
14.4 Paint Failure*

In view of the wide scope of the subject, paint failure can be treated here only
in general terms; detailed accounts will be found in the literature1"6.

Forms of Paint Failure

A frequent defect of paintwork is cracking in all its forms, including check-
ing, crazing and alligatoring, followed by such effects as flaking, scaling and
peeling. These defects expose the underlying metal surface to the environ-
ment so that corrosion is not prevented. It should be observed that checking
and crazing begin in the upper coat and extend gradually down towards the
substrate, the fissures being wider on top and narrower towards the base. If
such signs of breakdown become noticeable after a coating system has had
a reasonable length of life in relation to the given conditions of exposure, it
is not proper to consider them as film defects. Paint films start their gradual
decomposition due to oxidation, erosion, weathering, etc. from the moment
of exposure onwards at a rate dependent on their constituents, the environ-
mental conditions and circumstances of application. With increasing age the
elasticity of the film usually decreases (in the case of an oil-based or modified
paint this results, in the main, from continued oxidation). Expansion and
contraction of the metal base caused by severe temperature changes will
result in the formation of discontinuities in a relatively inelastic paint film
unless the paint has been formulated to withstand these conditions. Exces-
sively high temperatures cause unsuitable paint films to become brittle, crack
and loose adhesion. Loss of adhesion can also be caused by swelling.

Penetration of rust through an otherwise intact paint film is usually a
result of inadequate surface preparation before painting, especially over
weathered and hand-cleaned steel7. However, superficial rust staining may
be traceable to dissolved iron salts, e.g. in bilge water from a ship's deck.

Causes of Paint Failure

A consideration of the most important causes of paint failure must include
the following: inadequate surface preparation, application of the paint

* A glossary of the terms frequently used in this field will be found in Section 14.10.



under unfavourable conditions or by inappropriate methods, use of unsuit-
able paints, adhesion difficulties, the nature of the corrosive environment,
etc8f.

Premature failure can also occur as a result of lack of attention to design.
Facilities should, therefore, be provided for ventilatory drainage of water
(rain, condensation, etc.), and all structures should be designed so as to
permit ready access for repainting. Due consideration by architects and
structural engineers at the design stage can indeed help to obviate certain
of the causes of paint failure mentioned in this section (see also Sections 9.3
and 11.5).

Pretreatment and Paint Failure

The majority of failures of paint applied to metal surfaces are undoubtedly
due to insufficient or unsatisfactory preparation of the metal surface, and
it is essential that residues of dirt, grease, oil, silicone compounds, etc. be
removed from the metal and that all loose paint be removed from surfaces
which have been painted previously. The most common cause of premature
failure is omitting to remove (as far as is practicable) corrosion products, e.g.
rust and millscale, before painting. If a metal has been adequately pre-
treated, it is then desirable to apply the primer immediately at the factory,
if this is possible, in order to ensure that the metal surface remains free from
contamination and corrosion products. This is particularly important after
grit blasting or any mechanical operations where a protective air-formed film
may have been disrupted so that the metal is sensitive to corrosion. The con-
dition of shop-applied primers should be examined before further painting,
e.g. on site, and defective areas made good. Edges, welds and rivets need
special attention. Prepainted structural steel should not be left exposed
unduly long to the weather, particularly under damp conditions or in a
marine or industrial atmosphere, and should be handled carefully.

Priming

The first coat of paint applied to a surface has the major responsibility for
establishing adhesion and for preventing corrosion. Hard-drying primers
applied over loose millscale can result in wholesale stripping of scale and
paint. Traditionally, oil-based red-lead primers were used over weathered
and wire-brushed steel but it is safest to remove all the scale before priming.
Etch primers, incorporating phosphoric acid to etch and clean the surface,
substantially increase adhesion to metals that have not had a chemical pre-
treatment. Pretreatment with organo-functional silanes or incorporation
of these materials in epoxy and polyurethane primers has been shown to
improve adhesion to simply degreased steel and aluminium to levels
approaching those on grit-blasted surfaces11'12. Corrosion-inhibiting pig-

t Photographic standards are in use for the identification of the state of rusting at steel surfaces
and of the quality of preparation before painting9; they distinguish between manual scraping
and blast cleaning. Other photographic standards are used to classify the degree of rusting of
painted steel10.



ments and their effectiveness in preventing underfilm corrosion are discussed
in Section 14.3.

Effects of Climatic Conditions on Paint Films

Paint failure is related to climatic conditions, and the weather prevailing
during application of the paint and during subsequent exposure will deter-
mine the life of the paint system. This applies, of course, particularly to
outdoor work. In unfavourable weather conditions, cracking and blister-
ing can be promoted as a consequence of the expansion of the products of
corrosion, and in the case of iron and steel this can lead to under-rusting.

Low Temperatures and Wet Weather

When severe drops in temperature occur, outdoor work should if possible
be halted, as hail, hoar frost and freezing conditions at the time of painting
or shortly afterwards will greatly reduce the life of any paint film, as well as
being detrimental to its appearance. Temperatures below 70C, particularly
in still, damp conditions during or immediately after application will prolong
the drying time and may leave the film tacky for a long time. During this
period dirt will adhere to the tacky film and rain or condensed moisture will
tend to reduce the gloss by displacement of some of the paint.

Moisture-curing polyurethane paints and bituminous paints, specially
formulated for the purpose, are also suited for application to damp sub-
strates; other polyurethane paints should not even be applied to dry surfaces
if the relative humidity is high.

Suitable paints for use underwater include vinyl resin systems, coal tar
paints over inorganic zinc-rich primers, and some coal-tar epoxy primers
have also proved themselves13. Special paints are available for application
under water, e.g. epoxy modifications with poly amides.

Loss of matter by weathering induces hazing and loss of gloss, which are
followed by chalking, usually a white film due to increased light scatter-
ing by loose pigment particles, but black on tar or bitumen. The chalking
caused by the presence of titanium dioxide (especially anatase) in the top
coat initiates rapid erosion. As the pigments in such defective films become
more exposed to rain and wind and wash away, the films become increasingly
permeable to moisture, with consequent corrosion of the underlying metal
although they have the advantage of looking clean. In special cases (see
below) controlled chalking may be desirable.

Painted metal exposed at coastal areas, ports and docks often suffers most
from such hazards, which may be aggravated by high levels of u.v. radiation
and the erosive action of blowing sand. Such conditions can prevail up to
approximately 3 km inland.

Stripping of top coats soaked by rain or sea-water has occurred with
alkyd-resin-based paint systems, mainly on ships. The risk of such inter-
coat failure is reduced if the time interval between application of coats is
reduced, but is best controlled by modification of the alkyd resin with a pro-
portion of a different material.



Factors which can contribute to unsatisfactory drying, in particular of
paints containing drying oils, include application of too-heavy paint films
(especially during cold weather when viscosities and relative humidities are
higher), overdoses of driers, gaseous pollution, use of unsuitable heavy thin-
ners and residues of tar oil, wax or grease present on metal surfaces. Curing
reactions of paints based on epoxy and polyurethane resins are markedly
temperature dependent becoming extremely slow at temperatures below 50C
unless special hardeners are used; such paints should never be used below the
minimum temperature specified by the supplier.

Tropical Conditions

Tropical conditions in general contribute to faster paint breakdown, owing
to high temperatures, moisture-laden atmosphere, high ultra-violet content
in the solar radiation, or to a combination of some or all of these effects.
Thus in the tropical regions, fading and discoloration, matting, chalking
and cracking, followed by peeling and general embrittlement, can take place
rapidly. Chlorinated rubber paints fail especially in dry tropical environ-
ments, probably due to autocatalysed dehydrochlorination, whilst alkyd
resin paints chalk more rapidly in wet tropical environments than in temper-
ature conditions because of the greater amount of short wavelength u.v.
radiation.

Effect of Industrial Atmospheres

In towns which are not heavily industrialised, the life of a paint film may be
about equal to that in rural areas, but, because of traffic disturbance, dirt
collection from soot and dust will be noticeable earlier. The use of self-
cleaning (chalking) paints can overcome the premature loss of some of the
decorative effect without noticeably reducing protection.

Industrial towns, especially those having heavy or chemical industries,
have an acid atmosphere and the pH of rain water is sometimes as low as 3,
owing to the presence of sulphuric acid. This can cause gradual attack on
certain pigments and extenders, resulting in discoloration (e.g. red lead can
be transformed into white lead sulphate, and atmospheric hydrogen sulphide
results in the blackening of lead pigments) and decomposition of the paint
film, and can lead to premature failure. Aluminium finishing paints applied
over, for example, a red lead primer, are liable to be attacked in industrial
atmospheres, owing to the formation of water-soluble aluminium salts, and
the aluminium colour may disappear quickly. Similarly, top coats of zinc-
rich paints may lose their metallic colour by formation of zinc salts (e.g.
on iron chimney stacks), and contamination in the atmosphere may also
endanger intercoat adhesion.



Effects of Moisture

Hot steam and severe condensation acting on a film surface exert a very
destructive effect, comparable with that of a paint remover; they are par-
ticularly liable to cause swelling. Dry steam, in contrast to condensed steam,
does not cause corrosion14. Less severe attack by water vapour can cause
blistering, which can be of two types: intercoat blisters between paint films,
and blisters through the complete film system. Only the latter leads to cor-
rosion of the underlying material.

Paint films exposed to condensation often fail unexpectedly by very early
blistering between primer and finishing coat, usually associated with soluble
salts trapped under the relatively impermeable finishing coat. Relatively
more permeable latex-based paints are less prone to this failure.

Dampness often accounts for the promotion of mould growth on painted
surfaces, e.g. in breweries, laundries and dairies; fungi develop faster under
tropical conditions. There are special media which are resistant to mould
growth, in particular those which are based on the chlorinated compounds,
such as chlorinated rubber, polyvinyl chloride, its various copolymers and
other halogen-containing polymers. By addition of suitable fungicides and
careful selection of the pigments, traditional hard-drying paints and var-
nishes can also be made to resist mould growth. Infected surfaces and films
should be washed with fungicidal solutions before painting, but unless the
source of infection is removed the trouble is likely to recur.

Factors Which Cause Paint Failure in Industrial
Applications

Anti-oxidising Environments

Where fumes or deposits which act as anti-oxidants are present, no ortho-
dox paint which dries by oxidation can give satisfactory service. Instead,
a coating which dries either by evaporation (e.g. a selected chlorinated
rubber paint), or by a cross-linking reaction (e.g. a catalysed epoxy or two-
component polyurethane paint) must be used.

Oxidising and Acid Environments

Atmospheres polluted by oxidising agents, e.g. ozone, chlorine, peroxide,
etc. whose great destructive power is in direct proportion to the temperature,
are also encountered. Sulphuric acid, formed by sulphur dioxide pollution,
will accelerate the breakdown of paint, particularly oil-based films. Paint
media resistant both to acids, depending on concentration and temperature,
and oxidation include those containing bitumen, acrylic resins, chlorinated
or cyclised rubber, epoxy and polyurethane/coal tar combinations, phenolic
resins and p.v.c.

Acid conditions occur in the vicinity of, for example, coke ovens, gas
works, oil-fired plant, galvanising plant and paper pulp mills, and in these



conditions, cracking is a frequent form of failure; the cracking and peeling
in acid environments is usually much more severe and occurs much earlier
in the life of the paint film than is the case in other environments. Failure
in acid environments results from the specific properties of pigment,
medium, or drier used in the paint, e.g. in sulphuric acid environment zinc
pigments form zinc sulphate, which appears on the paint surface.

Non-oxidising and weak acids, in contrast to oxidising acids, can penetrate
paint films without destroying them; they then react with the metal base to
form salts with resultant stresses which cause cracks. Magnesium-rich alloys
are particularly prone to attack by acids; their salts, having considerable
volume, in severe cases effloresce through the broken paint films.

For resistance to acid conditions alone, traditional filled and unfilled
bituminous solutions (which have economic advantages), chlorinated rubber
and shellac have been used. Crosslinking coatings, e.g. amine-cured epoxy
resins, often blended with coal-tar which develops resistance to oils and
solvents, have obvious advantages on chemical plant.

Alkaline Environments

Oil-base (including oil-modified alkyd resin) paint films should not be used
in alkaline environments as the paint will deteriorate owing to saponifica-
tion; alkali-resistant coatings are provided by some cellulose ethers, e.g.
ethyl cellulose, certain polyurethane, chlorinated rubber, epoxy, p.v.c./
p.v.a. copolymer, or acrylic-resin-based paints. In particular, aluminium
and its alloys should be protected by alkali-resistant coatings owing to the
detrimental effects of alkali on these metals.

Salt Solutions

Corrosive solutions, e.g. salt solutions as present in salterns, refrigeration
plant and sea-water, are particularly active at the water-line (cathodic zone),
where alkali may accumulate and creep up between paint and metal11 and
cause softening and loosening of the paint. This process may also occur
where the metal is completely immersed, particularly below paint films
pigmented with zinc or aluminium15. Caustic soda is formed at the steel
surface (which is made cathodic by the zinc) resulting in the softening of oil-
base paints and consequent loss of adhesion. In sea-water, at the local
cathodes the total concentration of ions will exceed that in the surrounding
sea-water, and water may be drawn in by osmosis, with resultant alkaline
blistering15. This is usually the first sign of electrochemical corrosion;
alkaline peeling and corrosion of the metal become apparent only later.
Good results in the salt-rich Mediterranean have been reported16'17 with
anticorrosive primers containing a proportion of chromium fluoride,
including those for ships' bottoms.



Marine Atmosphere

Iron girders, etc. are frequently supplied to a site in the grit-blasted and
primed condition, but occasionally this work is carried out on site. If the
structures lie about afterwards for some time in a salt-laden environment,
e.g. a marine atmosphere, and are not thoroughly washed with fresh water
and dried before further painting in order to remove all traces of sodium
chloride, the latter will soon play havoc with the steel and anticorrosive film
system. This will occur after erection and possibly even inside buildings
owing to under-rusting accompanied by severe blistering and followed by
flaking with rustbacking. The rust can be in various states. Analogies can be
drawn in connection with the repainting of ships in dry docks. High relative
humidity has an aggravating effect.

Corrosion-promoting Pigments

Some pigments promote corrosion owing to their content of soluble salts,
their reactivity, or their electrochemical action, and thus should be avoided.
Rust of the spotted type can be the consequence of their presence in a paint,
especially the first coat, e.g. of graphite (noble to steel), some red oxides of
iron, gypsum, ochre or lamp black.

Paint containing potentially soluble copper, such as antifouling compo-
sitions, if applied directly to steel, may stimulate corrosion by plating out
of copper anodes. Antifoulings are always separated from the steel by an
effective anticorrosive primer, but interaction between the two must be
avoided by suitable formulation to avoid corrosive and excessive leach-
ing, i.e. making the antifouling ineffective17. Mercury compounds, used as
fungicides or for antifouling can promote rapid attack of aluminium and its
alloys under wet or humid conditions.

Effects of Stoving and Storage Conditions

During stoving in convection-type box ovens, drying can be delayed (as it
can on air drying when the ventilation is insufficient, e.g. in a ship's hold) if
the vents are closed too far, or if the coated articles are too closely packed.
In the latter case there may even be trouble caused by solvent wash, i.e.
redissolution of the uncured film by stagnant solvent vapours, which occurs
mostly on surfaces near the top of the oven. This can lead to the establish-
ment of practically unprotected areas.

Damp conditions contribute to 'gas-checking'* of some synthetic stoving
lacquers, quite apart from the effects of foul oven gases, or the presence of
detrimental solvent vapours, e.g. from a trichlorethylene degreasing plant.

Overstoving, too, can result in embrittling due to overpolymerising or
oxidising, followed by cracking or crazing. Stoving enamels, etc. which are
based mainly on cross-linking epoxy resin combinations, behave for all

* A fine or coarse wrinkling due to irreversible swelling of a surface-dried film.



practical purposes in exactly the contrary manner to this, forming almost
the only exception to the general rule. They are brittle when undercured
and become tougher after complete cure, and even remain so when they
have been somewhat overcured. Certain members of this class of coatings,
therefore, do not perform too satisfactorily on air drying. It has been
observed, for instance, that air-dried amine-cured anticorrosive epoxide
paints over new steel were not able to hold down millscale, which appeared
still adherent at the time of painting, for any practicable length of time in
contrast to the performance of traditional anticorrosive oil paints. Very pre-
mature flaking occurred, the brittle paint flakes being backed with millscale.
Epoxide resin esters, however, perform quite well, apart from a tendency to
chalking.

If infra-red heating or any other radiation curing method is employed,
areas which are shaded from the rays or are outside the area of greatest flux
density, cannot dry as hard as the fully irradiated surfaces, and may form
weak spots susceptible to mechanical damage and consequent corrosion.

After long storage in their packages, certain oxidising, i.e. drying-oil or
drying-oil-modified alkyd-resin-based paints containing certain pigments,
of which iron oxides, iron blues, toluidine red and carbon blacks are the
most important, lose some of their drying properties, probably owing to
inactivation of driers by adsorption on the pigment surface, followed by
slow deactivation of the adsorbed catalysts18. Such paints, often used as
primers, dry and harden satisfactorily when freshly made, but storage may
make them increasingly sensitive to the application of a second coating.
Discoloration due to mixing of the films, drag of the brush, and in severe
cases even lifting, may result.

Lifting may also occur if a paint containing strong solvents (xylol or
solvent naphtha, not to mention such active solvents as esters and ketones)
is applied (not necessarily by brushing) over a paint which is not resistant to
them. The older an oxidising paint film becomes, the more solvent-resistant
it will be. Short-oil media and pigment-rich paints are not so prone to lift-
ing. This type of failure is not restricted to oil-base materials; it can, for
example, also occur with chlorinated rubber paints.

Effects of Application Methods

Excessive thinning of a paint of good quality is often the cause of the appli-
cation of films which are too thin. The temptation for operators to do this
is great as it often increases the ease of application and their bonuses,
especially in the case of paints for brushing. Overthinning is particularly
common when surface coatings based on e.g. medium to short oil-modified
alkyd resins, or coatings which dry by evaporation are being used. It is par-
ticularly difficult to check with highly opaque aluminium paints.

Overthinning is also frequently responsible for running and sagging,
which in turn promotes excessive pigment flotation. If application is by
spraying, this can be countered by the use of thinners which evaporate
quickly. In brushing, however, such thinners would cause dragging of the
brush. If the evaporation rate of thinners is too fast, they may promote



cobwebbing when highly polymerised resins such as the vinyls or chlorinated
rubber are being sprayed. Again, if heavy thinners containing strong solvents
are used in the second coating, lifting trouble may be experienced in addition
to sagging.

Some specially formulated paints can be applied wet on wet by spraying,
without the aforementioned disadvantages.

Some water-thinned industrial paints exhibit anomalous viscosity changes
during drying and therefore need careful control of air flow and humidity to
ensure satisfactory film formation.

If paint is insufficiently stirred before use, over-pigmented paint from the
bottom of the container will, when it comes to be used, act as a short-oil non-
elastic coating of poor binding power, while under-pigmented mixture from
the upper strata will perform more as a longer-oil, more elastic coating, and
will possibly run. Two- or three-pack materials mixed immediately before
use present special hazards. The supplier's recommendations on mixing
ratios and pot life must be followed carefully. Pot life is highly temperature
dependent and may be reduced greatly if materials mixed in bulk are heated
by exothermic reaction. Thinning of material that has partially cured in the
pot results in unsatisfactory films.

If an elastic or insufficiently hard primer or paint has been applied under
a less elastic top coat, or if the first coat (or set of coats) of oil-base paint
has been second-coated before it is completely dry, not only will the paint-
work remain soft for an unduly fong period, but cracking will also follow,
as the upper layer cannot follow the movement. If the last coat is very thick
this fault will frequently manifest itself in the form of alligatoring, i.e. the
formation of cracks which do not penetrate all the films down to the
substrate, and which may be present in the top layer only.

Repainting

For painted structures it is essential that an additional paint coating be
applied as soon as there is evidence of paint breakdown. The Protective
Coating Sub-committee of BISRA4 recommend painting of steel surfaces
when O-2-0 -5% of the surface area shows evidence of rust. Delay in repaint-
ing may be a false economy, as if rusting is extensive it may be necessary to
clean down to bare metal before paint can be applied.

Should an old bituminous paint layer have to be recoated, this should be
done only with another bituminous paint, unless the surface is first insulated
with one of the special primers which are available for the purpose. Bleeding
and premature checking may otherwise occur.

Damage to prefabrication primers or even the whole film system can be
caused on transport or on erection, leaving for example, bare edges. Good
supervision is necessary to ensure that defective areas are conscientiously
touched-up before applying further paint films. It has been recommended to
disregard the coat of prefabrication primer when deciding the number of
coats to be specified7.



Adhesion Difficulties

It is important to realise that various factors contribute to good adhesion of
paint films. These include:

1. Cleanness of the base, i.e. freedom from grease, which improves the
wettability of the metal surface, and the removal of oxides, dust or
loose paint, etc. already described. The closer the surfaces of paint film
and metal, the more secondary valencies originating in the polar consti-
tuents of the medium are brought into play.

2. Mechanical pretreatment of the metal by weathering, sanding, shot-
blasting19, etc. for the removal of corrosion products and loose mill-
scale, and chemical pretreatment by phosphating, pickling, etc. to
create a mechanical, or, in the case of etch primers, a chemical key.
Wet abrasive blasting is particularly effective in removing contaminants
from rough surfaces. Degrees of cleanliness of steel surfaces can be
compared with BS 4232, etc.20

3. Selection of suitable coatings possessing good wetting properties,
which are elastic enough to expand and contract with the metal base
over a reasonably long period and which, as far as priming is con-
cerned, have an affinity with the metal to be painted. It is often not
appreciated that the adhesion properties of a given coating material
may vary according to the type of metal to which it is applied, although
it is suggested that the degree of retention of contaminants is the real
cause21.

So far as iron and steel are concerned, the adhesion problem is simple, and
the oleoresinous coatings which are generally applied to them form a good
bond with them. Mechanical pretreatments are always extremely useful.

Cracking, flaking, scaling or blistering due to under-rusting (the latter
often being accompanied by brown discoloration of the film) is, as has
already been explained, due to mechanical action by the products of cor-
rosion. This may at times pose the problem of whether the paint or the
painting system was responsible for the corrosion, or whether, on the other
hand, it was the corrosion (possibly residual) which was responsible for
the unsatisfactory performance of the paintwork. The better the adhesion
of the paint to the metal, the less damage there will be to the paint film, and
the less premature corrosion will ensue. This is similarly the case with non-
ferrous metals. Rough (especially blasted) steel surfaces which have received
too thin a paint coverage will be indicated by the presence of pinpoint rust
spots in the film surface, wherever the metal peaks have not been sufficiently
protected.

A patchy form of rust that attacks paint films from underneath, can be
caused by sweaty hands, residues from fluxes, etc. Examples of the latter
include residues from phosphating and soluble salts (including those from
unsuitable rinsing water) and they can manifest themselves on steel in the
form of a creeping filiform corrosion, i.e. as progressing threads of rust
which loosen the coating. This can be followed visually through transparent
films. It occurs, however, only when the relative humidity of the surround-



ings is above 82%, and if oxygen diffuses through the film. Diffusion of
carbon dioxide seems, however, to suppress filiform corrosion22'23. A some-
what similar type of corrosion that causes the destruction of paint films as
a result of the presence of salts beneath, is termed filigran corrosion, and
has been observed on painted ships24. Filiform corrosion is considered in
Section 1.6.

Aluminium and magnesium alloys, copper and its alloys, and zinc and
zinc-base discastings, including galvanised iron, to name the most important
groups of non-ferrous metals, can offer serious adhesion problems. These
are aggravated if the surfaces are very smooth, as, for example, on die-
castings or hard rolled sheets. For light metals, p.v.b.-based* etch primers
are ideal; long-oil alkyd-resin-based zinc chromate primers may also be
satisfactory. Etch primers and alkyd-resin-based coatings are very suitable
for zinc and its alloys and alkyd resin-based coatings for copper and its
alloys. If the first coat has been selected for good adhesion, the subsequent
ones may be chosen from a wider range of products to satisfy other
requirements involved in the particular application.

A number of cold-rolled alloys based on aluminium, copper and zinc are
susceptible in varying degrees to recrystallisation on exposure to heat. This
can have a detrimental effect on the adhesion of paint films. While there may,
at first, be no sign of trouble, the defect will become obvious by brittleness
of the film after some storage time has elapsed.

To avoid peeling of oleoresinous top coats from zinc-rich primers, a
sufficient interval should be allowed between coats to permit the zinc-rich
primer to weather first; in sheltered conditions soluble products should be
removed before recoating.

Lacquers drying by evaporation to rather rigid films, e.g. some nitro-
cellulose lacquers, may not be able to follow the movements of metals caused
by changes in temperature, and rapid cracking, followed by flaking of the
paint film, can result. In all such cases the smoother the metal surface, and
the less affinity the coating has for the grease- and oxide-free metal surface,
the more likely breakdown is. The presence of various proportions of minor
constituents in alloys, including those of iron, can have a profound effect on
the behaviour of the main metal in this respect.

Reference has already been made to the detrimental consequences which
bad weather conditions occurring during or shortly after application usually
have on the life and protective value of a film25.

To protect buried metals from premature breakdown it must suffice to say
that protective coatings and other methods must be applied against factors
such as the effects of galvanic currents, composition of the moisture in the
ground26, humus acids, bacteria, etc. (See Section 14.8.)

In conclusion, it should be emphasised that surface coatings which are of
the highest quality, and which where necessary have the special protective
properties required, should always be used.

Good supervision, careful working, and common sense can contribute a
great deal to reduce paint failures and the wasteful work which is necessary
to put a job right.

* p. v. b. is an abbreviation for poly vinyl butyral.



Paint Adhesion and Corrosion

When corrosion develops on painted steel the question is often raised as to
whether corrosion was a result of paint failure or the paint failure was caused
by corrosion. Several studies have shown that adhesion forces are reduced
greatly after water soaking or even at very high humidity27'28 and it has
been argued that film detachment by water usually precedes underfilm cor-
rosion29. Against this view others have claimed that those paints known to
have reduced wet adhesion, e.g. those based on alkyd resins, are not uni-
quely, or even especially, subject to underfilm corrosion30.

Several factors should be considered in this discussion:

1. A continuous intact film of water-resistant paint forms an effective elec-
trical resistance to the flow of a corrosion current (a resistance of over
109 Q cm2 through the film is easily achieved). Underfilm corrosion can
then only occur if a channel of electrolyte connecting anode and
cathode can be established by local adhesion failure between the coating
and the metal substrate.

2. Localised adhesion failure occurs most easily where broken scale or
rust, or deposits of salts, have impeded wetting of the metal substrate
by the film-forming constituents of the paint.

3. After major surface contaminants have been removed, e.g. by wet
abrasive blasting of hot-rolled structural steel, application of a thin coat
of an etch primer greatly reduces the incidence of underfilm corrosion,
presumably by eleminating localised areas of poor adhesion. Phosphate
pretreatments followed by effective rinsing have a similar effect over
cold reduced sheets.

4. Even small traces of certain corrosion stimulants, notably soluble
chlorides and sulphates, can maintain a continuing corrosion process
under a paint film because the salts accelerate the initial dissolution
of ferrous iron (and other metal ions) but are not immobilised in the
hydrated oxide corrosion products. Filiform corrosion is the most spec-
tacular example of this phenomenon, but progressive spread, preceded
by blistering, is also observed from scratches or other breaks in a coat-
ing, for example during salt spray tests.

5. Soluble salts in or under a coating, even if not active corrosion
stimulants, can induce osmotic blistering and thus expose underlying
metal to possible corrosion31. Such salts may be present in a pigment
(even some soluble chromates are suspect), may be formed by reaction
with basic pigments (e.g. barium carbonate), or by reaction of organic
acids from drying oil oxidation with metal oxide substrates (zinc or
magnesium formate are especially likely to be found at interfaces with
the appropriate metals). Residual salts from rinse water have been
shown to cause 'snail trail' blistering and subsequent corrosion under
motor car finishes. Fears have been expressed that soluble flash-rusting
inhibitors used in wet abrasive blasting could have similar effects, but
no problem has been found with the concentrations normally used.

6. Paint stripping by water is most likely to occur from cathodic areas,
the phenomenon of cathodic disbonding sometimes observed on steel
protected by external anodes or impressed current being a particularly



spectacular case. This failure may involve direct attack on the paint
binder by cathodic alkali32, but some workers have claimed that the
attack is more often on the metal/paint interface, possibly having more
in common with alkali degreasing processes33.

Overall there is good evidence for the presumption that the best way to
avoid corrosion under paint films is to prepare the substrate in such a way
as to maximise adhesion and then to apply an insulating film of paint. Pro-
vided that the substrate is free from coarse sharp-edged profile the insulat-
ing coating need be no more than 100/mi, thick; indeed a very thick film
may be more likely to crack or be damaged by external mechanical action.
The value of some chemical pretreatments and self-etching primers has
already been mentioned; the possible advantages of incorporating specific
adhesion promoters in primers have yet to be fully explored.

Long-life Coatings

All organic and some inorganic, coatings are subject to a continuous process
of erosion by chemical breakdown to volatile or water-extractable products.
The processes involve oxidation, depolymerisation and other bond-splitting
reactions. Many of the breakdown reactions are stimulated by u.v. radia-
tion, particularly the high quantum radiation at the short wavelength limit
of the sun's spectrum. Some pigments, notably certain titanium dioxide
pigments, accelerate breakdown under u.v. radiation; others, such as red
iron oxide or metallic aluminium protect by absorbing the radiation, as do
specific u.v. absorbing additives. Typical erosion rates for coatings fully
exposed to full weathering, facing south in temperate areas are 1-2 ̂ m/year
for white alkyd paints as against 5 /mi/year for the earlier oil-based paints.
In tropical areas with more short wavelength u.v., rates may be two or three
times higher.

Modification of alkyd resins with high proportions of silicones con-
siderably reduces rates of attack, but the most spectacular extension of life
is shown by fluorinated polymers such as polyvinylidene fluoride where
erosion rates can be reduced to O-1 pun/year. If this level of durability can
be achieved an initial coating, if firmly adherent and free from any breaks,
may often be expected to maintain protection over a metal substrate for the
likely life of the structure. The considerably increased first cost, as compared
with more conventional coatings, has to be balanced against the probable
saving in maintenance costs or consequences of failure.
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14.5 Paint Finishes for Industrial

Applications

Introduction

Industrial finishing systems are those paint systems that are applied in fac-
tories, not in homes, construction sites or shipyards. In factories it is
possible to obtain considerable control over all stages of the painting pro-
cess. The application process may be selected to give accurate control over
film thickness. The temperature and time of drying may be chosen to obtain
a given throughput of finished articles. Furthermore, a wide range of
polymer types are available to give particular combinations of properties to
the dry films.

Industrial finishing systems are applied to a wide variety of substrates,
the majority of which are metallic, but they are also applied to paper,
wood, wood composites, cement products and plastics. Often a high quality
of decoration is required, as well as protection from a number of hazards,
such as knocks, abrasions, bending or forming and contact with non-
corrosive liquids. Resistance to the weather may be required. Outdoor finish-
ing systems, and many others, are also required to protect metal against
corrosion.

Finishing Systems: Factors Governing the Choice

It may be possible to decorate or even to protect some surfaces with a single
coat or finish, but protection of metal against corrosion always requires a
finishing system. A full finishing system will require some or all of the follow-
ing coatings.

L A metal pretreatment or conversion coating This is a specially formu-
lated mixture of inorganic chemicals which react with the metal to produce
a strongly adherent, corrosion-inhibiting conversion coating, such as a
phosphate or chromate, on the metal surface (see Sections 15.2 and 15.3).
This coating often provides a better surface than the original metal oxide
layer for obtaining good adhesion of the paint layers.



2. A primer On metal, the purposes of a primer are to enhance corrosion
protection and to give excellent adhesion. The primer will contain anti-
corrosive pigments, such as strontium chromate or zinc phosphate, which
will slowly release ions that can repair damage or faults in the underlying
conversion coating.

3. An undercoat This coat is required to provide bulk cheaply and to be
capable of being sanded easily to give a smooth surface for finishing.

4. The finish This coat is required to provide all decorative properties
(colour and gloss) and the main resistance to external damage (e.g. u.v.
degradation).

The selection of each of these coatings (or the decision to omit one or more
of them) is dependent on a number of factors, which will now be considered.

Painting systems are selected by the manufacturers of industrial articles,
advised by their paint and their equipment suppliers, taking into account the
following factors:

— the size and shape of the article;
— the physical and chemical nature of its surface;
— the appearance and protection required from the paint;
— the required output rate.

The selection is made in the light of various constraints, such as:

— existing equipment and space;
— money and space available for new equipment;
— acceptable running costs (including paint, energy and labour);
— the maintenance of safe working conditions;
— conformity with regulations on environmental pollution.

Selection is therefore a compromise. The variety of choices available to the
manufacturer will now be illustrated by considering how these factors can
operate in the selection of finishing systems for metal articles to be protected
from corrosion.

Size and shape can have a dramatic effect. The immense size of a jumbo
jet immediately rules out any possibility of putting the aeroplane in an oven;
the coatings must all dry at ambient temperature. The size and shape also
rule out all automated methods of application. On the other hand, flat sheet
can be processed on an automated painting line using economical methods
of painting, such as roller coating or curtain coating, followed by cure by
stoving of by infra-red or electron beam radiation.

If the surface is smooth, then a high quality appearance may be obtained
with low film thickness and only one or two coats. On the other hand, a
rough casting can only be given a good appearance if the film thickness is
built up with surfacer and sanding is carried out before finishing. It may be
possible to use an automated application technique, like electropainting,
on a casting, but stoving of the paint will be very inefficient with the large
amount of metal acting as a heat sink.

A relatively inert surface like tinplate may not need a pretreatment. Zinc,
on the other hand, may be pretreated to improve adhesion of the paint



coat. Steel invariably needs thorough cleaning and an iron or zinc phosphate
pretreatment for passivation and subsequent optimum corrosion resistance.

Assuming maximum corrosion resistance is required, then an anticor-
rosive primer will be needed, with best protection coming from a crosslinked
epoxy stoving primer. Most other properties are dominated by the finish,
which will be based on a high molecular weight-polymer, either linear or
(more usually) crosslinked. The precise selection of the polymer depends on
the balance of properties required, but will be constrained by the type and
rate of curing necessary.

With infinite space, drying rate does not determine output rate, but usually
space is at a premium and drying must be hastened, if possible, with heat
(or other forms of energy). If heat cannot be used, fast air movement aids
solvent removal, and lacquers based on linear polymers or emulsions dry
fastest. They do not, however, confer more than limited resistance to
solvents.

Increasingly, industrial painters, especially in the USA, are turning to
paints of low solvent content to minimise air pollution. These include
powder coatings, 100% polymerisable coatings, high solids coatings and
water-based materials. These coatings can demand more energy to obtain
good throughput, though radiation-curing finishes are both fast and eco-
nomical with energy.

Methods of Application and Drying

Since these methods are selected by the industrial finisher at an early stage
and can, as discussed above, have a major effect on the polymer options
available to the paint supplier, they will be discussed next.

Application

The range of application methods available is extremely wide. A number
of these are described in Section 14.1 and include: brushing; a wide range
of spraying techniques; techniques involving total immersion, such as dip-
ping, electrodeposition and fluidised beds; methods such as flow coating and
curtain coating, in which paint is made to flow over the article. Additionally,
the techniques of centrifuging and tumbling or barrelling are especially
suitable for very small articles. In the latter method, the articles are tumbled
in a rotating barrel with just enough paint to coat them to the required
thickness. In the former, excess paint is used and the excess removed by cen-
trifugation after coating.

Extrusion coating is ideal for rods, tube and wire. The article is passed
through a paint reservoir and then out via a die, which leaves only the correct
thickness of paint in place. There are further techniques suitable for flat
articles in sheet or web form. Knife coating is ideal for very thin coats,
especially on continuous paper or plastic webs. The knife is either a metal
doctor blade or a curtain of high velocity air (an air knife) directed onto the
surface and it removes surplus material applied previously.



Even more widely used are a variety of roller-coating techniques. In for-
ward roller coating a controlled amount of paint is metered onto the surface
of a rubber or gelatine roller rotating such that, at its point of contact with
the sheet or web, roller and sheet are moving in the same (forward) direction.
Even finer control of thin coatings is obtained if the paint is transferred from
gravure cells onto the application roller.

In the coating of continuous metal coils, reverse roller coating is often
used. In this technique the web is moving counter to the application roller
direction, so that the paint is partly wiped off by the moving coil. Shear leads
to better flowout. Another type of reverse roller coating is used for the
application of stiff paste fillers to chipboard. Application is by forward roller,
but this is immediately followed by a reverse roller, which presses the filler
into the board and doctors it smooth.

Tumbling and centrifuging are batch processes, but all the others can be
included in a continuous line process and, for suitable articles, the process
can be fully automated. If the shape of the articles is unsuitable, some kind
of hand spraying is usually selected.

A matter of considerable importance in the selection of an application
method is its efficiency. Spray techniques are usually inefficient, since many
droplets drift past the target and are lost. Even electrostatic spraying can
waste as much as 35% of the paint. There is some loss of paint in most
methods, but roller coating, curtain coating and electrodeposition are very
efficient. Electrodeposition is also a very useful technique where corrosion
resistance is important, since it applies a uniform coating over nearly all sur-
faces of even the most complex-shaped article.

Drying

Lacquers dry simply by the evaporation of the solvent, leaving behind high
molecular weight linear polymers which provide the properties of the films.
Only air movement is necessary, but heat speeds up the process. For some
emulsion paints the process is similar, though heat may be necessary to
soften the polymer particles, allowing them to integrate to form a film. For
all other types of paint, low molecular weight polymers must be converted
into high molecular weight crosslinked polymers by chemical reaction. Many
of these reactions are extremely slow below certain threshold temperatures;
these temperatures must be exceeded in drying. Other reactions, which pro-
ceed slowly at room temperature, are accelerated considerably by heat.
There is a third group of reactions which depend mainly on the creation of
free radicals, and there are ways of creating these without heat.

In industrial painting throughput rate is critical and drying equipment will
usually be needed. This equipment will control the rate of air movement, to
remove solvents and/or volatile reaction products, and is also likely to
include devices for raising the temperature of the paint film, or creating free
radicals within it.

The simplest and most widely used method of increasing the film tempera-
ture is to pass the coating through a convected hot-air oven. This is relatively
inefficient, but effective with articles varying widely in shape and size. If



the article is flat, speed can be increased by directing jets of very hot air at
high velocity onto the surface.

The next most frequently used technique is to raise the film temperature
by infra-red irradiation. Emitters vary from low-energy long-wavelength
(3.6-8 ̂ m) black emitters (90-50O0C surface temperature), through medium
wave length (2.0-3.6/zm) red-hot emitters (500-1 20O0C) to high-energy
short-wave length (1.0-2.0 /mi) white-hot (1 200-2 20O0C) emitters1. The
radiant energy must be directed to reach all parts of the film; shadowing on
complex shapes can cause difficulties. Infra-red heating is often combined
with convected hot air.

For specific end uses (e.g. exteriors of small containers) flame drying is a
means of very rapidly increasing temperature (0.02-0.04 s). An air curtain
surrounding the flame prevents solvent ignition. An alternative, fast method,
suitable for simply-shaped metal articles, is induction heating of the metal
with conduction to the coating. For removal of water from flat films on non-
conducting substrates, radiofrequency heating can be used.

If the film-former is designed to be polymerised by a free radical mech-
anism, free radicals can be created in the film by decomposing a photo-
initiator within the film using ultra-violet radiation2:
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The free radicals then initiate curing by attacking residual double bonds in
acrylic oligomers and monomers, or in styrene and unsaturated polyester
resins. Since most pigments absorb u.v. radiation and can prevent it reaching
sufficient photoinitiator molecules, this technique is best suited to trans-
parent coatings or thin pigmented layers (e.g. inks).

Alternatively, the same coatings can be cured by electrons from an elec-
tron accelerator without the use of photoinitiators. Electrons from a 150-
600 kV accelerator are energetic enough to create free radicals on impact
with the polymer molecules and curing ensues. Clear and pigmented coatings
can be cured. Electron accelerators are extremely expensive, but are cheap
to run.

Both u.v. radiation and electron beam curing are best suited to flat or
nearly flat objects, because the beams are directional and shielding must be
avoided. Electron beam curing also requires the coating to be in an oxygen-
free gaseous atmosphere. Both techniques cure in a fraction of a second and
are suitable for fast, high-volume production lines.

Materials and Methods for Various Industrial Finishing
Tasks

It is not possible, in a section of this size, to deal adequately with the paint-
ing systems used by all industrial finishers. Instead a selection will be covered,



to illustrate the range of problems, finishing materials and methods of
application and drying encountered.

In the sub-sections that follow, there will be frequent references to
polymers and resins. Where the detailed chemistry is not shown, it will be
found in Section 14.9.

Motor cars: the original finish

The modern motor car is made from steel, zinc or zinc alloy-coated steel and
some plastic parts, all of which require painting. The main component is the
body shell, made from the above metals, and this is coated in a continuous
production process. A full finishing system with all four coatings is usually
applied for maximum protection and a high quality appearance.

First comes the pretreatment stage. After rust removal and alkaline
degreasing, a zinc phosphate formulated pretreatment (see Section 15.2) is
applied by dip or spray-dip. Crystalline iron-rich zinc phosphate forms on
the metal surface at a coating weight of 0.5-4.5 g/m2.

After rinsing and dry-off, the primer is applied. In most modern plants
this means electrodeposition of the primer (Section 14.1). The most widely
used primers are cathodic. The body shell is made the cathode and current
flows between it and inert anodes in the electropaint bath. The paint is for-
mulated so that the resin is basic and, when neutralised with an acid such as
lactic acid, becomes positively charged. The most widely used resins are
epoxy-amine adducts:
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The primer contains fine particles of paint in water, each particle being
pigmented resin and therefore carrying a positive charge. At the cathode,
hydrogen is discharged by electrolysis of water, leaving an excess of
hydroxide ions. This pushes the polymer ionisation equilibrium to the
right:
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The particles therefore lose their charge. Since the charge provides the col-
loidal stability, the colloidal paint destabilises and deposits on the nearest
surface, the car body. Primer coatings 12-35 /nm thick are applied according
to primer type. Each particle also contains a crosslinker for the resin, usually
a blocked isocyanate. After rinsing, the primed article is passed into a hot



air oven at 18O0C for about 20-30 min, during which time the isocyanate
unblocks and reacts with the epoxy.

After a de-nib, spray surfacer is applied to build up the film thickness
before top-coating. The surfacer contains a high level of pigment and
extender (at least 35% by volume) and frequently a saturated polyester
resin with a melamine—or urea—formaldehyde crosslinker. The coating is
applied at thicknesses up to 35 ̂ m and stoved for 20min at 150-1650C.

Sanding is carried out at this stage and, after clean-up, the final colour
or top-coat is applied. There is some variation in the resin chemistry used.
Alkyds crosslinked with melamine-formaldehyde are widely used for non-
metallic pigmentation. Metallics are usually based on acrylics for better
durability. The acrylic may be thermoset with melamine-formaldehyde or a
thermoplastic lacquer (plasticised copolymer of methyl methacrylate). A
thickness of about 50 /xm is applied and stoved for 20 min at 13O0C (lacquers
receive a bake-sand-bake process for a smoother appearance).

Motor cars: repair finishing for refinish)

If a motor car has to be refinished after repair, commonsense suggests that
the original finishing system would be ideal for maintenance of protection
and durability. However, with tyres, upholstery, fabric and plastic trim fitted
and petrol in the tank, the use of such high stoving temperatures is not prac-
tical. The practical upper temperature limit is 8O0C. This means that none
of the original materials is suitable, not even the acrylic lacquer, since this
is designed to be sanded and the scratches 'reflowed' at 1550C.

A range of lacquer and low-bake thermosetting materials is available and,
since many refinishers are small operators with no oven facilities, all of these
materials have to be capable of drying at room temperature.

For a complete panel replacement, the refinisher starts with a panel pre-
primed in the appropriate stoving primer. For spot repairs or larger repairs
without replacement of metal, there will be areas which have to be rubbed
through to clean metal. Any indentations then have to be filled with a stopper
or spray filler, probably based on unsaturated polyester resins and styrene,
with cure initiated by mixing in an organic peroxide. After sanding, remain-
ing bare metal areas are sprayed with a two-pack etch primer.

Etch primers partially fulfil the roles of both pretreatment and primer.
They contain phosphoric acid for surface passivation and are based on
poly vinyl butyral:

This provides excellent adhesion to the metal. The PVB will crosslink in
the presence of the acid with phenolic resin, and epoxy or epoxy ester resin



may also be included. Zinc tetroxychromate anti-corrosive pigment is an
essential part of the pigmentation, since it contributes to a zinc phosphate
conversion layer by reaction with phosphoric acid and additionally provides
chrornate passivation.

After the bare metal is primed, the whole area is built up with primer-
surfacer. After light sanding where necessary, the repair is completed with
topcoat. The materials used in the primer-surfacer are matched to the selec-
tion of topcoat. Topcoat is chosen from four main types.

Two of these types are lacquers, giving quick drying to the dust-free
state at ambient temperature, but at the expense of lower film build.
Nitrocellulose-based lacquers are preferred in some European countries and
acrylic lacquers in North America. Nitrocellulose is plasticised with non-
drying alkyds, polyester and liquid plasticiser. Acrylics are plasticised inter-
nally by use of plasticising monomers with methyl methacrylate and by
solvent plasticiser. Acrylics give better durability and nitrocellulose gives
easier application.

With these lacquers, nitrocellulose-based primer-sur facers are used. As
well as liquid plasticisers, a wide range of materials are used as plasticis-
ing resins: short oil alkyds, maleinised oils, ester gum, rosin and bodied
castor oils. Pigmentation is usually inert. Thermoplastic acrylics are often
preferred under acrylic lacquers; these are based on acrylic resins and
cellulose acetate butyrate.

The other two main finish types are thermosetting enamels. The older
enamels are based on quick drying short oil alkyds which dry by oxida-
tive drying. Alternatively, a second component containing either melamine
formaldehyde or polyisocyanate may be added to give cure with heat. Higher
film thicknesses can be obtained, but drying to the dust-free stage is slower,
polishing properties are poor and the enamel may be sensitive to solvent
attack if recoated. Nitrocellulose or alkyd primer-surfacers are used.

In recent years the two-pack acrylic/polyisocyanate finishes have gained
ground widely, giving a good balance of properties, including excellent
durability. Heat is preferred for drying if available. These finishes are widely
specified by motor manufacturers for repair of damaged cars which are still
under corrosion warranty. Primer-surfacers may also be acrylic/polyiso-
cyanate-based, or alternatively the acrylic resin may be replaced with alkyd
or polyester. Whereas aliphatic polyisocyanates must be used in the topcoats
for good colour and durability, aromatic polyisocyanates can be used in the
primer-surfacer for fast cure and economy.

Coil Metal for Exterior Cladding

This is steel or aluminium sheet made in a continuous ribbon and wound
tightly onto a bobbin to form a coil of metal. On a coil finishing line, the
coil can be fitted at one end, and wound up pretreated, primed and finished
on both sides at the other end. Sheets of painted metal can be cut from the
coil and formed for use as the exterior cladding for, for example, industrial
buildings and caravans.

There are some similarities between coil finishing and original motor car
finishes: both are required to give good exterior durability and both can be



dried at high temperature. There the similarities end. Because coil is a con-
tinuous web, the finishing process can be completely automated and carried
out at high speed with extreme efficiency. Lines run at 30-200 m/min and this
means that stoving temperatures must be very high and times very short
(15-6Os) if ovens are not to be excessively long. Temperatures peak at
180-25O0C just as the coil leaves the oven and the paint is then crash-cooled
by water spray.

The first stage is a cleaning and spray-applied or immersion pretreatment
process. If the metal is hot-dipped galvanised steel, a complex metal oxide
pretreatment may be applied, followed by a passivating chromate rinse, to
improve paint adhesion and inhibit 'white rust'. Afrer drying, primer is
applied by roller coater at a thickness of about 5 pm. Epoxy resin cross-
linked with amino resin is often preferred and chromate pigmentation is
used. Application is followed by stoving, quenching and topcoat applica-
tion at a thickness of 20/mi, again by roller coater. The coil is then passed
through another high-velocity hot-air oven, followed by quenching and cool-
ing, and is then wound up.

For industrialised buildings long life is required and coating systems
are expected to be more durable than those on motor cars, even though
paint thicknesses are lower. For this reason, the lowest durability type
offered is the thermosetting acrylic (7 years). Longer life can be obtained
from polyester resin crosslinked with hexamethoxymethyl melamine (10
years), siliconised polyester with the same crosslinker (12-15 years) or poly-
vinylidene fluoride/acrylic (20 years). Alternatively, cheaper PVC plastisol
can be applied at a thickness of 100-250/mi to give a very damage-resistant
coating with a life of 10-15 years.

The back of the coil is simultaneously roller-coated at each station (if
necessary) with a 10 /mi coat of polyester-melamine backer or a 3-5 /*m coat
of primer and 8-10/mi of backer.

The very high durability of PVF2 comes from the polymer structure:

This material does not absorb u.v. radiation at all and so is not degraded by
sunlight. The structure of polyvinyl chloride is quite similar:

However, this structure does not give the same properties, and the polymer
degrades slowly, eliminating HCl. Plastisols (PVC + plasticiser) lose gloss
rapidly and gradually chalk even in temperate climates, but the high film
thicknesses that lower cost permits lead to long life.



The increased durability obtained by siliconising a polyster resin comes
from reacting a high hydroxyl value polyester with 20-30% of appropriate
silicone resin.

where R = -Q-CH3 or —O-Ph

Agricultural equipment

Tractors, combined harvesters, ploughs, harrows, etc. are large and complex
machines with many parts. Some of these are sheet metal and others are
castings, and all are mainly steel. The assembled product is finished in a
uniform single 'house colour* of the manufacturer, even though the parts
may be painted with different systems in different finishing shops.

Like coil and motor cars, agricultural equipment must have exterior
durability, though the main emphasis is placed on showroom appearance.
However, because of the variety of components and systems, some are air
dried, some force dried and some stoved at temperatures varying from 150C
to 15O0C. Short-medium oil alkyds are used for these coatings, with driers
at ambient temperature or force-dry temperatures (60-8O0C) and with amino
resin crosslinkers at stoving temperatures (120-15O0C). Relatively high
solids can be obtained, leading to the full-bodied glossy appearance required
at lowest possible cost.

Parts are normally degreased, but not pretreated. Primers are applied
to critical areas, but much of the metal receives only topcoat. Primers and
one-coat finishes are applied by dipping, electrodeposition or flow coating.
Waterborne alkyds are increasingly used, for reduced fire hazard and lower
environmental pollution. Water solubility or dispersibility is achieved by
making alkyd molecules with higher concentrations of acid end-groups;
these are neutralised with ammonia or amines to a pH value of about 8. In
such alkaline media, hydrolysis of the polymer's ester linkages can occur
rapidly, and storage life has to be extended by the use of more expensive
hydrolysis-resistant acids and alcohols (e.g. 5 or 6 carbon diols, shielded
hydroxyls, as in neopentyl glycol, and isophthalic rather than o-phthalic
acid3). Some water-miscible solvent is also necessary.

Topcoats over primer are often applied by airless spray. Trends to higher
standards of exterior durability have encouraged the use of methacrylated
alkyds and two-component urethane finishes.

Aircraft

This is the last of the end usages in this section for which exterior durability
is required from the painting system. The substrate here is mainly aluminium



alloy in various forms. The aircraft is constructed from many components
and where possible these will be coated at least as far as primer before the
aircraft is assembled. Protection from corrosion is a major requirement.
Chromic acid anodising and chromate conversion coatings (Section 15.3) are
used at the pretreatment stage and these are followed by two-pack epoxy-
polyamide (or polyamine) primers, which will cure at ambient temperature.
The primers contain leachable chromate pigments for maximum corrosion
protection.

From the topcoat a number of properties are required. First, a high-gloss
quality appearance at least as good as that obtained from motor car finishes.
Next, u.v. resistance, including resistance to the more destructive shorter
wavelengths emitted by the sun which are usually screened out by moisture
in the atmosphere, and resistance to extremes of temperature, varying from
-5O0C in flight to over 7O0C on a tropical airstrip (due to absorption of
energy by the paint film, especially in darker colours). A special require-
ment is resistance to the aggressive phosphate ester hydraulic fluids used in
aircraft.

These requirements are usually met with two-pack paints based on
hydroxyl-rich polyester or acrylic resins in the pigmented pack and aliphatic
polyisocyanates in the activator pack. Cure with this type of finish is rela-
tively fast and complete even at low ambient temperatures. An alternative
finish is an acrylic lacquer, similar to the lacquer used for refinishing motor
cars. These finishes are applied to the assembled aircraft by operators pro-
tected by air-fed hoods and using airless or conventional spray guns. High
durability pigments are included.

Domestic Appliances

The key properties here are hardness and wear resistance, ability to stand
minor knocks and dents without cracking and resistance to various domestic
chemicals. These vary with type of appliance, e.g. detergent solutions are
important for washing machines, while a fridge will be required to with-
stand fruit juices, ketchup and polishes. Good colour and appearance in
white and mainly pastel shades will be expected. Corrosion resistance is
required, especially for washing machines, and domestic appliances fre-
quently have to withstand humid conditions in kitchens.

Good quality steel is used and electrozinc is preferred for washing
machines. Steel is pretreated with iron phosphate for economy; electro-
zinc with a fine crystal zinc phosphate. No primer is normally used: 25-
40jtim of finish is applied direct to metal. The required properties are best
obtained with a thermosetting acrylic or polyester/melamine-formaldehyde
finish. Self-reactive acrylics are usually preferred; these resins contain about
15% TV-butoxymethyl acrylamide (CH2=CH-CO-NH-CH2-O-C4H9)
monomer and cure in a manner similar to butylated melamine-formal-
dehyde resins. Resistance or anti-corrosive properties may be upgraded by
the inclusion of small amounts of epoxy resin. Application is usually by
electrostatic spray application from disc or bell. Shapes are complex enough
to require convected hot-air curing. Schedules of 20min at 150-1750C are



obtainable with the use of /7-toluene sulphonic acid (or blocked PTSA)
catalyst.

A very high quality finish can be obtained with little or no organic emission
if the liquid coatings are replaced by a powder coating. Powder coatings
are paints in powder form, with a particle size range from 10 to 80 ̂ tm. Each
particle contains all the pigments necessary to give the colour, the film-
forming ingredients and the additives. Milling of pigment is done in an
extruder under polymer melt conditions, with all other ingredients present.
Extruded paint is then rolled into sheet, broken up into flakes and then
ground to powder in a pin mill. Classification is necessary to reject ultra-fine
and coarse particles.

For this use, the preferred powders are based on acrylic, epoxy or
polyester and epoxy resins. For best colour, epoxy resins are crosslinked
with anhydrides of dicarboxylic acids in the straight epoxy coatings, or
with saturated polyesters of high acid content in the epoxy-polyester type.
Acrylics contain epoxide rings via, for example, glycidyl methacrylate
(CH2=C(CH3)-CO—O—CH2-CH-CH2), and these groups crosslink

O
by reaction with carboxyls in diacids or other acrylic molecules.

The powder for this use is applied using electrostatic guns and, since
the transfer is not very efficient, unused powder is recovered in a cyclone.
Curing times are around 15min at 170-19O0C.

Yet another option for domestic appliances is to make the appliance from
precoated coil. The appliance has to be designed to minimise the problem of
unprotected cut edges. Electroplated zinc-coated steel, pretreated, primed
and finished with special polyester-melamine, is used. The finish is designed
to be hard at room temperature, yet accept bending and forming, probably,
but not necessarily, at somewhat higher temperatures (ca. 6O0C).

Heating and Ventilating Equipment

Ducted hot air heaters or airconditioners are made largely from sheet metal
and finishing systems are similar to those for domestic appliances. Alkyd-
amino resin finishes will usually give sufficiently good performance, since
resistance to household chemicals is not important in the specification.
However, European panel radiators are made largely from cast metal, though
corrugated sheet metal is often welded to the back, or between panels, to
create a larger, 'extended' surface from which convection can occur.

For these radiators, a finish able to withstand knocks and to accept
repainting by decorative house paints is required. A painting method that
gives good coverage of the complex shapes of extended radiators is also
required. After degreasing and pretreatment with iron phosphate, the finish
is applied by electrodeposition or by dipping in a waterborne coating.
Acrylic or polyester finishes are applied, usually anodically if by electro-
deposition. For even better appearance, the dip layer is a primer and this is
followed by an electrostatically applied liquid polyester-melamine or by a
powder coating.



Cans

Cans are used for packaging in a wide range of industries. The market divides
into three main sectors: beer and beverage, food and general line (covering
a multitude of usages outside food and drink). Cans are made from several
metals, principally aluminium (especially in the USA), tinplate (especially
in Europe) and tin-free steel (steel with a chromium/chromium-oxide coat-
ing). Part or all of the can may be made from flat sheet or coil. The body
is often drawn from metal discs and this may be done before or after paint-
ing. Interior coatings for food and drink have to conform to stringent food
regulations and have excellent resistance to the can's contents. Exterior
coatings are more concerned with appearance, ink acceptance, resistance to
machine handling and to processing. This is a very wide range of require-
ments, so this section concentrates on the interior usages, with their main
requirement for corrosion resistance, and mainly on beer and beverage
containers.

These containers are commonly of a two-piece design: body plus end. The
body is made from aluminium or tinplate by drawing from a disc and then
wall-ironing to stretch and smooth the metal further. The coating is applied
by airless spray into the revolving body and must protect the metal from
attack by contents which are often acidic. However, once the end is sealed
in place, the pack is under carbon dioxide pressure and virtually anaerobic.
Under these conditions it has been found that satisfactory protection is
obtained from 3-4 /zm of a waterborne acrylic-modified epoxy resin clear
coating on aluminium. On tinplate, the wall ironing exposes a high propor-
tion of steel and higher coat weights are needed: 5 /*m for beer and up to
11 ^m for soft drinks. Coatings must be completely continuous and lacquers
are tested for pinholes in an electrical conductivity test. Drying is by con-
vected hot air: 3 min in the oven, with one minute at the peak temperature
around 20O0C.

The epoxy-acrylic resin referred to above is a graft copolymer prepared
by the polymerisation of acrylic monomers in the presence of the epoxy resin
in such a way that grafting of the acrylic onto the epoxy takes place. Water
dispersibility is achieved by neutralising carboxyl groups in the acrylic
polymer chain with ammonia or amine. Amino or phenolic resins are used
as crosslinkers. Alternatively, solvent-borne epoxy-amino or epoxy-phenolic
lacquers can be used.

Two-piece food cans may be made by a draw-redraw process, in which
lacquer is first applied to and cured on sheet. Blanks are then cut from the
sheet and the can is drawn from the blank in two or three stages. The lacquer
deforms with the drawing process and lubricates the draw. It then becomes
the interior protective coating. Although epoxy-phenolic solvent-borne lac-
quers are used, even better drawing properties are obtained from organosols.
These are dispersions of colloidal polyvinyl chloride powder in solutions of
other mixed resins in solvent, e.g. chosen from epoxy, polyester, vinyl and
phenolic.



Wood and Paper

This is the one example in which metal is not the substrate. Corrosion
takes on a new meaning; the coating here is required to protect the sub-
strate from direct attack by 'corrosive' substances, from water to more
powerful household or industrial chemicals, such as grease, alcohols and
bleach. We are concerned with the industrial application of thin protective
layers to paper (e.g. labels), card (e.g. playing cards) and many wooden
articles, including industrially finished doors, window frames and, partic-
ularly, furniture.

Most paper and card finishing operations require only a finish (though, two
coats may be needed), while wood may require a primer for sealing the
porous surface and then fillers and undercoat to level grain and build up
thickness before the topcoat. These operations have the common need to
dry the coating without damaging the sensitive substrate. This may be done
with cool conditions (room temperature to 6O0C), fast air movement and
relatively long times, or by short bursts of heat from high velocity hot air or
infra-red heaters. Alternatively, curing may be brought about by ultraviolet
radiation or electron beams.

Coating materials may be based on short or medium-oil alkyds (e.g.
primers for door and window frames); nitrocellulose or thermoplastic
acrylics (e.g. lacquers for paper or furniture finishes); amino resin-alkyd
coatings, with or without nitrocellulose inclusions, but with a strong acid
catalyst to promote low temperature cure (furniture finishes); two-pack
polyurethanes (furniture, flat boards); unsaturated polyester resins in
styrene with free-radical cure initiated by peroxides (furniture); or unsatu-
rated acrylic oligomers and monomers cured by u.v. radiation or electron
beams (coatings for record sleeves; paperback covers, knock-down furniture
or flush interior doors).

These coatings are applied by spray on more complex shapes, but on flat
sheet or board roller coating is the preferred method, with curtain-coating
used for thicker layers.

Nitrocellulose, of the resins used in these end uses and in car refinishing, is
the nitrate ester of cellulose. The structure is linear and a wide range of (high)
molecular weights is available as well as various degrees of nitration:

A cellulose nitrate
Unsaturated polyesters are similar to the saturated polyesters shown in

Section 14.9, but include maleic anhydride or fumaric acid to introduce
unsaturation:



Maleic anhydride Fumaric acid

Unsaturated acrylic oligomers are made from unsaturated acrylic mono-
mers. For example, an epoxy acrylate may be made by reaction of acrylic
acid with epoxy resin.

Newer Developments

The pressures leading to new developments in industrial painting derive
from the drive for better quality, the need for economy, and the demand for
increased safety in the workplace and in the environment.

Better quality Nowhere is this more evident than in the motor industry,
where warranty times for corrosion protection have steadily lengthened.
There is a target towards which the industry is moving of a '10-5-2', warranty,
i.e. a 10 year guarantee against perforation, a 5 year guarantee against
cosmetic corrosion damage on the outer face of the metal and a 2 year
guarantee against corrosion at edges. To achieve this, more and more of the
car body steel is coated with zinc or with a range of zinc alloys. In Japan,
some of these alloys are delivered to the car manufacturer already coated
with a conversion coating and a 1 ̂ m organic coating, for greater protection
for those parts which cannot at present receive paint. These changes have
created many new difficulties and challenges for pretreatment process sup-
pliers and paint suppliers alike. New multi-metal pretreatments are becom-
ing available, and more versatile electropaints are required.

Economy Economies can be achieved in various ways: lower cost paint,
fewer painting operations, less paint, faster throughput, more automation
and less energy for cure. Pressures continue on paint suppliers on all these
fronts. Attempts are being made to extend the etch primer principle to uses
other than refinishing by developing primers that also have a pretreatment
action. The most widespread pressure is to bring stoving temperatures down,
and decreases of 10-3O0C have proved possible in many end uses. Alter-
natively, much greater throughputs are being required without temperature
reduction to increase line capacities. An interesting process, which eliminates
heat altogether, is the vapour curing process. In this, isocyanate-containing
coatings are cured rapidly by exposure to catalytic amine vapour at ambient
temperature.

Safety No year goes by without some widely used chemical being declared
suspect on toxicity grounds. The paint industry has responded rapidly to
eliminate toxic chemicals from coatings or to show how they can be used
safely in an industrial environment. Examples are the elimination of specific
ether-alcohol solvents and the introduction of air-fed hoods for spraying
isocyanates. Of particular interest in corrosion prevention is the current
pressure to eliminate chromate pigments. Currently there are no equally
effective alternatives and the emphasis has had to be on safe usage. The
search for replacements continues.



Pollution of the environment is increasingly regarded as undesirable
and the trend over the last 15 years to change to less polluting coatings
(water-based, higher solids, 100% polymerisable and powder coatings) will
continue. Where lower solids solvent-borne coatings are still necessary,
after-burners are often installed to burn the solvent fumes and recycle the
energy released. Waste disposal problems with chromate pretreatments are
being minimised by the introduction of 'no-rinse' or 'dried-in-place' pre-
treatments, which are roller coated onto flat metal surfaces, with virtually no
waste.

G. P. A. TURNER
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