
Chapter 3

Surface preparation

The long-term performance of a coating is significantly influenced by its
ability to adhere properly to the material to which it is applied. This is not
simply because the coating might flake away or detach from the surface
but because poor adhesion will allow moisture or corrosion products to
undercut the coating film from areas of damage.

The adhesion of some coating materials, such as hot-dip galvanising, is
due to the formation of a chemical bond with the surface. For example, in
hot-dip galvanising the zinc combines with the steel to form iron/zinc
alloys. This is undoubtedly the most effective adhesive bond. However, for
the most part organic coatings adhere to the surface by polar adhesion
which is helped or reinforced by mechanical adhesion.

Polar adhesion occurs when the resin molecules act like weak magnets
and their north and south poles attract opposite groups on the substrate. A
few organic coatings have no polar attraction at all, for example some for-
mulations of vinyl coatings can be stripped from a steel substrate in sheets
and are therefore used as temporary protectives. But in all cases the
attraction is only effective to a molecular distance from the steel, and films
of dirt, oil, water, etc. can effectively nullify all adhesion.

Mechanical adhesion is assisted by roughening the surface and thereby
increasing the surface area, for example by two or three times when abra-
sive blasting, upon which the coating can bond. Some coatings, for
example the unsaturated polyesters used in glass-fibre laminates, develop
excessive shrinkage on curing and require a high surface profile – the
term used to denote the height from peak to trough of a blast-cleaned
surface. The majority of organic coatings can obtain adequate adhesion on
surface profiles in excess of 25µm. Another important factor of mechani-
cal adhesion is the firmness or stability of the substrate. For example,
unstable substrates would include millscale, rust scales or old paint that
is liable to flake and detach from the substrate, and friable, powdery
layers of dirt, rust, etc. Modern, fast-drying, high-build, high-cohesive-
strength coatings, such as epoxies applied by spray, put considerably
greater stress on the adhesive bond during their drying and curing process
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than do ‘old-fashioned’, brush-applied, slow-drying, highly penetrating
materials such as red lead in oil primers.

Because of the cost and difficulty of carrying out surface preparation to
the required high standards, in recent years there has been a move
towards the use of so-called ‘surface-tolerant’ coatings. These perform in
two ways, firstly by containing hydrophilic solvents or surface-active
agents which combine with the moisture on a surface and disperse it
through the paint film. These can be effective providing that the amount of
moisture present does not exceed the available solvent or agent or that
they are not trapped in the film by premature overcoating or skin curing.
The second method is to use two-pack epoxies, often formulated with
aluminium pigmentation, to give good ‘wetting’ and penetration. These
materials often cure more slowly than other primers, in order to facilitate
penetration and to provide a dry film, free from internal stresses.

In general, all paint systems, including the ‘old-fashioned’ systems, will
give improved performance on surfaces prepared to a high standard of
cleanliness. The use of ‘surface-tolerant’ coatings should be the unavoid-
able exception rather than the rule.

3.1 Steel surface contaminants and conditions

The effects of steel surface contaminants and conditions on coating perfor-
mance are described below. Methods of detection or measurement are
described in Chapter 9.

3.1.1 Oil and grease

Residues of oil, grease, cutting oils, silicones, etc. left on a steel surface, for
example after fabricating operations, will weaken the adhesive bond of
subsequent coatings (see Figure 3.1). Such residues must be removed
before any further surface preparation operation, such as mechanical
cleaning or blast-cleaning, since these are likely to spread the contamina-
tion over a wider area. Where abrasive is re-used, as in centrifugal blast-
cleaning, this can also spread the contamination onto erstwhile clean
surfaces.

3.1.2 Millscale

Steel sections and plates are produced by rolling the steel at temperatures
in the region of 1200°C. The temperature at the rolling is likely to be well
over 1000°C, so the steel reacts with oxygen in the air to form oxide scales.
In general terms, the reaction can be expressed as follows:

xFe � ��yO2 →FexOy
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In practice, the scale is composed of a number of layers, the thickness and
composition of which will be determined by factors such as the type and
size of the steel, the temperature of rolling and the cooling rate. At the
temperatures generally used for rolling, three layers are present. The pro-
portion of each layer will vary, but the general proportions are as follows:1,2
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Figure 3.1 Flaking of paint from surface contaminated with grease.
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FeO (wüstite) 40–95%
Fe3O4 (magnetite) 5–60%
Fe2O3 (haematite) 0–10%

FeO (wüstite) is unstable below 575°C, so scales produced at temperatures
lower than this do not contain this layer. Alloy steels form a scale with
somewhat different properties, although basically of iron oxides; often
they are thinner and more adherent than those formed on unalloyed steel.
In practice, the composition and formation of millscale is not of particular
importance other than in determining its ease of removal or its effect on
coatings if allowed to remain on the steel to be painted. The latter point is
particularly important and will be considered below.

Millscale is a reasonably inert material and in principle, if it adheres well
to the steel surface, might prove to be a highly protective coating. How-
ever, it is brittle and, during handling of steelwork, parts of the scale tend
to flake off comparatively easily. Experiments have been carried out in the
rolling mill in an endeavour to produce scales with improved properties, so
as to provide a sound base for paint coatings. However, little success has
been achieved in this area of research.

The presence of millscale on steel has two important effects on coating
performance.

(i) Although millscale is an oxide, when it is in contact with steel a gal-
vanic cell is set up (see Chapter 2). The millscale is cathodic to the steel
and a potential difference of as much as 0.4 V may be set up in seawater.
Consequently, at breaks in the millscale quite deep pitting of the steel may
occur, particularly under immersed conditions and particularly when the
area of the cathode (the millscale) is large relative to the area of the anode
(the bare steel). Even if the scaled steel is painted, some moisture will
reach the steel surface because all paint films are to some extent perme-
able. Furthermore, coatings can become damaged, thus allowing moisture
to remain in contact with the scale. This galvanic effect can be serious
under immersed conditions but it is not the only problem caused by the
presence of millscale, as discussed below.

(ii) During handling, scale on the steel surface is inevitably damaged
and if exposed to a corrosive environment, e.g. that of a stockyard, then
the steel will corrode. The general course of corrosion follows a pattern:

(a) The steel section will be carrying some intact millscale and some areas
of bare steel where the scale has cracked or flaked off.

(b) Although the millscale will not rust, the steel will react with the atmo-
sphere and the rusting will tend to undermine the scale, leading to
blistering or flaking. The amount of flaking will depend upon the
environment of exposure and the time the steel is left to rust. In tests
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carried out in Sheffield in the UK, on ��-in (9.5mm) plates, 66% of the
scale was removed in 2 months but only an additional 10% was
removed over the next 8 months.

(c) If the steel is cleaned manually, e.g. by scrapers and wire-brushes,
loose scale and rust will be removed but intact scale is merely bur-
nished.

(d) If the steel is then painted, the performance will depend on a number
of factors, in particular the chemical and physical state of the surface,
the environment of exposure and the paint systems used.

Where the scale has been virtually all removed, then the surface will be
covered with rust and the effects will be as discussed below (Section
3.1.3.1).

On the other hand, if the scale is practically intact with little or no
rusting, then the paint performance may be reasonably good. This situ-
ation rarely occurs in practice, but in tests carried out in Sheffield on three
groups of specimens coated with similar paint systems, the results shown in
Table 3.1 were obtained.

However, the most common situation with scaled steel is where it has
been weathered and some intact scale remains with some rust. This covers
a range of conditions and possible effects. Generally, there is a consider-
able reduction in the life of the system but a potentially disastrous situ-
ation can arise. After normal cleaning, with removal of loose scale, a
considerable percentage of apparently intact scale may be left on the
surface. However, this scale may have been undermined to a great extent
by rust and, after painting, the scale carrying the paint may flake off within
a few weeks. In tests carried out in a coastal atmosphere on steel speci-
mens weathered for a period of 3 months, leaving some apparently intact
millscale, wire-brushed and then painted, virtually all the paint flaked off
within a few months. On similar specimens where all the scale had been
removed by weathering, the paint coating lost adhesion due to rust after
about 2 years.3

Clearly, painting over steel carrying millscale is likely to cause problems
and it is generally accepted that visible and identifiable scale should be
removed. Before blast-cleaning facilities were as readily available as they
are today, this was carried out by leaving steel sections exposed to the
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Table 3.1 Life of paint system on different steel surfaces4

Condition Average life of paint system (years)

As rolled – intact millscale 8.5
Weathered – rust and scale 2.6
De-scaled – no rust or scale 10.0
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atmosphere so that all the scale eventually flakes off. However, this is
achieved only by allowing the scale to be undermined by rusting, so
leaving a layer of rust on the steel and some pitting. This is not a sound
substrate on which to apply coatings, as discussed below.

3.1.3 Surface cleanliness

3.1.3.1 Rust

Rust is the corrosion product formed when steel reacts with oxygen and
water. This has been discussed in Chapter 2. The corrosion reaction is
generally denoted as follows:

4Fe �2H2O�3O2 � 2Fe2O3. H2O
(rust)

Although rust is primarily hydrated ferric oxide, it also contains other
compounds. Rusts have a wide range of composition, depending on the
conditions under which they are formed. Typical compositions cannot,
therefore, be given but analyses of a range of rusts have indicated that air-
formed rusts generally contain about 5% of compounds other than
Fe2O3.H2O. These derive in part from the steel, which contains elements
other than iron, e.g. copper, silicon and manganese, and in part from
atmospheric contaminants and pollutants, mainly sulphates and chlorides,
although other pollutants such as ammonium salts are also generally
present in rust.

3.1.3.2 Water-soluble contaminants

The main constituents of rust, i.e. iron oxides, are not themselves the main
problem in determining the performance of paint applied over rust. In
fact, iron oxides are commonly used as pigments in paints. The con-
stituents formed by reactions between steel and pollutants such as sulphur
dioxide, sometimes called ‘iron salts’ or ‘corrosion salts’, cause most
problems.

Sulphur dioxide in the air reacts with moisture to form acids. Consider-
able publicity is frequently given to what has been described as ‘acid rain’
arising from such reactions. Weak sulphuric acid solutions react with the
steel to form ferrous sulphate, the presence of which can be readily
detected in rust. These salts tend to form in shallow pits at the steel
surface and the corrosion process is such that the sulphates tend to move
inwards to the anodic areas, which are likely to be in crevices, the bottom
of pits, etc. The salts are also not ‘rust’ coloured, being white or light
coloured. They are very difficult, if not impossible, to remove with tools

Surface preparation 25

© 2002 D. A. Bayliss and D. H. Deacon



such as scrapers and wire brushes and are often difficult to remove even
with blast-cleaning. The presence of salts such as ferrous sulphate leads to
rather complex reactions involving the regeneration of the sulphuric acid
from which they were formed. This in turn causes further corrosion and
the production of more rust (see Figure 3.2). As rust has a considerably
greater volume than the steel from which it is produced, this leads to dis-
ruption of the paint film applied over it by cracking, blistering and eventu-
ally flaking (Figure 3.3).
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Figure 3.3 Blistering of paint resulting from the presence of soluble iron salts under the
coating.

Figure 3.2 The cyclic process of rusting.
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Ferrous sulphate is the salt most commonly found in rusts formed in
industrial-type atmospheres. Near the coast, chlorides are likely to be a
greater problem. The reactions arising from the two types of salt, sulphate
and chloride, are not necessarily the same. Chlorides are hygroscopic, i.e.
they absorb moisture. It has been shown in laboratory tests5 that whereas
rusting may occur at relative humidities below 70% with sulphates, the
presence of chlorides in rust can result in corrosion of the steel at relative
humidities as low as 40%. Chlorides may, therefore, be a greater imme-
diate problem than sulphates, but all salts present under a paint film will
lead to a reduction in the coating’s life. ISO and BS Standards call these
ferrous salts ‘soluble iron corrosion products’. In American literature
they have been called ‘non-visible contamination’ which is particularly
appropriate.

The rusting of steel is complex and in many ways unpredictable. An
investigation of the process was carried out by the former British Iron and
Steel Research Association (BISRA) and some of the results have been
published.6 These show that the amount of rust formed on a steel surface
is not necessarily related to the length of time the steel has been exposed
and, perhaps even more important, the amount of sulphate in the rust also
does not relate to the length of exposure. In rusts sampled in January,
about 8 g/m2 of sulphate were measured in rusts formed over a period of 2
months, i.e. from steel exposed initially in November of the previous year.
This rose to a figure of about 12 g/m2 for rusts formed over a period of a
year. However, for rusts sampled in the summer months much lower sul-
phate contents were obtained. In July, rusts formed over a period of a year
contained about 6g/m2, and over 2 months contained 2.5g/m2. It follows,
therefore, that irrespective of the period of rust formation, the amount of
sulphate is higher in winter. Consequently, painting over rusted steel is a
somewhat haphazard operation because, without carrying out chemical
tests on the rust, it is virtually impossible to know the extent of iron salt
formation. Painting in the summer at inland sites in the UK is likely to
provide better performance from the paint coating than in winter.

Similarly, chloride contamination in coastal areas can depend upon pre-
vailing wind direction and even the steepness or shallowness of the coast-
line. Against this must be set the fact that the chloride has a higher
solubility than the sulphate and therefore more is washed from the surface
by rainfall. For both contaminants, the situation where rusted surfaces are
subject to atmospheric pollution and are not washed by rain is the most
aggressive.

The reduction in durability of coatings due to soluble iron corrosion
products trapped beneath coatings is most obvious for surfaces exposed to
severe marine environments or frequent condensation, and also for the
linings of storage tanks containing aqueous liquids. This effect is less
obvious on coatings subject to normal weathering but this can also depend
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upon the type of coating. Some coatings are thick and have a high cohesive
strength and others are thick and are very flexible; in both these cases sub-
strate corrosion can be masked until it has reached an advanced state. For
conventional paint systems, such as alkyds, the effect can generally be seen
within a few years by the appearance of corrosion blisters in the paint-
work. The corrosion blisters form from the underlying corrosion pits.

The fact that the presence of ferrous salts in pits, even after blast-
cleaning to a high visual standard, can seriously affect coating durability
has been known since the work of Chandler in 1966.7 It is still not possible
to quantify permissible levels of soluble salts for different coatings in dif-
ferent environments.

Most of the reliable information on the effects of water-soluble salts on
performance of coatings is from the marine industry and relates to coat-
ings subjected to immersion. Here the soluble contaminants are largely
chlorides from seawater and therefore the detection methods used for
monitoring are either specifically for chlorides or, more commonly, by
measuring conductivity. The higher the quantity of dissolved salts in water,
the lower the resistance. Typically levels of 5 µg/cm2 of chloride or less are
considered acceptable maximum levels by Jeffrey.8

Information on acceptable levels of soluble salts is scarce for less
demanding environments. It would be advisable to assume that, for any
paint system where the longest durability is required, the initial state of
the steel is Rust Grade D9 or worse, and the coating is subjected to some
degree of wetness, that a maximum level of 15mg/m2 of soluble iron corro-
sion products as measured by ISO/TR 8502-1 would be desirable.

However, a requirement for excessively low limits for non-aggressive
environments could be very costly and probably not justified. A Working
Party of the ISO Committee dealing with surface preparation of steel sub-
strates is charged with providing guidance levels, but the general opinion is
that it may be some time before this is possible.

There is also now ample evidence from the Highways Agency10

experience that conventional oleo-resinous paint systems, normally with a
life expectancy of 5–7 years, have lasted at least 2 or 3 times longer. One
of the essential ingredients for such success is the monitoring of blast-
cleaned surfaces to ensure they are free from contamination.

All of the current methods of determining soluble contaminants are dis-
cussed in Chapter 9, but as a guide it can be assumed that the deeper the
corrosion pitting before surface preparation, the greater the problem. This
is another sound economic reason why no area, however small, of a
painted structure should be allowed to deteriorate into severe corrosion
before maintenance is carried out.
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3.1.3.3 Non-water-soluble contaminants

In the oil industry the handling of sour crudes is a major source of hydro-
gen sulphide. Sulphides also occur in certain process plants such as sewage
treatment and metal refining. Although iron sulphide is insoluble, it is
cathodic to steel and therefore will initiate corrosion.

Contamination of surfaces by fatty acids can occur in several types of
process plants, for example those dealing with food, paper and grain. Fatty
acids can react with a steel surface to form insoluble soaps which are diffi-
cult to remove completely but if overcoated can cause loss of adhesion.

Silicones are used in many industrial applications. Silicones possess a
special affinity for steel and are difficult to remove. Left on the surface
they can readily cause severe loss of adhesion of subsequent coatings.

Oils, greases and waxes are frequently used as temporary protective
films on steel surfaces. Wax is also a constituent of many crude oils and
may be left on the surface after the oil has been removed. Generally, all
oils, greases or waxes must be removed before further coating and this is
sometimes difficult to accomplish because of the tenacity with which such
substances cling to steel surfaces. Even slight traces of wax, not visible to
the eye, can cause overall loss of adhesion.

3.1.4 Roughness

The degree of roughness of a surface to be coated is important since too
smooth a surface will impair adhesion and too rough a surface can leave
prominent areas of the steel inadequately coated.

When steel is blast-cleaned the surface is inevitably roughened and this
characteristic has been described as the ‘anchor pattern’, ‘surface rough-
ness’ and ‘surface profile’. The latter term is the one now used in Inter-
national and British Standards. Over past years the term ‘anchor pattern’
has been officially discouraged because it was felt that it led to operators
trying to obtain as rough a surface as possible. The disadvantages of very
rough surfaces are that they use more paint and there is always the likeli-
hood with these films that peaks of the metal profile are not being ade-
quately protected. However, there is some evidence that the ‘anchor’
formed when a paint film penetrates into the three-dimensional irregulari-
ties that form a blast-cleaned surface is very beneficial for the adhesion of
modern high-build systems. It is necessary to be able to specify the surface
profile because some coatings, for example very high-build paint coatings
and metal coatings, need a surface with a high profile, and therefore a
large surface area per unit area, in order to ensure that the adhesive bond
is greater than the cohesive bond. Indiscriminate use of large abrasives,
however, particularly for relatively thin coats of priming paint, means that
the peaks of the blast-cleaned surface are not adequately covered and rust
spot if not quickly overcoated.
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Methods for the determination of surface profile are described in
Chapter 9.

3.1.5 Surface defects and welds

Defects on the surface of hot-rolled steel, such as laminations and shelling,
can often remain undetected until the surface has been cleaned, particu-
larly by blast-cleaning. Apart from the need to check the extent and depth
of the defects to ensure they do not impair the strength of the steel, such
sharp slivers of steel and the accompanying crevices cannot be coated
satisfactorily. Generally the most effective method of removal is by
mechanical grinding or discing. Some authorities specify the reduction in
thickness which is allowable before the item is rejected. Any area that has
been ground smooth may be too smooth for the adhesion of high-
performance coatings and may require to be roughened, for example, by
abrasive blasting. Careless grinding can also leave a sharp edge which is
more difficult to coat adequately than the original defect.

Any burrs around cut or drilled edges, for example around bolt holes,
should be removed before coating.

Weld areas require particular attention during surface preparation. Fre-
quently in service the paint coating on a weld area will fail while the
remainder of the paintwork is still in excellent condition. Much of this
breakdown must be attributed to the roughness of the weld protruding
into the paint film thickness but contamination left by the weld process
also plays its part.

Manual metal arc welding tends to leave particularly rough surfaces
depending upon the difficulty of the operation and the skill of the
welder. Some of the coated electrodes give acidic weld flux (slag) deposits,
but mainly the contamination is alkaline. This latter contamination can
cause relatively rapid failure of alkyd or oleo-resinous paints. Undercut
edges of welds need to be ground flush where necessary but deep-seated
undercutting or other similar serious defects require grinding out and re-
welding.

Coatings will not penetrate properly into any surface blowholes on
welds. Coated over, there will be entrapped air which can then cause pin-
holes in the coating. Such blowholes should be filled either by welding or
with a filler such as a solventless epoxy.

Gas welding or cutting with an oxyacetylene, or other type of flame,
leaves an oxide film or thick scale on the weld or near the cut edge and this
should be removed before painting.

TIG and MIG welding with effective gas shielding give only a very thin
adherent layer of oxide and, depending upon the coating to be used and
the service required, may not need to be removed.

Fully automatic submerged arc welding should produce a weld with a
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smooth dome-shaped weld surface which is normally satisfactory for paint-
ing with the minimum amount of weld dressing.

Weld spatter is a problem because it is seldom removed by abrasive
blast-cleaning. Weld spatter is not only large in relation to most paint film
thickness but like weld slag is generally cathodic to steel and therefore a
source of initial corrosion under wet conditions. Anti-spatter coatings,
which can cover a wide range of types, can cause loss of adhesion of sub-
sequent coats and should be removed. Certain inorganic zinc pre-
fabrication primers prevent weld spatter and may not, necessarily, need to
be removed.

Non-continuous welds, i.e. skip or spot welding, may be used where con-
tinuous welding is not required for strength purposes. Such welding is
impossible to protect from corrosion and should not be used in aggressive
environments.

With all welding it is important to remember that, while the require-
ments of welding may be met satisfactorily, the surface produced may be
unsuitable for long-term durability of corrosion-protective coatings.

Regarding surface preparation of weld areas, ideally all welds should be
first dressed as described above, all loose slag and all weld spatter
removed by chipping and then the weld should be abrasive blast-cleaned.
For manual welds, even after suitable dressing, it is still advisable to apply
an extra coat of primer to the weld area, i.e. stripe coating.

3.2 Surface preparation methods

3.2.1 Degreasing

The four main methods of degreasing steel surfaces prior to painting are
liquid solvent cleaning, solvent vapour cleaning, alkaline cleaning and
detergents. In all cases it is advisable to remove excessive deposits of oil
and grease by scraping before any other operation.

3.2.1.1 Liquid solvent cleaning

Liquid solvent cleaning is used for degreasing on site, using such solvents
as white spirit or solvent naphtha. Petrol must not be used because of the
fire and explosion hazard.

At works the cleaning may be carried out by immersion or spraying
the solvent over the surface. On site it is normally by scrubbing with
rags. Too frequently the technique is to saturate a rag with solvent, wipe
the contaminated area and its surrounds and allow the solvent to evapo-
rate. This procedure does little more than spread the contamination in
a thinner layer over a wider area. The following procedure should be
followed:
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1 Wipe or scrub the surface with rags or brushes wetted with solvent.
2 Wipe the surface with a clean, lint-free rag.
3 Repeat steps (1) and (2) until all visible traces of contaminant are

removed.
4 Carry out final wiping with a clean rag and clean solvent.
5 If considered advisable, test surface to ensure it is oil free.

This method is becoming less used these days because of the increasing
number of regulations restricting the use of organic solvents.

Some proprietary solvent cleaners contain emulsifying agents and this
has the advantage that instead of wiping with rags the work can be hosed
off with clean water. Extreme care must be taken if solvent cleaning is to
be considered viable either in works or at site.

3.2.1.2 Solvent vapour cleaning

This is a procedure for works use only. The items to be degreased are sus-
pended in a specially designed vapour degreasing plant which has an
atmosphere of solvent vapour in equilibrium with boiling solvent in a
heating tank. When condensation of solvent virtually ceases on the steel
surface the work is removed. If a non-greasy residue remains after pro-
cessing it may be removed by wiping with a clean, lint-free cloth. If greasy
residues remain the process should be repeated.

Initially, trichloroethylene was almost universally used for this type of
plant: nowadays there are a wide range of halogenated solvents with dif-
ferent degrees of efficiency, toxicity and potential damage to the ozone
layer.

3.2.1.3 Alkaline cleaning

Alkaline cleaners for steel are mainly based on sodium hydroxide as
20–60% by mass of the active constituents, which also generally include
sodium carbonate, sodium tripolyphosphate and surface-active agents.
They are specially formulated to avoid any appreciable attack on the steel
and are generally used at elevated temperatures, i.e. 80–100°C. Before the
application of coatings, any cleaned surfaces should be washed with clean
water, or steam, until free of alkalinity.

3.2.1.4 Detergents

There are a number of proprietary cleaners, with a wide range of formu-
lae, mainly based on detergents and emulsifiers. They work by wetting the
surface and emulsifying the oil and greases so that they can be washed
from the surface. The method is generally very effective and relatively free
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from toxic hazard. Its disadvantage, in some circumstances, is the need to
use water washing.

3.2.2 Hand- and power-tool cleaning

Basically any hand-held tool falls into this category; included are scrapers,
wire brushes, chipping hammers, needle guns and abraders. Some of these
can be used manually or as power tools. Generally speaking, power tools
give an improved degree of cleanliness, and certainly a higher rate of
working, than hand-operated tools. However, care must be taken with
power tools to ensure that the steel surface is not damaged, producing
sharp ridges or gouges, for example.

Most hand- or power-tool cleaning methods cannot give a standard or
visual cleanliness comparable with abrasive blast-cleaning and in particu-
lar such methods are generally incapable of removing rust and soluble iron
corrosion products from pits.

Hand cleaning is ineffectual in removing intact millscale from as-rolled
steel, i.e. unweathered steel from the mill. The practice of weathering as-
rolled steel to make it easier to remove the millscale is undesirable since it
encourages pitting corrosion, which is even more difficult to clean ade-
quately. Hand-tool cleaning in particular requires the subsequent use of
primers with good surface wetting ability. Hand- or power-tool methods of
cleaning may be suitable for steel that is to be fully encased, for example
in concrete, or for use in dry, warm interiors of buildings.

For steel that is to be exposed in other than the mildest of environ-
ments, abrasive blast-cleaning should be the first choice of surface prepa-
ration method. However, abrasive blasting has its limitations. These
include the generation of dust and abrasive particles that can damage
motors, pumps and other machinery that may be in the vicinity. Further-
more, there is generally a large quantity of spent abrasive to be removed.
Abrasive blast-cleaning also has more safety hazards than hand- or power-
tool cleaning. For these reasons power-tool cleaning sometimes has to be
used for important structures such as off-shore oil platforms.

Power tools can be divided into two main categories: impact and
abrading. An old-fashioned but still used impact tool is the needle gun.
A typical model consists of a bundle of 65 2-mm diameter flat-ended,
hardened steel needles held in individual slots in a tube suitable for
holding in the hand. These tools require approximately 130kg/m3 of com-
pressed air per minute at 0.6N/mm2 pressure. The needles are propelled
and retracted by a spring-loaded piston about 2400 times per minute. The
advantages of the method include the facts that (i) there is no loose abra-
sive; (ii) it produces a surface profile; and (iii) it has some ability to pene-
trate awkward corners, shapes, pits, etc. Its disadvantages include the facts
that (i) blunt needles tend to impact contamination into the surfaces;
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(ii) the method generates a considerable amount of noise; and (iii) it is
tiring to use.

Modern pneumatic abrading tools are available that use tungsten
carbide discs mounted on a flap assembly or a rotating nylon web impreg-
nated with silicon carbide abrasive. A further refinement is to incorporate
a vacuum shroud to capture as much debris and dust as possible (see
Figure 3.4).

The abrading tools are suitable for use on previously rusted surfaces
where the corrosion has produced a roughened surface. For smooth sur-
faces such tools may not produce a satisfactory surface profile. In all cases
care must be taken not to produce a burnished or polished surface of the
rust.

NACE International of America claim that visual standards of cleanli-
ness equal to Sa2 of ISO 8501-1: 1988 can be achieved when using either
impact or abrading tools that incorporate the new abrasive materials, but
not if the rusted surface is deeply pitted.
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Figure 3.4 Vacuum shrouded coatings removal, mechanical cleaning system.

Source: Trelawny Surface Prepapation Systems.
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3.2.3 Abrasive blast-cleaning

This method of surface preparation is essentially one of mechanical removal
of scale and rust by continuous impact of abrasive particles onto the surface.
There are two methods of achieving this: (i) by using equipment to carry the
abrasive in a stream of compressed air through suitable hoses and nozzles,
and (ii) by using impellers to throw the abrasive onto the surface by cen-
trifugal force. The latter method requires comparatively large static equip-
ment and is used mainly in works. The compressed air method is also used
in works but is essentially portable and so can be utilised on site.

The effectiveness of the method depends upon the energy produced at
the steel surface; this is related to the mass of abrasive particles and their
velocity, i.e.

�
M

2

V 2

�

where M is the mass of the particle and V is its velocity.
Because, for a particular machine, velocity is effectively constant, the

impact energy is determined by the mass of the abrasive, i.e. its volume
and density. However, although the energy of impact is critical, other
factors also influence the effectiveness and type of surface finish obtained
with blast-cleaning. Both the shape and type of abrasive are important,
and these are discussed in Section 3.2.3.5. The superficial area cleaned, i.e.
the coverage by the abrasives, also determines the overall effectiveness of
the operation.

There are no standard names for these methods but the one using com-
pressed air is generally called either air blast or open nozzle blast (Figure
3.5), and the method using blast wheels is called centrifugal or airless blast.

3.2.3.1 Air blast-cleaning

The sizes of blast-cleaning machines vary, but essentially the equipment
consists of the following parts:

(i) a pressure tank or ‘pot’ which contains the abrasive and the neces-
sary valves, screens, etc., for correct operation;

(ii) air hoses;
(iii) hoses for carrying the abrasive onto the steel surface through a

nozzle;
(iv) moisture and oil separators;
(v) control valves;

(vi) a compressor of suitable size.

All the equipment must be capable of withstanding the pressures involved,
i.e. a pressure at the blast nozzle of 620–689kPa (90–100psi) which will be

Surface preparation 35

© 2002 D. A. Bayliss and D. H. Deacon



correspondingly greater at the compressor. Operators carrying out the
blast-cleaning operation must be suitably clothed and use a proper helmet
into which air is fed. The air supply to the blast-cleaning machine provides
the pressure necessary to carry the abrasive onto the steel surface.

The efficiency of the blast-cleaning operation is governed largely by the
pressure at the blast nozzle. Increase in the pressure at the nozzle results
in a greater force per unit area that can be applied to the surface to be
cleaned. The pressure also governs the size of the surface area that can be
covered. Ideally the pressure should be as close to 689 kPa, i.e. 100psi, as
possible. Each blast nozzle may require an airflow of 0.05–0.2m3/s depend-
ing upon size. The compressor must be of adequate size to supply a suffi-
cient volume of air for any given nozzle diameter to ensure that the
correct pressure is maintained. A compressor should always be selected to
supply more air than is required by theoretical calculations in order to
have a reserve to allow for worn nozzles, extra length of hose, restrictions
in the air line, and so on.

There are two main types of blast hose. Four-ply hose is for heavy-duty
use and when there is a danger that the operator will allow the hose to rest
in a right-angled bend. If the latter occurs, the abrasive impinges directly
upon the hose wall and can cause it to perforate. Two-ply hose is lighter
and easier to handle but is obviously not as strong.

The diameter of the blast hose should be as large as possible in order to
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reduce loss of air pressure by friction losses. It is recommended that the
hose should not be smaller than 320-mm i.d. but operators often prefer to
have 3 or 4 m of 190 mm i.d. hose at the operating end, for ease of hand-
ling. This will cause a pressure drop and should only be used where it is
necessary. Generally speaking, the internal diameter of the blast hose
should be at least three times the orifice size of the blast nozzle.

To avoid contamination of the work surface, the compressed air should
be free of condensed water or oil. Adequate separators and traps should
be provided in the air lines.

Blasting pressures at the nozzle are normally limited to 689 kPa. Higher
pressures could be an advantage and work carried out by Seavey11 on
blasting pressures up to 1034 kPa (150psi) demonstrated that as the pres-
sure increased both productivity and efficiency continued to increase. The
main problems at the higher pressures were: (i) a shortened life of com-
pressors which were only rated for the lower discharge pressures; (ii)
increased thrust at the nozzle so that extra operator strength and tech-
nique was required; and (iii) some abrasives were too friable and shattered
to dust on impact. In these tests copper slag was unsatisfactory and silica
sand was satisfactory but, particularly for the latter, there are a wide range
of materials with different properties that could give different results.

In works situations the steel may be cleaned in a cabinet, so containing
the spread of abrasive. However, on-site the abrasive is not usually con-
tained within the immediate confines of the machine. Screens, e.g. tarpau-
lins, are frequently used to prevent wide dispersal of the abrasive. In some
situations it may be essential to employ such screening to comply with
health and safety regulations. The abrasives are not re-circulated during
site cleaning and so expendable types are used.

3.2.3.2 Vacuum blast-cleaning

A special form of this equipment has been designed to collect the abrasive
by vacuum recovery after cleaning (Figure 3.6). A rubber shield around the
nozzle allows abrasive to be sucked back and screened so that it can be re-
used. This has the advantage of containing the abrasive and restricting dust,
but is a good deal slower than the open method. Although various types of
nozzles are available for complex shapes, the vacuum recovery method is
most suitably employed on fairly large flat areas or on very narrow con-
tained areas such as welds. The pressure type of equipment is most com-
monly employed for blast-cleaning heavy steelwork but another form of
equipment using suction is also available. The abrasive is contained in an
unpressurised tank and is sucked through a nozzle and blown by a jet of air
onto the steel surface. It is slower than the pressure method and is gener-
ally used for component cleaning in cabinets and for touch-up work. The
vacuum recovery method can also be adapted for this type of cleaning.
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3.2.3.3 Centrifugal blast-cleaning

Although portable equipment has been developed for some purposes,
most cleaning of this type is carried out in fairly large static equipment in
fabricators’ works (Figure 3.7). The essential features of the method are:

(i) Wheels with blades, fitted radially, onto which the abrasive is fed
from the centre of the wheel. As the wheel revolves, the abrasive is
thrown onto the steel surface (see Figure 3.7). The force of impact is
determined by the size of the wheel and its radial velocity. Usually a
number of wheels are employed, placed at different angles relative
to the steel being cleaned. Commonly 4- or 8-wheel units are used
and a range of different sized wheels operating at different veloci-
ties is available.

(ii) An enclosure or cabinet to contain the wheels.
(iii) A recycling system for the abrasives with separator screens to

remove fine particles and dust and allow reclamation of suitable
sized abrasives which are then fed back into the hopper.

(iv) A system of dust collection.
(v) Suitable methods of feeding the steelwork into the equipment.

The method is particularly suitable for cleaning steel plates because of their
simple geometry. On more complex shapes it may be necessary to hand-
blast re-entrant angled steelwork. Centrifugal cleaning is faster than air
blast-cleaning, particularly for large sections, although the main control of
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Figure 3.6 Diagram of vacuum recovery system.

Source: Reproduced by permission of Hodge Clemco
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the efficiency of the cleaning process is the speed at which the article is
transported through the equipment. Often the cleaning installation is
arranged as part of a line in which the steelwork emerging from the cleaning
process is immediately protected with a coat of quick-drying priming paint.

Large plants containing many blast wheels have been constructed to
clean specific fabricated items, for example, railway wagons. In the USA
the larger plants are used to clean fabricated sub-sections of ships and up
to 40 centrifugal wheels may be used. Normally, however, for structural
steel the method is used prior to fabrication. The advantages of the
method compared with the air blast type, include:

(i) Greater economy.
(ii) Relatively automatic and in-line operation.

(iii) Containment of dust from blast operation.
(iv) More efficient metallic abrasives can be used because abrasive can

be recycled easily.
(v) The plant does not require compressed air.

The disadvantages include:

(i) High initial cost of the equipment.
(ii) Higher maintenance cost due to the wear and complexity of the

equipment.
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(iii) Difficult or impossible to clean complicated steel shapes and even
relatively simple shapes such as girders, may require supplementary
air blast-cleaning.

(iv) The use of steel shot, in order to reduce wear on the plant, can peen
the steel surface and also drive contaminants into the surface.

(v) The separators used on these machines remove large particles of
fines, they do not ‘clean’ the abrasive. If the abrasive becomes con-
taminated with oil or soluble iron corrosion products, for example
from cleaning old, rusty surfaces, such contamination will be carried
on to future work.

The method is also used for repetitive cleaning of small items and there is
a wide range of plants for use at works, such as tumbling mill machines
where the wheel units are mounted on the roof of a cabinet in which parts
are tumbled in a revolving mill below. There are several designs of table
machines where items are swung or turned underneath fixed blast wheels
(see Mallory12).

In 1996 a new type of blast wheel called a Rutten was devised and is
now in use in particularly large blast rooms in the Netherlands and
Belgium. Rutten blast wheels are designed with curved blades in
extremely hard metal which provides higher than normal projection
speeds. For large installations using conventional blast wheels, the dis-
tance between the wheels and the workpiece can cause such a loss of
impact speed that it falls below the optimum for effective cleaning of the
steel. The use of Rutten wheels can overcome this problem.

3.2.3.4 Wet blasting and water jetting

Two factors have led to the introduction of water into the blast-cleaning
operation; firstly the increasing environmental requirements to reduce the
dust hazard, particularly when removing old lead-based paints, and sec-
ondly the realisation that coatings can only achieve their optimum life
when applied to surfaces substantially free of water-soluble contaminants.
Therefore, wet blasting methods are essentially for maintenance painting.

The methods of surface preparation using water can be divided into two
main groups: water jetting, i.e. high-pressure water without the addition of
abrasive (see Figure 3.8) and low-pressure wet abrasive blasting, i.e. a
combination of water and abrasive.

3.2.3.4.1 LOW-PRESSURE WET/ABRASIVE BLAST-CLEANING

This uses standard air blast equipment with a modification that introduces
water into the hose just before the nozzle. The system allows either water
or abrasive to be fully excluded during the cleaning process. Air/water
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pressure at the nozzle is relatively low, up to a maximum of 7 kgf/cm2

(100 lbf/in2) and is adjustable below this level to enable selective coating
removal.

This method effectively removes water-soluble salts from all but
narrow-necked, deep pits and also keeps the dust down. Its disadvantages
are that because of the small water/abrasive ratio of the system, fine parti-
cles of wet abrasive can remain on the cleaned surface and have to be
removed by washing down with air and water. The wet abrasive slurry
from the operation is also much more difficult to clear up from adjacent
surfaces than dry abrasive. Also the operatives, which unlike water jetters
are more used to a dry operation, can resent the wetness and, due to the
water spray, the increased difficulty of seeing the surface to be cleaned.
Without constant monitoring it is impossible to tell if the operator has
merely wetted an otherwise dry blasted surface. Wet blasting obviously
leaves a wet surface which, as it dries, will flash rust. However, if the
rerusting is very rapid, this will indicate that soluble salts remain on the
surface. Providing that it is not a powdery surface, light flash rusting, often
called ‘gingering’, is generally considered harmless, but paint manufactur-
ers can give guidance on this regarding their products.

Rerusting can be avoided by the addition of inhibitors, but this is gener-
ally not recommended. Evaporation from the surface could result in con-
centrations of inhibitor, itself water soluble, being left under a subsequent
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coating and affecting its adhesion. Despite the various problems, wet abra-
sive blasting remains the preferred method of site-based surface prepara-
tion for Highway Agency bridge structures in the UK and has proved a
valuable asset. Their procedure is to remove flash rusting by flash dry blast
just prior to painting.

3.2.3.4.2 WET BLASTING WITH SOLUBLE ABRASIVE

Water blasting and water jetting systems that employ water-soluble abra-
sive, such as bicarbonate of soda, have recently been introduced. It is
claimed to be an effective method of removing old paint without damaging
the substrate, that the abrasive media is safer than other types and that, in
most cases, special ventilation, dust collection or abrasive reclamation are
unnecessary. It is also claimed that paint debris can be filtered from the
used water and then discharged into the normal drainage system without
problems. Its disadvantage is that it will not remove firmly adherent metal
coatings or millscale.

3.2.3.4.3 HIGH-PRESSURE WATER JETTING

High-pressure water jetting (up to 1300 bar) is effective in removing surface
contamination such as algae, marine growth and loose and flaking top coats.
It does not abrade the steel surface and therefore is not effective in remov-
ing water-soluble corrosion salts from pits. It is still a dangerous operation
and the higher the pressure, the greater the fatigue for the operator.
Typically the system will use between 8 and 25 litres per minute of water.

3.2.3.4.4 ULTRA-HIGH PRESSURE WATER JETTING

Uses pressure of 2000 bar and above. It is a relatively new operation for
surface preparation and is fast gaining in popularity prior to maintenance
painting. It does not abrade the steel surface, but is very effective in pro-
viding a ‘white metal’ finish, plus the removal of water-soluble corrosion
products. In the early days of water jetting the operation was limited to a
pin jet or a fan jet. A pin jet was a straight jet which concentrated the
output of the pump onto a single point. Because its cleaning path was only
about 3 mm wide, it was found to be totally impracticable for cleaning
large surfaces. A fan jet spread the jet at angles between 15° and 90°. This
lost so much power that it was inefficient for the removal of either paint or
corrosion. The latest equipment is in the form of rotary cleaning heads,
comprising many pin jets mounted on a head, which can rotate over the
surface. This means the power of a pin jet can be utilised in a manner so as
to give the coverage of a fan jet. Small heads, having a cleaning width of
approximately 50 to 100mm can be mounted on the end of a hand-held
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lance. Devices with larger cleaning heads have been constructed, but these
are generally used mounted on wheels to be pushed manually, or attached
to remote controlled vehicles or robots which crawl over the surface.
Goldie13 has described and compared six such systems available in Europe.
In addition, it is possible to shroud the cleaning head with a vacuum to
recover the water and debris as was carried out in 1999 on the UK’s
Thames Barrier (see Figure 3.9). A further advantage of this method is
that it raises the surface temperature of the steel to about 20°C so that sur-
faces dry rapidly with minimum ‘gingering’ or ‘bloom’ and are warm for
subsequent painting.

The disadvantages include high maintenance of the equipment which
are classed as pressure vessels for insurance purposes and high-pressure
leaks can cause excessive downtime. UHP leaks can be both unexpected
and dangerous. Noise levels are high. In some delicate areas it is not
always possible to use water.

There are no National or International Standards for the acceptable
appearance of the cleaned surface. With regard to this, there are some
published by marine paint manufacturers that are acceptable and will
probably form the basis of any future International Standard. These are:
Hempels Photo reference from Hempel Paints, Denmark, International
Hydroblasting Standards from International Paints/Akzo Nobel UK, STG
Guide from Schiffbauttechnische Gesellschaft, Germany and SSPC-
SP12/Nace 5 from SSPC and NACE International, USA.
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These Standards define acceptable levels of surface preparation by
water jetting and provide illustrations of how substrates cleaned to those
levels of preparation should look. Some of the Standards also give accept-
able levels of flash rusting. A Standard from Jotun Paints, Norway, gives
references only for flash rusting.

A variation to the wet abrasive blasting process, but not widely used in
the UK, is where the water and abrasive are mixed together in the blast
pot. This is called slurry blasting. These units are designed for high-
production work and typically have several nozzles and hoses connected to
a single control. They are frequently operated at lower pressures than in
conventional dry blasting.

A further variation, now generally going out of favour, is to add the
water to the stream of abrasive after it leaves the nozzle. This is accom-
plished by a simple water ring adapter fitted over the standard blast
nozzle. This method reduces the dust hazard but has little effect on the
cleaning efficiency, since the water does not mix with the abrasive.

3.2.3.5 Abrasives for cleaning steel

The cleaning of steel by abrasives is a straightforward concept depending
upon sufficient impact energy at the surface to remove scale, rust and
other deposits. However, in practice the types of surface to be cleaned
vary and a number of different processes are used for the blast-cleaning.
Consequently, a range of different abrasive particles has been developed.

Basically, abrasives are used not only to clean the surface but also to
roughen it so that coating adhesion will be satisfactory. This roughened
surface sometimes termed ‘etching’ produces a ‘profile’ or ‘anchor
pattern’. The profile is discussed in more detail later, but the size of the
abrasive used will clearly have a marked influence on it. Figure 3.10 is a
metallurgical cross-section of grit-blasted steel. This shows clearly why it is
difficult to determine a ‘blast profile’.

Steel surfaces before cleaning are not perfectly smooth; even where they
are covered with virtually intact millscale, which can be removed compara-
tively easily with reasonably coarse abrasives, there will be small depres-
sions or pits in the steel. These require small abrasive particles for
thorough cleaning. Where steel has rusted, there will be considerable
shallow pitting containing various iron salts. Again, finer abrasives will be
required for cleaning such areas. Apart from their effect on cleaning steel
surfaces, the abrasives will, by their nature, cause abrasion and wear on
the blast-cleaning equipment, so they must be chosen in relation to the
equipment used. All abrasives have a limited life because during blast-
cleaning operations they fracture or disintegrate in the process. Where
they are recovered and recirculated, this must be taken into account by the
addition of new abrasive particles to ensure that a suitable mix is main-

44 Steelwork corrosion control

© 2002 D. A. Bayliss and D. H. Deacon



tained. The mix used for cleaning is important to ensure that a suitable
size distribution of particles is maintained during the process. Many
factors will influence the size distribution of particles, such as the original
size and shape, hardness of the abrasive, the velocity of the blast (i.e. the
energy of impact at the surface), the type of material used for the abra-
sives and the type of surface being cleaned. The last factor is important
because steels vary in their hardness and the composition and rolling pro-
cedures used to produce a particular section will influence the thickness
and adhesion of the millscale. Some indication of the variations in profile
obtained with shot and grit is shown in Figure 3.11.

In addition to particle size, other important factors in the choice of abra-
sive are hardness, specific gravity and whether the abrasive is metallic or
non-metallic. Relative hardness and specific gravity figures for commonly
used abrasives are shown in Table 3.2.14

Increasing hardness has several consequences: harder abrasive tends to
clean faster, owing to the sharpness and energy of impact; it can reduce
the usable life of the abrasive since increasing hardness can result in
increased brittleness and the particles tend to fracture, rather than wear
away; the harder the abrasive, the greater the wear on the blasting equip-
ment.

Table 3.2 also indicates the specific gravity of some abrasives. Cleaning
efficiency is determined by the energy imparted to the surface, i.e. E� ��mv2

where E is energy, v is the velocity of the abrasive particle and m is the mass
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Figure 3.10 A metallurgical cross-section of steel after grit blasting (�300).
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Figure 3.11 Axonometric diagrams of shot (S330) and grit (G17) blast-cleaned steel
surfaces.

Source: Corus Research, Development and Technology.

© 2002 D. A. Bayliss and D. H. Deacon



of the particle which is proportional to its specific gravity. The pressure at
the blast nozzle determines the velocity of the abrasive for open nozzle or
airblast cleaning. This is generally maintained as near to 100p.s.i. (7 bar) as
possible to achieve the maximum cleaning rate. There is little advantage to
exceed this pressure, since most abrasives will then fracture excessively and
energy will be lost. Metallic abrasives are normally more expensive than the
commonly used non-metallic types. However, because metallic abrasives are
capable of withstanding repeated impact, they are most often used for clean-
ing processes where recovery and reuse is possible. The most widely used
metallic abrasives are iron or steel cast materials. Cast iron which is supplied
as grit, i.e. angular particles, is brittle and fractures on repeated impact, but
cleans the surface rapidly and provides a sharp angular surface profile. Steel
abrasive is available in either high or low carbon content, cleaning rate is
comparable, but the low carbon type, normally supplied as shot, i.e. rounded
particles, gives up to 20% greater durability because it is less likely to frac-
ture. It also causes less wear on the equipment. However, high carbon steel
abrasive is still the most commonly used reusable type. It is supplied in both
shot and grit form. Grit is used mainly for open nozzle type blasting,
because of its superior cleaning rate and shot for wheel blast equipment, so
as to reduce the wear on the equipment itself.

The ISO Standard Specifications for metallic abrasives includes: chilled
iron grit, high carbon cast steel in shot and grit, and low carbon cast steel
shot (ISO 11124/1 to ISO 11124/4). These Standards specify definition,
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Table 3.2 Properties of abrasives

Abrasive Hardness Specific gravity

Metallic Rockwell C
Chilled iron 60� 7.0kg/dm3

Steel shot/grit 42–66 7.0kg/dm3

Non-metallic
Iron furnace slag
(calcium silicate) 6–7 2.5kg/dm3

Copper refinery slag
(iron silicate) 7–8 3.7kg/dm3

Coal furnace slag
(aluminium silicate) 6–7 2.5kg/dm3

Fused aluminium oxide 9–9.2 4.0kg/dm3

Olivine sand 6.5–7.7 3.3kg/dm3

Garnet 7–8 4.0kg/dm3

Calcium carbonate 4–5 2.7kg/dm3

Walnut shells 3–4 0.5kg/dm3
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identification, size, hardness, chemistry and soundness, i.e. freedom from
defects such as cracks. There are also ISO Standards of test methods of
determining: particle size, distribution, hardness, apparent density, per-
centage defective particles and microstructure, foreign matter and mois-
ture (ISO 11125/2 to ISO 11125/7).

Of the non-metallic abrasives, silica sand is relatively cheap and very
effective. It is still used widely throughout the world. However, because of
the danger of silicosis from inhaling finely divided particles, wet or dry,
there is an increasing number of prohibitions and regulations regarding its
use. It is virtually banned in Europe.

Standards for visual identification of surface cleanliness have suffered
problems due to sand’s popularity as an abrasive in the 1950s. In all cases
during the blasting process, abrasive particles become embedded in the
steel surface. The Steel Structures Painting Council (SSPC) has reported15

that it appears that this is more likely with non-metallic abrasives than
with metallic, typically to the extent of over 10 particles per square cen-
timetre. Providing such particles do not contain corrosion-promoting sub-
stances, such as chlorides, there is no evidence that they affect subsequent
coating performance. However, they do affect the colour of the cleaned
surface. Sand abrasives give an excellent bright and white finish compared
with, for example, copper refinery slag, which is black and gives an overall
darker finish. This has been recognised in ISO 8501-1 ‘Specification for
Rust Grades and Preparation Grades of Uncoated Steel Substrates after
Overall Removal of Previous Coating’. The photographs of cleaned sur-
faces in the Standard are the originals from the former Swedish Standard
SIS 055900 which were prepared by sand blasting. To counteract this the
ISO Standard provides a Supplement, which shows some samples of how
other types of abrasive affect the whiteness of the finish. It indicates that
several commonly used abrasives give a darker hue to the cleaned surface
than the difference in shade between the grades Sa3 and Sa2��. The non-
metallic abrasive that has largely replaced sand is copper refinery slag
(iron silicate) which is a by-product of copper smelting. It has a high spe-
cific gravity and is available in most countries.

Coal furnace slag (aluminium silicate) is basically similar although,
because it derives from burning coal in power stations, there is some vari-
ation in these slags because of the differences in the quality of the coal
burnt. The major production area in Europe is Germany. Like copper
refinery slags, these abrasives are mainly used for blast-cleaning steel.
However, because of their lighter colour they are commonly specified for
cleaning non-ferrous metals. Iron furnace slag (calcium silicate) is a by-
product of iron smelting. It is a versatile abrasive, which can be used on
virtually any substrate.

Fused aluminium oxide is a synthetic material similar to carborundum.
It is available in a variety of grades and its main use is a recyclable abra-

48 Steelwork corrosion control

© 2002 D. A. Bayliss and D. H. Deacon



sive in blast cabinets. However, it is generally more expensive than metal-
lic recyclable abrasives.

Staurolite is a dark-coloured mineral that is a silicate of aluminium
and iron. It has some free silica but much less than silica sand. It is marketed
mainly in the USA where it occurs naturally, but it is relatively highly 
priced.

Olivine sand, which is pale green, is a mineral from Norway and is a
silicate of iron and magnesium. It is marketed as a silica-free sand. This
abrasive is often used for cleaning buildings and sometimes for non-
ferrous substrates. It is very hard and tends to fracture on impact, creating
a lot of light-coloured dust. It is also relatively expensive.

Garnet is a hard silicate mineral, quarried in Australia, India, USA and
South Africa. The almandite form is the most useful as an abrasive, but it
must be suitably processed to remove any soluble salt content. Garnet is
more expensive than commonly used non-metallic abrasives but its ultra
high cleaning efficiency means less abrasive needs to be used. Because it
produces less dust and is of a paler colour, it is a useful material for envi-
ronmentally sensitive areas.

Agricultural shell products are also sometimes used as abrasives for spe-
cialist applications. Walnut shells, olive stones, peach stones and corn cobs
are examples. They are relatively soft and are generally used for polishing
or for deflashing. However, Bennett16 claims that in the petroleum indus-
try, walnut shells provide a safe, non-sparking abrasive for use in certain
hazardous areas, providing the parts to be cleaned are earthed and there is
adequate cross ventilation. It is considered that they provide an excellent
alternative to bronze or copper hand or power tools used in tedious hand
cleaning.

There are ISO Standard Specifications for copper refinery slag, coal
furnace slag, iron furnace slag, fused aluminium, olivine sand, staurolite
and almandite garnet (ISO 11126/2 to ISO 11126/10). Of the test methods
for non-metallic abrasives, there is determination of: particle size distribu-
tion, apparent density, hardness by glass slide test, moisture, water-soluble
contaminants by conductivity measurement and water-soluble chloride
(ISO 11127/2 11127/7). Because of the way particles settle in storage, it is
important to ensure that samples taken for test are not unrepresentative.
The ISO Standards with suitable procedures for sampling are ISO 11125/1
for metallic and ISO 11127/1 for non-metallic abrasives.

3.2.4 Innovative methods

For many years an alternative to abrasive blasting has been sought, if not
to replace it entirely, at least to provide an alternative and effective
method of achieving a high standard of cleanliness in sensitive situations.
Ideally the method should not add to the waste disposal problem.
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3.2.4.1 Cryogenic blast-cleaning

Cryogenic blast-cleaning is still under development and involves blasting
with either ice crystals or carbon dioxide pellets. It is claimed that ice
crystals can remove old paint without damaging the substrate. It is a safe
system to use and apart from paint debris, the waste produce is only water.
At the moment in its development it is best suited for cleaning soft metals
or composite materials.

For certain applications, carbon dioxide has advantages over standard
abrasives. Because it is non-conductive it is possible to clean electrical
equipment even while it is in operation. Carbon dioxide blasting has been
used in the nuclear industry and other applications where cleanliness is
crucial, e.g. for turbine blades in a power station. Because the equipment
generates little airborne carbon dioxide, it is also claimed that the blast-
cleaning operatives need only standard eye and ear protection. Providing
that they are not working in a confined space, e.g. a tank or a ship’s hold,
where the carbon dioxide might displace breathable air, blasting suits and
respirators are usually not necessary. The disadvantage of cryogenic blast-
cleaning at present is that it is slower than most other methods and needs
further development before it can be considered for cleaning structural
steelwork.

3.2.4.2 Laser cleaning

Laser cleaning is another relatively new technology still under develop-
ment but it is considered that its main use would be to strip old paint from
steel surfaces. Two promising types of laser are: CO2 laser and Xenon
flashlamp.

CO2 lasers generate more power than xenon flashlamp lasers and,
at present, are more effective for coating removal. The laser’s energy agi-
tates the molecular structure of the coating and explodes the molecules
apart and, at the same time, instantaneous combustion incinerates the
paint binder, leaving a dry ash residue that can be vacuumed from the
surface.

Xenon lasers work on the same principle as the flashlamp with a
camera, but producing a light several thousand times more intense. The
laser intensity is controlled by adjusting the discharge voltage which
passes through the xenon gases in the lamp and can be optimised for
the specific type of coating to be removed. The coating is burnt in a
matter of microseconds and then the dry ash residue can be removed by
vacuum.

At present the slow speed of cleaning and high capital costs puts laser
technology at a disadvantage. However, lasers do have the advantage over
conventional cleaning methods in that the waste products are disposed of
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easily. With several manufacturers now involved and possible military
applications, primarily in the United States, it is thought only to be a
matter of time before laser cleaning becomes commercially viable.

3.2.4.3 Sponge media blast-cleaning

Sponge media blast-cleaning, a process emanating from the United States,
has been designed with health and safety and environmental restrictions in
mind. A synthetic open-cell polymer sponge impregnated with an abrasive
is impacted on the steel surface by compressed air. Unlike conventional
hard abrasives, which ricochet from the surface, the impact energy is
absorbed by the deforming sponge to shear the paint film, rust or millscale
from the surface. As the sponge leaves the surface, debris and dust are
captured in the voids of the sponge. The sponge is then collected, cleaned
and reused. Different grades of sponge are available, impregnated with
various abrasives such as iron furnace slag, garnet, aluminium oxide, steel
grit or plastic chip, depending on the surface to be cleaned and the
required surface profile. Sponge without abrasive is also available for
cleaning surfaces of oil, grease and other contaminants. The sponge can
then be recycled through a washing and rinsing chamber to separate out
the contaminants.

3.2.5 Flame cleaning

Flame cleaning is an old-fashioned method of trying to achieve the same
objective as laser cleaning. In this method an oxyacetylene or oxypropane
flame is passed across the steel. The heating causes millscale and other
scales to flake off as a result of the differential expansion between the
scale and the metal. In addition, any rust present is dehydrated. Immedi-
ately after the passage of the flame, any loose millscale and rust that
remains is removed by wire-brushing. This generally leaves a powdery
layer which must also be removed by dusting down.

The level of cleanliness obtained is generally considered to lie between
that obtained by abrasive blast-cleaning and that resulting from manual
cleaning, and the method is used for maintenance work rather than for
cleaning new steelwork. The advantages of the process are:

(i) The relative mobility of the equipment enables it to be used at any
stage of fabrication or erection.

(ii) It can be used under relatively wet and damp conditions and helps
to dry the surface.

(iii) If priming paint is applied while the surface is still warm, this
ensures that there is no condensation and it also speeds up slightly
the drying of the primer.

Surface preparation 51

© 2002 D. A. Bayliss and D. H. Deacon



The disadvantages are:

(i) If the flame is traversed too slowly, unbonded scale or other foreign
matter is fused to the surface of the steel, or alternatively thin sec-
tions of the steel are warped.

(ii) It is a fire hazard.
(iii) If not carefully controlled it can affect the metallurgical properties

of the steel and should never be used near high strength friction grip
bolts.

(iv) It is an expensive method taking into account its comparative ineffi-
ciency in cleaning steel.

Over the years this method has been in and out of fashion. It has been
dropped from the SSPC and NACE Specifications because it is considered
a method no longer in use in North America. It has been incorporated in
ISO 8501-1: 1988 because it is apparently used in Germany as a surface
preparation method for the maintenance of road bridges.

3.2.6 Pickling

Before the advent of blast-cleaning as an effective method for the thor-
ough cleaning of structural steelwork, the removal of rust and scale by
immersion in dilute acids was sometimes employed. This method of clean-
ing steel is called pickling. Nowadays it has only a limited use on structural
steel to be painted, although it is employed on steel to be hot-dip gal-
vanised. It is also the method most commonly used to clean steel sheet and
strip, usually as part of a continuous treatment process.

The composition of scale has been discussed in Section 3.1.2. Both the
magnetite (Fe3O4) and haematite (Fe2O3) layers are relatively insoluble in
acids. The layer of scale nearest to the steel surface, wüstite (FeO), is
generally partially decomposed and can be fairly readily removed provided
acid can diffuse through the cracks in the brittle layers of magnetite
and haematite. The acid attack is partly on the wüstite layer and partly
on the steel substrate; this undermines the scale, allowing it to
become detached from the steel. Hydrogen is produced during these reac-
tions and this leads to the removal or ‘blowing off’ of the scale during the
process. Rust is also removed during the pickling process but, depending on
its form and thickness, may require longer pickling times than do many
scales.

Scale is not removed in even layers from the steel, so where it is quickly
lifted away the acid can attack the steel. Sometimes scales are readily
removed, whereas at other times the steel may need to be immersed in the
acid for some time before it is fully descaled. This could lead to an unac-
ceptable level of attack on the steel itself. To prevent this happening
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inhibitors are used with the acids. These may be organic or inorganic in
nature.

3.2.6.1 Inhibitors

Inhibitors are used to stop attack on the steel and to save unnecessary use
of acid. The attack on the steel is likely to be localised, producing surface
pitting, which may affect coating processes. Furthermore, such attack will
be influenced by the steel composition and the type of scale produced
during processing, so the addition of inhibitors adds a degree of control to
the pickling operation. Inhibitors also reduce the amount of carbonaceous
matter left on the steel surface.

A wide range of organic inhibitors is marketed, many under proprietary
names. The requirement is to reduce attack on the steel, but at the same
time they must not slow down the pickling process to any marked extent.
If electroplating is to follow inhibited pickling, it may be necessary to
clean the surface, e.g. by an acid dip to remove traces of the inhibitor
remaining on the steel surface. Inorganic inhibitors are not widely used for
commercial pickling although they are used for laboratory de-rusting.

3.2.6.2 Hydrogen embrittlement

A detailed discussion of hydrogen embrittlement is outside the scope of
this book, but a few points are worth noting. During the pickling process
hydrogen is evolved and plays an important role in removing the scale.
Most of it is evolved as a gas but some may diffuse into the steel in the
atomic form. This can lead to hydrogen embrittlement of the steel which,
as the name implies, will affect the mechanical properties of the alloy.
With some steels this may result in actual cracking of the material. Addi-
tionally, the atomic hydrogen that has diffused into the steel may combine
in voids to produce gaseous hydrogen, which sets up a pressure that may
be sufficient to cause blistering of the steel. Generally, the effects can be
ameliorated by suitable heat treatment, but advice should be sought if
high-strength or high-carbon steels are to be pickled.

Although inhibitors reduce the amount of hydrogen evolved, their pres-
ence in the acid solution does not necessarily reduce the likelihood of
hydrogen embrittlement of the steels. In fact some may increase the
absorption of hydrogen.

3.2.6.3 Pickling procedures

Although the basic pickling process is simple, in practice considerable
control is required to ensure efficient and economic cleaning of steelwork.
Generally, sulphuric acid is used for pickling structural steelwork,
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although both hydrochloric (muriatic) acid and phosphoric acid are
employed to some extent. Hydrochloric acid may be preferred for the con-
tinuous pickling of steel strip because, although it is usually more expen-
sive than sulphuric acid, the waste liquor can be removed more cheaply.
Phosphoric acid is too expensive for use as the main scale-removing acid
but may be used as a final treatment to produce a thin iron phosphate
coating on the steel. This acts as a good basis for paint, provided the
phosphate layer is not too thick. Thick phosphate layers have poor cohe-
sive strength and can delaminate if a paint coating is applied over them, so
causing loss of adhesion.

During pickling in a bath containing sulphuric acid, iron is dissolved,
mainly from the steel itself, and reacts with the acid to form iron salts, e.g.
ferrous sulphate (FeSO4). These salts influence the pickling procedures
and tend to slow them down. Consequently, the acid must be discarded
before it becomes saturated with the salts. Steel must be washed after
pickling to ensure that such salts are removed. Hydrochloric acid similarly
produces chloride salts, but these are more easily removed from the steel
surface.

The general procedure for acid pickling is as follows:

(i) Removal of all grease, oil, etc., by suitable solvent cleaning. Heavy
deposits should be scraped off before the application of the solvent.

(ii) Removal of heavy deposits of rust, scale and paint by suitable
manual methods, e.g. scraping.

(iii) Immersion of steel in a bath containing the acid, with inhibitors, at a
suitable temperature. For sulphuric acid a 5% (volume) solution is
often used at a temperature of 75–80°C.

(iv) After scale removal, the steel is thoroughly rinsed or immersed in
clean water.

(v) Where appropriate, immersion in an aqueous solution containing
inhibitors in suitable concentrations, e.g. 0.75% sodium dichromate.

Generally, the pickling process is improved with agitation of the acid bath.
The Steel Structures Painting Council of America (SSPC) has published a
specification for pickling, ‘Surface Preparation Specification No. 8’ (Steel
Structures Painting Manual, Vol. 2, Steel Structures Painting Council,
Pittsburgh, USA).

3.2.7 Iron and zinc phosphating

Many smaller piece parts used for architectural steelwork – as well as alu-
minium windows and certain galvanised sections used for shop fronts – are
prepared for subsequent organic powder coating by a chemical conversion
phosphating process. The substrate is subjected to a degreasing process at
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elevated temperatures of around 60°C, using materials previously
described in Sections 3.2.6.3 and 3.1.6.4. The process is carried out by
immersion, rather than the conveyorised spray process used to prepare
refrigerator bodies. Following a hot rinse in demineralised water, items are
transferred to a tank containing a solution of iron or zinc phosphate also
operating at between 50° and 60°C. A zinc phosphate process is often used
for steelwork, whilst iron phosphate tends to be the preferred pretreat-
ment chemical for non-ferrous parts; certain manufacturers have com-
bined the degreasing and phosphating chemicals into one ‘bath’ in which
case a ‘fixing’ rinse is required. There is then generally a final rinse, where
the conductivity of the rinse water, constantly overflowing by addition of
fresh demineralised water, is monitored to ensure cleanliness of the pre-
pared item. To avoid ‘water marks’, hot air drying completes the process.

This method of providing a conversion coating to the steel or non-ferrous
piece parts requires the application of an ultra-thin phosphate layer, yield-
ing just 1.5 to 3.5g/m2 phosphate coating and is used only for subsequent
organic polyester, polyurethane or epoxide based powder coatings.

3.3 Health and safety matters

3.3.1 General

Only personnel who have been instructed and trained in its use should
operate any of the surface preparation equipment, most of which is poten-
tially dangerous. This particularly applies to High Pressure (HP) or Ultra
High Pressure (UHP) water jetting. The operator should be warned of the
danger of getting any part of the body in front of the jet and particularly of
injury to the feet when standing on the surface being cleaned.

Protective clothing is essential for the operator and should include
waterproof clothing, helmet or visor, heavy-duty gloves and safety boots.
When HP water jetting during hours of darkness, the area of operation
should be clearly illuminated. When the HP water jetting pump is unat-
tended the compressor should be stopped, the fail-safe valve should be in
the safe position and the jet nozzle removed from the lance. Should a
person be struck by a HP water jet, urgent medical attention is essential
and the medical personnel concerned should be informed of the nature of
the equipment which caused the injury. This is vital in order that the
appropriate medical treatment can be given speedily.

Some metallic abrasives may contain amounts of heavy metals such as
lead, beryllium, cadmium and even arsenic. In most cases the amounts are
less than the Threshold Limit Values (TLV) or Operational Exposure
Limits (OEL) required for safe use. It is also claimed that the manufactur-
ing process bonds such metals within a complex matrix so that they are not
available as free metals. However, occasional chemical analysis would be
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wise to ensure that the levels are within the specified limits. In any case,
approved respirators and proper ventilation should always be used.
Another source of toxic dust during blasting operations is that derived
from old paint being removed. There is a special emphasis on lead, since
so many old paint systems contain a lead-based primer. Abrasive blasting
of these painted surfaces produces fine lead-containing particles which can
be inhaled or ingested if the workers fail to wash the dust off their hands
or smoke dust-contaminated cigarettes. Lead is a particularly insidious
poison. Exposure to small doses over a long period of time can cause
severe and permanent damage to the central nervous system, kidneys,
urinary and reproductive systems and the brain before any symptoms are
felt. Compliance with the current Lead Regulations is essential.

During the removal of lead-based paints the operators should use respi-
rators. The use of the simple type of face mask has limited effectiveness
and, for the removal of large quantities of lead-based paints, the operators
should wear air-fed respirators and be properly trained in their use and
maintenance.17 Other pigments may also be a hazard, for example
chromate, which in the early days was a common replacement for lead.
Certain types of hexavalent chromium compounds have been identified as
potential carcinogens.

Before removal of large quantities of any type of paint from a structure
it is advisable to obtain a full analysis of its composition and obtain advice
from the appropriate health authority.

The use of blast-cleaning in atmospheres that may be flammable or
explosive is also a matter of concern. However, Singleton18 considers that,
although grit blasting of rusted steel produces numerous sparks, they are
dull and not capable of igniting flammable gas mixtures. In American
practice, it seems that the use of high-pressure water jetting or mechanical
cleaning using tools made of beryllium–copper alloys is preferred to dry
abrasive blasting in potentially explosive atmospheres.19

Another health hazard with practically all surface preparation methods
is the level of noise generated. This ranges from 102 to 106 dBA at 1 mm
for mechanical chipping and 102 to 104 dBA for grit blasting.

3.3.2 Open nozzle blast-cleaning

Abrasive issues from an open blast nozzle at up to 450mph (600km/h) and
can inflict serious injury on a human body. If the nozzle is accidentally
dropped during operation, it does not lie still on the ground, but writhes
like a snake, spraying all and sundry. Nozzles should therefore always be
fitted with a safety cut-off valve, or ‘deadman’s handle’ as it is generally
known, to shut off the pressure instantly. Some operators resent the extra
effort required to keep the handle closed and consequently fix it to remain
open permanently. This dangerous practice should be banned because it
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relies on constant vigilance by the person at the blast pot, who is respons-
ible for turning off the pressure. It is much safer for the operator at the
nozzle to carry out that function.

As abrasive passes through the hose, it can generate static electricity. A
shock from this source might cause the operator to fall or drop the hose.
Blast hoses should therefore be adequately earthed. Generally, this is an
integral part of the hose construction but, if not, it is necessary to install an
external earth. Quick-release external couplings are used to connect
lengths of hose. It is obviously undesirable that hoses should come apart
during operation and couplings should be wired together as an additional
safeguard. Also, care should be taken to ensure that the cut ends of the
hose, fitted to the couplings, have been sealed. Unsealed ends allow the
ingress of air, which can cause blisters in the hose wall, or water, which can
rot the fabric. Also, the screws used for fitting the couplings should not
penetrate right through the hose wall. Before use the blast hose should
always be inspected for wear or damage. The blast operator should always
wear a full, protective hood, with a filtered and regulated supply of air to
provide a positive pressure and prevent entry of harmful dust and abra-
sive. If the air is coming from a diesel compressor, an air purifier and
carbon monoxide monitor are normally required. Full protective clothing
– gloves, safety boots, etc. – must be worn for this type of operation.

Abrasive blasting produces voluminous quantities of fine dust that can
be an irritant to the skin but are particularly damaging to the eyes. Eye
protection should be worn, not only by the blast operator but also by those
nearby. Its use may be restricted in applications in closed environments,
where dust suppression or extraction facilities are unable to meet permiss-
ible environmental contamination levels.

The use of silica sand as an abrasive for blast-cleaning is prohibited
or restricted in many countries. The reason is to protect workers and
the general public from the dangers of lung injury or silicosis as a result of
inhaling fine silica or quartz dust. In the UK the use of sand or other sub-
stances containing free silica is prohibited for use as an abrasive blasting
medium.

3.3.3 Pressure water jetting

This method uses water at very high pressures and requires the greatest
care in use. At high pressures, the water lance is difficult and stressful to
handle. Within at least a 5 m range, anybody hit by high-velocity water is
likely to be seriously injured. Typical safety procedure recommendations
include the need for the provision of firm footing for the operator and
ensuring that the equipment has a safety cut-off valve. It is also advisable
that if high-pressure water jetting pumps are left unattended they are
switched off and the jet nozzle removed from the lance.
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Protective clothing is essential for the operator and should include
waterproof clothing, helmet or visor, heavy-duty gloves and safety boots.

3.3.4 Flame cleaning

Obviously, when flame cleaning is used as a method of surface prepara-
tion, precautions should be taken against fire or explosion by removing or
shielding any nearby stocks of paint or solvent.

The operators should always wear safety goggles, to protect the eyes
from injury by scale or dust. The goggles should also be suitable to protect
against the light of the flame. If the method is used for the removal of old
paint, apart from the risk of flame spread there is also a possibility of a
toxic hazard from the fumes evolved by the combustion of the binder.

Fardell20 has specified the toxic vapours evolved from polymers burning
in a fire.

Particular care is required if flame cleaning is carried out in a confined
space and adequate ventilation and operator protection should be pro-
vided.
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