
he next several columns will
use previously reviewed fun-
damentals of corrosion con-

trol, including corrosion science,
permeability, and blistering of coat-
ing films on metal to provide an un-
derstanding of coating design pre-
cepts for corrosion control.
Simultaneously, the discussion will
address the difficulties that are
specifically related to the practical
formulation, use, and service of
these coatings. 

Of the various ways in which the
corrosion process might theoretically
be manipulated (or thwarted) by the
use of coatings, only 3 techniques
have led to practical solutions (Table
1): barrier coatings, inhibitive pig-
ments, and cathodic protection. Bar-
rier techniques include the depriva-
tion of fuel for the cathode reaction
and/or the maximization of elec-
trolytic resistance at the interface. 

The inhibitive process entails
modifying the underfilm environ-
ment to chemically inhibit the 
susceptibility of the metal to cor-
rode. In cathodic protection, coat-
ings are used as electrically contigu-
ous anodes, which override local
cell action on the steel substrate and
prevent all current discharge from
the metal.

This article will discuss the func-
tion of barrier coatings and the de-
sign of barrier primers and finishes. 

Mechanisms for Corrosion 
Protection by Barrier Coatings
Barrier coatings are the most
straightforward of the 3 basic types
of coatings for corrosion protection.

Resistance Inhibition
For many years, it was believed that
barrier coatings might function by
excluding water and oxygen from
the metal. This belief was soundly
disputed when, in the early 1950s,
J.E.O. Mayne1 measured the amount
of water and oxygen passing
through “normal” 4-mil (100-mi-
crometer) paint films. He found
water and oxygen levels to be much
higher than the levels needed to ini-
tiate and sustain the average rate of
corrosion on unprotected steel. On
coated steel, he found levels of 200-

They use none of the exacting pig-
mentary devices of inhibitive
primers and zinc-rich films, and pig-
ment volume concentration/critical
pigment volume concentration
(PVC/CPVC) ranges are less critical.
While suitable pigmentation en-
hances barrier protection, barrier
coatings derive their value primarily
from the impermeability of the or-
ganic binder. The major require-
ments are to minimize the access to
the metal of fuel for the cathodic re-
action and to maximize the electrical
resistance of the external phase of
any likely corrosion cell.
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Barrier Coatings

Table 1
Practical Strategies for Corrosion Control 
by Coatings
Oxygen Deprivation Barrier Coatings Cathodic reaction is controlled by 

coating preventing access of 
oxygen to the metal.

Resistance Inhibition Barrier Coatings Rate of corrosion is minimized by
ensuring interface between coating 
and steel maintains very high electrical 
resistance. Coating prevents access 
of soluble ions to metal.

Environmental Modification Inhibitive Primers Passivation of metal is induced
at Interface by introducing oxidizing or 

non-oxidizing passivating ions into 
interfacial electrolyte against metal.
Modification of pH may be 
employed to decrease level of 
oxygen and/or inhibitive ion 
necessary to acquire passivity.

Cathodic Protection Zinc-Rich Primers Prevention of current discharge 
from steel to electrolyte by electrical
attachment of less passive anode 
(zinc metal) which in presence of
continuous electrolyte renders steel 
entirely cathodic and overrides all 
local cell action on steel surface. 
Active metal (zinc) corrodes, and 
sacrificially protects steel.

by Clive H. Hare, Coatings System Design Inc.
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1,100 mg/cm2/year (0.045-0.25
oz/in.2/year) of water and 4-53
mg/cm2/year (0.0009-0.012
oz/in.2/year) of oxygen. The 70
mg/cm2/year (0.016 oz/in.2/year)
rate of corrosion typical of bare steel
required only 11 mg/cm2/year
(0.002 oz/in.2/year) of water and 30
mg/cm2/year (0.007 oz/in.2/year) of
oxygen—appreciably less than levels
passing through the films. The latter
figures are in reasonably good
agreement with those of Baumann,
quoted by Haagen and Funke2, i.e.,
0.003-0.06 mg H2O/cm2/day (1.1-1.2
mg/cm2/year) and 0.008-0.15 mg
O2/cm

2/day (2.9-54.7 mg/cm2/year)
required to sustain a daily rate of
corrosion of 0.02-0.25 mg Fe/cm2

(7.3-91.2 mg/cm2/year). 
Despite these discouraging data, it

was indisputable that paint films that
did not have inhibitors or sacrificial
pigments provided adequate corro-
sion protection to steel for years.
Mayne1 proposed that these films
could control corrosion by maintain-
ing a high electrical resistance at and
above the interface, thereby prevent-
ing external current flow between
anodic and cathodic areas on the
underfilm metal. Mayne1 cited the
high ionic impermeability of well-
prepared coating films. 

This would ensure that water in
the film that could access the inter-
face would not be conductive
enough to carry appreciable corro-
sion current (Fig. 1). The film had to

be continuous, have high electrical
resistance, and be free of any iono-
genic material that might short-cir-
cuit the resistance. (The DC resis-
tance of typical protective coatings is
about 1010ohms•cm2, although it
will drop to about 108ohms•cm2

where continuous aqueous path-
ways through the films exist.) It was
also critical that the interface be free
of soluble ionic contamination.

Described in the JPCL’s November
1997 Trouble with Paint (p. 80), the
work of Mayne and his co-workers
on the behavior of paint films with
regard to the take-up of ionic mater-
ial and film conductivity has direct
bearing on the design of barrier sys-
tems. Minimizing film areas with D-
type conductivity becomes critical to
good barrier performance, which re-
lies on resistance inhibition. There-
fore, eliminating areas of low cross-
link density in thermosetting systems
would appear to be an important
formulating goal. Similarly, in ther-
moplastics, highly amorphous areas
are probably less effective in pre-
venting corrosion current than are
more crystalline areas. 

Both formulating requirements
have disadvantages. Highly cross-
linked films incur higher internal
stress values and diminished me-
chanical properties. High crystallinity
in thermoplastics leads to reduced
solubility, higher volatile organic
compound (VOC) content, and re-
duced mechanical properties. How-
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Fig. 1 - Corrosion control by barrier coatings (resistance inhibition)
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ever, the reduction of free volume;
Tg elevation; and the elimination of
monofunctional and non-functional
diluents, monomers, and plasticizers
are productive formulation design
stratagems. Even monofunctional
diluents may not react entirely into
the polymeric matrix, and their
volatilization from films in high tem-
perature service is likely. Cross-link
density and ultimate tensile strength
can be maximized by avoiding
leachables and hydrophilic pigmen-
tations, improving solvent release,
and incorporating long periods of
drier inductions before application
of oxidizing films. These techniques
also minimize water uptake and the
amount of D-type conductivity.
Eliminating water- and ion-attracting
groups on the polymer, such as 
hydroxyls and carboxylic acid
groups, also helps minimize D-type
conductivity. However, valuable
benefits can be derived from these
same groups, at least in barrier
primers (see below). 

Oxygen Deprivation
As a mechanism for barrier protec-
tion, resistance inhibition is not
without its detractors. As Wicks3 has
pointed out, while high resistance
films are certainly much more pro-
tective than films of low resistance,
there is less correlation of resistance
and protection in quantitative com-
parisons of performance in films
having different levels of high resis-
tance. Moreover, in recent years,
economics and the press of environ-
mental controls have forced changes
in the practice of only applying bar-
rier films to clean, well-blasted sur-
faces. We now have to apply barrier
coatings (e.g., aluminized epoxy
mastics and moisture-curing ure-
thanes) directly over highly ques-
tionable surfaces known to bear sol-
uble salt, especially chlorides and
sulfates, which produce conductive
and highly corrosive electrolytes.
Surprisingly, when applied at suffi-

cient film thickness, these barrier
systems have worked well in some
instances. Resistance inhibition can-
not in this case be the underlying
mechanism of protection. The film
excludes ionic material from the en-
vironment external to the coating
system. But deionized water access-
ing the substrate through the paint
film finds enough salts at the sub-

strate to produce a low resistance
and presumably aggressive corrosive
environment (Fig. 2). Thus, other
factors must be involved.

In 1970, Guruviah4 studied the
rates of water and oxygen perme-
ability through several iron oxide-
pigmented films and related these to
the performance of the same system
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in salt spray and humidity. Guruviah
found some limited correlation be-
tween weight loss values observed
on the exposed panels and values
calculated on the assumption that
oxygen permeability was the rate-
determining step. Guruviah conclud-
ed that corrosion rates could 
be interpreted by the oxygen perme-
ability data (Fig. 3). Baumann5, Haa-
gan and Funke2, and later Thomas6

have all found that many paint films
have oxygen permeability rates
below or close to the rates required
to sustain corrosion resistance. 

Of even more relevance to the
question of whether the mechanism
is resistance inhibition or oxygen de-
privation may be the 1990 study of
Morcillo et al.7 They investigated the
effects of increased loadings of NaCl
and FeSO4 (as well as mixtures of
the 2 salts) on lightly adherent, thin-
film, varnish-coated steel. Morcillo
found that corrosion, which did not

occur on non-contaminated steel, in-
creased as interfacial contamination
increased. This suggests that resis-
tance inhibition was the controlling
factor on clean steel at low salt con-
centration levels. As levels of conta-
mination increased, however, the es-
timated consumption of oxygen
required for a quantified degree of
underfilm corrosion equated more
closely with the oxygen permeability
data. Morcillo concluded that under
these circumstances (i.e., high salt
levels at the interface and a water-
permeable film), oxygen permeabili-
ty was the controlling factor. 

Unfortunately, at this time, the
amount of available oxygen perme-
ability data correlatable to known
quantitatively measured coating per-
formance is sparse. In addition, 
results are complicated by other ef-
fects. Changes in oxygen transmis-
sion that occur with the simultane-
ous absorption of water and 

the effects of temperature may have
a considerable effect. The issue,
therefore, remains to be decided.
Both mechanisms may be involved,
especially in high builds of modern
barrier systems (e.g., aluminized
epoxies, coal tar epoxies, epoxy
phenolics, vinyl esters, and unsatu-
rated polyesters). 

Wet Adhesion
Funke8 argues that although water
permeability may not be the rate-de-
termining step in corrosion, an elec-
trical corrosion cell beneath a dense
barrier film cannot become estab-
lished until there is a continuous
aqueous phase across the metal sur-
face. Funke cites de-adhesion under
water-wet conditions as the primary
factor in the onset of corrosion; wet
adhesion, therefore, is the para-
mount design criterion in the formu-
lation of barrier coatings. While it is
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theoretically possible that a highly
porous film may become so water-
logged that a continuous electrolytic
path may exist within a still adherent
coating, such films are altogether in-
appropriate as barrier systems. 

Wet adhesion may have little rela-
tionship to dry adhesion. Indeed,
the site and type of parting may be
quite different. Wet adhesion loss is
usually 100 percent adhesive. De-
lamination of the dry film on steel is
as often cohesive, occurring in a
weak boundary layer within the
coating film next to the interface.9

Barrier Primer Design
Binders
Uncompromising adhesion under
wet service conditions is the primary
formulating goal for the barrier

primer, more so in fact than ab-
solute impermeability. Sound, un-
contaminated surfaces with maxi-
mized surface area through chemical
or physical scarification are neces-
sary for good adhesion. But adhe-
sion also depends on the physio-
chemical properties of the binder
and good wetting properties. In ad-
dition, adhesion depends on the in-
terfacial alignment of polar groups
on the coating binder (hydroxyls
and carboxylic acid groups) with
polar and hydrophilic oxides and
hydroxides on the metal surface.
Thus, maximized adhesion of the
barrier primer depends on increased
polar groups on the binder. To dis-
place air from all facets of a steel
surface, the wet primer must be low
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Fig. 2 - Effect of interfacial salt deposits on resistance inhibition by barrier films

Fig. 3 - Corrosion control by barrier coatings (oxygen deprivation)
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short-circuits resistance inhibition.
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enough in surface tension and vis-
cosity. On blast-cleaned surfaces,
displacing air may be difficult, for
the coating must access the pits and
crevices of the blast pattern. Failure
to properly wet the steel reduces the
adhesion of the cured film, and
leaves non-bonded sites beneath the
film available for the subsequent ac-
cumulation of water in service.

Unfortunately, the polar groups
(which facilitate wetting) are pre-
cisely the same groups that attract
water into the film, displacing the
barrier from the substrate. In addi-
tion, polar groups may actually re-
duce oxygen impermeability, which
is more productively controlled than
water impermeability.

For de-adhesion to occur, the
water must displace multiple interfa-
cial polar linkages simultaneously.
This action becomes difficult if the
polar groups are well aligned on a
stiff, immobile polymer chain and

the film temperature is below the
Tg.10 If, however, the binder is
made up of very flexible chains with
relatively poor alignment after film
formation and the film is above its
Tg, then interfacial bonds between
polymer and surface will be continu-
ously formed and broken. Here,
water molecules may more readily
associate with polar groups and pro-
gressively deprive the film of its nec-
essary bonding potential. Molecular
motion inevitably increases with
temperature, especially above the
Tg. For this reason, maximizing the
Tg is important in binder selection.
At a minimum, Tg must be above
the service temperature. In a series
of experiments with the Navy’s
epoxy polyamide barrier coating,
MIL-P-24441, blister resistance could
not be achieved in a 190 F (88 C)
immersion test. When a cycloaliphat-
ic amine curing agent of relatively
higher Tg was substituted for the

polyamide originally used, blistering
resistance was extended from an
original six-day exposure to greater
than 10 months, the point at which
the test was discontinued.11

While the polarity of the binder in
a barrier coating is, in part, a posi-
tive attribute, other factors have ad-
verse effects on performance. Other
hydrophilic formulation constituents
will inevitably associate with water,
increasing the water absorptivity of
the film and introducing the danger
of osmotic blistering in fresh water
after recoating. If water can hy-
drolyze the binder (especially in the
presence of cathodic alkalis), the
polymeric binder will be broken up
or even dissolved. Reaction products
of the hydrolysis of esters are alco-
hols and acids, and these will pull
more water into the film. All of these
things produce catastrophic film
breakdown and complete collapse
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of barrier properties and adhesion.
Blistering will be both osmotic and
cathodic. Ester groups are particular-
ly vulnerable because of their sensi-
tivity to alkaline-induced hydrolysis.
They are not generally desirable in
barrier coatings. As alkali is generat-
ed by the cathode reaction, the
binder becomes vulnerable to this
type of attack, leading to delamina-
tion of the film from cathodic sites
and saponification and increased
water sensitivity in the polymer. For-
tunately, not all ester linkages suffer
from the same degree of susceptibil-
ity to alkali attack. While the fatty
acid triglycerides in oil paints are ex-
tremely sensitive, ester linkages in
many polyester resins are unusually
resistant. Other groups, including
amides, ureas, and urethanes, may
also show diminished resistance to
cathodic alkali.

Solvents
Solvents, pigments, surfactants, and
minor ingredients, as well as high
boiling solvents, should also be se-
lected with thought to their effect on
barrier properties. Water-miscible al-
cohols, glycol ethers, and esters (es-
pecially those with high boiling
properties) should not be used as
solvents. If entrapped within the
film, these materials can cause se-
vere blistering in immersion service
and may leach into and contaminate
the contents of vessels when used as
container coatings or linings for
food and water storage. Under con-
ditions of extreme high or low pH,
certain solvents such as esters will
hydrolyze to the acid. Ester solvents,
for example, should not be used
with the amine or amide curing
agents of epoxy coatings. Eliminat-
ing esters from the formulation
would also minimize post-curing hy-
drolysis of retained solvent residues.

Small, compact, planar, and short-
chained solvents are released from
the film faster than the bulky,
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branched, or non-planar molecules
during the final diffusion stages of
solvent release. These solvents
should be used wherever possible.
Furthermore, the release of polar
solvents from the film will be more
substantially retarded in highly
humid environments than non-polar
solvents. Solvent selection largely
depends on binder selection. It may
not be entirely possible to avoid the
use of all such materials without
preventing resin precipitation. Wher-
ever possible, however, the polar
carriers should be the low boilers
(e.g., methyl ethyl ketone), and the
tail solvents should be efficient non-
polar materials (high flash naptha)
or polar solvents with minimal water
miscibility (methyl amyl ketone in-
stead of propylene glycol mono-
methyl ether acetate, for example).

Pigments
Lamellar pigments are a valuable de-
vice to reduce permeability in all
coatings. Discussed in more detail
under Design of Barrier Finishes,
they also may be effectively used in
barrier primers. Environmentally re-
active pigments (calcium carbonate,
iron blue, and the chromates) as
well as highly soluble inhibitive pig-
ments should not be used in barrier
systems, although careful use of very
low solubility modified phosphates
may be successful. Flat, platy pig-
ments may also be valuable in 
mitigating the negative effects of in-
ternal and external stress accretion.
Given enough stress, the films 
will delaminate.

Effect of Mobility and 
Film Thickness
Although molecular immobility after
cure is critical to maintaining the
wet adhesion of the dried film, a
high degree of molecular mobility in
the wet film is equally critical to the
initial establishment of adhesion.
High mobility during the wet stage

(i.e., before drying or at least curing)
is critical for the film to properly ac-
cess and wet all facets of the metal
surface and displace atmospheric
moisture. Conversion from the mo-
bile state to the rigid film should
also involve minimal levels of stress
accretion, allowing maximum stress
relaxation. Two disadvantages of
rapid conversion from the wet to
fully cured stage are increased inter-
nal stress and reduced adhesion. In
some cases, rapid conversions cause
spontaneous delamination of highly
cross-linked systems. The slow con-
version rates of oil paints and a con- 
sequent, almost complete, dissipa-
tion of stress contribute to the excel-
lent initial adhesion of these sys-
tems. However, oil paints represent
the extreme example. The same
slow progress of cure in oil paints
from the wet film to the immobile
state is too long to optimize imper-
meability in practical barrier systems. 

Minimizing film thickness with
low-solids, high-wetting primers is
also a viable technique in curbing
stress accretion during conversion,
although here a high surface profile
and the drainage of the coatings
from the peaks to the valleys are
clearly counterproductive. In pre-
treatment coats, such as the wash
primer, low film thickness plays
some part in increased adhesion.

Increasing film thickness is, how-
ever, a primary tool for creating a vi-
able barrier system. In heavy-duty
coating systems, there is some film
thickness threshold (commonly 16-
20 mils [400-500 micrometers])
above which a disproportionate in-
crease in corrosion resistance is real-
ized.3 Once system adhesion has
been established through optimal
primer design, subsequent coats
may be applied at higher film thick-
ness. The transmission of water
vapor or oxygen through all films
decreases as film thicknesses in-
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crease, as long as the film is uni-
formly cured. Blistering is decreased
as film thickness increases.12 Multi-
ple coats are crucial, in spite of the
cost disadvantages of this approach
and the theoretically increased pos-
sibility of problems at newly created
interfaces between coats. Too many
coating failures result from holidays,
pinholes, and insufficient film thick-
ness over high points in the steel
surface. Paint jobs improve as the
statistical probability of holidays in
any coat is countered by the appli-
cation of 2 coats; and 3 coats are
better than 2. 

Pinholes and holidays may be par-
ticularly bad on once-corroded steel,
where even after abrasive blasting,
the surface may be very irregular
and deeply pitted. Single- or even
double-coat applications on these
surfaces are often doomed because
of the difficulties in ensuring cover-
age of all profile peaks (Fig. 4) and
the high number of pinholes gener-
ated by incomplete wetting of the
pits and porosities. Unless the coat-
ing is slow-drying and very low in
viscosity, it will have difficulty dis-
placing air from the pit cavities and
retaining sufficient flow to prevent
bubbles, pinholes, and craters from
forming in the drying film. The phe-
nomenon is similar to that found
when recoating inorganic zinc films
with fast-drying high viscosity coat-
ings. (Air that is displaced from the
pits by the finish may not be able to
be entirely released through the fast-
drying finish. This results in bubbles
and pinholes in the finish.) Low vis-
cosity does not equate well with
high solids in modern coating mate-
rials, nor with the requirement for
high film thickness. The saturation
of a surface with a high-wetting
sealer, followed by 1 or 2 (or prefer-
ably more) coats of a higher build
intermediate and finish coating, will
better address the problem. 

Internal stress buildup is also min-
imized in systems built up of 2 or 3
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coats, rather than a single coat ap-
plied at the same film thickness. In-
tensified internal stress effects from
film formation of high-build ther-
mosets are the biggest disadvantages
in the design of high-build barrier
systems. Excessive film thickness in
solvent-borne systems is often tem-
pered by an awareness of the dan-
ger of plasticization, increased trans-
mission properties, blistering, and,
in closed spaces, the buildup of va-
pors long after application. The in-
troduction of 100 percent solids sys-
tems such as epoxies, vinyl esters,
and saturated polyesters has re-
moved these concerns, encouraging
the application of higher film thick-
nesses in a single coat. Some 100
percent solids systems (namely
acrylics, vinyl esters, and unsaturat-
ed polyesters) exhibit very high
shrinkage on polymerization, maxi-
mizing internal stress. In epoxies
and especially in polyurethanes,
stress buildup either is lower or is
dissipated more readily.

Even under controlled conditions,
multi-coat applications of thinner
films of solvent-borne barrier coat-
ings give lower oxygen permeability
coefficients than do thicker film sin-
gle-coat applications on the same
substrate.2 This property is again
thought to be related to the effects
of solvent entrapment. 

Design of Barrier Finishes
Binder
The design of barrier binders for in-
termediate and finish coats is differ-

ent from the design of the primer
polymer. Adhesion between organic
systems in all films above the primer
or pretreatment is easier to achieve
than adhesion between the organic
primer and the steel. In barrier fin-
ishes and intermediate coats, there-
fore, adhesion becomes secondary
to maximizing impermeability.

Polymers for barrier intermediate
and finish coats with carbon-carbon,
carbon-nitrogen, and carbon-ether
linkages are, therefore, preferred to
those systems based on polymers
with many hydroxyl and carboxylic
acid groups. In non-exposed finishes
and mid-coats, aromatic groups are
included in these preferred moieties.
Highly uniform cross-link density in
thermosets and ordered, well-
aligned chains in thermoplastics are
desirable. The chlorinated thermo-
plastics (vinyls and chlorinated rub-
bers) make excellent barrier systems
because of the high degree of sec-
ondary valency attractions through-
out the polymer matrix. 

Tg is critical in barrier primers and
finish coats alike, for water absorp-
tion and, in consequence, oxygen
absorption increase significantly as
the ambient temperature (T) be-
comes greater than Tg. 

Pigmentation
Ideally, pigment selection will aug-
ment the choice of binder and lead
to enhanced performance under se-
verely corrosive conditions. It may
also play a large part in system fail-
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profile peaks in both a 
zinc-rich primer and a
polyurethane finish 
resulting in premature 
areas of patchy zinc and 
ferric corrosion.
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ure. Suitable pigments are flat, platy
materials, such as aluminum and
stainless steel metallic flake. Mica-
ceous iron oxide and glass flake are
also used. Graphite, which has been
used in barrier systems, is described
by Svoboda and Mleziva13 as stimu-
lating corrosion. Extender systems of
similar platy geometry will control
gloss and PVC/CPVC ratios where
necessary. These systems include
mica, talc, and chlorite. Mica is high-
ly absorbent and will rapidly lower
CPVC levels. It may also easily floc-
culate the pigment system; therefore,
levels should be controlled judi-
ciously. PVC/CPVC should not affect
permeability significantly as long as
it does not get too high. Generally, it
should be kept below 0.5-0.6.

Platy pigments require extra care
with film thickness because solvent
entrapment effects may be magni-
fied. This is especially true with leaf-
ing aluminum pigments, which are
designed to accumulate predomi-
nantly at the upper surface of the
film parallel to the substrate, further
enhancing barrier properties. Low
surface energy of leafing aluminum
pigments is ensured by the surface
treatment of the pigments with
stearic acid. In suitable high-leafing
(higher energy) binder systems,
these pigments may actually leaf out
of the film, so that a loose aluminum
layer is present on top of the film.
Thus, this pigment should be used
only in the finish coat to avoid inter-
coat adhesion problems. It may even
be necessary to remove loose mater-
ial from the surface in maintenance
repainting. However, chalking
residues from the degradation of the
binder are minimized when leafing
aluminum pigments are used.

In many high-performance sys-
tems, viscosities are high, and too
many components deleaf aluminum,
thereby eliminating the leafing ten-
dency. Often, non-leafing aluminum
pigments are used in these systems.
While also orienting parallel to the

substrate, these pigments are more
homogeneously distributed through-
out the film depths and cause no re-
coating difficulties. 

Entrapped solvent (especially hy-
drophilic solvent) within the film
can lead to osmotic blistering. In
moisture-curing urethanes, metallic
pigments (particularly the leafing
aluminums) can cause increased gas

(CO2) bubble entrapment in the
film. This entrapment not only re-
duces the permeability of the film
but also endangers its aesthetics. 

Silane surface-treated grades of
wollastonite are effective in barrier
systems (because of some degree of
increased bonding between pigment
and binder). Similar treatments on

continued



Copyright ©1998, Technology Publishing Company

other pigments may further improve
performance of barrier coatings. 

Loadings of metallics are best con-
trolled to something near 15 PVC.
Care is necessary when using metal-
lic pigments with electrical poten-
tials less active than steel (e.g., stain-
less steel flake and nickel flake) to
maintain pigmentation levels well
below the point at which the film

becomes conductive. In this way,
we may eliminate the possibility of
pitting in the steel substrate at pin-
holes or holidays because of unfa-
vorable cathode-anode ratios.

Intercoat Adhesion
Thermosetting coatings usually have
a finite recoat window for applying
final or intermediate coats to the

previous layer. This window is relat-
ed to the proclivity of the curing
primer (or intermediate) to be soft-
ened or partially dissolved by the
subsequent coat, an effect which en-
hances adhesion. This recoat win-
dow in thermosets such as epoxies
diminishes as primer cure advances
and most usually as temperature 
increases. In thermoplastics, the re-
coat window is virtually infinite.
This characteristic is of singular
value in repair and renovation of 
old systems.

However, intercoat adhesion can
plague barrier systems based on
thermosetting systems such as
polyurethanes and epoxies (espe-
cially coal tar epoxies and amine-
cured systems). While these prob-
lems may often be traced to poor
application practices or even to for-
mulating practices, intercoat adhe-
sion problems may be simply related
to the nature and gloss of the film.
After curing, films of higher cross-
link density develop surfaces that
are hard and often glossy. These
surfaces are extremely difficult to re-
coat without subsequent adhesion
problems. Certain polymers form
unexpectedly inhospitable films that
are difficult to recoat. Oil-modified
urethane films, for example, may be
impossible to recoat successfully
without sanding after a 24-hour 
intercoat interval.

Certain flow control and anti-cra-
tering agents such as those based on
dimethyl silicone fluids may also
cause adhesion problems when used
in primers and intermediate coats.
Polyalkylene oxide modified sili-
cones having improved compatibility
with the binder have less negative
effect on intercoat adhesion.

The recoat windows of many sys-
tems are short, especially under high
temperature conditions. These inter-
coat adhesion problems, normally
demanding some mechanical scarifi-
cation between coats, may become
more important as existing (and
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now commonly used) polyurethane
and epoxy maintenance systems
need repainting. Where solvent re-
sistance properties are not essential,
it may be possible to deliberately
modify base coats with thermoplas-
tic modifiers that can be softened or
even partially dissolved in the sol-
vents of the recoat. In this way,
gloss-on-gloss applications without
mechanical or chemical scarification
may be made and continued in
maintenance practices without adhe-
sion failure. The device is not terri-
bly different from that used to
achieve adhesion to certain oleofinic
plastics. It has, for example, been
used extensively in marine applica-
tions. Atherton14 reports that this
type of system has given good ser-
vice for 15 years or more. The au-
thor has used low molecular weight
vinyl resins in epoxy coatings to up-
grade intercoat adhesion. 

Intercoat adhesion in thermosets

may be improved by selecting
primers and intermediates or inter-
mediates and finish coats so that 
primary bonds may be formed be-
tween reactive groups in one coat
and complementary groups in an-
other coat. Slight excess in the
amine functional groups of an
epoxy primer may be used to react
with isocyanate groups in a finish
coat, thereby increasing the chemi-
cal bonding across the interface. 
In some cases, intercoat adhesion
has been improved by deliberately
offsetting stoichiometries in interfac-
ing coats. 

In some primer coats, added
“tooth” has been built in by includ-
ing relatively coarse extenders (e.g.,
diatomaceous silica). Such extenders
provide rougher films and give im-
proved anchorage of subsequently
applied intermediate and finish
coats. While the technique has been
used in inhibitive epoxy metal

primers on bridges in Texas, the use
of such coarse aggregates (especially
diatomaceous silica) is not optimally
suited to barrier systems. The tech-
nique must be used very carefully,
or it will affect permeability.

Holidays and Bare Spots
Without either passivating or sacrifi-
cial pigments, barrier films offer no
protection to steel at bare areas. The
coatings are normally dense, abra-
sion-resistant, and not easy to dam-
age. Film disruptions do occur, how-
ever, and the universal possibilities
of pinholes and holidays are hardly
avoidable. In high-build applications
of low permeability coatings where
such sites are small, corrosion and
blistering do not proceed aggressive-
ly. However, in film sections thin
enough to allow the transmission of
oxygen, cathodic blistering adjacent
to defective (anode) sites can occur

continued
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when films have insufficient hy-
drolytic resistance. 

At cut scribes and other sites of
significant damage, corrosion cells
may be set up between the exposed
anodic steel at the damaged area,
where corrosion builds up, and at
cathodes at the periphery of the
damage, where oxygen is available
more abundantly through the adja-

cent paint film.10,15 At the edge of
the defect, the alkaline condition de-
veloped by the cathode reaction
may loosen the paint adhesion di-
rectly. In films of sufficient alkali
sensitivity (e.g., films containing
ester groups, amides, urethanes), the
film against the interface may actual-
ly be destroyed by hydrolysis. Phos-
phate conversion coatings may also

be so destroyed.16 These mecha-
nisms lead to a laterally advancing
cathodic front of attack, followed by
the anodic rust front as the delami-
nating film exposes more metal. The
phenomenon is known as undercut-
ting. There is evidence from SSPC17

that undercutting of this type pro-
ceeds at linear rates that are depen-
dent upon coating type and the
severity of the exposure. The SSPC
data17 also indicate that stress ef-
fects may be involved, for undercut-
ting in a three-coat system is found
to initiate sooner and advance more
rapidly than it does in a correspond-
ing two-coat system.

In the presence of remote but
electrically continuous unpainted
cathodes, severely unfavorable area
ratios (i.e., high cathode arc to
anode arcs) can develop in immer-
sion service. These ratios can lead 
to aggressive pitting. In the presence
of cathodic protection in immersion
service, cathodic delamination can
be a problem around bare spots.
Additionally, bare areas will increase
the current requirements necessary
to maintain an entirely cathodic sub-
strate during cathodic protection,
thus increasing protection costs. 

It is essential, therefore, to exam-
ine these coating systems carefully
for discontinuities before job com-
pletion. Depending on the film
thickness of the coating, either low
voltage wet sponge or high voltage
(500-200,000 volt) sparking detectors
may be used. Areas exhibiting de-
fects must be carefully repaired, and
adequate coating thickness must 
be restored. 

Conclusion
Next, we will discuss coatings based
on inhibitive metal primers. ❏
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