
Chapter 12

Control methods other than
coatings

Although most structural steelwork is protected from corrosion by coat-
ings, other control methods are also adopted, in particular cathodic pro-
tection which is considered below. Methods such as inhibition, water
treatment and air conditioning are used in special circumstances and refer-
ence is also made to these in this chapter. The other system of controlling
corrosion without the use of coatings is to employ low-alloy weathering
steels; these steels are also discussed in this chapter.

12.1 Cathodic protection

Cathodic protection has only a limited application as a method for pre-
venting the corrosion of steelwork but it is used for many important struc-
tures, particularly offshore, and so is an important method of corrosion
control. The concept of cathodic protection is straightforward, but in prac-
tice specialist advice should be sought to obtain economic protection. In
this chapter only the broad principles will be considered.

An essential point concerning cathodic protection is that it can be used
only where steel is immersed in water or buried in soil of suitable conduc-
tivity. It is not a method that can be suitably employed with steel exposed
in the atmosphere. Although attempts have been made to develop coat-
ings with suitable conductivity so that cathodic protection could be used in
the atmosphere, these have not proved to be of practical value for steel-
work. The method has been used to protect steel reinforcement in con-
crete but the conditions are different from those for structural steelwork.
Certain metal coatings, particularly zinc, do provide a form of cathodic
protection to steel, but this is not the primary reason for using them.
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12.1.1 Basic principles

The basic principles of corrosion are considered in Chapter 2 and the main
points can be summarised as follows:

(i) Corrosion at ambient temperatures is electrochemical.
(ii) The process can be sub-divided into two reactions: one at the anode

and the other at the cathode.
(iii) For such reactions to occur there must be a suitable electrolyte

present.

For steel (or strictly iron) the two reactions can be depicted as follows:

at the anode 2Fe→2Fe2� �4e�

at the cathode O2 �2H2O�4e� →4OH�

As can be seen, there is an electrical balance because all the electrons
released in the anodic reaction are consumed in the cathodic reaction. If
electrons are supplied to the iron from an external source such as by
impressing a current, then the anodic reactions will be suppressed and the
potential of the iron will be lowered. If it is lowered sufficiently, then no
current will flow between the anodes and cathodes on the iron surface, so
corrosion will cease. This is the basis for cathodic protection and provided
sufficient current is supplied, corrosion will be prevented. If insufficient
current is applied, there will be partial protection and the corrosion rate
will be reduced below what would be anticipated in the absence of
cathodic protection.

12.1.2 The application of cathodic protection

To achieve cathodic protection it is necessary to supply an external current
so that no local currents flow on the steel surface, i.e. to supply electrons
to the steel. In order to achieve this it is necessary to set up a cell with an
auxiliary anode, the steel being the cathode. Additionally, an electrolyte is
necessary to ensure that the electrochemical cell can operate. There are
two ways of achieving these requirements in environments such as water
or soil, where there is sufficient conductivity to allow proper operation of
the cell:

(i) By application of a current from an external source using an inert
anode, i.e. impressing the current. This is called the impressed
current method.

(ii) By using an active anode of more negative potential than the steel
and electrically connecting it to form a cell. Electrons pass to the
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steel which becomes the cathode so preventing or reducing corro-
sion. In this method the anode, e.g. zinc, is ‘sacrificed’ to protect the
steel and it is called the sacrificial anode method.

Both methods are widely used and, in practice, have relative advantages
and disadvantages.

12.1.3 Sacrificial anode method

Zinc, aluminium and magnesium all have more negative potentials than
iron or steel and are used as anode materials to provide full or partial
cathodic protection to steelwork. Over a period of time they corrode and
so must be replaced at suitable intervals.

The anodes are manufactured into suitable shapes and sizes and are
electrically connected to the steel in various ways, which will not be con-
sidered here. However, the method of connection must be such as to
ensure good electrical contact.

In practice, the exact composition of the anode material is important
because it must fulfil certain requirements. Clearly, it must maintain a
sufficient negative potential to ensure that cathodic protection is
achieved, but it must also continue to corrode during use. If the anode
becomes passive, i.e. develops a protective surface film, it will not
operate properly. Additionally, it must develop a high anode efficiency. To
achieve these requirements, certain small alloy additions may be made,
e.g. indium to prevent passivity in aluminium anodes. Alternatively, some
elements may be detrimental, e.g. iron in zinc anodes, and they must be
maintained below a certain level. The quality control of anode composi-
tions is an essential requirement if sound cathodic protection is to be
achieved.

12.1.4 Impressed current method

In this method, again in the presence of a suitable electrolyte, current from
a DC source is delivered through an auxiliary anode so that the steel
becomes the cathode of a large electrochemical cell, i.e. the potential is
reduced to a level where corrosion does not occur. A number of different
materials have been used as auxiliary anodes, including high-silicon irons,
graphite and lead alloys. A long-life anode material can be produced by
coating metals such as titanium with platinum.

12.1.5 Choice of method for cathodic protection

In some situations both methods may be employed. Generally, however,
depending on the particular circumstances, either the sacrificial anode or
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impressed current method is used. There are relative advantages and
disadvantages with both methods. These are summarised below.

The impressed current method. The main advantages are that there is
better control with this method to provide the performance required, that
fewer anodes are required and that the high driving voltage provides effi-
cient protection of larger structures. Against these factors, there are
disadvantages compared with the sacrificial anode methods:

(i) Supervision of operation needs to be at a higher level.
(ii) A source of power is required.

(iii) Although capable of good control, over-protection can result with
poor control, which may cause problems with coatings and high-
strength steels.

(iv) It is possible to connect the electrical circuit incorrectly so that cor-
rosion rather than protection is induced.

(v) In some marine situations, physical damage of the anodes may be
more likely.

The sacrificial anode method. The main advantages are that initial costs are
lower and the installation is comparatively straightforward and usually
additional anodes can be added if required. The disadvantages include the
following:

(i) There is a limit on the driving voltage and this is generally lower
than with the impressed current method.

(ii) The available current is determined by the anode area and this may
lead to the need for the use of a considerable number of anodes.

(iii) In some soils, the low conductivity of the environment may be a
problem.

12.1.6 Practical applications of cathodic protection

Cathodic protection can be used only where there is an electrolyte of suit-
able conductivity. The main areas of use are as follows:

(i) Water-immersion (exterior surfaces): ships, offshore structures,
marine installations, submarine pipelines, dry docks, etc.

(ii) Underground or buried steelwork (exterior surfaces): pipelines,
sewers, water distributors, underground tanks, etc.

(iii) Interior surfaces of tanks, condensers and heat exchangers, etc.

Cathodic protection, if properly applied, should be capable of stopping
all forms of corrosion including those arising from pitting, crevices and
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bacterial activity. Generally, the most economic employment of cathodic
protection will be in conjunction with suitable coatings. The method
ensures that corrosion does not occur at damaged bare steel areas or at
pinholes or pores in the coating, so the costs of operating the system are
less than would be the case with uncoated steel.

There is, in fact, one important exception to this general approach. Most
offshore structures are not coated in the fully immersed regions and pro-
tection is achieved by cathodic protection alone. There is some divergence
of view regarding this approach because one large oil company does coat
the immersed area of its platforms. Clearly, this is an economic calculation
based on the cost of coating as opposed to the costs of operating the
cathodic protection system with more anodes. It should be added that the
immersed steelwork that is initially uncoated does form a calcareous
deposit arising from the action of the cathodic protection and the reaction
of salts in seawater.

It is not intended in this book to discuss the design of such systems in
any detail but rather to indicate the areas where cathodic protection can
be beneficially employed and the factors involved in the choice and design.
In broad terms, the following points must be taken into account:

(i) Total superficial area to be protected.
(ii) Estimate of current requirements.

(iii) Determination of resistivity (conductivity) of the environment.
(iv) Assessment of electrical current requirements for the system.
(v) Selection of the most suitable method, i.e. impressed current or sac-

rificial anode method, material and number of anodes required and
calculation of the type of anode.

(vi) Cost.

It is not possible to measure the current necessary to achieve cathodic pro-
tection because the original anodic and cathodic areas are present on the
same steel surface. To overcome this, the potential of the structure is
measured by means of a suitable reference electrode. A number of differ-
ent electrodes are used and when quoting potentials it is necessary to refer
to the actual electrode used to measure them. The most commonly used
reference electrode is copper/copper sulphate (Cu/CuSO4), especially for
soils. Silver/silver chloride (Ag/AgCl) is often used for immersed situ-
ations; unlike the Cu/CuSO4 electrode it does not require a salt bridge.
Calomel (saturated potassium chloride (KCl)) electrodes are generally
reserved for laboratory work and for calibration purposes. Zinc can also
be used. It is not particularly accurate but is cheap and may provide long-
term reliability as a semi-permanent fixed reference electrode.

The potentials at which cathodic protection will be obtained in different
environments are based on both theoretical considerations and practical
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experience. For example, in seawater at 25°C, the potential at which full
protection of steel will be obtained with respect to the Ag/AgCl reference
electrode is considered to be �0.8V. In polluted water a more negative
potential may be required and in the presence of sulphate-reducing bacte-
ria, �0.9 to �0.95V with reference to Ag/AgCl is considered necessary.
The current requirements can be calculated theoretically if certain
assumptions are made. In practice, the current density required will be
influenced by a number of factors, e.g. seawater velocity, oxygen concen-
tration, electrical resistivity of the environment, presence of bacteria, etc.

For off-shore structures, the various classification societies, e.g. Lloyds,
or national authorities, lay down required standards and, of course, these
have to be adhered to. Generally, the design of a suitable cathodic protec-
tion system is a specialised matter. The number and positioning of the
anodes, the operating controls and determination of suitable monitoring
procedures are matters that will determine both the cost and efficient
operation of the system.

There are a number of European and corresponding British Standards
covering various aspects of cathodic protection.

12.1.7 Coatings and cathodic protection

The combination of coatings and cathodic protection provides maximum
corrosion protection for immersed steel structures. However, compatibil-
ity between the coating and the cathodic protection is essential.

With the impressed current method, if any part of the steel surface is
polarised to potentials more negative than �1100mV (Cu/CuSO4) there is
a risk of over-protection which may cause disbondment of the coating.
This is partly due to the evolution of hydrogen gas and partly due to the
build-up of high alkaline deposits.

The extent to which a type of coating can resist disbondment can be
evaluated by standard laboratory tests. Most epoxy systems have good
resistance to such disbondment.

12.2 Conditioning of the environment

Corrosion has been defined as a chemical or electrochemical reaction
between a metal or alloy and its environment. Generally, steel is coated to
prevent or reduce reaction with the environment, but in some circum-
stances it may be preferable to treat the environment to reduce or prevent
corrosion. The approach depends on whether the environment is primarily
air or an aqueous solution, so the two will be considered separately.
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12.2.1 Treatment of the air

Most steelwork is exposed to air but generally there is no way in which the
environment can be treated to reduce external corrosion, except in the
sense that buildings and structures can be sited in less corrosive parts of a
complex. However, where the air is enclosed, e.g. inside a building, or in a
‘box structure’, it is possible to take action to reduce the corrosiveness of
the air. As noted in Chapter 2, the main factors that determine the corro-
sivity of air are the presence of moisture and pollutants such as sulphur
dioxide or contaminants such as chlorides. The simplest method of treat-
ing the environment is to remove moisture. Often complete removal of
moisture is not required because, by lowering the relative humidity to a
suitable level, corrosion becomes inappreciable. Generally, a level of
about 50% relative humidity is satisfactory, although in some cases, e.g. in
the presence of chlorides, it may be necessary to reduce it below that
figure.

Relative humidity is influenced by temperature and often it can be
reduced by heating rooms, or air-conditioning equipment can be installed
to remove moisture from the air. Sometimes, in fairly air-tight enclosures
such as box girders on bridges, the humidity can be controlled by using
desiccants such as silica gel or activated alumina. Silica gel is considered to
be effective for 2–3 years if used at the rate of 250g/m3 of void, provided
the space is well sealed and manholes are kept closed.1 There is a change
of colour when silica gel has lost its effectiveness and it is necessary to
incorporate a system by which this can be checked. The desiccant can be
heated to remove moisture and re-used. Where steel sections are com-
pletely sealed, a small amount of corrosion may occur because some mois-
ture will be trapped inside the box or tube, but once this has reacted with
the steel no further serious corrosion is likely. Corrosion can be avoided
by purging air spaces and filling them with inert gases. This method is
employed with certain holds on ships.

Air is often treated with desiccants to remove moisture but volatile cor-
rosion inhibitors are also used to retard or prevent the corrosion of steel
surfaces in packages. This is a comparatively expensive method and is not
used for large steel sections but may be adopted for smaller steel com-
ponents.

Volatile corrosion inhibitors (VCI) are used for this purpose. The term
‘vapour phase inhibitor’ (VPI) is also sometimes used but VCI covers all
types of this class of inhibitor. The mechanism will not be considered in
detail but these inhibitors are chosen to provide different degrees of
volatility, which then react in the vapour phase with any moisture in the
package to provide an inhibitive solution at the steel surface. The most
common inhibitors are dicyclohexyl ammonium nitrite (DCHN) and
cyclohexylamine carbonate (CHC). CHC is more volatile than DCHN and
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more soluble in water. Both types may attack copper alloys and other
materials so must be used with some caution on assemblies.

The VCIs are available commercially, usually under proprietary names,
in the form of impregnated wrapping papers and as granules in porous
sachets. Proprietary products may contain a mixture of the two inhibitors,
sometimes with additions of other inhibitors.

12.2.2 Treatment of aqueous solutions

Although steelwork is used in seawater and river water, there is usually no
practical way in which the waters can be treated to prevent corrosion. In
soils some treatments are possible but generally they rely upon the use of
non-corrosive backfills in contact with pipes.

There are methods of treating water to reduce its corrosiveness. These
include the removal of oxygen, a method commonly used for boiler
waters, and making the solution alkaline. These are not applicable to
general structural steelwork, although there may be situations where water
is contained within constructional members. For example, with some
buildings the fire protection system relies upon water being pumped
through tubular members and control of alkalinity may be a suitable way
of preventing internal corrosion. A common method of controlling corro-
sion in aqueous situations is to use inhibitors. These are chemicals added
to the water in suitable concentrations which retard either the anodic or
cathodic action at the steel surface and, based on this, are commonly
called anodic or cathodic inhibitors. Typical examples of the former type
are chromates, nitrites and phosphates, all of which can be considered as
acting to reinforce oxide films on the steel. Cathodic inhibitors are gener-
ally considered to include silicates and polyphosphates but in some cases
the inhibitors may have an influence on both anodic and cathodic reac-
tions. Inhibitors are important in the oil industry in both the extraction
and refining processes, but these are specialised topics which will not be
considered here.

12.3 Alloy steels

The corrosion resistance of steels can be markedly improved by adding
other metals to produce alloys. The most resistant of the common steel
alloys is stainless steel. It is a good deal more expensive than ordinary steel
and, although widely used in process plant, is employed to only a limited
extent in structures, mainly for fasteners in particularly aggressive situ-
ations and sometimes for bearings. It is more widely used on buildings for
cladding, balustrades, doors, etc.

Although there are a number of different groups within the overall clas-
sification of stainless steel, the one most commonly used in buildings and
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structures is austenitic stainless steel, so described because of its metallurgi-
cal structure. In fact, steels with 12% or more of chromium fall into the
category of stainless steels but the common austenitic types contain over
30% of alloying elements, 18–20% chromium, 8–10% nickel and about 3%
molybdenum.

The other group of alloy steels that have been used for structures and
buildings are much lower in alloy content, only about 2–3%. These are
called ‘weathering steels’, the best known of which is the US Steel Corpo-
ration version ‘COR TEN’, also produced under licence in other countries.
Unlike stainless steels they have been used for structural members as well
as cladding for buildings.

12.3.1 Stainless steels

These steels owe their corrosion resistance to the formation of a passive
surface oxide film, basically Cr2O3.

12.3.1.1 Corrosion characteristics of stainless steels

The austenitic stainless steels are virtually uncorroded when freely
exposed in most atmospheric environments. The 304 series, without
molybdenum additions, may exhibit rust staining arising from slight pitting
but the actual loss of steel by corrosion is negligible. The 304 steels are
attacked to a greater extent in marine atmospheres because of the pres-
ence of chlorides, and this may lead to a rust-stained appearance but again
produces little loss of metal. The 315 and 316 steels perform well even in
marine atmospheres and often under immersed conditions. However, in
some immersed situations corrosion can occur, particularly in stagnant
conditions where marine growths can form. Such organisms shield the
steel from oxygen so that breakdown of the passive film is not repaired.
Any area where the film cannot be repaired is a potential site for pitting.
Such situations as overlaps and crevices may provide conditions where
pitting may occur. This is not likely to be serious in most atmospheric con-
ditions but may be more severe under immersed situations. Pitting occurs
to a much greater extent on stainless steels than on carbon steels. This
arises from the presence of the very protective film, which becomes
cathodic to any small breaks where local corrosion occurs. In the presence
of an electrolyte, the corroding area, i.e. the anodic part of the cell, is in
contact with a large cathodic area, which intensifies the local corrosion.
Since the passive film is very adherent at the edge of the local anodic area,
corrosion tends not to spread sideways but rather to penetrate into the
alloy, i.e. to cause pitting. Such pitting can be serious if comparatively thin
sheet material is used as a pipe for transporting liquids, because eventually
the steel is perforated by the pitting, allowing escape of the liquid. In most
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situations where stainless steel is used for structures, this is not such a
serious problem, but care should be taken with the design of stainless steel
fabrications, particularly where they are exposed to chlorides which are
the species most likely to cause pitting. Marine situations are obviously
affected by chlorides, but attention should also be paid to the effects of de-
icing salts when stainless steel is used on bridges.

These steels are often used as components for structures and buildings
but they are also used for architectural panels. Generally, 316-type mater-
ial is employed for this purpose and care must be exercised during con-
struction to ensure that mortars and cements do not come into contact
with the panels. Problems of pitting can occur, particularly with chloride-
containing concretes, especially if they are allowed to set and are not
immediately removed.

In cities and large towns where stainless steel may be used for cladding,
the accumulations of dirt, particularly if not exposed to rainfall, can lead to
local breakdown of the passive film and it is advantageous to wash the
steel down regularly.2

12.3.2 Low-alloy weathering steels

In the early 1970s a large number of bridges as well as other structures and
buildings were constructed from these steels, the best known of which was
called ‘CORTEN’, mainly in the USA but also in many other countries,
including the United Kingdom. Small additions of alloying elements such as
copper, nickel, chromium and somewhat higher amounts of silica and phos-
phorous than in ordinary steels resulted in an alloy content of only 2–3%.
This had the effect of reducing the corrosion rate in air compared with that
of unalloyed steel. Furthermore, although initially weathering steels rusted
in a similar manner to ordinary steels, after a period of some months the
rust became darker and more adherent than conventional rust. Consider-
able test work on small panels throughout the world confirmed the advan-
tages of these steels provided they were freely exposed in air at inland sites.
Their performance compared with ordinary steel showed less improvement
when exposed close to the sea, and if they were immersed in water or
buried in soil their corrosion rate was similar to that of ordinary steel.

In practice there have been disappointments with the use of these steels;
their appearance is variable depending upon orientation and the loose
powdery rust is a nuisance and can stain adjacent areas.

Although there probably is a place for weathering steels in certain situ-
ations, the design of structures and buildings must take into account the
corrosion properties of the steels. This has not always been done in a satis-
factory way. A paper by Tinklenberg and Culp3 sums up what is probably
a fairly representative view of many bridge authorities in the USA. The
authors say:
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. . . in 1977, a comprehensive evaluation of weathering steel was started.
This investigation identified a number of problem areas. These included
salt contamination, crevice corrosion, pitting, millscale, accumulation of
debris, the capillarity of the rust by-products and the potential of corro-
sion fatigue. When it was determined that these structures had to be
painted and that other equal strength steels were available at a lower
cost, the initial reasons for selecting weathering steel were no longer
valid . . .
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