
Chapter 4

Paints and paint coatings

Paint is the material most commonly employed to protect steel, although
in practice the term ‘paint’ covers many different materials with a range of
properties. They are comparatively easy to apply with no limitation on the
size of steelwork that can be treated. Furthermore, paint coatings can
provide a decorative finish to steel structures.

There should be a clear differentiation between paints and paint coat-
ings, the former being the liquid material and the latter the protective film
on the steel surface. Many of the advantages of paint can be lost during
conversion of the liquid paint to the dry protective coating, e.g. by employ-
ing poor application techniques.

Modern paints have been developed to provide improved properties;
however, these improvements will be achieved only by careful attention to
factors such as surface preparation, paint application and selection of
paints suitable for a specific situation.

4.1 General requirements

The paint coating has to have certain properties such as reasonable hard-
ening and the ability to be repainted, but most of all it must provide the
protective properties required for the particular set of conditions to which
it will be exposed. The paint material must also meet certain requirements,
including ease of application, reasonably long storage life, fairly quick
drying properties and, of course, a suitable price.

Paint basically consists of solid particles, called pigments, dispersed in a
liquid. When mixed and applied to steel the liquid paint dries and binds
the pigments into a coherent film; hence the liquid is called the binder. In
practice, as will be discussed later, paints generally contain additional sub-
stances to improve application and other properties.

The binder provides the properties required to resist attack by the
environment, so it is generally the most important constituent of the paint.
Naturally occurring oils, such as linseed oil, were originally used as
binders. However, they had a number of disadvantages, e.g. slow drying,
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so a range of synthetic binders has been developed over the last 50 years.
Virtually all paints now used are totally or partially manufactured from
synthetic materials.

When oil was used as the only binder, many painters mixed their own
paints and there was no paint technology as we know it. The lack of know-
ledge of chemistry probably did not hinder the manufacture or use of
paints to any extent. However, as organic chemistry and, in particular,
polymer chemistry developed, the possibilities of producing a vast range of
materials suitable for use in both the solid and liquid form, by using sol-
vents, became apparent.

These binders with names such as alkyd, epoxide and urethane have a
range of properties and can be used without a detailed knowledge of their
chemical structure. Paint manufacturers supply data sheets which provide
the basic information necessary to use the paints to the best advantage.
Nevertheless, some broad understanding of the nature of paint is advanta-
geous because, in the context of protection of steelwork from corrosion,
paint has what can be termed an ‘engineering dimension’. Engineers are
called upon to specify protective systems for structures and, while they will
usually seek advice, they accept the final responsibility for deciding on the
coatings to be used. The costs of protecting large structures may, of
course, run into hundreds of thousands of pounds and some background
knowledge of paint coatings must be considered as essential for specifiers.

Unlike many engineering materials, which are purchased in the finished
form and can be tested to ensure that the properties are as specified, paint
coatings are applied by the user and this, at least to some extent, deter-
mines the final properties. In this sense there are similarities with cement
and concrete.

The protective properties of coatings applied from a can of paint can
vary, depending on application procedures and cleanliness of the steel
surface. However, it is not always by any means certain that paints with
the same general description will in practice produce similar coatings, even
under the most carefully controlled conditions. There are few British
specifications for paints; other countries have many more standards and
specifications for paints, but within the overall requirements of such stand-
ards it is possible to make paints varying quite considerably in properties.
In the final analysis, the performance in practice is the important property,
but this is virtually impossible to predict except in the most general way.
Fortunately, paint companies have a vested interest in producing sound
products, but the broad generic terminology used for paints may well
confuse many specifiers. There are, no doubt, good reasons for the overall
lack of standards for paints in many countries. Nevertheless, the generic
terminology could be improved with certain minimum requirements
regarding composition and properties. Paint companies claim, with some
justification, that this would lead to many of their competitors producing a
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product of lower quality which, nevertheless, would fall within the stan-
dard requirements. However, improvements could usefully be made
because, in some cases, the generic terminology may give a false impres-
sion of the particular paint being considered.

4.2 The nature of paint

As noted earlier, paints are essentially a dispersion of solid particles
(pigment) in a liquid. These, after application, dry to provide a protective
film on the surface of the steel or, in a paint system, on the previously
applied paint coating. To achieve these requirements, the paints must:

(i) be capable of application under a specified set of conditions;
(ii) dry within a specified time limit;

(iii) be able to provide the dry film with suitable properties of hardness,
gloss, etc.;

(iv) provide the necessary decorative requirements; and
(v) react with or ‘wet’ the surface so that the dry film adheres to the

substrate.

The dry film must also have a range of properties which include:

(i) durability in the particular service environment;
(ii) protection of the steel from corrosion for a suitable period;

(iii) formation of a coherent film that remains adherent to the surface;
(iv) physical properties capable of resisting impact and mechanical

damage; and
(v) low permeability to moisture, oxygen and corrosive ions, e.g. those

arising from sulphur dioxide (SO2) and sea salts.

To achieve these requirements, suitable pigments and binders are selected.
However, certain properties such as application and drying may require
additional constituents, so the paint usually includes ingredients other than
those that would ideally appear in the final protective dry film.

Some of the more common constituents in a paint are considered below.

Binder. This is the film former and contributes mainly to the durability of
the paint coating providing the necessary mechanical and physical proper-
ties, cohesion and flexibility. It is also the factor that determines the adhe-
sive qualities of the film. It may vary from 20 to 50% by weight of the
paint, but will be a higher percentage of the dry film.

Pigment. This provides colour and opacity to the dry film. It contributes to
the hardness and abrasion resistance of the film and reduces its permeabil-
ity. Also, since pigments are generally inert to the effects of ultraviolet
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light, their presence in a paint film reduces the degradation of the primer
by sunlight. For that reason, binders without pigment, i.e. varnishes, have
a shorter life outdoors than the comparable paint. However, the propor-
tion of pigment to binder is a critical factor in paint formulation.

Some pigments have a flake or lamellar shape and it is claimed that such
pigments, e.g. micaceous iron oxide, may improve the durability of the
film. Most pigments are inert but a few used in priming paints may have
inhibitive properties. Others may react in acidic or alkaline environments;
such reactive pigments can reduce the durability of the paint film.

The percentage of pigment may vary from about 15% to 60% in the
paint. In zinc-rich paints the pigment may be over 90% by weight in the
dry film.

Extenders. These are similar to pigments; they are also insoluble in the
binder, but have little or no opacity or colouring function. They may be
added as a form of cheap pigment, but generally are used to modify the
paint properties and are usually present in comparatively small amounts.
Extenders may be employed to add bulk to the paint, reduce settlement,
enhance abrasion resistance and provide a degree of ‘false body’ or
thixotropy to the paint.

Solvent. This is used to reduce viscosity to a level suitable for application
and to assist in manufacture. It evaporates completely and plays no part in
the dry film. Although essential to ensure application, it is preferably kept
to as low a level as possible. Solvents should evaporate completely in a
reasonable time and hence play no part in the dry film. Problems can arise
if solvents become trapped in the protective film.

There may be 5–40% by weight in paint and the type used will depend
upon the binder. Some paints are ‘solventless’ but these are not commonly
used for structural steelwork. (Thinners may be added prior to application
but are not part of the paint composition.)

Diluent. These are volatile organic liquids, which are not capable of dis-
solving the binder but which are added to improve application or to
improve evaporation at a lower cost than by using true solvents. The rate
of evaporation of diluents and solvents must be balanced to ensure that
sufficient true solvent is always available during application. Generally, as
much diluent as is practicable will be added because of the saving in cost.
Legislation has enforced the reduction of diluents, as well as solvents, in
paints used for protective purposes. The limits presently in force for VOCs
include the use of any diluent, summed with the quantity of solvent, within
the paint formulation at point of use.

Driers. Originally salts of lead, manganese, cobalt and zinc, with suitable
organic acids, e.g. naphthenic acids, were used to accelerate the oxidation
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of the oil portion of oleo-resinous, alkyd and epoxy ester binders. Lead,
used for through drying of the film, and cobalt, for surface drying have
now tended to be replaced with a single drier based on zirconium. The use
of zinc naphthenate has been augmented by zinc complexes, which pro-
vides faster drying and less potential wrinkling should too rapid overcoat-
ing be carried out. Cobalt naphthenate is still employed in the base
components of unsaturated polyesters, to provide free radicals for poly-
merisation.

Anti-skinning agents. These prevent skin formation on the surface of paint
in partially filled containers. They act to inhibit oxidation and drying and,
generally being fairly volatile, evaporate when the paint is applied to the
steel.

In some paints a thixotropic agent is added to control sagging of the
paint and to allow application of coatings of high thickness (high-build
paints). Binders, pigments and solvents will be considered in more detail
in later sections. Despite concerns over toxicity, methyl ethyl ketoxime
remains the most used anti-skinning agent. For some moisture-sensitive
paints, a molecular sieve is added to the paint formulation as a water scav-
enger. Moisture-curing paints are often put into cans that have had ‘dry
air’ passed through them or the cans of filled paint are given a shot of
nitrogen gas, to ensure suitable shelf-life stability.

4.2.1 Paint systems

Most paints do not provide protection to steelwork with a single coat of
paint, although it may be possible with some two-pack materials to build
up very thick coatings in one application. Generally, however, a number of
coats are applied. The paints used for the various coatings may be differ-
ent and they will be considered below.

4.2.1.1 Priming coat

Strictly, the priming coat is the one that is applied to the steel substrate,
but the term is generally used to indicate the types of paints that can be
used for that purpose, and sometimes two coats of primer are applied. In
some paint systems there is little difference in composition between the
primer and other coats, but with most of the conventional one-pack paints
an inhibitive pigment is used (see Section 4.7.1). The priming coat is the
foundation for the whole system and must ‘wet’ the surface and have good
adhesive properties to the substrate.
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4.2.1.2 Undercoats

Although there may be no essential difference between the priming coat and
undercoat in some paint systems, the undercoat performs a different role
from the primer. The pigments in undercoats are inert and the coating is used
to build up the overall thickness of the system. In oleo-resinous and alkyd
systems its formulation is similar to that of the finishing coat, although it does
not have the same gloss properties. It is advisable to use different tints if
more than one undercoat is to be used, in order to ensure proper coverage.

4.2.1.3 Finishing coat

Sometimes called the ‘topcoat’ or ‘weather coat’, it serves to protect the
system from environmental factors such as ultraviolet light from the sun
and provides the main abrasion resistance. It also is, where appropriate,
the decorative coat containing the pigments to impart the required colour.
In decorative systems it often provides an appearance of high gloss. In
some systems, to provide the required appearance it may be of a type of
paint different from that of the rest of the system.

Problems can arise when different types of binder are used within a
paint system. This is discussed in Chapter 13.

In the next section the mechanism by which paint protects steelwork is
considered.

4.3 Protection by paint films

Paint films protect in three general ways:

(i) by insulating the steel from the environment (barrier coatings);
(ii) by inhibiting the attack on the steel substrate (inhibitive primers);

(iii) by galvanic action (zinc-rich paints).

In all cases (i) is involved; (ii) and (iii) may be involved with certain paint
systems.

The corrosion mechanism for steel has been considered in Chapter 2.
The overall reaction can be represented as

4Fe �3O2 �2H2O→2Fe2O3.H2O

This can be divided into two reactions: one producing electrons, the
anodic reaction, and the other consuming electrons, the cathodic reaction:

Fe →Fe2� �4e� (anodic)

O2 �2H2O�4e� →4OH� (cathodic)

© 2002 D. A. Bayliss and D. H. Deacon



66 Steelwork corrosion control

The corrosion process can be prevented or retarded by suppressing either
the cathodic or anodic reaction or by inserting a high resistance in the path
of the corrosion current flowing in the electrolytic cell. The cathodic reac-
tion can be suppressed by preventing the passage of oxygen and moisture
to the steel. It has been demonstrated by a number of workers that organic
paint films allow diffusion of sufficient water and oxygen to allow the steel
substrate to rust at the same level as it would if the steel had not been
painted.1,2,3 It can, therefore, be concluded that paint films are too perme-
able for suppression of the cathodic reaction. The anodic reaction can be
suppressed by supplying electrons from an external source and so making
the potential of the iron sufficiently negative to prevent corrosion. This is
the basis of cathodic protection.

4.3.1 Zinc-rich pigments

Polymers do not contain free electrons, so cathodic protection will not
operate unless there is sufficient metallic pigment in the paint film capable
of supplying the necessary electrons. Zinc fulfils this role, being less noble
than iron. However, it must be present in sufficient concentration in the
film to allow direct contact between the iron (or steel) and the zinc parti-
cles. Although zinc-rich paints act in this way in both organic and inor-
ganic binders, their effectiveness depends upon the conductivity of the
electrolyte present at the surface. Consequently, this mechanism may
operate when steel coated with zinc-rich paint is immersed in seawater,
but to a lesser extent if exposed in a fairly mild atmospheric environment.
Such coatings act in a manner similar to, but not as effectively as, hot-dip
galvanised zinc coatings and will protect the steel, for a time, where the
paint is scratched or damaged.

Although zinc-rich paints act to some extent to suppress the anodic
reaction, this is only a limited part of their function, occurring in the early
stages or if the paint film is damaged; the suppression of the anodic reac-
tion by this method is very limited as a mechanism of protection.
However, zinc-rich paints are infrequently used under water, as the ulti-
mate formation of zinc salts will tend to promote osmotic blistering, a
phenomenon explained in Section 4.3.3.

4.3.2 Inhibitive pigments

The anodic reaction can also be suppressed by the use of inhibitors. Essen-
tially solutions of certain salts and compounds called inhibitors act to pas-
sivate the anodic areas on the steel surface, so reducing or preventing
corrosion. Some pigments have these inhibitive properties and are used
in paints, generally in the priming coat of systems used to protect steel
in air. They are not usually employed for immersed paint systems. The
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best-known inhibitive pigment is red lead, which was at one time widely
used in oil-type paints. It was very effective and red lead primers per-
formed reasonably well on rusted surfaces. The method of inhibition was
somewhat complex depending on the lead salts produced in linseed oil
media. There are disadvantages with red lead in oil paints. They are slow
drying, difficult to spray and toxic. Consequently, they are not now widely
used. Red lead pigments can also be used in non-oil media, e.g. chlori-
nated rubber, but are unlikely to provide the degree of inhibition experi-
enced in oil paints.

Other inhibitive pigments based on salts of hexavalent chromium have
also been widely used, e.g. zinc chromate. However, these pigments also
cause toxicity problems, particularly in manufacture. In view of the various
toxicity problems that may arise with these pigments, they have, to a large
extent, been replaced by zinc phosphate. This is also inhibitive but less
effective than red lead or zinc chromate in many binders.

4.3.3 Barrier coatings

Many paint systems do not contain either an inhibitive primer or a zinc-
rich primer and it is, therefore, probable that they act to suppress corro-
sion because of their electrical resistance, which impedes the movement of
ions. The water molecule is small and can penetrate into organic coatings.
The moisture may be absorbed in the intermolecular spaces or pass
through the coating. The moisture in the film tends to stabilise, with the
movement into the coating being balanced by evaporation. Consequently,
the water content tends to be reasonably constant. This absorption of
water is not necessarily a serious problem. The electrical resistance
remains at a level where the driving corrosion current is small. This means
that corrosion of the steel substrate is also low. However, this situation can
change if ions such as chloride (Cl�) or sulphate (SO4

2�) penetrate the
paint film, because they will lower the electrical resistance.

It has been shown that the rate of diffusion of ions is much lower than
that for either oxygen or water. Furthermore, although it is probable that
electrolytes such as sodium chloride (NaCl) can penetrate the film, this
tends to occur only where the density of cross-linking is low. Nevertheless,
over a period of time the entry of ions will reduce the resistance of the film
and this will lead to corrosion and deterioration of the coating. It is also
possible that there is a degree of ion exchange as aggressive ions permeate
through a paint film, and some paint formulations have been developed to
take this aspect into account.

Clearly, if the film is able to prevent ingress of corrosive species it will
protect the steel from corrosion. However, apart from diffusion processes
through the molecular structure of the paint, ingress of moisture and other
corrosive elements may occur because of defects concerned with the
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physical and mechanical integrity of the film. These may be related to the
formulation of the paint, the ageing process which is, of course, inevitable,
or the problems of applying some films to provide a reasonably compact
coherent film. The effects of temperature variations may, particularly on
thicker films, produce stresses that lead to loss of adhesion or even crack-
ing of the film. Some coatings tend to retain solvent which, as it slowly
evaporates from the film, leaves small holes. These small cavities may not
always seriously affect the protective value of the film, but in some cases it
seems likely that they would increase the possibility of greater diffusion or
take-up of corrosive species.

Paint films may be influenced by osmotic effects. Osmosis is the term
used to describe the passage of water through a semi-permeable mem-
brane when the solutions on either side of the membrane have different
concentrations. Water moves from the less concentrated solution to the
one of higher concentration. This may be a problem if there are salts on
the steel surface under the paint film, particularly under immersed con-
ditions or where a good deal of condensation occurs on the paint film. The
salts increase the concentration at the steel surface, so increasing the
movement of water through the paint film. This can result in blistering of
the film. The salts may arise from atmospheric deposits, e.g. sodium chlo-
ride in marine environments or from sweat which may leave acidic salts on
steel. Salts may also be present on the steel surface as a result of corrosion
processes, particularly where steel is allowed to rust before cleaning.

Work carried out by a number of investigators has demonstrated that
rusts produced when steel corrodes in the atmosphere contain salts such as
ferrous sulphate (FeSO4).4–6 If these remain on the surface after cleaning
off the rust, then they can affect the life of the coating subsequently
applied. When manual methods such as wire-brushing and scraping are
employed, a considerable amount of adherent rust remains on the steel
surface and this includes a comparatively large amount of FeSO4 (up to
5%). However, it might be assumed that after blast-cleaning all these salts
would be removed. This, though, is not necessarily the case. If, before
blast-cleaning, steel has been allowed to rust to an extent where it is
pitted, then some salt formation in the small pits can be anticipated. It may
prove to be very difficult to remove these salts by blast-cleaning and even
if the steel surface meets the requirements of the various visual cleaning
standards, e.g. ISO 8501-1 there may still be small quantities of salts
present. These can sometimes be seen on the surface if viewed with a mag-
nifying glass but cannot usually be detected by the naked eye.

If such salts are present then, because both oxygen and moisture are
able to penetrate paint films, corrosion reactions can occur. Mayne5 has
suggested that salts such as FeSO4 short-circuit the resistance of the paint
film and then become oxidised and hydrolysed, with the production of
voluminous rust which can disrupt the paint film. Other salts such as
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ferrous chloride (FeCl2) can act in the same manner and are likely to be
found in marine environments.

This mechanism of paint breakdown undoubtedly occurs when paints
are applied to rusty surfaces. Generally, in these situations oleo-resinous
and alkyd paints are used to a comparatively low film thickness (more
resistant paints such as most epoxies would not usually be applied to
rusted surfaces). The volume of the rust formed is sufficient to cause first
blistering, then cracking of the paint film.

On blast-cleaned surfaces with such salt deposits the reaction may be
stifled at the steel surface, depending on a number of factors such as the
following:

(i) concentration of salts present;
(ii) distribution of the salts on the surface, e.g. whether in small pits;

(iii) type of paint applied to the surface;
(iv) thickness of coating;
(v) general standard of the coating, e.g. pore-free, no entrapped sol-

vents, etc.;
(vi) adhesion of coating to the steel substrate.

A thick, well-applied, resistant coating with sound adhesion to the steel
may still allow diffusion of oxygen and water in amounts capable of pro-
ducing rust. However, the mechanical nature of the film will play an
important role in determining the reaction at the surface. Rust has a
greater volume than the steel from which it is produced and in any confined
situation, such as a crevice or under a paint film, the course of the corrosion
reaction will be determined by physical and mechanical restraints. The rust
can only form if certain conditions are fulfilled. Either the rust as it forms
exerts sufficient force to deform the paint or, once the rust has filled the
voids present, it will act to stifle further reactions. On comparatively thin,
reasonably elastic films, the force will be sufficient to deform and eventu-
ally disrupt the coating. On thicker well-adhering coatings, however, the
force produced by rust formation may be insufficient to disrupt the protec-
tive film. The main problem with coating disruption from corrosion pro-
cesses occurring on the steel surface is likely to arise when coatings are
repainted. Both the quality of surface cleanliness and the standard of paint
application are likely to be lower in such situations and there is a greater
probability of coating breakdown leading to further corrosion.

A discussion of protection by paint coatings would not be complete
without considering the ageing effects on the coating itself. The physical
changes that occur in the paint film may lead to deterioration sufficient to
allow the ingress of various corrosive ions and a reduction in adhesion.
Although paint coatings are applied to suppress the corrosion of the steel,
they are not themselves immune from attack in aggressive environments.
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Clearly, the performance of the protective coating will be determined by
its properties. The more important of these are considered in the following
section.

4.4 Properties of paint films

Specifications and standards for paints and paint coatings are very much
concerned with their properties and a range of tests has been devised to
check them. Test methods are considered in Chapter 16.

4.4.1 Adhesion

Adhesion is of fundamental importance for any paint film. Good adhesion
to the steel surface is essential but sound adhesion between different coats
of paint is also important. Some of the many aspects to be considered have
been discussed by McGill.7 Adhesion is influenced by both physical and
chemical factors as discussed in Chapter 3.

Blast-cleaning provides a roughened surface to the steel that helps to
entrap paint in the surface irregularities. This improves adhesion, particu-
larly with thicker coatings, but mechanical cleaning probably has an even
greater influence on the secondary forms of chemical bonding of paints to
steel. With increase in the overall surface area, more potential points for
bonding arise. Furthermore, the removal of rust and scale provides a clean
steel surface which improves bonding with the paint film.

The standard of surface cleanliness has to be higher with two-pack
materials than with the oil-type of paint. Red-lead-in-oil paint was particu-
larly good for applying to rusted steel because it was slow drying and
penetrating enough to ‘wet’ the surface. However, the fact that such paints
are always brush-applied is probably an important factor. Not only does
this assist in the removal and dispersion of small particles of dust and dirt,
it also leads to intimate contact between the paint and the surface being
painted. Apart from the paint, the surface to be painted will influence the
adhesion. All metals have some type of surface film. On steel this is an
oxide but this only forms well on a very smooth surface. On blast-cleaned
surfaces the oxide becomes broken up. On the other hand, the oxide films
on aluminium and stainless steel are much more coherent and may cause
difficulties with adhesion. Special etch primers are used on aluminium
prior to painting and generally a slight roughening of stainless steel
appears to improve adhesion. The adhesion of paints to hot-dip galvanised
steel surfaces often leads to problems and this is discussed in Section 7.3.

Apart from oxide films, moisture on the surface to be painted may also
lead to poor adhesion. The moisture film may not be visible and may be
only a few nanometres in thickness. This may, however, be sufficient to
reduce the close contact between the paint and the steel. Dirt and grease
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on the surface similarly influence adhesion. In practice, the effects of adhe-
sion are not always clear. In the most extreme cases, paints flake off, but
even when tests (see below) indicate comparatively poor adhesion the
paint film may continue to provide sound protection. There is probably an
interaction between adhesion and other properties, such as impact resis-
tance. However, it seems reasonable to assume that high adhesion values
are generally advantageous, especially in situations where there has been a
local breakdown of the coating and the substrate has begun to corrode.
The sideways attack on the substrate will probably be reduced if there is
strong bonding between it and the paint.

Adhesion is clearly an important property but it is also a somewhat
qualitative matter. It must be sufficient to ensure that there is no detach-
ment of the film from the substrate, but equally there is no experimental
evidence of a clear relationship between the degree of adhesion and the
practical performance of paint films once the minimum required adhesion
has been achieved.

A good deal of maintenance painting arises because of doubts about
adhesion of paint films to steelwork rather than from actual breakdown of
the coating. This can be an expensive operation with thicker coatings.
When an area of coating breakdown is cleaned by blast-cleaning prior to
repainting, it is commonly observed that a good deal of apparently sound
paintwork can be easily detached from the substrate at the edges of the
cleaned area. Consequently, a considerable area of paint may need to be
removed to ensure a sound basis for repainting.

Adhesion is still not very well understood and this is reflected in the
test methods used to measure it and the lack of precision in determining
the significance of the results.8 Furthermore, the influence of time and
ageing of the film on its adhesive properties has not been clearly estab-
lished. The test methods for determining adhesion are discussed in
Chapter 16.

4.4.2 Flexibility

Flexibility, or the ability of a paint film to stretch without cracking, is a
measure of the degree to which a dry paint film is able to withstand defor-
mation of the surface to which it is attached. This property is related to the
elasticity of the film, which is time dependent. Furthermore, it is affected
by the level of adhesion between the paint and its substrate. Good flexibil-
ity is an essential property for pre-coated steel sheet which is to be formed
into profiles where the elasticity of the films may be important. It is of less
importance for paints applied to structural steelwork where the final com-
plete paint system is applied after fabrication.

The tests used to determine the degree of flexibility of paint films are
broadly concerned with either bending round a mandrel or measuring
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extensibility by deformation. These tests measure partly adhesion
and partly the brittleness of the film and so, in the hands of experts,
provide useful information regarding the overall properties of the film.
Brittle films are more likely to crack when subjected to considerable tem-
perature change and are more liable to be affected by abrasion or impact
damage.

Flexibility can be introduced into polymers in various ways. In cross-
linked films, any loosening of the structure by spacing the cross-links to
provide a more open pattern will improve flexibility. The addition of plas-
ticisers, i.e. smaller molecules, into linear polymers also improves flexibil-
ity by separating the large polymer chains and allowing movement
between them.

4.4.3 Hardness

Although the hardness of the paint films can be measured by various tests,
e.g. by indentation, scratching, etc., it is not a property that can easily be
defined in relation to the durability or performance of the paint film. It is
an important requirement for stoved finishes of domestic appliances such
as refrigerators and for car finishes but may have less relevance for paints
applied to structural steelwork.

Hardness can first be considered in relation to drying time, where it is an
important property so far as the handling and storage of steelwork is con-
cerned. Soft films tend to be easily damaged and deformed during hand-
ling, so a reasonably hard film is beneficial. One of the main disadvantages
of red-lead-in-oil paints is the very long time required to produce a reason-
ably hard film. Generally, though, modern polymer coatings dry reason-
ably quickly to provide acceptably hard films, the hardness of which may
increase on prolonged exposure to a point where they become brittle.
Although hardness is often related to toughness and durability, considered
to be advantageous properties, it may equally be considered in relation to
brittleness, which may not be a desirable property.

4.4.4 Abrasion resistance

Resistance to abrasion and erosion, i.e. the wearing away of coats in a
paint system by mechanical means, may be of particular importance in
some situations. Obvious examples include environments where sand is
blown about and industrial works where particles of coke and other sub-
stances are wind blown. Other situations include tanks in which abrasive
materials are stored and ships’ hulls. Abrasion resistance is related to
other properties such as hardness and impact resistance. Generally, two-
pack paints such as epoxies and hard coatings of the zinc silicate type are
reasonably resistant to abrasion.
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4.4.5 Permeability

The permeability of a paint film is the property concerned with its ability
to absorb and release small molecules or ions. Although this is an import-
ant property it is difficult to relate it to practical experience. It seems
reasonable to suppose that high degrees of permeability would be disad-
vantageous and that impermeable films would provide maximum protec-
tion. There is evidence to show that the pigment volume concentration
(p.v.c.) has a bearing on permeability. Van Loo9 showed the importance
of p.v.c.; in his tests the permeability of the paint film rose markedly
beyond what was termed the ‘critical pigment volume concentration’
(c.p.v.c.). This varies with different paints but may serve to indicate how
well the pigment is packed with sufficient binder to maintain a coherent
film. If there are unfilled parts of the film, i.e. insufficient binder, then
there will be interstices or pores which may provide paths for water to
enter the paint film. The rapid escape of volatiles during film formation
may also leave pores, as may the release of solvents during drying of the
film.

Other work by one of the authors has indicated that the method of paint
application may also influence permeability.10 There is a difference
between voids and pores which can be seen, possibly with the aid of an
optical microscope, and molecular paths available for ionic diffusion.
What might be described as physical paths can be measured by means of
various instruments and can be detrimental to coating performance,
particularly under immersed conditions. However, the effects of diffusion
paths at the molecular level are more difficult to quantify.

The ability of a paint film to absorb moisture or to allow it to diffuse
through it does not appear to relate particularly well to its performance as
a protective coating. For example, in work carried out by a number of
investigators1,2,3 it has been demonstrated that the amount of water that
can diffuse through paint films is greater than the amount that would be
consumed by an unpainted steel specimen during the corrosion process.
Furthermore, Gay11 found that under normal conditions paint films may
be saturated with water for half their life. It follows that permeability and
diffusion of moisture through paint films do not have the effect on their
protective properties that might have been anticipated. It must, therefore,
be concluded that tests for permeability are of limited value in protective
paints. To some extent, this is illustrated by the results of humidity tests,
which often cause intense blistering of paint films, although this degree of
blistering is not encountered in practice.

Blistering of paint films can occur in two distinct ways: (i) by the local
accumulation of corrosion products under the film, which eventually leads
to disruption by cracking, and (ii) by the presence of water under the paint
film at local sites. There is not complete agreement on the mechanism of
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water-formed blisters. Some workers12 consider that they arise mainly
from osmotic effects caused by the presence of soluble salts in the film,
whereas others13 consider that it can be explained purely on the basis of
water penetration into the film, causing swelling. Generally, water blisters
are less of a problem than rust-containing blisters with paints applied to
structural steelwork.

4.4.6 Resistance to microorganisms

Attack by bacteria and other microorganisms can cause problems with pro-
tective coatings. Microbiological attack may be a problem and certain fungi-
cides may be incorporated into paints. These include organo-tin and
organo-mercurial compounds, organic copper compounds and chlorinated
phenolics, all of which are toxic. A number of papers have been published
on this topic.14,15 Newer organic materials are available with less potential for
severe environmental impact, with engineered polymers seeking to provide
a longer term solution to the effects of detrimental microbiological effects.

4.4.7 Ageing of paint films

Paint films have a limited life and require to be maintained. The deteriora-
tion may be concerned with decorative requirements, e.g. loss of gloss or
colour fading. This must be considered as an inevitable effect of ultraviolet
light and general air pollution which does not necessarily seriously reduce
the protective properties of the paint film. On the other hand, other forms
of deterioration have a marked influence on the protective nature of the
coating. These arise from changes in the paint film with time, i.e. ageing, or
from corrosion of the substrate which disrupts the film. Although these
properties are important it is almost impossible to predict them.
Experience gained in using similar coating materials in similar circum-
stances is the usual way of assessing such properties. Various accelerated
tests are used (Section 16.5) but generally they are not effective in deter-
mining the overall properties required to determine durability.15

This inability to predict performance except in the most general way is
undoubtedly one of the main difficulties in both selecting and specifying
paints for a particular situation. Most of the properties discussed in this
section are capable of measurement or assessment by various test
methods. However, these test results may not provide clear data for
longer-term performance because of the ageing process.

With the improvement in techniques, apparatus and instruments, it is to
be hoped that the ageing properties of films will be more fully investigated
and understood, so that reasonable assessments of performance can be
made, particularly with new products. Matters such as the changes in the
visco-elastic nature of polymer films, their ability to withstand stresses, the
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effects of such changes on adhesion and the causes of physical disruption
all require further investigation.

Paint films fail for a number of reasons and some can be avoided, but
others appear to be a natural result of the ageing process. These limit the
life of the paint film and often lead to problems in the repainting of the
coating, which may have to be completely removed.

4.5 Paint film formation

The protective dry paint film is usually produced from a liquid paint con-
sisting basically of binder, pigment and solvent. The solvent evaporates
during drying and the binder is converted to a solid film. The conversion
occurs in different ways according to the type of binder. Clearly, the
balance of pigment, binder and solvent must be carefully controlled to
ensure that the dry protective film achieves its main purpose – to protect
the steel from corrosion. There may also be other requirements such as
gloss and abrasion resistance. The paint formulator must balance the paint
constituents to ensure that all the requirements are achieved. However,
even the best liquid paint may not convert to a sound protective coating if
the application is poor. It is essential that the paint manufacturers’ recom-
mendations are followed to ensure that the conversion from liquid paint
occurs in a manner that will provide a good protective film.

4.6 Binders

Most of the organic binders commonly used for protective paints can be
classified into one of three broad groups depending on the manner of film
formation:

(i) oxidation;
(ii) solvent evaporation;

(iii) chemical reaction.

Inorganic silicate binders fall into a special group and there are also
binders which depend upon reaction with atmospheric moisture for their
film formation. These do not strictly fall into any of the three groups
above, but will be considered under chemical reaction binders.

(i) Oxidation. Natural oils and binders combining oils and resins, i.e. oleo-
resinous, dry in this way. They combine with oxygen in the air and dry to a
hard film.

(ii) Solvent evaporation. Essentially, resins are dissolved in suitable sol-
vents which produces a liquid paint that can be applied to a surface. The
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solvent then evaporates leaving a dry film. In practice a number of sol-
vents may be used to ensure that films with suitable properties are pro-
duced. The paints that dry in this way include vinyls, chlorinated rubber,
acrylated rubber and bitumens. The constrictions of the Environmental
Protection Act and similar enforcing Amendment Regulations concerning
VOCs will continue to limit the use of this group of paint raw materials.

(iii) Chemical reaction. Although oxidation is strictly a chemical reaction
between the binder and atmospheric oxygen, this group covers binders
where the reaction occurs within the binder.

Binders can be classified in other ways. A broad grouping covers those
that change chemically during drying, called convertible, and those that do
not react to produce changes, called non-convertible. These are usually
resins dissolved in a solvent, which evaporates during drying, so producing
a protective film, which can be re-dissolved with appropriate solvents.

Although paints are usually classified by the main binder(s), e.g. alkyd,
the pigmentation may be an important element, so paints with the same
binder may vary in their properties. Paints will be considered in Section
4.9; in this section binders will be discussed briefly to indicate their general
characteristics.

4.6.1 Oxidation type

Oils such as linseed and tung dry to a solid film under ordinary atmos-
pheric conditions. Other oils such as castor oil do not dry. The drying
properties are related to the content and type of fatty acid. These oils,
because they are able to form a reasonably coherent dry film, were among
the first protective paints or varnishes to be used (a varnish may be con-
sidered as an unpigmented paint). The organic chemistry of such oils was
not known and was not important to their use some centuries ago. For
many years paints were based on these oils extracted from the seeds and
fruit of various types of vegetable matter and they are still used. However,
oils are now more generally used in oleo-resinous paints, in which the oil is
mixed with other resins. The resins may react to provide larger molecules
or, depending on the resin chosen, they may not actually react with the
oil at all but are added to improve the nature of the binder. Phenolic
resins are commonly used in oleo-resinous binders but others, such as
coumorone-indene and rosin, are also employed. The chemical formulae
will not be discussed here.

Whereas oils can be applied without the use of solvents, once resins
are added solvents are required to reduce the viscosity of the paint.
The addition of resins tends to harden the film and improve the gloss. Pro-
vided the resin does not contain ester groups, it adds to the water- and
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chemical-resistance of the paint and generally improves durability. The
ratio of oil to resin weight is called the oil length: 3–5 parts of oil to 1 of
resin is called a ‘long oil’ whereas a ratio of 0.5–1.5 of oil to 1 of resin is
called a ‘short oil’. The length of oil determines whether the paint will be
similar to an oil paint, e.g. long oil, or will be markedly influenced by the
resin additions. Many synthetic resins are produced for paint binders and
these provide films with considerably improved properties compared with
oleo-resinous paints. These resins are called polymers.

A polymer is a molecule composed of many smaller units linked by
covalent bonds. The polymer may be built from similar or dissimilar mole-
cules joined together to form a very large molecule. A monomer is the
small molecule used as the starting point for the production of the
polymer. The many molecules are joined together to form long chains and
the process by which the monomer molecules react is called polymerisa-
tion. The most commonly used oleo-resinous binders used for construc-
tional steelwork are considered below.

4.6.1.1 Tung phenolic

These contain up to 70% natural oils with phenolic additions and chemi-
cally are the simplest of the oleo-resinous binders.

4.6.1.2 Alkyds

Alkyds are condensation polymers of the reaction between dibasic
acids, i.e. having two carboxyl groups, and dihydric alcohols, i.e. having
two hydroxyl groups. In fact the name ‘alkyd’ derives from these two
products alcohol and acid, although the spelling has been changed. In
practice, alkyds are generally produced from oil by converting it to a
monoglyceride by heating with glycerol and then reacting with phthalic
anhydride (a derivative of phthalic acid). Other polyhydric acids such as
pentaerythritol can be used. The organic formulae can be obtained from
books on paint chemistry but are not important for this particular discus-
sion. However, by varying the reactants a range of different resins can be
produced.

Alkyds may be formulated with other binders to produce paints with
special characteristics, e.g. silicone alkyds and urethane alkyds.

4.6.1.3 Epoxy esters

These are made by esterifying the epoxy and hydroxyl groups with oil fatty
acids to produce a binder more comparable with alkyds than two-pack
epoxides. A range of properties can be obtained by varying the amount of
acid relative to the number of reactive groups in the resin. This can affect
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the drying time, gloss and chemical resistance. Epoxy esters are best com-
pared with alkyds and should not be considered as epoxides in the usual
way the term is used. The epoxy ester binders have some advantages over
alkyds because, whereas the alkyd is composed of ester linkages, which are
susceptible to attack by alkalis, epoxy esters, despite their name, have a
proportion of ether linkages and so are more resistant to alkalis. The
binder is used for priming and for undercoats for the protection of steel-
work; they are considered to have improved chemical resistance compared
with other oleo-resinous paints.

4.6.2 Solvent evaporation type

These are non-convertible binders.

4.6.2.1 Chlorinated rubber

Natural rubber has many properties, including chemical and water
resistance, that would make it suitable as a coating for steel. However, it
does not provide satisfactory film-forming properties and if vulcanised
cannot be dissolved in solvents. Natural rubber will, though, react with
chlorine to produce a solid which is called chlorinated rubber and is sup-
plied as a white or cream coloured powder which contains about 65%
chlorine.

This powder can be dissolved in a suitable blend of solvents to produce
a paint. However, the films produced are brittle, so a plasticiser is added in
amounts varying from about 20% to 50%. Suitable plasticisers include
chlorinated paraffin waxes and chlorinated diphenyls, both of which have
a chemical resistance of the same order as the chlorinated rubber. After
suitable pigmentation, the paints are applied and dry by simple solvent
evaporation to produce a highly resistant dry film. The original chlorina-
tion process used chlorinated hydrocarbons, the use of which was banned
under the Montreal Protocol. Manufacture no longer takes place in the
UK, but the material may still be obtained for the present time from
Germany and Italy. Further restrictions on VOCs have tended to reduce
the importance and use of this class of paint raw material.

Chlorinated rubber is soluble in esters, aromatic hydrocarbons, chlori-
nated hydrocarbons and some ketones. The blend of solvents is deter-
mined by the required application method. Often other additions are
made and, while these paints are still called chlorinated rubber, their pro-
perties are not necessarily the same as the true product. For example, to
improve gloss and to allow for brush application, additions of oils and
alkyds may be made. Alkyds improve adhesion and have been used to
provide what has been termed a ‘travel coat’ to allow for more rapid
handling and storage of chlorinated rubber-coated steelwork.
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4.6.2.2 Vinyls

Polyvinyl chloride (PVC) powders are used for plastic coatings, e.g. as a
powder in a fluidised bed and as plastisols. However, simple dispersion or
dissolution in solvents is not a practicable way to produce air-drying paints
at ambient temperatures. To provide a paint it is necessary to polymerise
vinyl chloride with about 5–20% of vinyl acetate. A range of products can
be produced with different viscosities and solvent characteristics. Little if
any plasticiser is required in these binders. Copolymers of vinyl chloride
and vinyl acrylate are also blended to provide binders. As with chlorinated
rubber, vinyl paints solidify to the protective film by simple evaporation of
the solvent but suffer the same volatile organic compounds (VOC) restric-
tions.

4.6.2.3 Acrylated rubber

This binder is based on styrene butadiene and is produced in several
grades, some of which are based on white spirit. Paints based on this
binder had been preferred to chlorinated rubber by some, due to a lower
requirement on aromaticity of solvent employed. Some acrylated rubber
coatings on structural steelwork have proved satisfactory, but it is on
masonry and concrete where the majority of this type of paint has been
used. With correct formulation, coatings capable of allowing the passage
of water molecules, whilst preventing the ingress of the larger carbon
dioxide molecule, are possible, offering potential advantage to the protec-
tion of reinforced concrete structures. Again, it is presently not possible to
provide coatings based on acrylated rubber which are compliant with
existing VOC requirements. This restriction due to the environmental
need to reduce solvent emissions has caused reduced adoption of this class
of material.

4.6.2.4 Bitumen

Bituminous coatings are still used to protect steelwork. As film formers
they fall into two distinct groups: naturally occurring, e.g. gilsonite, which
usually contain mineral matter and may be called asphalts (particularly in
North America); and those distilled from petroleum and coal products.
Pitches are produced from the distillation of tars and fall within the same
group.

Generally, the materials are used in a suitable solvent for ease of cold
application or are hot-applied. They may be ‘blown’, i.e. oxidised by
blowing air through molten bitumen to form materials that provide
tougher films. Although black in colour, the use of extenders to reinforce
and improve the dry film properties in solvent-based bitumens leads to
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surfaces exposed to ultraviolet light becoming grey in time. Thermal re-
flow and age embrittlement may also prove problematic, hence for these
reasons, this inexpensive class of material is mainly confined to below
ground or underwater duties.

4.6.3 Chemically reacting type

These binders dry or ‘cure’ by chemical reaction between different com-
ponents which are mixed before the paint is applied.

4.6.3.1 Epoxy

Epoxy resins are usually made by reacting di- or polyhydric phenols with
epihalohydrins. The phenol used commercially is one called bisphenol-A
and the epihalohydrin used is generally epichlorhydrin. The reactions are
complex and will not be considered here. However, the properties of
epoxides arise from their structure.

(i) There are no ester groups, so the resin does not saponify.
(ii) The chains have many polar groups, leading to good adhesion.

(iii) The large number of aromatic rings contributes to their hardness.

The structure also leads to disadvantages because epoxides are not soluble
in the cheaper types of solvent and they are not compatible with many
other binder materials.

Epoxy resins are produced with a range of melting points and molecular
weights, and include those that are liquid at ambient temperatures. These
serve as the basis for solvent-free application. When used at ambient tem-
peratures, epoxide resins are cured by the addition of amines or
polyamides. The curing agent is stored separately from the epoxide and
mixed just before application of the paint in suitable proportions. After
mixing there is a limited period during which it can be used, i.e. before the
paint hardens in the can. This is called the ‘pot life’ and varies, usually
being between 2 and 8 hours. Instead of using the amine, an amine-adduct
may be preferred. The amine and epoxide are partially reacted before-
hand and this provides some advantages. The amounts of adduct and
epoxide are often similar so the mixing is simpler and more accurate; fur-
thermore, the adduct is less of a skin irritant than the amine and generally
the films produced have improved properties. Polyamides are also used as
curing agents and have some advantages over amines. They are cheaper
and the mixing ratios are less critical than with amines. The films pro-
duced, however, tend to exhibit less resistance to chemical attack and to
solvents. All liquid-applied epoxies suffer to some extent from ‘chalking’,
hence under external exposure conditions, colour stability is not good.
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Isocyanates may be used to cure coal-tar epoxides. These are modified
epoxides containing 50–70% of coal-tar pitches. This serves to produce a
cheaper coating with many of the advantages of unmodified epoxides with
better water-resistance. They are inevitably black or dark brown in colour,
so are not suitable where appearance matters. Coal-tar epoxides are
widely used for immersed conditions, particularly in seawater.

4.6.3.2 Polyurethanes

Polyurethanes are produced by reacting organic isocyanates with the
hydroxyl groups of polyols, usually polyesters. There are a number of dif-
ferent products within the overall term ‘polyurethane’ and this can lead to
some confusion.

There is a range of two-pack materials in which the two components are
mixed in the correct proportions before use and are somewhat similar to
the two-pack epoxies in their properties, producing tough abrasion-
resistant coatings. Variations in the formulation provide a range of finishes
from high gloss to semi-matt in a wide choice of colours. The isocyanate
component of the two-pack polyurethane may be either aliphatic or aro-
matic. The aliphatic polymers are generally based on hexamethylene diiso-
cyanate with cycloaliphatic polymers based on isophorone diisocyanate,
both imparting good gloss and colour retention, thus differentiating them
from the epoxies. Aromatic isocyanates are considerably less expensive
and are often based on toluene diisocyanate, but are not colour stable.
Two-pack urethane pitches and coal-tar urethanes are also produced and
are used for similar purposes to the coal-tar epoxies. Generally, the type of
curing agent influences the physical rather than the chemical-resistant
properties.

Single-pack materials are also produced in which free isocyanate groups
react with moisture in the air to provide a cross-linked polymer structure.
These are often termed ‘moisture-curing polyurethanes’. Urethane alkyds,
sometimes called urethane oils, are similar to alkyds and do not fall within
the category of chemical curing binders.

4.6.3.3 Other binders

(a) Silicates. All the binders considered so far have been organic whereas
silicates are inorganic. While paints based on silicates are used for painting
plaster and similar surfaces, so far as the protection of steelwork is con-
cerned, the only paint to be considered is zinc silicate.

The chemistry of zinc silicate coatings is complex and a number of
papers have been written concerning the mechanisms involved.16,17 In
simple terms, the binders consist of zinc dust mixed in a silicate solution
which, on curing, cements the zinc particles into a hard dry film. The sili-
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cate solution may be produced from a range of silicate materials including
sodium, potassium and lithium silicates, with the addition of suitable sol-
vents, either water- or organic-based. The solvent evaporates after appli-
cation and reactions with moisture and carbon dioxide in the air occur.

As with zinc metal, e.g. hot-dip galvanised coatings, some carbonic acid
is formed, which reacts with zinc to form zinc carbonate, and the weakly
acidic moisture assists in hydrolysing the organic silicate to silicic acid. The
zinc then reacts with the silicic acid to form a somewhat porous coating
which, as reactions continue, forms into a cement-like matrix around the
zinc particles. The initial pores are filled with zinc hydroxides and carbon-
ates to produce a fairly compact hard coating. In practice, the silicate alka-
linity is neutralised either by reaction with the carbonic acid formed from
the atmosphere, as already noted, or by using post-curing solutions.

In the process considered above, alkali silicates were the basis of the sili-
cate solution and these are, of course, inorganic. However, similar reac-
tions are possible using alcohol solutions of alkyl silicate esters, e.g. ethyl
or isopropyl silicates in organic solvents. Sometimes the two types of
coating are referred to as inorganic and organic silicates, but the final film
is inorganic because the organic silicate hydrolyses and the alcohols evapo-
rate, leaving the silicic acid to form a cement matrix, as with inorganic
solutions.

The above coatings are formed from two-pack materials but single-pack
zinc silicates are also produced. These involve various routes including
ester exchange reactions with various types of silicates, e.g. alkyl, to
produce similar reactions to those already discussed.18 However, such films
are not completely inorganic and generally do not possess the equivalent
properties of the two-pack materials.

(b) Silicones. Silicone resins have high-temperature resistance properties
and are mainly used in paints for that purpose. With suitable pigmenta-
tion, usually aluminium, such paints will withstand temperatures up to
about 250°C or above when over inorganic zinc-rich primers or metal
sprayed coatings.

Some of the advantages of silicone, which is an expensive resin, can be
obtained by modifying it with other binders, particularly alkyd to produce
silicone alkyd binders. Provided they contain over 30% silicone, they
produce higher gloss retention and improved durability, particularly in
resisting intense sunlight, compared with alkyd binders.

4.7 Pigments

Although the binder determines the main characteristics of a paint, pig-
ments also influence durability and other properties. The chemistry of pig-
ments and their properties in relation to the formulation and manufacture
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of paints is beyond the scope of this book. Apart from certain pigments for
primers and micaceous iron oxide in finishing coats, paints are generally
categorised and specified by binder. However, so far as the production of
suitable and satisfactory paints is concerned, pigments are important.
Typical properties include the provision of colour, improvement of the
strength of the film, reduction of film permeability and improvements in
adhesion. However, there are two prime requirements of pigments. They
must be insoluble in the other constituents of the paint and they must not
chemically react with them. Furthermore, there must be sufficient pigment
in the paint to achieve the required properties. The mere presence of, for
example, red lead in a priming coat or micaceous iron oxide in a finishing
coat is not sufficient; it must be present in the correct quantity to meet the
particular requirements. The relative amount of pigment and binder in the
paint is important. Although this relationship was at one time expressed in
terms of weight of pigment/volume of paint, it is now recognised that the
volume concentration is more important and this is expressed as the
pigment volume concentration, or p.v.c.:

p.v.c.�

A critical p.v.c. (c.p.v.c.) which provides the particular properties for a spe-
cific product is an essential element in paint formulation. Many of the pig-
ments used are basically to provide colour, whereas others serve other
purposes concerned with the protective qualities of the paint film. The
latter class will be considered below.

4.7.1 Inhibitive pigments

Some pigments used in priming coats have inhibitive properties. At one
time a range of such pigments was available, but most have some toxic
properties and are tending to be barred by many authorities. However,
many are still used so will be considered below.

Red lead. Originally the best primer for rusted steel when used in sufficient
quantities in an oil-based binder. It was slow drying, but the severe toxicol-
ogy problems of red lead has restricted its use in present times to a few
rare marine applications.

Zinc chromate. The partial solubility in water of zinc chromate was found to
provide a good inhibitive effect and was successfully used for many years,
the ‘zinc chromate red oxide primer’ being one of the favourite construction
primers. The degree of solubility could be adjusted by blending with zinc
tetroxy chromate or strontium chromate and these were widely used in wash
or etch primers for non-ferrous metals. Due to these materials now being

volume of pigment�100
�����
volume of pigment�volume of binder
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known carcinogens to man, their use is now scarce, being largely replaced in
etch primers by molybdates or similar low toxicity substances.

Metallic lead. This had been used in paints as it had superior drying pro-
perties to red lead. Due to toxicity of the metallic lead in fine powder
form, manufacture was potentially hazardous, as would be the ultimate
removal for future maintenance painting. It has seldom been employed for
several years, due to toxicity.

Calcium plumbate. Once used as the main primer in oleo-resinous binders
for galvanised window frames, this reactive product was difficult to incor-
porate into paints and has the same toxicity problems as the lead-based
materials detailed above, hence is not now used.

Zinc dust. Historically used with zinc oxide – itself a popular white
pigment once, but no longer used in paint – as a primer for iron and steel.
Used now almost exclusively for organic and inorganic zinc-rich primers to
freshly blasted steel.

Zinc phosphate is considered as an inhibitive pigment and because of
problems of toxicity with many other pigments is now the most widely
used. Its effectiveness may be influenced by the type of binder used.

4.7.2 Other pigments

Red oxide, or iron oxide, is used in priming paints but only for cheapness
as it has no inhibitive properties; because of its colour it may mask rust
staining. It strongly absorbs ultraviolet radiation.

Micaceous iron oxide (MIO) is widely used, particularly in Europe, for
undercoats and finishing coats. The lamellar form of this pigment tends to
form parallel to the surface with overlapping of individual flakes; it is
claimed that this provides increased durability to paint films by reducing
their permeability and increasing their tensile strength.

The pigment is found naturally in various places around the world and
although chemically similar there are significant differences in the pigment
shape. From many of the sources the pigments are not lamellar and, there-
fore, impart different properties to the final paint film (see Figure 4.1).
The Austrian source claims to produce the most lamellar form. The
pigment is grey-black, so only dark colours are possible in the paint film.
Modifications to provide other colours, e.g. green, render the pigment less
effective as regards durability. Paints containing MIO tend to weather to
produce a metallic lustre and are not considered as decorative coatings.

It has been found technically and commercially possible to produce
synthetic MIO, possessing the desired lamella structure and without the
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possibility of naturally occurring contaminants. The method uses scrap
iron as the main raw material. In a single-stage batch process lamellar
crystals of very pure iron oxide are formed at elevated temperatures by
the oxidation of molten iron complexes. By adjusting reaction parameters,
the crystal size and aspect ratio of the particles can be varied. It is possible
to produce flakes so thin that they are semi-transparent with a pink
pearlescent appearance, or the particle dimensions can be matched closely
to the best natural MIO.19

Outdoor exposure tests have shown an improved performance when
compared with the same paints formulated with the natural material. This
is presumably due to the fact that the synthetic MIO is free from such con-
taminants as sulphur compounds which may be present in the natural
material.

Aluminium pigment is produced in two forms: leafing and non-leafing.
The leafing property depends upon a thin layer of stearic acid on the
pigment surface and this causes the flakes to lie close to the surface of the
paint, and by overlapping give an almost continuous bright metallic finish.
The pigment also improves the performance of paints under atmospheric
conditions, particularly as regards the effects of sunlight. The non-leafing
pigment is widely used to lighten the colour of paints made from dark pig-
ments such as micaceous iron oxide. However, aluminium is amphoteric
and so is attacked by both acid and alkali and, therefore, paints incorpo-
rating either type are not resistant to chemical attack.

Figure 4.1 SEM photomicrograph of lamella and granular micaceous iron oxide.
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Other lamellar pigments such as glass flake and stainless steel are used
in protective paints. Glass flake has been used in unsaturated polyester,
vinyl ester and epoxy tank coatings for some time. High aspect ratio glass
flake is used for very heavy duty linings, where application is effected by
trowel, due to the size of the flake. Spray grades are available for less
chemically onerous lining duties. The good abrasion characteristics
imparted by glass flake has found use in marine duties, i.e. for the hulls of
ice-breakers, with use of similar formulations gaining acceptance on off-
shore rigs and for bridge structures. The material initially caused problems
with brush application – for stripe coating welds and edges only – but
recent developments have eased this difficulty. Stainless steel pigments do
not provide the paint with any of the qualities of the alloy and act purely
as barrier pigments. Graphite is also used for heat-resistant paint. White
pigments such as titanium dioxide (rutile) are inert and are widely
employed in undercoats and finishing coats. Coloured pigments are widely
used and these may be split into two categories, inorganic and organic.
The inorganic pigments are mainly based on oxides of metals, green
chromium oxide being a good example, or stable complexes such as nickel
titanium yellow. The large, previously popular range of lead chromates
and lead molybdates had excellent opacity, brightness of hue and colour
stability. However, North American paint manufacturers first rejected this
widely used range on the grounds of their potential toxic nature. The
materials still retain some use in Europe, where low-soluble lead types had
been commonplace, but the risk and safety phrases necessary on the can
label are severe and use in heavy-duty protective paints is diminishing.

There are a vast number of organic pigments covering many chemical
classes. Interestingly, it is unusual to find an organic pigment with the
same opacity as an inorganic pigment, but they are generally brighter.
Certain bright pigments have insufficient light fastness characteristics to be
used in paint, i.e. Lake Red C, whilst others, i.e. benzidine yellows, have
fallen foul of increased safety awareness. This still leaves a huge range, the
most popular of which are azo yellows and reds, phthalocyanine greens
and blues and a host of expensive vat dyestuffs covering every colour of
the rainbow.

4.7.3 Extenders

These are not strictly pigments but are used to modify the paint properties
and/or as a form of cheap pigment. They will not be discussed here but
include materials such as barytes (BaSO4), blanc fixe (BaSO4), talc and
china clay.

© 2002 D. A. Bayliss and D. H. Deacon



Paints and paint coatings 87

4.8 Solvents

Solvents are not a useful constituent of the dry protective film and so may
be considered as adding unnecessarily to the cost of paints. Certainly a
‘high solids’ content is desirable but solvents are essential for the sound
application of most paint coatings. A careful balance between viscosity
and volatility is required so that paints can be satisfactorily applied by the
required method but at the same time avoid settlement of pigment in the
can during application and ensure that the paint, once it reaches the steel
surface, quickly achieves stability. For high-performance paint systems a
blend of solvents is normally used to give the range of properties required.
The blend has to be suitable for the appropriate ambient conditions, and
formulations for temperate climates may not be suitable for hotter or
colder climates.

The rate of evaporation of solvent from the applied paint film during the
drying period may affect the properties of the final coating. Although sol-
vents can evaporate readily in the early stages of film drying, at later stages
the rate is controlled by the ability of the solvent to diffuse through the
modules in the binder. If solvent evaporates too slowly it may be trapped
in the film causing soft films; on the other hand, too rapid evaporation can
lead to defects in the final dry film. Some solvent is necessary for ease of
processing during the manufacture of most paints. Historically, different
solvent blends were used, depending upon whether the paint was to be
applied by brush or by spray. Brush coating required a slower blend of sol-
vents, to allow a good ‘wet edge time’ so that joins would not show. Spray
coatings generally required a quicker solvent blend, particularly for shop
work, to enable faster handling.

Paint chemists of the twenty-first century are expected to devise a single
paint capable of application by brush, roller, conventional and airless
spray methods. Generally, only sufficient solvent to ensure satisfactory
application should be added to the paint. Only the thinner recommended
by the paint manufacturer for that particular paint, and no more than the
maximum limit advised, should be employed. It is not often appreciated by
contractors that use of wrong thinner or ‘gun wash’ as a thinner may preju-
dice the performance of the paint. This is not simply because of possible
incompatibility. A thinner intended for an epoxy paint, for instance, added
to a polyurethane, may react faster with the urethane hardener component
than with the polyurethane resin, causing permanent softness and micro-
pinholes.

Some of the solvents commonly used are listed below.

Aliphatic hydrocarbons, such as white spirit or ‘turpentine substitute’ are
commonly used for oleo-resinous paints and have a relatively high flash
point. Even white spirit is not fully aliphatic, containing approximately
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14% of an aromatic fraction. White spirit may be used for some alkyd top
coats, but this class of solvent is not frequently used in heavy-duty protec-
tive paints.

Aromatic hydrocarbons, such as toluene, xylene and trimethyl benzene are
stronger solvents, with a faster evaporation rate, lower flash points and a
generally more significant odour. Many heavy-duty protective paints
contain a portion of such solvents.

Ketones are important solvents and include butan-1-one (colloquially
known as methyl ethyl ketone, MEK) and 4-methylpentan-2-one (methyl
isobutyl ketone, MiBK). They tend to have characteristic odours with low
flash points, posing a potential fire risk.

Esters, such as butyl acetate have a characteristic ‘pear drops’ odour, are
expensive and are not always anhydrous, hence limiting their use in paints
for structural steelwork. Higher esters and ethers are, however, employed
as a low-volatile solvent, occasionally providing de-gassing properties and
enhanced flow characteristics.

Alcohols, such as ethanol, n-butanol or isobutanol are employed more in
light industrial paints than in heavy-duty paints. Although they are found
in epoxide formulations, they are never used in polyurethanes due to reac-
tion with the curative component.

4.9 Paint classification (see Figure 4.2)

Paint properties are determined mainly by the type of binder. As discussed
in Section 4.6, there are three main groups of organic binder based on the
method of film formation.

It is convenient to consider the paints in groups based on the type of
binder because many of the properties of paints within the group will be
similar.

4.9.1 Oil-based and oleo-resinous paints (oxidation
drying)

All the paints in this group contain drying oils and this determines many of
the properties.

Oil paints. Oil paints, i.e. those without combined resins, are rarely used
nowadays. As a group they had advantages, particularly when most steel
was merely wire-brushed and painted on-site. However, with modern
application methods these are outweighed by the disadvantages. The best
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known paint in this group is red lead in oil (BS 2523, Type B), which was,
at one time, widely used as an effective primer for rusty steelwork.

ADVANTAGES

(i) Particularly effective as primers for rusty steelwork provided they
contain an inhibitive primer.

(ii) Easily overcoated.
(iii) Easily applied, particularly by brush.
(iv) Good wetting properties.
(v) Relatively cheap.

DISADVANTAGES

(i) Very slow drying so not really suitable for painting at works.
(ii) Poor resistance to alkalis and acids, and not suitable for cathodic

protection.
(iii) Not recommended for immersed conditions.
(iv) Embrittle with age.

Oleo-resinous paints. The combination of oil with synthetic resins
improves many of the properties compared with oil paints, but they still
suffer many of their disadvantages. Three paints of this class are:

alkyd;
tung oil phenolic;
epoxy ester.

Alkyds tend to be the main product used as a one-pack maintenance paint
and these are generally modified to produce silicone alkyds, urethane
alkyds or acrylic alkyds. Styrenated alkyds are rarely encountered these
days for maintenance painting of steelwork structures.

ADVANTAGES

(i) Ease of application.
(ii) Many paints in the group provide a range of colours and good gloss.

(iii) Reasonable durability in many atmospheric situations.
(iv) Usually can be overcoated without difficulty.
(v) Cheaper solvents such as white spirit can be used.

(vi) Generally, reasonably cheap.

DISADVANTAGES

(i) Because of their oil content they saponify under alkali conditions so
cannot be used, for example, where steel is cathodically protected.
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(ii) Not recommended for immersed or very damp conditions.
(iii) Limited film thickness (25–50µm per coat).
(iv) Poor resistance to solvents.

Alkyds. For steelwork the long oil type of alkyd is used. Their main advan-
tages are cost and good appearance. Available in a range of colours, they
maintain their gloss well and are particularly suitable as decorative coat-
ings. They provide reasonable protection in less aggressive atmospheric
situations, but are not particularly resistant to continuously damp con-
ditions and are not recommended for immersion.

Urethane alkyds provide a harder tougher film.
Silicone alkyd paints are a good deal more expensive than ordinary

alkyds but more durable, particularly in strong sunlight, and retain their
gloss well. They were once used on highway bridges in the UK, but have
been superseded by epoxy/polyurethane systems, the latter possessing the
necessary superior life expectancy and lower VOC content.

The paints noted above are those commonly used, but it is possible to
make an almost unlimited number of modifications to produce different
types of binder, e.g. alkyds can be modified with phenolic, vinyl, chlori-
nated rubber, styrene and acrylic. Generally, the paints tend to provide
properties somewhere between those of the component parts. Sometimes
they are produced for specific purposes, e.g. chlorinated rubber-alkyd
paints have been used as primers for a chlorinated rubber-based system or
as ‘travel coats’ to avoid damage during handling of chlorinated rubber
systems, which tend to remain soft for some time after application. Again,
this alkyd modification is more easily brushed; often the modified paint
dries more quickly, e.g. styrenated alkyds. Recent work on water-based or
emulsified alkyd resin binders is showing potential, but these development
products are not yet suited to the climatic conditions of northern Europe.

Epoxy ester. These have the same order of resistance as alkyds, although
having rather better water resistance. They are considered to have some
advantages over alkyds, particularly under adverse drying conditions.
Some authorities claim that an advantage of these paints is their quick-
drying properties, which makes them eminently suitable for primers.
However, this may depend on the nature of the formulation.

Tung phenolics. These have better chemical resistance than either alkyd or
oil paints and dry faster. They tend to be rather dark in appearance and
become darker on exposure. They produce hard paint films so there is a
limit on the overcoating time if intercoat adhesion problems are to be
avoided. They can be used for some immersed conditions and are more
resistant than most other oleo-resinous paints to humidity; their gloss
retention is poorer than that of alkyd paints.
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4.9.2 Solvent evaporation paints

The two paints in this group most commonly used for structural steelwork
are chlorinated rubber and vinyl. Bituminous coatings fall within this
group but they are not comparable in performance with the other paints in
the group.

These paints are one-pack materials with a number of advantages over
both oleo-resinous and chemically reacting paints. They are sometimes
called one-pack chemical-resistant paints.

ADVANTAGES

(i) Provide protection in aggressive environments where oleo-resinous
paints do not perform particularly well.

(ii) Suitable for immersion and damp conditions.
(iii) Easily re-coated.
(iv) Good resistance to many acids and alkalis; suitable for cathodically

protected steelwork.
(v) Available in a range of colours, but not high gloss.

(vi) One-pack materials. This is an advantage compared with two-pack
chemical reaction coatings often used as alternatives to these coat-
ings.

(vii) Although high quality cleaning of the steel surface is always advis-
able, paints in this group are likely to perform better than two-pack
materials on poorly prepared surfaces.

DISADVANTAGES

(i) A limit on temperature resistance; generally a maximum at 60°C for
continuous heat.

(ii) Dark colours not always suitable for high temperatures overseas.
(iii) Not resistant to most solvents.
(iv) High solvent content of paints (typically 60–75%) may cause prob-

lems with solvent entrapment or removal of solvent in enclosed
spaces.

(v) Unable to be formulated to VOC compliance.

4.9.2.1 Chlorinated-rubber paints

Chlorinated-rubber powders are available in a range of viscosities. The
higher-viscosity powders are generally considered to provide better film
properties but the lower-viscosity ones are used for thicker films, and there
are advantages in using paints produced from the two viscosity grades in a
chlorinated-rubber paint system. The lower viscosity powders can be used
for undercoats to provide sufficient film thickness, with the higher-viscosity
materials being used to provide a durable finishing coat.
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The paints have excellent chemical resistance and low water permeabil-
ity. Although they require high-quality surface preparation for exposure to
aggressive environments, because of their solvent nature they are some-
what more tolerant to inadequate surface preparation than are the two-
pack materials. These paints are more effectively applied by spray than
brush, although brushing grades are normally available; these are gener-
ally modifications and require special brushing techniques. Ideally, brush
application should be confined to small areas.

Suitable non-saponifiable plasticisers are required and, provided the
correct quantities are incorporated into the paint, adhesion to the steel is
good and a high level of durability can be attained. The addition of too
much plasticiser can result in softening at high ambient temperatures.
Solvent retained in the film can act as a plasticiser with the same results as
adding too much; on the other hand, insufficient plasticiser can cause films
to become brittle on ageing. Some plasticisers tend to slowly evaporate so
that during exposure films may become brittle. This is particularly so for
elevated temperatures and no chlorinated-rubber system should be used
on surfaces continuously above 60°C. In hot climates which may not
appear to reach such temperatures, dark colours in particular have been
known to fail rapidly, sometimes even with the evolution of hydrochloric
acid as a degradation product.

Problems can arise when these paints are sprayed; if the viscosity is not
right then what is termed ‘cobwebbing’ may occur. The term is self-
descriptive, indicating the difficulty of applying a sound paint film. Solvent
entrapment may also take place leading to what is called ‘vacuoles’ in the
dry paint film, i.e. small pores or holes.

Although chlorinated rubber dries to the touch fairly quickly, retained
solvent and the comparatively soft nature of the films in the early stages
after application can lead to problems with handling and stacking. The soft
films tend to stick together, which seriously damages the coating. This can
be overcome by ensuring that the paint is fully dried, and by handling and
stacking sections with some care.

Maintenance is comparatively straightforward because the solvent in the
paint allows for excellent adhesion between coatings. Chlorinated-rubber
paints are not particularly resistant to many solvents or oils.

Care must be taken when welding steelwork that has been coated with
chlorinated rubber because, if the temperature reaches a certain level, acid
decomposition products can cause attack on the steel at some distance
from the actual weld.

Chlorinated rubber paints are still used for minor maintenance and for
certain marine work, but are becoming obsolete due to improvements in
epoxy and polyurethane technology and the strengthening grip of the
Environment Protection Act and similar regulations.
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4.9.2.2 Acrylated-rubber paints

These paints are somewhat similar to chlorinated-rubber paints but they
are claimed to have improved properties and do not, for example, suffer
from ‘vacuoles’. As with chlorinated rubbers, it has not been found pos-
sible to provide acrylated-rubber paints which comply with the VOC
restrictions, hence their use is limited.

4.9.2.3 Vinyl paints

These have something in common with polyvinyl chloride (PVC). These
paints have similarities to chlorinated rubber and also dry by solvent evap-
oration. They are superior to chlorinated rubber in their ability to resist
solvents but are still attacked by many of the stronger ones, including
esters, ketones and aromatic hydrocarbons such as xylene. They are less
tolerant of inadequate surface preparation, especially surface moisture,
than chlorinated rubbers but are more tolerant than the two-pack mater-
ials. When the paints are blended in appropriate proportions, little, if any,
plasticiser is required and this can be advantageous because plasticisers
can cause problems (cf. chlorinated rubber).

Generally, vinyl systems have a higher gloss than chlorinated rubber
systems. However, they are more sensitive to surface moisture which can
affect their adhesion to steel. To improve adhesion a maleic-modified
primer is commonly used. The pigments used for vinyl paints are similar to
those for chlorinated rubber.

Provided attention is paid to application (which may require somewhat
more control than with chlorinated-rubber paints), vinyls are usually more
durable. Generally, they are used for similar applications as chlorinated
rubber and are often preferred to them in North America.

For seawater immersion, some authorities consider that a wash primer
should be applied before application of the full vinyl system. Wash
primers, such as those based on polyvinyl butyral resins combined with
phosphoric acid and some phenolic to improve moisture resistance, fall
into the category of vinyl coatings. They are also called etch primers and
pre-treatment primers. Apart from their use with paint systems, they are
also used to prepare a galvanised surface for painting. However, they are
susceptible to the presence of moisture during drying. Vinyls can be modi-
fied with other binders such as alkyds and such paints are reasonably
durable in all but the most aggressive environments and can be applied by
brush. Furthermore, they are not so sensitive to surface conditions during
application. With the exception of wash or etch primers, which currently
have a generous VOC limit of 720 grammes per litre, vinyls suffer from
similar problems to the rest of the group regarding solvent content.
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Vinyl tars. Combinations of selected coal tars and vinyl resin can be used
in many of the situations where coal-tar epoxies are used (Section 4.9.3.2)
but are cheaper and easier to apply. However, they cannot be applied to
the same thickness as epoxies so a multi-coat system is required. They are
generally not so durable as the epoxies.

4.9.2.4 Bituminous coatings

These can be considered as comparatively cheap one-pack chemical-
resistant paints, although they can only be used in a limited number of
situations. They should not be confused with the hot-applied coatings used
for buried and submerged pipelines, which are usually very thick and are
not normally considered as paints. There are, however, other thinner coat-
ings that are used in the same way as paints and are sometimes called
black paints (tar-based) as in BS 1070. They are solvent based and, after
application, the solvent evaporates leaving a bituminous coating.

They are quite useful as coatings for immersed conditions, although
coal-tar epoxies provide a greater durability. Under atmospheric exposure
conditions, bituminous coatings are liable to crack and sag in hot weather.
They also exhibit a form of coating defect called ‘alligatoring’ where the
bituminous coating contracts from the steel surface. Bituminous paints are
not usually pigmented and so are black or dark brown, but the addition of
aluminium flake improves both the durability and appearance under
atmospheric exposure conditions. In tests, aluminium-pigmented bitumi-
nous coatings have performed well and it is somewhat surprising that they
have not been used to a greater extent for industrial situations. One pos-
sible reason is that many paint manufacturers are reluctant to manufacture
such materials because of the possibility of contaminating other paints
being made at the same time. They therefore tend to buy-in items from the
specialist manufacturer.

4.9.3 Chemical reaction paints

These are two-pack materials based on epoxies and urethanes. They have
now become the most commonly used materials for new and maintenance
painting of steel structures. They are the most durable of all site-applied
coatings but application requires careful control if the full potential of
such coatings is to be attained.

ADVANTAGES

(i) Durable coatings, resistant to seawater, many chemicals, solvents
and oils.

(ii) Can be applied to provide a much thicker coating than is possible
with other types of paint.
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(iii) Do not saponify under alkaline conditions.
(iv) Most now have modified formulas allowing infinite overcoatability,

have pot lives which last a full shift and cure down to �5°C or
below for epoxies, or minus 10°C for polyurethanes.

(v) May be formulated to comply with current European and North
American solvent content (VOC) requirements.

DISADVANTAGES

(i) More expensive than other paints.
(ii) The majority are two-component materials, requiring more control

over mixing and application.
(iii) A high standard of surface preparation is required.
(iv) Maintenance painting is more difficult than with most other paints.

Generally, old surfaces need to be abraded.
(v) After mixing, there is limited time during which paint can be

applied.
(vi) Unmodified epoxies still suffer from requiring a substrate tempera-

ture in double figures to ensure cure.

Despite these disadvantages, the paints in this group prove to be the most
suitable coatings for very aggressive situations. However, these coatings
will only realise their full potential in situations where surface preparation,
application, etc. are of a high standard. If these standards cannot be met,
then alternative coatings should be considered. Because two components
are mixed to produce these materials, the term ‘pot life’ is used to indicate
the length of time available before the paint is no longer suitable for appli-
cation. The component added to polymerise the paint is sometimes called
a catalyst, although this is not a correct description. More suitable terms
are curing agent, hardener or additive.

4.9.3.1 Epoxies

These are two-component materials and require mixing prior to appli-
cation. The reaction to produce the dry film is temperature and time
dependent.

Epoxies are available in a range of materials from liquids to solids,
depending on their molecular weight. The chemistry involved in polymeri-
sation is fairly complex but basically the hardening agent reacts with
groups in the resin to produce a film suitable for its purpose as a protective
coating. As various curing agents can be used, so a range of different
epoxy coatings can be produced.

For coatings to protect steelwork, two main types of curing agents are
used: polyamides and polyamines. The former are more commonly used
and their properties and uses can be summarised as follows:
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Polyamide curing

(i) Generally, the two components are of similar volume, making
mixing less critical.

(ii) Slow curing at low temperatures; does not cure below 5°C.
(iii) Longer pot life than with polyamines.
(iv) More flexible and durable than polyamine cured epoxies; take

longer to cure.
(v) Excellent alkali resistance but poorer acid resistance than poly-

amines.
(vi) Less tendency to ‘bloom’.

Polyamine-cured epoxies are generally used for specialist purposes such as
tank linings. Their overall properties are summarised below:

Polyamine curing

(i) Excellent chemical- and corrosion-resistant properties.
(ii) Good solvent resistance; better than polyamides.

(iii) Excellent alkali resistance.
(iv) Good water resistance.
(v) ‘Chalk’ badly on atmospheric exposure.

(vi) Can form amine ‘bloom’ when coatings applied at high humidities;
if this is not removed, poor intercoat adhesion may occur.

(vii) Amines may cause skin irritation during handling.
(viii) The mixing ratios are more critical than with polyamides.

Amine-adduct curing. The amine is partially reacted with the epoxy
beforehand. This provides some advantages because the mixing ratio is
simpler so less control is required. Furthermore, the adduct is less of a skin
irritant.

Isocyanate curing. This is sometimes used for curing at low temperatures,
down to 0°C. A short pot life of 1.5–2 hours and a tendency for film
embrittlement on ageing are disadvantages.

Epoxies provide hard, durable films, although they tend to chalk fairly
readily. They must be applied to steel that has been blast-cleaned to at
least ISO Standard Sa2��. Primers may be pigmented with zinc phosphate
or zinc dust. Provided the latter gives a suitable concentration of pigment
in the dry film, then the paint is a zinc-rich type. In many situations,
primers as such are not used, undercoats sufficing for application to the
steel. Often solvent additions are made to the undercoat, producing a
coating material that will ‘wet’ the steel surface when it is used as a primer.
Undercoats and finishing coats are pigmented with titanium dioxide

© 2002 D. A. Bayliss and D. H. Deacon



98 Steelwork corrosion control

(rutile) and colouring pigments to provide a full range of colours. Mica-
ceous iron oxide pigments can also be used. Aluminium is sometimes
added as a pigment but this is not recommended for exposure to chemical
environments.

Epoxy paints are widely used for offshore structures and for other
aggressive and chemically polluted situations. They are sometimes
employed in less aggressive environments for long-term protection, but
maintenance is not always a straightforward matter with these paints.
They produce hard films which tend to harden further on ageing. This
generally results in difficulties with the adhesion of maintenance coatings,
unless the old epoxy coating is roughened, e.g. by light blast-cleaning
before repainting.

Epoxies generally contain suitable solvents and are applied by spraying.
Solventless materials are also used and are sprayed using a special two-
component hot airless spray. Solventless products are available for spray-
ing at ambient temperatures. High-film-thickness coatings can be applied
by solventless application, e.g. 300µm to over 1mm.

A greater measure of skill is required for epoxy coating than for one-
pack materials. Mixing of the two components must be carried out cor-
rectly. The requirements regarding ‘pot life’ must be carefully observed
and if it is exceeded, paints must be discarded. Some epoxy materials cure
slowly below certain temperatures, or cure very quickly at higher ambient
temperatures, so careful attention must be paid to manufacturers’ data
sheets. Incidentally, some data sheets do not contain sufficient information
on the effects of temperature.

Developments in the 1970s and 1980s led to a new class of surface-
tolerant epoxies coming onto the market. Originally from the USA and
smelling heavily of phenols, the new range of aluminium flake-filled
epoxies had a volume solids content of 90% and were capable of brush
application to vertical and horizontal surfaces at a minimum of 100
microns dry film thickness. The aluminium content was not so high as to
support the thermite reaction and was suitably enclosed in the epoxy
matrix. The term ‘surface tolerant’ meant that the materials could be
successfully applied over adherent rust and adherent residues of other
coatings, no matter what the generic type.

Initial scepticism was overcome when good case histories had been
developed. At this time, both low-odour and low-temperature curing ver-
sions capable of spray application appeared, as well as conventionally pig-
mented derivatives. These ‘epoxy mastic’ paints have become established
maintenance paints, where the rather slow rate of curing is acceptable.
Indeed, where grit blasting to a minimum cleanliness standard of ISO Sa2��

is achieved, the aluminium mastic may even be employed sub-sea. See also
Section 4.9.7.
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4.9.3.2 Coal-tar epoxies

Coal-tar epoxies, sometimes called epoxy pitches, are epoxies that have
been modified with coal tar to provide a cheaper but very useful coating
material with excellent water-resistant properties; this makes such coatings
particularly useful for immersion in seawater and because of their non-
saponifiable character they are suitable for use with cathodic protection
systems.

Various agents are used to cure these materials, but the polyamides
provide coatings of high moisture resistance. Isocyanate-cured coal-tar
epoxies are also used and have been reported as being particularly suitable
for sheet steel piling, and have the considerable advantage for the UK of
curing below 5°C. It is claimed that such materials can cure satisfactorily
to temperatures well below 0°C but, of course, if ice is present on the
surface to be painted this will be of no avail.

Coal-tar epoxy coatings can also be employed for atmospheric exposure
and do not suffer from the forms of breakdown typical of bituminous coat-
ings. If applied under damp conditions they may ‘blush’, i.e. produce
rather unsightly deposits on the coating.

Coal-tar epoxies can be applied by all the conventional methods,
although spray application is generally recommended. There is a limit on
the time between the application of successive coats to ensure good inter-
coat adhesion; 7 days at 20°C is often considered to be a maximum.
Generally, these paints are not pigmented, although micaceous iron oxide
or carbon black can be added. A disadvantage of coal-tar epoxides is their
dark colour, black or dark brown, which is not suitable for decorative pur-
poses. Primers such as zinc-rich/epoxy and zinc silicate paints are some-
times used as part of a protective system but authorities differ in their
views on the use of zinc-containing primers for immersed conditions.
Often, the standard coal-tar epoxy, with added solvent to improve applica-
tion, is used as a priming coat. Coal-tar epoxies are almost as corrosion
resistant as epoxy-polyamides, but are less resistant to solvents. Coal-tar
epoxies are widely used for ships’ hulls, immersed parts of offshore plat-
forms, dock gates, sewage systems, tanks and many similar purposes.
Despite the known risk caused by components of tar having carcinogenic
properties and the practical banning from use in mainland Europe, coal-
tar epoxies continue to provide the most cost-effective solution to many
UK effluent and water immersion duties.

4.9.3.3 Two-pack polyurethanes

The organic chemistry of urethanes is fairly complex and will not be
considered here. However, in simple terms the coatings are based on the
reaction of isocyanates with hydroxyl groups present in a variety of
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compounds, most commonly polyols. Two types of isocyanate are used for
coating materials: aliphatic and aromatic. These produce different proper-
ties. The aliphatic type are used for atmospheric exposure and have excel-
lent abrasive and chemical resistance. They are hard and have good gloss
and colour retention. The aromatic coatings are cheaper and have poorer
gloss and colour retention, but unlike aliphatic urethanes they are suitable
for some immersion service.

Urethanes may be used as a finishing coat for epoxy systems because
they retain their gloss for a longer period, but complete urethane systems
can also be employed. The aromatic types are often used for the primer
and undercoats, with the aliphatic type as a finishing coat.

Since the range of products falls within the overall ‘urethane’ classifica-
tion and problems may arise if they are used without the required back-
ground knowledge of particular products, it is advisable to seek advice
before using these materials. The National Association of Corrosion
Engineers (NACE) has published a useful technical committee report on
urethane coatings.20

Two-pack urethanes are similar to epoxies in their properties such as
resistance to water and solvents but with improved atmospheric durability,
particularly to intense sunlight and with lower curing temperatures. Mois-
ture must be excluded during application because the isocyanate, an essen-
tial component, reacts with the hydroxyl group in water. Ultra heavy-duty
polyurethanes have found use in linings and coatings on pump internals,
whilst the lighter acrylic modified urethanes are now widely used over
epoxies as the finishing coat of many specifications for exposed structural
steelwork.

4.9.3.4 Urethane pitches

These are comparable with coal-tar epoxies with similar properties and are
used for the same type of service conditions. The two-pack urethanes are
normally modified with asphaltic pitch or coal tar to produce suitable coat-
ings, which can be applied by all the usual methods although spraying is
generally recommended. The coatings are black or brown and so are not
suitable for decorative purposes.

4.9.3.5 Moisture-curing urethanes

These are not two-pack materials, but produce coatings that fall into this
category. Basically a polyol is pre-reacted with excess isocyanate, so pro-
ducing a one-pack material that will react with atmospheric moisture.
Problems can arise in the production of these materials, not least that of
excluding moisture from the material. As most pigments contain moisture,
it must be removed to prevent reaction in the can. Provided these paints
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are manufactured and used properly they are a useful addition to the
range of paints available for steelwork. The advantages claimed are as
follows:

(i) One-pack material that provides a high level of protection to steel-
work.

(ii) Will cure at low temperatures, below 0°C.
(iii) Can be applied under adverse weather conditions, which may make

them particularly useful for maintenance work.
(iv) Because of the nature of the coating it is useful for anti-graffiti pur-

poses.
(v) The very short overcoating time makes it possible to apply a com-

plete three-coat system in a single day.

However, the very rapid cure also has its disadvantages, in that an under-
coat can become too hard and solvent-resistant to provide a suitable key
for subsequent coats. Therefore, these materials should be overcoated as
soon as is practicable and particularly in conditions of high humidity,
partial immersion and exposure to direct strong sunlight. Another cause of
intercoat adhesion weakness is undue delay in the use of the paint after
the can has been opened.21

4.9.4 Zinc-rich coatings

These are mainly used as primers but can be used at suitable thickness for
a complete paint system. Unlike all the other paint coatings discussed
above, which are based on the binder, certain zinc pigmented paints with a
high proportion of zinc in the dried film have special properties which can
reasonably be considered as relating mainly to the pigment (although the
binders are important) and can be considered as a special group of coat-
ings.

Although comparatively small amounts of zinc powder and zinc oxide
can be used to pigment paints, those in the class under consideration all
contain about 80–90% zinc in the paint. There are two types of zinc paint
in this category and they are variously described, but are formulated (i)
with organic binders and generally called zinc-rich paints, and (ii) with
inorganic binders based on silicates and called zinc silicate paints. These
paints contain sufficient zinc to provide a measure of cathodic protection
in low-resistivity electrolytes but should not be considered as metal coat-
ings because the binder, albeit in small amounts, effectively alters their
properties as compared with, for example, hot-dip galvanised coatings.
These coatings are sometimes called ‘cold galvanised’, but that can be mis-
leading.
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4.9.4.1 Organic zinc-rich paints

The most resistant paint coatings are based on two-pack epoxies, although
a range of single-pack products has been produced based on chlorinated
rubber, styrene butadiene, polystyrene and high-molecular-weight epoxy.
The single-pack products are easier to apply but are not generally used for
structural steelwork, with the exception of the epoxy type. A high level of
surface preparation is necessary to ensure the highest performance from
zinc-rich coatings. Although coatings of sufficient thickness may be used
without further protective coatings, e.g. to patch damaged or weld areas
on hot-dip galvanised steelwork, they are more frequently used as primers
for other coating systems, e.g. epoxies.

While these primers are generally excellent in the atmosphere, some
authorities have reservations regarding their use under immersed con-
ditions because of the possibility of attack on the zinc by moisture or water
permeating through the paint system. Such attack could cause adhesion
problems. However, a more serious problem may arise if the zinc in the
primer corrodes and is not properly treated before it is overcoated, as this
can lead to breakdown of the system.

4.9.4.2 Inorganic zinc-rich paints

Zinc silicate coatings are, unlike all the other paints considered in this
section, based on an inorganic binder. Silicate binders are either aqueous
solutions of alkali silicate, usually sodium, potassium or lithium silicates,
or alcohol solutions of alkyl esters of silicate. The former are commonly
termed ‘alkali silicates’ and the latter ‘alkyl silicates’ or ‘organic zinc
silicates’ because they are based on organic silicates; however, the organic
silicate hydrolyses, releasing volatile alcohols, leaving an inorganic dry
film (see Section 4.6.3.3 for a discussion of the mechanism of formation).

Zinc silicate coatings are cement-like, being based on polysilicic acid
which cements the zinc particles into a hard film. Although the amount of
zinc may vary, it must be of the required high concentration if the coating
is to fall within the class of zinc-rich paints. However, films with lower zinc
contents also provide useful properties. The cement-like nature of the
coating confers a number of useful properties; the films are resistant to sol-
vents and the alkyl silicates provide heat-resistance up to about 400°C.
They are more resistant to abrasion than paints based on organic binders
and, because the coefficient of friction of the dry film is about 0.5 com-
pared with about 20% of that for most paints, they can be used for sur-
faces to be connected by high-friction grip bolts. Surface preparation of
the steelwork must be of the highest standard, i.e. Sa3 or the equivalent,*

*Some American authorities recommend a much lower standard.
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and a comparatively low profile height is generally recommended
(25–50 µm). Zinc silicates will not adhere properly to surfaces carrying the
remnants of old organic coatings, i.e. most conventional paints. Unlike
most paints, a reasonably high humidity is advantageous because the film
must remain ‘wet’ at least for a few seconds to ensure curing of the binder.
Otherwise ‘dry spray’ will cause poor adhesion of subsequent coats or lack
of durability of the final coat.

The paints are usually sprayed to provide a thickness of about 75µm;
only small areas should be coated by brushing. ‘Mud-cracking’, a self-
descriptive term, only occurs if coatings are applied at thicknesses in
excess of the paint manufacturer’s recommendations.

Zinc silicates are widely used with no further protection, e.g. for tank
linings. However, where they are used as primers for other systems, care
must be exercised to ensure that zinc salts are not present on the silicate
coating as this may impair adhesion of coats applied over it. If they are
present then removal either by vigorous use of a bristle brush or by light
blast-cleaning is recommended. Brushing is preferred because of the loss
of coating with blast-cleaning which, if not carefully controlled, may be
significant. Most of the chemically resistant paints can be applied to zinc
silicate without difficulty, but its porous nature can trap air or solvent and
then cause pinholing of subsequent coats. The application of a thin sealer
coat generally eliminates this problem. Paint manufacturers’ lists may
contain a considerable number of silicate paints, some single-pack; many
of them will not compare in properties on durability with those considered
above, so advice should be sought to ensure that suitable silicate paints are
chosen.

Inorganic zinc-rich paints have found a niche as pre-fabrication primers.
The decision to use pre- or post-fabrication primers is highlighted later in
Section 5.2.1. Automatic shot blasting followed by a preheat and auto-
matic spraying of inorganic zinc pre-fabrication primers to just 20µ (�2µ)
is widely used on sheet steel in Europe and North America and Korea.
After application, the coated sheets pass through a tunnel heated to circa
50°C, allowing the sheet steel to be stacked immediately. So tough is the
dry film, that even shackling with chains will not remove all of the coating.
It has been found that sheet steel coated with inorganic zinc pre-
fabrication primers to 20 µm will cut by oxy-acetylene torch as quickly as
uncoated sheet, but with a cleaner edge. The fume is considered accept-
able in normally ventilated shop conditions.

Additionally, all normal welding techniques provide welds with full
integrity and without any weld spatter remaining on the periphery of the
weld. Indeed, the inorganic zinc pre-fabrication primer prevents adhesion
of the weld spatter, such falling from the surface of the sheet of coated
steel. The ‘burn-back’ of the coating after cutting or welding is minimal
and easily cleaned by pencil blast. Recent trials with laser cutting has

© 2002 D. A. Bayliss and D. H. Deacon



104 Steelwork corrosion control

confirmed the rate of cutting is not diminished by the inorganic zinc pre-
fabrication primer, but no coating has yet been found to be compatible to
present laser welding techniques. Unlike other forms of pre-fabrication
primer, it is not generally necessary to remove all of the inorganic zinc pre-
fabrication primer before continuing fabrication.

Epoxy pre-fabrication shop primers are less expensive, but do not
possess the unique range of benefits exhibited by inorganic zinc pre-
fabrication primers. Water-based modified alkyd pre-fabrication shop
primers have recently been introduced in Europe, but such require nearly
double the thickness to provide 6 months’ protection, approach double the
price and have none of the attributes of the inorganic zinc pre-fabrication
primers. The paint and construction industry awaits the first water-based,
self-curing inorganic zinc pre-fabrication primer.

4.9.5 Water-borne coatings

There are four main types: water solubles, water reducibles, latex and
emulsions.

Water solubles include alkyds treated to be water soluble. They dry by
water evaporation and cure by auto-oxidation polymerisation. Examples
include, household paints and electro coats.

Water reducibles dry by water and solvent evaporation. Two pack types
cure by cross linking polymerisation. They include epoxies where the
water acts as a dilutent and reduces the need for strong solvents, but does
not dissolve the resin. Examples of uses include structural steel coating.

Latex may be a copolymer blend of polyvinyl acetate, polyvinyl chloride
and acrylics. A solid phase disperses into a liquid phase. Examples of uses
include interior and exterior (acrylic only) ‘emulsion paints’. They dry by
water evaporation and cure by coalescing.

True emulsions consist of an immiscible liquid phase dispersed into
another liquid phase. Examples are epoxy emulsions used on structural
steel.

4.9.6 Compatibility of different paints

Caution should be exercised when mixing different types of binder in a
single paint system. Table 4.1 gives a broad indication of the effect of
applying one type of binder over another. However, it is advisable to
consult paint suppliers before mixing binders in the system.

4.9.7 Heat-resistant coatings

Surfaces subject to temperatures up to 95°C. A normal paint system of
primer and gloss finish is usually satisfactory. For surfaces subject to
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temperatures approaching 95°C, better results are obtained by omitting
undercoats and applying one or more coats of finishing paint direct to the
primer.

Surfaces subject to temperatures between 95 and 130°C. It is generally satis-
factory to apply gloss finishing coats over a modified alkyd zinc phosphate
primer, although discoloration of the lighter shades must be expected.
Aluminium (general-purpose) paint can be used over a modified alkyd
zinc phosphate primer.

Surfaces subject to temperatures between 130 and 150°C. It is preferable to
use alkyd gloss finishing paint only, without undercoats or primers.

Surfaces subject to temperatures between 130 and 260°C. Application direct
to bare metal of an aluminium (general-purpose) paint often gives better
results than the heat-resisting type based solely or partly on silicones.
Where acid resistance is also required (in steel chimneys, ducts, etc.) a
zinc-dust–graphite paint applied in one single heavy coat can be effective
for the short term. Inorganic zinc followed by silicone, silicate or siloxane,
pigmented with aluminium flake, have been used with success if the sub-
strate is constantly operating above 130°C.

Surfaces subject to temperatures between 120 and 950°C. Wherever pos-
sible, sprayed aluminium metal coatings are to be preferred to paint coat-
ings for heat resistance. A very high standard of surface preparation is
required and the coatings must comply strictly with BS 2569, Part 2 or
similar.

Table 4.1 Compatibility of different paints

Applied First coat
second
coat Bitumen Vinyl Chlor- Alkyd Epoxide C/T epoxide Poly-

rubber urethane

Bitumen * � � � � � �
Vinyl � * � � * *B *
Chlor-rubber � * * � * *B *
Alkyd � � � * * *B *
Epoxide � � � � * *B �
C/T epoxide � � � � * * �
Polyurethane � � � � * *B *

* Probably all right.
� Not recommended.
� Results in crazing.
B Adhesion may be satisfactory but appearance affected by ‘bleeding’.
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Surfaces subject to temperatures between 260 and 540°C. Silicone-based
aluminium paints can be used for this temperature range, but it is essential
if good results are to be obtained to ensure that the metal surfaces are
really clean and free from rust. These paints also require a minimum tem-
perature for curing (usually about 260°C). Another difficulty with these
paints is that, although they have good resistance to high temperatures,
they have poor corrosion and weather resistance properties.

4.9.8 Other coating materials and fillers

Intumescent paints are used in providing a degree of fire protection to
steel structures.

These materials swell up and char in fire situations, protecting the sub-
strate from intense heat. The lighter duty materials are often applied by a
similar autoblast/autospray technique as for inorganic zinc pre-fabrication
primers, except that steel grit is used instead of shot, to provide a deeper,
sharper profile to hold the thicker coating of intumescent paint.

Heavy-duty intumescents, the type used on off-shore rigs, are generally
epoxy based and are applied over an inorganic zinc-rich or organic-zinc
phosphate primer, at several millimetres in thickness, but operate in a
similar fashion. A further type of passive fireproofing is the encapsulation
of the steel members in a low-weight concrete, such as magnesium oxy-
chloride, which evolves water of crystallisation as steam in fire situations,
so cooling the surface (see also Section 6.5).

A number of materials based on waxes, oils and greases are used either
for temporary protection of steel components or for protection of steel-
work, particularly in fairly inaccessible areas. These materials are not
paints, but for convenience they are considered here.

Waxes and greases, sometimes containing inhibitors, are generally
applied as thick, reasonably soft, films to provide barrier protection.
Some of the compositions are hot-applied and are useful for injection into
spaces where steel may be in contact with damp materials. Others are
cold-applied to produce either hard wax-like or soft greasy coatings.
Although these coatings are often effective and do not require a high
degree of surface preparation, their use on structures is limited to areas
which personnel are not likely to visit very frequently, e.g. interiors of
box girders, or virtually inaccessible areas. They are difficult to inspect for
corrosion because often a considerable amount of rust may form before it
becomes noticeable. They are cheap and easily applied but authorities
differ in their views on their overall effectiveness. It is advisable to
consult the manufacturers of these products before using them because
they cover a wide range of properties. For example, some harden to a
marked degree and can be overpainted with conventional paints to
provide a coloured finish.
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Generally, the same types of paint are used for initial and maintenance
painting, even though the conditions under which the two types of painting
are carried out is often vastly different. A few special types of coating have
been developed. These are sometimes called ‘surface-tolerant coatings’.
These are designed to be applied to a range of coatings, to rusty steel and
to damp surfaces. High-build epoxy aluminium mastics were introduced in
the late 1970s. They are high in solids (over 80% by volume), so thick films
can be obtained with a few coats using brush application. They are formu-
lated to give good wetting properties and to reduce solvent attack on the
old paint coatings to which they are applied. They have good resistance to
solvents and to saponification. Generally they provide protection equal or
better than many of the conventional paints, but are not particularly
decorative.

Temporary protectives are so-called because the coatings can easily be
removed by simple solvents such as white spirit, and this term is not
necessarily an indication of the time of protection afforded by them.
Generally, they fall into a number of clearly defined groups, as classified in
BS 1133, ‘The Packaging Code’, Section 6.

(i) Solvent-deposited type: consisting of film-forming ingredients dis-
solved in solvents to provide low-viscosity liquids. On evaporation
of the solvents a thin, tough, abrasion-resistant film is formed. The
materials are usually applied by dipping or spraying. They are not
particularly suited to batches of items that might stick together but
are used for components of fairly high surface finish.

(ii) A soft-film type similar to (i), but less resistant to abrasion, and
mainly used for the interior protection of assemblies.

(iii) A type rather similar to (i) above but applied by hot-dipping to
produce thicker films, which are more protective.

(iv) Types based on grease, sometimes containing an inhibitor, which
are applied by smearing or brushing, unlike (i)–(iii) which are
applied by dipping.

(v) More expensive strippable coatings are also available; generally,
they are fairly expensive but can easily be removed without sol-
vents.

Mastics are thick coatings used to fill gaps, crevices, overlaps, etc., in a
manner similar to wax and grease paints. They are generally based on syn-
thetic rubbers, synthetic resins and bitumen. Polysulphides are frequently
used, as are butyl rubbers. Most mastics tend to harden to some extent
with ageing and some shrinkage may occur. Consequently their effective-
ness should be checked regularly, e.g. during maintenance, to ensure that
wide gaps are not converted to crevice situations which may be worse from
the corrosion standpoint.
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4.10 Health and safety matters

Most heavy-duty protective paints must be regarded as hazardous and
harmful to humans, dangerous to the environment and even marine pollu-
tants. Solvents used are frequently flammable, have a narcotic effect and
have a de-fatting action to human skin. Epoxies are potentially liable to
cause dermatitis on prolonged contact with unprotected skin and the hard-
eners used in polyurethanes may give rise to pulmonary problems. It is
therefore extremely important for users of paint to have an up-to-date
copy of the paint manufacturers’ Material Safety Data Sheet (M.S.D.S.)
available at point of use. Additionally, in the UK obtaining and making
reference to a current copy of EH 40, available from H.M. Stationery
Office, is both a wise and necessary precaution.

Personal protection and ensuring extremities are well protected is the
responsibility of all concerned. If natural ventilation is suspect, forced ven-
tilation to safe areas should be employed. Consideration must be given to
other trades working in the area, particularly if welding is being carried
out in close proximity to application of flammable paints. If there is any
doubt, advice from the site Safety Officer and paint manufacturer should
be sought. Breathing solvent vapour should be avoided. For short spray
runs, a carbon filter mask – never a simple dust mask – may suffice, but for
longer spraying times, a full face mask with independent air supply passing
through suitable filters is mandatory. The use of lip balm is recommended
to avoid discomfort caused by long-term use of such masks.

It should also be remembered that the operative mechanically mixing
the paint will require protection. Not only is there the probability of parti-
cles of paint of respiratable size being present, but with the operator’s
head being over the mixing drum, solvent inhalation is certain without
taking adequate precautions. Separate considerations apply to all areas
which may be regarded as confined spaces, including low-voltage, non-
incandescent lighting and absolute earthing of spray equipment, with
safety harnesses employed for heights over 2 metres.

Under the Control of Substances Hazardous to Health Regulations, for
every painting job, a risk and safety analysis should be completed. All con-
cerned in the contract, not simply the operatives, must be made aware of
safety precautions and procedures, plus actions to be taken in case of acci-
dent or emergency.
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