt content of seawater is defined as the total mass of salt solution in 1 kg of seawater. Far from
the land in the major oceans, it has an average salt content within the range of 32–37.5 g/kg. The salt
content can deviate from this range in particular cases, such as marginal or enclosed seas. Considering
all the types of seas, it can be concluded that seawater has a salt content levels of approximatively
35 g/kg and a chloride ion content of 19 g/kg resulting in the seawater composition. The primary
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cations in seawater are sodium (10.78 g/kg), magnesium (1.29 g/kg), calcium (0.41 g/kg), and potassium
(0.39 g/kg) whereas the primary anions are chloride (19.38 g/kg) and sulfate (2.71 g/kg) [129].

The aggressiveness of seawater near coast can be more important due to the presence of gases
such as carbon dioxide and sulphur dioxide coming from human activities (emissions from industrial
areas). In addition to emission of gases, the presence of industrial areas can raise the amounts of
ammonium salts, sulfides and mordant residues and thus increase the aggressiveness of seawater [129].
The salt content will also impact the physical properties of seawater, such as the density, the freezing
point, vapor pressure and electrical conductivity. Concerning electrical conductivity, as the salt content
and temperature rise, it will drop accordingly.

The solute oxygen content is of primary importance as a component influencing the corrosion
behavior in seawater. The content of solute oxygen depends mainly on temperature and salt content.
It drops when temperature and salt content increases. The gases dissolved in seawater do not reach
saturation levels, not even close to the surface.

The carbon dioxide content of seawater is determined in water close to the surface by exchange with
atmospheric carbon dioxide. The solute carbon dioxide influences the balance of carbonate/hydrogen
carbonate and thus the formation of lime deposits or covering layers which can have an influence on
the corrosion rate.

It is important also to consider fouling phenomenon because it can initiate or exacerbate corrosion
processes. It can also have an economic impact when considering fuel consumption. Antifouling
coatings represent a particular case of marine coatings and is still a hot topic as regulations about
biocides are still evolving [130–133]. Fouling comes from the colonization of material surfaces,
constantly or frequently in seawater, by organisms (flora or fauna). The most common components
when considering fouling aspects and deposits are bacteria, algae, barnacles, tang, bryozoans, serpulids,
tunicates and molluscs.

Others parameters, such as cathodic protection and formation of calcareous deposits on defects
should also be considered as they will have an impact on the corrosion rate.

5.1.3. Intermediate Zones

In the previous sections, it was shown that the factors influencing atmospheric corrosion and
corrosion due to immersion were different and distinct. In the case of intermediate zones, such as tidal
or splash zones, all the factors mentioned above should be considered. Corrosion in intermittently
wetted surfaces is significantly more severe than under fully atmospheric and fully immersed
conditions [134,135].

Indeed, in the splash zone, the materials are under the influence of high moisture levels and high
salt content levels. Stress factors from solar exposure and UV light are also of consequence however no
fouling takes place in the splash zone. In tidal zone, unrestricted oxygen access to the moist surfaces in
the low water phase enhances corrosion. In this zone, founding and wave movements can also have a
considerable influence on corrosion processes.

5.2. Coating Behavior

The different stress factors were described in the previous section. It was shown that they differed
as a function of the aimed exposure environment. Thus, an anticorrosive coating designed for marine
atmosphere will not necessarily be optimized for immersion exposure. Generally, the application field
of high solid coatings is for marine application, such as anticorrosive coating for ships or infrastructure
near coast whereas the application field for powder coatings is for offshore application, in particular
for the protection of pipelines.

5.2.1. High-Solid Coatings

A typical anticorrosive system for highly corrosive marine environments usually consists of a
primer, one or several intermediate coats and a topcoat. The function of the primer is to protect the
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substrate from corrosion and to ensure good adhesion to the substrate. The function of the intermediate
coat is generally to build up the thickness of the coating system and impedes transport of aggressive
species to the substrate surface. It should also ensure good adhesion between the primer and the
topcoat. The topcoat is exposed to the external environment and must provide the surface with the
required color and gloss. The overall performance and durability of a coating system is very difficult
to assess because it will depend on the properties of each coats, interaction between coats, adhesion to
the substrate, application process and how the global system respond to stress.

Typically, when considering an anticorrosive coating for a harsh marine application and a high
durability, according to ISO 12944-5 standard, epoxy and polyurethane chemistries are advocated
due to their great anticorrosion properties as described previously [99,136]. Generally, the epoxy
technology is used for primer and intermediate coats and polyurethane mainly as the topcoat for the
reasons explained previously. Both these types of technology are available as high-solid coatings as
depicted in Section 4.1 and Section 4.2. In addition to polyurethane, high-solid polysiloxanes coatings
can be used as topcoat as mentioned in Section 4.4.

It is not unusual to have an anticorrosive coating not entirely designed with high-solid coatings
but with a combination of traditional solvent-borne coating [137,138]. Typically, a solvent-borne
primer coating is used with high solids intermediate coats and topcoats. As the same chemistry as
for solvent-borne coating is used in case of high solid coating, the same advantages and drawbacks
attributed to their chemistry “class” will be found. Indeed, an epoxy solvent-borne coating and an
epoxy high-solid coating will both, for example, exhibit an acute sensibility to UV degradation but
improved adhesion with the steel [1,100,101].

As, generally, a combination with of solvent-borne and high-solid coatings are found, it is also
rather difficult to firmly say that high-solid coatings are better than solvent-borne coatings. That is
why only examples of these types of coating performance will be developed in this section. The only
feature of high-solid which could lead to a lower performance with regards to solvent-borne coating is
their tricky application which can result in defect in the coating film and thus premature failure, see
Section 3.2.2. They cannot be applied as easily as conventional solvent-borne coatings and it can be an
explanation in the fact they are still less used traditional solvent-borne coatings. The importance of
the application step and its possible difficulty for high-solid coatings is critical when considering the
performance of these types of coatings but few information clearly linking them were found. It should
also be noted that the presence of low molecular weight/low crosslinking density microregion can be
weak points because they can be considered as low ionic resistance areas allowing the transportation
of corrosive agents [139]. However, they can offer improve barrier coatings as higher film thickness
can be achieved more easily. Indeed, barrier coating properties can be improved by the increase of the
thickness of the coating [1].

Diaz et al. [140] studied the performance of two anticorrosive coatings with an epoxy-siloxane
topcoat and compared it to the performance of a traditional anticorrosive coating with a polyurethane
topcoat. They did several accelerated tests, such as a salt spray, Prohesion and Kersternich test.
In addition, they studied the coating permeability, adhesion and electrochemical properties. They found
that the painted systems with an epoxy-siloxane topcoat exhibited better anticorrosive properties than
traditional coatings. They attributed this behavior to their lower water vapor and oxygen permeability.
It was shown that polysiloxanes topcoat could show some cracking due to the freezing phase at
−20 ◦C in the cyclic test recommended in the ISO 12944-6 standard for the qualification of anticorrosive
coatings [141]. This cracking could lower the barrier properties of the overall system. Signs of cracking
were also observed when comparing the anticorrosive properties of an epoxy siloxane hybrid coating
and a traditional two coats epoxy-urethane system [137]. The modification of the epoxy coating
with siloxane did improved the weathering ability of the coating without lowering its anticorrosion
properties. However, due to the higher crosslink density of epoxy-siloxane hybrid coating, cracking
was happening. A remedy such as the addition of elastomer can lower the apparition of cracks [122].
Cases of polysiloxane topcoats peeling were also reported on ship due to problems in flexibility
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property of the polysiloxanes topcoat [142]. Case of failure with two-coat systems (zinc epoxy primer
and polysiloxane topcoat) on an offshore platform was documented [143]. It was attributed to low film
thickness, inevitable on these types of structure, rather than to a specific weakness of the polysiloxanes.
Good behavior of painted systems with polysiloxane topcoats was also reported in a cyclic accelerated
tests and outdoor exposure in different sites [138]. However, this behavior could be attributed to the
presence of a zinc rich primer.

Husain and Madaj [144] studied the performance of an epoxy and polyurethane high solid coatings
intended for marine industrial atmospheres. They performed a salt spray test, performed infrared and
electrochemical analysis. They showed that initially the epoxy coating was very compact and adherent
to the steel but a high diffusion of water through the coating was happening after 500 h of exposure.
They attributed it to localized micro-corrosion events. Despite this diffusion of water, the epoxy
system still exhibited the best performance. Concerning the polyurethane coating, it also showed
degradation with the time of exposure. However, it seemed more tolerant to chloride contamination.
Shreepathi [145] also concluded about the good performance of a high solid epoxy coating when tested
in a neutral salt spray and monitored by EIS. They attributed this good performance to the presence
of zinc salt as anticorrosive pigment. These pigments led to an increase of the coating resistance
due to the formation of non-conductive corrosion products. Good performance due a high solid
polyurethane topcoat in outdoor exposures was also described by Santos et al. [146]. They studied the
behavior of several anticorrosive coatings having different combination of coats playing on several
types of chemistries and properties. Among the systems studied, a hybrid coating with a waterborne
primer, an epoxy high solid intermediate coat and a high solid polyurethane topcoat was selected.
In addition to outdoor exposure in a C5 site with high UV radiation, they performed a salt spray
test and a condensation test according to ISO 12944-6 standard. They observed that this coating
was the second-best coating when considering outdoor exposures with good gloss retention and low
chalking mostly due to the polyurethane topcoat. Only one system with traditional solvent-borne
coatings exhibited better performance however this coating had a zinc ethyl silicate primer which was
responsible for its low degradation. These observations showed the crucial role of the primer when
considering the overall performance of an anticorrosive coating. Sanchez-Amaya et al. [147] studied
the behavior of epoxy coating, applied on steel with a 300 µm thickness, immerged in HCl 3M media
during 14 days. In addition to assessment of the panels after test, they studied the degradation of this
coating by electrochemical impedance measurements and electrochemical noise. They noted after
the test the apparition of heavy blistering due to the development of anodic blistering through the
chemical degradation of the coating. By electrochemical measurements, they showed that, initially,
the coating had a good anticorrosive behavior but that after two days of exposure in the media it began
to failed and eventually lead to the development of heavy blistering.

One other parameter when considering the use of high solid coating as solution for the protection
of steel, in particular, ballast tanks, it their advantages in term of coating’s edge retention [148].
Guan et al. [148] showed that high solid polyurethane could be an effective solution in these cases.

In conclusions, zinc-based primers or high solid epoxy primers in combination with polyurethane
(high solid or not) or polysiloxane topcoat have been the state of the art in corrosion protection and
weathering resistance.

5.2.2. Powder Coatings

Typical Powder Coatings Use in Offshore Application

Coatings used for offshore application are traditionally applied on pipe immerged in seawater
or soil. In addition to be resistant to water, they need to resist to cathodic protection applied on
pipe. When considering powder coatings used in this application segment, fusion-bonded epoxy
(FBE) is the preferred choice. It can be applied as a single layer or as the first layer in a multi coats
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system [87,110–112,149]. Kehr has written a comprehensive review on the use of FBE for corrosion
protection of pipelines [110].

Before reviewing the performance of FBE as anticorrosive solution for pipelines, the procedure of
application of FBE on pipelines will be presented because it differs from traditional production lines.
The process for coating pipe spools is illustrated on Figure 22.
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The pipe is first preheated and blast cleaned. If desired, the surface can also be phosphated to
improve the anticorrosive performance. The steel pipe is then further heated by induction heating
to a temperature of about 230 ◦C, before the powder is applied. The typical temperature range for
the application of FBE is between 180 and 250 ◦C [87,149,151]. Since the powder is applied on a
preheated surface, the powder immediately melts, flows together into a continuous film and starts
to cure. The pipe spool may then receive additional coats of thermally insulated materials, such as
polyethylene or polypropylene.

Performance of Powder Coatings

As for what was described in the previous section, the fact that powder coatings are based on the
same chemistry as traditional solvent-borne coatings, they present the same advantages and drawbacks
inherent to their chemistry “class”. Thus, in the case of epoxy type coating, an excellent combination
of mechanical properties, chemical stability, corrosion and wear resistance and adhesiveness are
observed [112,151–154]. However, they present a high UV sensibility. Even, if pipelines are not
necessarily exposed to UV degradation, it can be an important factor to take into account. Indeed,
before their use on a pipeline structure, pipes coated with FBE can be stored outdoor and thus
suffer from UV degradation which could lower their barrier or other properties before use [155].
Cetiner et al. [155] studied the effect of preliminary UV exposure on FBE in stockpiled pipes on their
gloss, cathodic disbondment, adhesion, flexibility and impact properties. The outdoor exposure was
carried during 15 to 21 months in different positions as of solar exposure. They showed that UV
degradation had a significant impact on gloss and flexibility properties but low impact on cathodic
disbondment, adhesion and impact properties.

Several studies have reported that FBE, as a single layer coating, exhibited excellent adhesion to
well cleaned steel, good chemical resistance, good flexibility at low temperature (−30 ◦C), very good
cathodic protection properties and good abrasion resistance [153].

These studies also highlighted some drawbacks typical of FBE coating when applied as single
coat [156,157]. Indeed, as for all powder coatings, FBE effective adhesion to steel is dominated
by the surface preparation and a more careful surface preparation is needed in case of powder
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coatings, see Section 3.3.3 [84,87,89,151]. Papavinasam [157] showed that defects observed, such as
blisters formation, after five years of service for FBE coated pipes mostly came from a non-optimal
surface preparation.

Another typical problematic encountered in the case of FBE coated pipe is the adhesion between
the coating and the steel pipe [156,157]. Even if, epoxy type coating exhibit excellent adhesion
properties it can still be a problem, such as in case of poor surface preparation or due to the easily water
transportation to the epoxy coating through the presence of hydrophile groups [158,159]. One way to
improve the adhesion between FBE and steel is to apply a surface treatment before coating the pipe
with FBE, as similar for all typical anticorrosive purposes [156–158,160–162]. Among the solutions
proposed, surface treatment based on zirconium, silane, neodymium-based nanofilm or cerium can be
quoted [156,158–162]. Ramezanzadeh et al. [156] showed that treatment of steel substrate by cerium
compounds could be an effective approach for enhancing epoxy coating adhesion and corrosion
properties. They observed an improvement in the resistance to cathodic delamination due to the
covering of cathodic sites on steel with a reacted compound between cerium and steel leading to the
isolation of anodic sites from cathodic sites. They still specify that the base property of FBE in regards
to resistance to cathodic delamination was rather good. Ramenzanzadeh et al. [162] also studied a
surface treatment based on neodymium compounds. They also obtained a better behavior when the
resistance to salt spray and cathodic delamination were considered still due to enhancement of the
adhesion between the steel substrate and FBE.

In addition to improve the adhesion between the steel substrate and FBE, modifications of
FBE with different types of additives are studied to enhance FBE properties such as mechanical,
conductive properties [152,163–166]. For example, carbon black can be added in FBE formulation [165].
When dispersed in FBE it can generate conductive or semi conductive coatings which can improve the
coating barrier properties, investigated by EIS in 3% NaCl, due to the formation of dense carbon black
network. Modification of FBE with acrylonitrile can also be quoted for the improvement of the coating
flexibility [166]. It is indeed crucial as pipelines are not necessarily straight [151].

As similar for traditional solvent-borne coatings, the application parameters of FBE need to
be carefully controlled. Incorrect curing temperature or time of curing can lead to adhesion failure
between the FBE and the steel surface [167,168]. In addition to influence the flow viscosity, the surface
wetting and the adhesion to the steel, the temperature of application can also impact the mechanical
properties of the steel due to strain aging [169]. The high temperature of curing can also play a role in
the internal stress of the coating and also lead to adhesion failure [154,170]. This is particularly true
when a coating consisting in several layers is applied.

Several works have shown that FBE could present failure when used at high temperature due to
its sensibility to water transport to the interface [171–173]. It is not uncommon to have high service
temperature in offshore applications. Indeed, pipelines can carry hot fluid and be immerged in cold
water. This created a thermal gradient. Payer et al. [171] showed that FBE was particularly sensible to
negative thermal gradient where the steel is cooler than the coating. The service temperature can also
impact the mechanical properties of the coating and lead to plasticization [154]. In addition, a high
temperature of service can cause water to be absorbed more quickly and cause disbondment if surface
contaminants are present [174].

As said, FBE coating can be designed as single coat, however, it is not unusual to associate it with
layers of thermoplastic coating, such as polyethylene or polypropylene. These types of coating are
called three-layer polyolefin systems (3PLO) which contain an FBE primer, an adhesive tie coat and a
polyolefin outer layer [149]. These coatings generally exhibit better anticorrosive performance as single
layer FBE because the polyolefin layer offers outstanding mechanical resistance to damage occurring
during the pipe manufacture and installation [149].
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6. Conclusions

The use of organic coatings as protection for metal surface is the still one of the popular methods
when corrosion issue is considered. Organic coatings act as barrier against the corrosive species and
can also provide additional protection through the use of pigments (sacrificial or inhibitive passivation).
Constant changes in coating technology is carried out to meet either enhanced performance or to
meet requirements due to environmental regulations, in particular the reduction of VOCs. To this
end, products with high-solid contents, powder coatings or waterborne coatings with low amounts of
organic solvents were developed. The challenge to coating suppliers is to find a solution with a more
environmentally friendly profile without sacrificing the proven performance features of the traditional
solvent-borne coatings. These new technologies are now well developed and challenge in terms of
formulation and paint applications were found. As for traditional coatings, these types of low VOC
paints still undergo continual change to improve their properties and meet the particular demands for
the protection of steel in marine and offshore environments.

Even though, high solid and powder coatings technology seem to be well developed nowadays,
in terms of production and application, they are not systematically used as replacement for traditional
solvent-borne coatings in particular for heavy duty anticorrosive coatings. Indeed, this sector is more
demanding on the coating, in terms of mechanical and physicochemical properties but also on the
application and maintenance of the coating. One explanation for the lack of replacement of traditional
solvent-borne coatings, could lie in the fact that end-users have less perspective in their long-term
anticorrosive properties as for traditional solvent-borne. This is, however, less true for powder coatings
where fusion bonded epoxy coatings are often used as anticorrosive solutions for pipeline protection.
Indeed, the market for powder coating for corrosion protection of steel is expected to grow in future
years. Another explanation, in the case of high-solid coatings, could be in the fact that the application
of these types of coating is not as easy as for traditional coating and incorrect paint application can
happen. A better surface preparation is also needed for high-solid and powder coatings.

In any case, even if these technologies (high-solid and powder coatings) are now well developed
and known, as for every technology, constant improvement is researched and it will certainly allow
them to gain more impact in the application in marine and offshore conditions.
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