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A. INTRODUCTION

The application of paint films to metal is the oldest means of corrosion control and dates back to
antiquity. Not until the second quarter of the twentieth century, however, was the role of such paint
films understood and their mechanism of protection suitably categorized in terms of corrosion
science. Up until that time, it was assumed that protection with paint films was based simply on
insulation of the metal from the corrosive environment, specifically water and oxygen, thereby
depriving the cathode reaction of fuel. Although certain pigments, such as red lead, had long been
known and valued for enhancing the protection of iron and steel, the role of such inhibitors remained
ill defined.

The fallacy of the insulation assumption was revealed in the late 1940s. Researchers determined
that most practical paint films (including those known to provide protection in the field) allowed far
more moisture (and, in most instances, more oxygen) through their continuum to the metal than those
levels of such reactants that would be necessary to sustain the cathode reaction (Table 1) [1, 2].

During this same period, the introduction of new anticorrosive pigments (such as zinc potassium
chromate) and tentative experiments with high loaded zinc (rich) primers, fulfilled predictable
enhancements in protection and these advances gradually led to a more organized understanding of
control by coatings in terms of corrosion science [3, 4].

B. FUNDAMENTAL MECHANISMS OF CORROSION CONTROL BY COATINGS

Corrosion control by coatings may be subclassified into control by any of three (possibly four)
techniques [5]. These are

1. Barrier coatings that protect by one or more of two mechanisms.
a. Resistance inhibition: the paint film acting as an ionic filter and ensuring that any moisture

accessing the metal through the paint film continuum is, at the paint film-metal interface,
of a sufficiently high electrical resistance to mitigate current transfer between anodic and
cathodic sites [1, 2, 6].
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TABLE 1. Transmission of Water and Oxygen Through Protective Coating Films

g of Water/m2/day
25 um film
@95% RH and 380C

mL of Oxygen/m2/day
100 jam film @85% RH,
230C and 1 atmos O2

Chlorinated rubber primer 20 ± 3
Chlorinated polymer 26 ± 5
Coal tar epoxy 30 ± 1
Aluminized epoxy mastic 42 ±6

30 ± 7 Chlorinated rubber primer
33 ± 2 Chlorinated polymer
213 ±38 Coal tar epoxy
110 ± 37 Aluminized epoxy mastic

Titanium dioxide pigmented alkyd 258 ± 6

Red lead/linseed oil primer 214 ± 3

595 ± 49 Titanium dioxide pigmented
alkyd

734 ± 42 Red lead/linseed oil primer

a Corrosion rate of unprotected mild steel in typical industrial environment (Motherwell and Sheffield U.K.).
Data from J.C. Hudson, "The Corrosion of Iron and Steel," Chapman and Hall, London, 1940, p. 66.

b. Oxygen deprivation: where suitably formulated paint films are able to exclude sufficient
oxygen from the metal to impede the cathodic reaction [7-1O].

2. Cathodic protection, wherein the paint film protects a metal substrate by preventing current
discharge from the metal to the environment [11, 12]. This effect is accomplished by applying
to the metal a film pigmented with a more anodic metal (usually zinc, for protecting iron and
steel). Loadings of the anodic zinc dust pigment must be high enough to ensure a continuous
current flow through the film itself and across the interface [11, 13] (i.e., between anodic
film and cathodic metal substrate). All discharge occurs at the paint film, and as long as
the conductivity of the model is sufficient to just sustain current flow from the film to the
environment, the steel remains protected.

3. Inhibitive primers that control corrosion by modifying the interfacial (primer/metal)
environment so that passivation (or inhibition) of the substrate metal may be achieved and
maintained [14, 15]. In this case, the design device of the formulation encourages moisture
access into the film, so that soluble inhibiting moieties supplied from the coating film may be
carried to the metal where they may stimulate the establishment of passive (or inhibitive)
films.

Each design device dictates its own requirements in terms of the necessary formulatory response
(the selection and apportionment of desired pigments, binders, additives, and solvents). These
responses are generally quite specific, and formulatory approaches toward optimized corrosion
resistance via any one mechanism may be entirely incompatible with (even counterproductive to)
approaches necessary for protection via a second. The use of hydrophilic inhibitive pigments in
barrier primers, for example, is quite counterproductive. In addition, the formulation of primer coats,
intermediates and finishes that are used together to make composite paint systems may or may not
themselves have conflicting requirements.

We now review each of the three types of coatings in more detail.



C. BARRIER COATINGS

Whether protecting by resistance inhibition or oxygen deprivation (Fig. 1), the fundamental req-
uirements of the barrier system are that the coating should be (1) impermeable to ionic moieties [6,7,
15] and, if possible, to oxygen [7-9,16] and (2) that it should maintain adhesion (to the metal) under
wet service conditions [17, 18]. As noted above, sufficient impermeability to water is not possible
except in very thick films (> 20 dry mils). Impermeability to ionic solutions and oxygen are entirely
more practical objectives, however, and these factors are thought to be rate determining for corrosion
beneath barrier films. Permeability of the film to water is generally thought to have greater direct
consequence on deadhesion, leading subsequently to corrosion.

1. Binders for Barrier Coatings

LL Thermoplastic Binders Impermeability is ensured primarily by the molecular structure of
the binder [19, 20], although the selection of pigments and other components of the coating
(volatiles as well as nonvolatiles) can be critical [21, 22]. Dense molecularly tight films
(thermosetting films of uniform high cross-link density or relatively crystalline thermoplastics) that
are hydrophobic and give optimized resistance to the ingress of water, oxygen and ionic material
are the preferred binders.

High molecular weight hydrocarbons, particularly halogenated species (fluoropolymers, poly-
vinyl chloride, etc.) are particularly suited to this employment. Unfortunately, because of the high
crystallinity of these systems, the polymers are not soluble in conventional solvent systems, and,
where they are, the low concentration of the polymer at practical solution viscosities exclude their
use in many applications where restrictions apply to the amount of solvent which may be employed.
Their use in the form of dispersions from water, and as powder coatings has been widely practiced in
coil coatings, container coatings, and so on, although these systems cannot readily be employed in
field applications because of thermal curing requirements.

Such is the cohesive strength of many of these polymers (e.g., poly vinyl chloride) that adhesion
under conditions of field applied stress may be tentative unless the polymer is suitably modified.
At some compromise with performance, chemically engineered modifications to the polymer

Barrier film allows
penetration of water
but restricts the access
of ionic material and in
some cases oxygen,

Resistance Inhibition
Because of resistance of
film to passage of ions,
ionic concentration of
electrolyte at interface
remains low ensuring
high electrical resistance
and no corrosion,

Oxygen Deprivation
Prohibition of oxygen transfer to
interface deprives cathode
reaction of necessary fuel,

Environment

Pigment

Paint Film

Binder

Steel Substrate

FIGURE 1. Corrosion control by barrier coatings.



(plasticization, copolymerization, the introduction of carboxylic acid groups, etc.) and reductions in
molecular weight improve both solubility and adhesion. These modifications enable coatings based
on such polymers to be applied as lacquers and dried in the field by evaporation of the solvent carrier.
Nevertheless, these systems often fail to satisfy modern environmental requirements that limit the
amount of volatile solvents in the coating. Additional difficulties with chlorinated polymers are
related to the propensity of such materials to undergo heat- and light-induced dehydrochlorination,
producing HCl and chlorides at the substrate that effectively short circuit the barrier properties of the
film. Finally, solvent retention in applied thermoplastic lacquers may adversely affect the
impermeability of the film to water, where retained solvents are hydrophilic. Such hydrophilic
solvent entrapment will reduce the glass transition temperature, Tg, and may induce osmotic
blistering failure.

1.2. Thermosetting Binders In consequence of all these things, with the possible exception of
high build bituminous cutbacks, most modern barrier systems are based on thermosetting polymers
(epoxies, polyesters, vinyl esters, and polyurethanes) [4]. These take the form of two-pack systems
that are polymerized in situ from low-molecular-weight oligomeric and monomeric precursors, or
single-pack thermosets (epoxy/phenolics, amino formaldehyde resin crosslinked acrylics, etc.)
applied as premixed systems and polymerized by baking after application. Single-pack, thermally
cured, thermosetting powder coatings may also be used, where practical, although the corro-
sion resistance properties of these systems is often poorer than their two-pack, solvent-based
counterparts.

All of these systems allow the deposition of higher solids, environmentally more desirable
films of much higher thickness than is possible with the thermoplastics. With many of these
systems, simultaneous control over cure kinetics and solvent release allows for enhanced adhesion
and impermeability as does polymer structure (the presence of polar groups) and the mechanism of
cure, that is, polymerization after (but not before) application. Some systems (vinyl esters,
unsaturated polyesters), as well as those binders crosslinking via condensation type polymerization
mechanisms (phenolics and other formaldehyde-based systems), exhibit high internal stress from
shrinkage on polymerization (especially when applied at excessive film thicknesses) and this may
be disadvantageous to sustained adhesion [23, 24]. Epoxies, however, curing by addition poly-
merization shrink less and exhibit much improved adhesion, making very valuable binders for
barrier coatings. Some thermosets (epoxies and polyurethanes) are modified with crude, highly
hydrophobic, bituminous based thermoplastics (coal tar resins) and give adhesive and highly
impermeable multicoat systems for optimum performance under immersion and below grade
service [4, 25].

With all of these thermosets, as with the prepolymerized thermoplastics, design objectives are to
create a dense hydrophobic molecular matrix through which the transport of water and oxygen is
minimized and that of ionic species is entirely prevented [26, 27]. These requirements are at best
satisfied by polymeric films having high uniform cross-link density, high Tg, and molecular
structures that are either nonpolar or derived from nonwater attracting moieties [28]. Mayne and co-
workers [29' 30] showed that in thin barrier films ionic ingress to the substrate occurs at areas of low
cross-link density (in otherwise high cross-link density films) and it is at these sites of reduced cross-
link density that corrosion is initiated. In film areas having high cross-link density, the film picks up
only water.

2. Pigments for Barrier Films

In practical paint films, it may be anticipated that the transfer of both water and ionic solutions into
the film is also favored by the presence of other hydrophilic components (pigments and additives
with high water solubility, solvents with high water miscibility). These materials should be excluded
from the formulation. Pigments, as well as other components (additives, etc.), should be selected so
as to enhance hydrophobicity. Wherever possible, adhesion across pigmentary/binder interfaces



* Ratio of actual pigment volume concentration in total dry film volume (PVC) to the
critical pigment volume concentration at maximum pigment packing (CPVC).

FIGURE 2. Pigment volume criteria for classes of anticorrosive coatings.

should also be maximized, and pigment flocculation minimized. Impermeability is enhanced by the
use of flat platey pigmentations, especially aluminum flake, glass flake, stainless steel flake, and
micaceous iron oxide. In wet films, these pigmentations orient themselves parallel to the substrate
and both laterally reinforce the film and present a more tortuous path for the penetration of any
corrosive agent through the film [2O]. Pigmentation levels for barrier coatings are less critical than
are pigmentation levels for zinc and inhibitive based primers, being normally much lower (see
Fig. 2). Excessive pigmentation levels should be avoided, especially where the metallic pigmentation
is cathodic to the metal substrate. This maintains the electrical resistance of the film, and prevents
pitting at uncoated pinholes, which act as anodes.

3. Solvent Systems for Barrier Films

Solvent systems should be designed so that lateral orientation of the pigment in the film is optimized,
but so that hydrophilic solvents evaporate and diffuse from the film rapidly, if possible, before cure is
complete, and certainly before the film is put into service. Slow solvents that readily wet the substrate
and provide enough motility in the wet film to allow the flat, plate-like, barrier pigments to settle
flat against the substrate are to be preferred. However, slow drying hydrophilic solvents, especially
those having high affinity for the binder or those which have nonplanar complex structures, tend to be
held within the drying film for long periods. They may, in service, attract water into the film
osmotically, reducing the electrical resistance of the interfacial area, and leading to blistering. The
presence of water, and/or associations of solvent and water, within the film tend to plasticize and
swell the film, reducing Tg and thereby facilitating the ingress of additional water. This causes
further decrease in Tg. Optimally, therefore, high-boiling solvents that are last to leave the film
should be hydrophobic, free of functional groups, and planar in structure. Here, some compromise
with possible conflicting requirements, such as binder solubility and the need for defect-free films,
may be necessary. Care should also be taken in the selection of nonvolatile additives (pigment
dispersants, surfactants, thixotropes, and flow control agents) as many of these materials may be
excessively hydrophilic.
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4. Wet Adhesion

It has been noted that corrosion beneath a barrier film can begin only after deadhesion has taken
place, and that if adhesion can be maintained under wet service conditions, then protection is assured
[31]. Adhesion is also optimized by polymer design. Most coatings must rely on secondary valency
bonding for adhesion. A limited number of polymer types form primary valency bonds with the
metal. In both cases, adhesion may be optimized when the polymeric binder is richly endowed with
polar groups (hydroxyls, carboxylic acid groups, etc.) on their molecule. It is because of this that
epoxies, alkyds and polyesters show their characteristic high levels of adhesion to metals. These
groups readily associate with metal oxide groups on the exposed metal surface.

In designing systems for optimized impermeability and maximized adhesion, there is some
dichotomy of purpose [31, 32]. As noted above, those polymers bearing polar groups that encourage
adhesion (hydroxyls, carboxylic acid groups) tend to be hydrophilic and attract water into the film.
Polar ester groups (in alkyds and other oxidizing systems, etc.), and, to a lesser extent, amide groups
(urethanes) are also vulnerable to alkali induced hydrolytic cleavage, and may in consequence
be attacked by alkalinity developed at the cathodes of corrosion cells. The effect is seen in the
peripheral areas around corrosion spots and breaks in these sensitive films in service, where both
cohesive loss (via saponification) and adhesive loss at the coating-metal interface will result.

The dichotomy of need for increased adhesion and minimized water take up and alkali resistance
is resolved to some extent by the use of multicoat systems. Here adhesion becomes of primary
importance in barrier primers (perhaps at some compromise to maximized impermeability) while
impermeability (and the use of less polar components) becomes paramount in barrier type finish
coats [28]. Adhesion of topcoats to primers is, if recoating is done soon after priming, more readily
secured than is the adhesion of the organic primer to the metal substrate. Ester group sensitivity is
best resolved by avoiding polymers based on these types of binders or at least in seeking to maximize
alkali resistance via the selection of polymers with suitable polymeric architecture. Not all ester-
based coatings have the same degree of vulnerability to hydrolysis as do alkyds and oxidizing
systems. Polyesters, vinyl esters and ester-based polymers prepared from polyols bearing no
hydrogen on the carbon atom that is beta to the hydroxyl are very often quite resistant enough for
successful service in alkaline environments.

If the hydroxyl group of a barrier coating binder is bound to a relatively rigid polymeric
backbone, molecular mobility after cure is much reduced. Optimally, the hydroxyls in the interfacial
layer of the primer would orient themselves against the metal (associating with metal oxides on the
substrate) so that they are less available for hydration, and the substrate is, therefore, more protected.
Moreover, such rigid systems are molecularly too fixed to facilitate readily the transfer of water to
the substrate because of the reduced kinetic energy of the molecule [32]. The opportunity available
for access of water to the substrate is, therefore, limited.

On the other hand, during application and wetting (while the paint film is still heavily solvated)
the same hydrophilic groups should display high mobility so that substrate wetting is maximized and
so that molecular orientation with available metal oxide groups on the surface of the metal is
favorably enhanced. Thus, barrier film binder design is optimized in systems having high molecular
mobility in the wet stage, but high immobility when the film is cured. These characteristics may be
maximized where low molecular weight polar monomers and oligomers are applied in wet films that
may soak into the substrate, before converting to high Tg films of limited mobility after cure [33].

5. Effects of Structure on Oxygen Impermeability

It has been shown that polymers rich in hydroxyls have greater impermeability to oxygen than do
nonpolar polymers [19, 2O]. As the control of oxygen transport would appear more readily
achievable in practical systems than the control of water transport, it may be argued that the presence
of hydroxyl groups is not entirely incompatible with good corrosion control where oxygen
deprivation is the desired mechanism.



6. Film Thickness

One of the most effective strategies by which good barrier protection may be assured is found in the
application of additional thicknesses of paint. This may be done as high build single coat appli-
cations, as are often employed in protection of buried structures with bituminous cutbacks, or more
effectively in multicoat systems. In the latter case, finish coats applied over primers and primer/
intermediate coat combinations render additional service, that is, either enhanced impermeability
(coal tar epoxies) or for other reasons (e.g., light-stable aliphatic urethanes over high build epoxy
primers for improved weathering resistance). As film thicknesses increase, so the transfer of
moisture, oxygen, and ionic species to the substrate is greatly diminished, if not the absorption of
such penetrants into the film.

High film thicknesses may be one of the primary defenses for corrosion where engineering
structures must be buried or subject to long-term immersion. In these applications, coatings are often
used in tandem with cathodic protection systems, and the coatings effectively reduce the area of the
exposed metal requiring cathodic protection. Thus, cathodic protection current requirements are
lowered. In these systems especially, high levels of alkali resistance are necessary if adhesion of the
coating is to be maintained while the coated metal remains under cathodic protection.

Light-stable barrier finishes that are resistant to ultraviolet light (UV)-induced changes (de-
gradation) in the mechanical properties of the film also prevent gloss loss, microcracking and other
age related film defects, which lead to reduced long-term corrosion resistance of the total system.

Multicoats have practical advantages over single coats in that the superimposition of several films
does much to eliminate the possibility that pinholes, holidays, and misapplications of single coats
may allow direct access of the environment to the metal. It is statistically unlikely that holes in one
coat will coincide with similar faults in the next, although pinholes can telegraph through two coats.

Perhaps, more importantly, certainly with thermosetting (chemically curing systems) internal
stress development on drying, arising from solvent release and/or from polymerization, will increase
as film thickness increases [24, 34]. The stress produced by the conversion of thick films (even
strongly adherent epoxies) is capable of overcoming the adhesion of the coating, even over abrasive
blasted surfaces. In less extreme cases, residual internal strain, left in a coating after curing, will
inevitably reduce the amount of tensile stress from other sources (service stresses, thermal stresses
on cooling, etc.) that the film is able to withstand before undergoing brittle failure (either cracking or
delaminating) at some later epoch in the life of the system. These untoward stress conditions may be
ameliorated by reducing the amount of film applied in any single coat [24]. Flat, plate-like pigments
also tend to reduce the amount of internal stress buildup in coating films [23]. These considerations
become singularly more critical when the original adhesion of the coating to the metal is in any way
compromised. This is one of the primary motivations for metal scarification and the establishment of
a viable anchor pattern before the primer is applied. On smooth surfaces (particularly thin gauged
substrates where flexing and thermal distortions are maximized), high film thicknesses should not be
applied. In these cases (coil coatings, aircraft skins, container coatings, etc.) thin-film systems based
on barrier primers (or inhibitive primers) are preferred to high build barrier systems.

D. SACRIFICIAL COATINGS

Perhaps the most effective corrosion control coatings of all are the zinc rich primers [12, 35, 36]. As
this type of composition requires intimate contact with the steel being protected, these coatings are
used exclusively as primers and, although many types are self-recoatible, they can never be
employed over other types of coatings. Protecting steel cathodically (Fig. 3), these primers require
high volumes of zinc pigment in order to ensure an electrical pathway across the film (the anode of
the artificial galvanic cell) as well as between the film and the substrate (the cathode). The zinc
pigment employed in these coatings is in the form of a spherical dust of between 3 and 20 um in
diameter (usually ~ 7 um). Contact necessary to maintain current transfer is thus tangential (Fig. 4)
between individual spheres of pigment and between the particles of pigment and the metal surface.



The presence of strongly electronegative zinc-pigmented coating short
circuits all local cell activity on steel. The steel becomes totally
cathodic to the anodic zinc coating. The zinc corrodes, but the steel
will not corrode even at bare spots. It is mandatory that the zinc
coating be in electrical contact with the steel surface; therefore, the
steel must be stripped of all contamination.

FIGURE 3. Fundamentals of zinc-rich protection.

In order to sustain the electrical continuity requirements of the primer, the spherical zinc dust
particles must be packed sufficiently close together to ensure this contact [U]. This configuration
allows for little binder, and formulations are quite critical in order to maintain electrical conductivity
without depriving the film of the level of binder necessary to maintain adhesion and acceptable
physical properties.

Two fundamentally different classes of zinc-rich primer have been developed, the organic zinc
rich primer and the inorganic zinc-rich primer [36].

1. Organic Zinc-Rich Primers

Organic zinc-rich primers are based on a variety of resin systems including epoxy/polyamides, high
molecular weight linear epoxies, moisture cured urethanes, high styrene resins, chlorinated rubbers
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and epoxy esters, and the chemical and physical properties of the film in part reflect the resin system
used. Such primers, employing an organic binder, are not, in fact, radically different from other
organic paint films except for their very high volumetric concentration of pigment (^ 65% zinc by
volume of the total dry film volume). The formulation of organic zinc rich primers has been treated at
length by several authors [13, 37, 38]. In this type of primer, each individual sphere of zinc is lightly
encapsulated with a monomolecular layer of binder that facilitates film cohesion and provides
adhesion to the substrate. While it is necessary that all zinc particles bear at least a monomolecular
layer of binder on their surface to ensure adhesion and film cohesion, it is important that the presence
of the binder sheath around each particle of paint does not introduce levels of electrical resistance
that are too high. Conductivity must be high enough to support the necessary unidirectional flow
between cathode and anode. Control of the volumetric ratio of conductive pigment to dry
nonconductive binder ensures that the binder sheath around each particle of pigment (zinc) does not
become so thick that the current transfer is too greatly reduced, or so depleted that cohesion and film
strength are lost [37]. Optimum loadings of zinc will actually depend on the specific formulation, the
presence of auxiliary pigments (thixotropes, coloring agents, inhibitors, etc.) and the geometries of
the pigment packing within the dried film [11, 13].

2. Inorganic Zinc-Rich Primers

The inorganic zinc-rich primers are fundamentally different to the organic [U]. Instead of
employing a binder which encapsulates the zinc, these materials employ a reactive binder, usually an
inorganic silicate (either an alkaline silicate, such as sodium, potassium, lithium or a quaternary
ammonium silicate, or a partially hydrolyzed alkyl silicate, such as ethyl silicate) [35, 36]. Such
silicate binders convert on mixing with zinc dust to hard, cohesive films that are virtually wholly
inorganic in nature.

Reactions involve loss of solvent or water and hydrolysis of the silicate to the reactive acid (silicic
acid), which then undergoes self-condensation and chemically reacts with zinc atoms on the zinc
dust surface, forming a primary valency bonded matrix of tetrahedrally linked (poly) silicon oxide
bridges between adjacent particles of zinc (Fig. 5) [35]. Although the reaction paths are somewhat
different depending upon the silicate type used (alkaline or alkyl silicate), the eventual structures of
all films are probably quite similar. For specifics on the reactions involved, the reader is referred to
[12, 35, 36]. (A bonding similar to that occurs between the silicate and zinc is also thought to
occur across the interface with the iron which the steel surface [35], although this has never been
definitively proven).

The resultant film matrix is entirely inorganic, open and much more porous than the organic zinc
film. In practice, films may also contain unhydrolyzed material (alkyl silicate or alkaline silicate),
which may remain within the film for months after the material has originally dried. Subsequent
reaction of residual binder with carbonic acid from the atmosphere probably completes the
conversion of residual silicate to silicic acid and adds to film cohesion. In service, the open film may
become saturated with corrosive electrolyte, such as brine, which is readily absorbed into the film
porosities. This will also form zinc corrosion products that will further convert the film. The presence
of brine solutions within the film will themselves add conductivity to the film, and, as long as
sufficient zinc remains to act as an anode, even in the presence of chloride solution, the primer
will retain its ability to protect steel at least in the short term. Unless given the opportunity to dry out,
however, zinc reaction products may be dissolved or eroded away leading to a more linear loss
of zinc.

Inorganic zinc-rich films are harder, stronger, and far more adherent than are the organic zinc-rich
films [35]. As the film matrix is entirely inorganic, these primers also have better resistance to
solvent and to heat than the organic zinc-rich primers, and may be used for tank linings and
applications involving temperatures as high as 40O0C (75O0F).

The lack of encapsulating binder in inorganic zinc-rich primers means that zinc loading
concentrations are not as critical to galvanic conductivity as they are in the case of organic zinc-rich



FIGURE 5. Stylistic representation of postulated structure of inorganic zinc-rich film in which silicate vehicle
is primary valency bonded to zinc atoms on particles of zinc dust pigment. There is no encapsulation, and film is
porous to ingress of electrolyte. This affords good film strength, adhesion, electrical conductivity, and cathodic
protection.

primers, although reduced anode loadings will inevitably produce some reduction in performance.
For the most part, performance levels realized from the inorganics are superior to those realized from
the organics, although surface preparation and application requirements (especially application of
the alkaline silicate-based materials) are more exacting. Also vulnerable is the security of intercoat
adhesion between organic topcoats and the inorganic primers, especially in the case of the alkaline
silicates. Alkaline silicates based on sodium silicate, in the absence of high baking temperatures, are
cured by the postapplication of amine phosphate solutions, residues of which must be carefully
removed if subsequent deadhesion of topcoats is to be avoided.

3. Postgalvanic Protection Phenomena

In both organic and inorganic zinc-rich primers, the duration of cathodic activity is finite, and the
effects of zinc polarization and the generation of zinc corrosion product gradually converts
protection from the galvanic mechanism to one that is, at least in part, a barrier mechanism [11, 12].
The corrosion product blocks and seals the porosities of the film with a dense inorganic coat. In the
case of the organic, this polarizing film is most usually a surface phenomena. In the more porous
inorganic, zinc corrosion product occurs within the interparticulate spaces, building up and more
completely sealing the film. Other postgalvanic phase mechanisms have also been suggested,
including inhibition from zinc products [39], locally elevated pH, and control of oxygen reduction
[4O]. Most authorities, however, ascribe long-term protection to barrier effects [4, 11, 12, 38]. The
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interval of galvanic protection before conversion to the secondary protecting mechanism depends
on the type and composition of system and the nature of the environment. Galvanic activity in
alkyl silicates has been recorded after three years under atmospheric conditions. In epoxy zinc rich
primers, the cathodic protection phase is briefer [41].

E. INHIBITIVE PMMERS

1. Pigmentation

Inhibitive primers are typified by traditional compositions based on red lead and linseed oil, alkyd
resins pigmented with zinc yellow (zinc potassium chromate) and, more recently, by the many
proprietary epoxy, alkyd, urethane, and latex systems that rely on modified phosphate, borate and
molybdate pigments [15, 42, 43]. While traditional chromate pigments are still being employed
where inhibitive primers are used for the most demanding service (aircraft coatings, automotive
primers, coil coating primers, etc.), the press of environmental and toxicological concerns threatens
to eventually eliminate their employment in all coatings in the same manner that led to the removal
of lead-based pigmentations.

All of the above pigment types have either some direct limited solubility in water [44], or form
reactive products (of limited solubility) with certain binders or their degradation products [45].
Several reviews of the many traditional and newer offerings of these types of pigments have been
published [14, 15, 42, 46]. Nevertheless, the exact mechanism whereby these various inhibiting
species inhibit corrosion remains imprecisely understood, and is probably not the same for all
inhibitors.

It is, however, believed that chromates, and possibly molybdates, function by decreasing the
oxidizing threshold at which passive films are naturally formed [44]. While oxygen alone will
effectively passivate steel at high enough concentrations, those concentrations required for the
passivation of steel (unlike the case with aluminum), exceed the levels of oxygen that dissolve in
water at neutral pH. Oxidation levels, high enough to induce passivation on steel, are possible using
oxidizing inhibitors, such as the chromates, however, which are thought to form passive films of
complex chromic and ferric oxides on the metal [47].

Auxiliary pigmentations, which increase the basicity of the film (zinc oxide, wollastonite, etc.),
increase the pH of the interfacial environment, and at these levels of alkalinity, oxygen
concentrations necessary for passivation fall nearer to those levels of oxygen that will dissolve in
water [48]. It is thought, therefore, that these auxiliaries act in tandem with the inhibitor, reducing the
amount of inhibitor necessary to achieve passivation under any given set of conditions. In many of
the more popular binder systems for this type of product (e.g., alkyds, oils, and other fatty acid based
systems), these same basic pigments (both inhibitive and auxiliary) may react with acid groups on
the binder, acting as pigmentary "cross-linking centers," introducing unwanted embrittlement into
the film. These effects must be controlled by judicious balancing of the formulation.

Active ions from other inhibitors are thought to act to reinforce the naturally occurring oxide
layer rather than establish a passive film themselves. Lead cations from lead based inhibitors, as well
as the modified zinc phosphate inhibitors, are thought to plug up discontinuities in the natural oxide
layer, reinforcing it, and thereby preventing ionic egress from the metal to the electrolyte. In spite of
their long history, inhibition from lead-based pigments is itself incompletely understood. It is most
generally thought to be attributed to the reaction of certain acidic moieties (azeleic acid, pelargonic
acid, and other long chained mono- and dicarboxylic acids) from oxidizing binders with lead
monoxide giving soluble azelates and pelargonates which serve as a continuous source of inhibitive
lead cations [45, 49]. Binders that produce higher concentrations of lower molecular weight
acids (acetic acid, etc.), in lieu of the azelates, and so on, give much less effective protection [49], as
do pigments such as lead dioxide [15]. These components appear to be corrosive rather than
inhibitive.
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FIGURE 6. Corrosion protection by inhibitive primer.

2. PVC/CPVC and Controlled Permeability

Inhibitive metal primers are designed with relatively high pigment volume concentrations. This
design facilitates sufficient water absorption into the film, so that soluble inhibitive ions may be
released by the pigment (or its salts with the binder) and carried to the metal surface beneath the
primer where passive films may be established. Formulation devices are designed so that enough
water is able to penetrate the film and dissolve sufficient inhibitor to provide ionic concentrations
high enough to achieve passivation at the subfilm metal (Fig. 6). The permeability to ionic solutions
must not, however, be so great as to allow depassivating ions (chloride, sulfates, etc.) into the film
from the environment. These depassivators raise the inhibitor threshold necessary to achieve
passivation [5O]. Where depassivator concentrations are high enough, it may not be possible to
achieve passivation with even the strongest inhibitor. Fortunately, in normal primer films, the relative
ionic impermeability of the coating films and the presence of the source of passivating ion within the
film, encourage favorable passivator/depassivator ratios at the substrate and preserve protection.

Selection of the pigment/binder composition should be such that the inhibitor is not so soluble,
nor the film so permeable that excessive release of soluble inhibitive ions leads to the premature
exhaustion of the film's available inhibitive reservoir, and, in consequence, loss of primer effe-
ctiveness [51]. (Additional dangers with the use of very soluble inhibitors in paint films are the
propensity of such films to exhibit osmotic blistering in high humidity and fresh water conditions,
especially when inhibitive primers are employed beneath lower permeability finishes.) Alternatively,
the binder should not be so impermeable (or the pigment not so insoluble) that insufficient inhibitive
ions are released to establish or sustain protection. This condition will lead to little effectiveness as
an inhibitive primer, although such systems may make rather inefficient barrier films.

There remain unanswered questions concerning these mechanisms, for it is difficult to understand
how passivating films may form on metals bearing tightly adherent organic films. It has been
suggested that inhibition may not become established until some initial adhesive breakdown in a
quasi-barrier protection has occurred [32].

Film of controlled porosity allows
water through continuum to leach
inhibitive ions from soluble pigment,
rendering water inhibitive,

Film is less porous to corrosive
ions which largely remain outside
film, At the substrate, ratio of
inhibitive ions to corrosive ions is
conducive to formation and
preservation of passive
condition,
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3. Water-Based Inhibitive Primers

Recent emphasis on minimizing volatile organics released from the application of coating films have
encouraged the use of water-based systems. With some important exceptions [9], the films deposited
using such technologies are more water sensitive than are those deposited from solvent-based
systems. Thus the films do not generally make good barrier coatings. They do, however, make more
suitable binders for inhibitive primers. Water-based primers of this type are based on acrylic latexes,
epoxies, and water-borne alkyds. In these systems, the inhibitor exists in contact with the water
carrier in the can prior to the application of the paint, and this constitutes a special case. Here, the
inhibitive ions are already in solution at the time of application, and, where passivating films may
form on the steel before the wet primer film dries, the initial passive film may be established without
the access of water through the coating in the field [51]. Thus, classical inhibition from the access of
external water to the pigment in service is presumably necessary only to sustain the passive film.

F. SURFACE PREPARATION

Although the primary foci of this chapter are the mechanisms by which coating films may be
employed to control metallic corrosion, such discussions cannot be considered complete without
some reference to the preparation of the metal surface prior to coating application. The relevance of
good surface preparation to the effectiveness of applied coating systems on steel has been well
recognized since the work of Hudson in the 1930s, 1940s, and 1950s [52]. Since then, numerous
other researchers have reaffirmed the singular importance of good practice in this regard, whether we
are considering the sandblasting of structural steel, the anodizing of aluminum, or the pickling of
nickel surfaces [53-55]. Morcillo [56] emphasizes the particular importance of good surface
preparation to the performance of modern corrosion resistant coating systems on steel.

The contribution of surface preparation to coating system performance may be reduced to one or
more of the factors described in the following paragraphs.

1. Removal of Interference Material

The presence of numerous and diverse conditions and contaminations on practical metal surfaces is
virtually axiomatic. Oils, greases, and other organics may reduce the surface energy of normally
high-energy metal surfaces from values near 400 dyn/cm to values < 20 dyn/cm, thereby reducing
wetting and impeding or even eliminating adhesion of the film. Insoluble inorganics (dirts, soils, and
other powders) prevent the necessary close association between the binder and metal surface nece-
ssary for good adhesion, regardless of the nature of the bond (primary or secondary valency
bonding). The required distance between attracting moieties on the metal (oxides and hydroxides)
and on the coating polymer (acidic groups, hydroxyls, etc.) is very small [of the order of ~ 0.5 nm
(5 A)] [57]. On this scale, dirt particles present very large obstructions. Soluble inorganics (salts,
etc.), which also interfere with adhesion, may have more serious consequences [58]. Chlorides and
sulfates, for example, act as depassivators and shut down passivation from inhibitive primers.
Beneath barrier primers [50], the same salts dramatically decrease the electrical resistance of the
interfacial region, therefore nullifying resistance inhibition [5]. In both types of systems, the
presence of these salts beneath a film in fresh water immersion or in high humidity environments will
result in osmotic blistering failure.

Removal of these contaminants by one of the multiple cleaning techniques noted in Table 2, or by
scarification techniques, such as abrasive blasting, and pickling, eliminates these conditions.

2. Activation of Metal Sites for Subsequent Adhesion of Coatings

Metal surfaces on exposure to the environment react rapidly with components of that environment,
producing surface conditions in which these sites are blocked by reaction or corrosion products; for



a Cleaning processes may involve spray, dip, wipe, and brush application. Solvent cleaning by vapor degreasing is very common
and efficient. Processes generally become more efficient with increasing temperature and pressure (e.g. steam cleaning). Surface
neutralization may be necessary with some processes (saponification). Final rinsing step with clean water or solvent is
mandatory.
b Neutralization and/or rinsing with clean water is always necessary.
0 Abrasive blasting (air nozzle or centrifugal) is preferable to hand tool grinding, brushing, and so on, which are slow and
inefficient. Wet blasting without abrasive does not produce an anchor pattern.

example, oxide scale (mill scale) which forms on new steel during hot rolling processes. In many
instances, the corrosion products that saturate the reactive sites on the metal are themselves either
poorly adhesive, insufficiently cohesive, or otherwise unstable.

If a coating system is to achieve full adhesion to the metal, these saturating moieties must be
removed from the metal surface before the coating is applied. Various techniques are employed for
this task, many employing mechanical or chemical scarification of the metal itself. Abrasive blasting
(in the field) and (in the shop) acidic deoxidation (pickling) are typical of such procedures. The
coating, if applied sufficiently rapid after such removal, may itself satisfy a sufficient number of
these newly freed sites to maximize adhesion. Such coatings may be prepaint conversion coatings
such as phosphate coatings on steel, anodized coatings or chromate conversion coatings on alu-
minum, or amorphous oxide coatings on zinc, or they may be the organic primer itself. The
conversion coating (often more porous than the metal) improves the metal surface for subsequent
adhesion of the organic coating film.

Unremoved, the original species, contaminating the metal surface may not only reduce the
adhesion of the organic paint primer, but depending on its nature may interfere with the subsequent
performance of the applied system. Mill scale, noted above, is cathodic to steel and can induce
corrosion of the metal where the mill scale is ruptured [4]. It is also smooth, so that coatings tend to
delaminate under stress more easily than with a rougher sandblasted surface. Mill scale may also,
under stress, delaminate from the metal itself (thus carrying away the coating system as it
delaminates).

Where steel surfaces bear reacted salts (ferrous sulfate, etc.), these materials if not removed will
not only interfere with adhesion, but may, if trapped beneath a barrier film, be sufficiently water
soluble to short circuit all resistance inhibition, leading to the establishment of conductive
electrolytes beneath the coating system. With inhibitive systems, these same salts unless removed
will act as powerful depassivators, changing the ratio of passivating ions (from the film) to
depassivating ions (from the substrate) in an unfavorable direction.

Solubilization*

Emulsificationa

Saponification0

Chelation and Sequestration0

Deflocculation0

Pickling*

Mechanical Scarification*7

For removal of soluble inorganics with water and soluble organics with
solvent
For removal of insoluble and/or water immiscible inorganics by
emulsification with detergent solutions
For removal of ester and amide based organics and inorganic salts by
chemical hydrolysis with alkaline solutions
For removal of metal ions from solutions and surfaces by chelation or
complexation reactions
For wetting and dispersion of soils with surfactants, suspension of soil
residues in order to prevent resedimentation and recontamination on
metal surface
For removal of surface contaminations, rust scale, mill scale, and other
bound moieties (including surface layers of metal itself) by chemical
dissolution with acids or alkaline deoxidation with or without the
application of an electric current.
For removal of surface contamination, rust scale, mill scale, and other
bound moieties by wet or dry abrasion, (including surface layers of
metal itself) by wet or dry abrasion, erosion, and/or cavitation processes.

TABLE 2. Prepainting Cleaning and Surface Preparation Processes



3. Increased Surface Area

In scarifying a metal surface prior to coating, whether by mechanical or chemical means, the surface
is roughened [59]. It is changed from one in which the real (microscopic) surface area equates
fairly closely with the apparent (macroscopic) area, to one in which the real surface area is very
much greater than the apparent area. In accomplishing this roughening, the number of active sites on
the metal surface (which may subsequently serve as reaction sites for coating film adhesion) is
greatly increased. Initial adhesion is thus much improved by scarification. As the lower areas of
the film are also mechanically "reinforced" by the peaks and irregularities of the induced metal
profile, the long-term adhesion and resistance to stress-induced delamination is also greatly
improved. Under extreme stress, it is more likely that the cohesive integrity of the system above
the peaks of the anchor pattern will fail before actual deadhesion of the system at the interface
will occur.

4. Surface Normalization

In designing a coating system for corrosion control on metal, the design engineer assumes that the
metal surface will approximate that surface he conceives. In practice, this may or may not be the
case, for numerous anomalous conditions are inevitable on practical surfaces, derived from
fabrication mispractice to contamination incurred in transportation, in storage, processing and/or
erection. This contamination, moreover, may not be entirely uniform across the entire surface.
Surface preparation, in removing all of the contamination that may be present, and in establishing a
pristine surface which is, from an engineering standpoint, greatly enhanced, also produces a
substrate that is at once a more uniform and a better replicate of that surface originally conceived by
the design engineer. The entire coating system (substrate/paint film) thus becomes more consistent
with the theoretical model, and performance is, therefore, more predictable.
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