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10.1 Principles of Cathodic

Protection

Cathodic protection is unique amongst all the methods of corrosion control
in that if required it is able to stop corrosion completely, but it remains
within the choice of the operator to accept a lesser, but quantifiable, level of
protection. Manifestly, it is an important and versatile technique.

In principle, cathodic protection can be applied to all the so-called engi-
neering metals. In practice, it is most commonly used to protect ferrous
materials and predominantly carbon steel. It is possible to apply cathodic
protection in most aqueous corrosive environments, although its use is
largely restricted to natural near-neutral environments (soils, sands and
waters, each with air access). Thus, although the general principles outlined
here apply to virtually all metals in aqueous environments, it is appropriate
that the emphasis, and the illustrations, relate to steel in aerated natural
environments.

The text seeks to show why it is that cathodic protection is apparently so
restricted in its scope of application despite its apparent versatility. Never-
theless, having recognised the restricted scope it is important to emphasise
that the number and criticality of the structures to which cathodic protection
is applied is very high indeed.

Historical

In recent years it has been regarded as somewhat passe to refer to Sir
Humphrey Davy in a text on cathodic protection. However, his role in the
application of cathodic protection should not be ignored. In 1824 Davy
presented a series of papers to the Royal Society in Londonl in which he
described how zinc and iron anodes could be used to prevent the corrosion
of copper sheathing on the wooden hulls of British naval vessels. His paper
shows a considerable intuitive awareness of what are now accepted as the
principles of cathodic protection. Several practical tests were made on vessels
in harbour and on sea-going ships, including the effect of various current
densities on the level of protection of the copper. Davy also considered the
use of an impressed current device based on a battery, but did not consider
the method to be practicable.



The first 'full-hull' installation on a vessel in service was applied to the
frigate HMS Samarang in 1824. Four groups of cast iron anodes were fitted
and virtually perfect protection of the copper was achieved. So effective
was the system that the prevention of corrosion of the copper resulted in
the loss of the copper ions required to act as a toxicide for marine growth
leading to increased marine fouling of the hull. Since this led to some loss
of performance from the vessel, interest in cathodic protection waned. The
beneficial action of the copper ions in preventing fouling was judged to be
more important than preventing deterioration of the sheathing. Cathodic
protection was therefore neglected for 100 years after which it began to be
used successfully by oil companies in the United States to protect under-
ground pipelines2.

It is interesting that the first large-scale application of cathodic protec-
tion by Davy was directed at protecting copper rather than steel. It is also
a measure of Davy's grasp of the topic that he was able to consider the
use of two techniques of cathodic protection, viz. sacrificial anodes and
impressed current, and two types of sacrificial anode, viz. zinc and cast iron.

Electrochemical Principles

Aqueous Corrosion

The aqueous corrosion of iron under conditions of air access can be written:

2Fe + O2 + 2H2O -> 2Fe(OH)2 (10.1)

The product, ferrous hydroxide, is commonly further oxidised to magnetite
(Fe3O4) or a hydrated ferric oxide (FeOOH), i.e. rust.

It is convenient to consider separately the metallic and non-metallic reac-
tions in equation 10.1:

2Fe -> 2Fe2+ + 4e~ (10.2)

O2 + 2H2O + 4e~ -+ 4OH- (10.3)

To balance equations 10.2 and 10.3 in terms of electrical charge it has been
necessary to add four electrons to the right-hand side of equation 10.2 and
to the left-hand-side of equation 10.3. However, simple addition and ration-
alisation of equations 10.2 and 10.3 yields equation 10.1.

We conclude that corrosion is a chemical reaction (equation 10.1) occur-
ring by an electrochemical mechanism (equations 10.2) and (10.3), i.e. by a
process involving electrical and chemical species. Figure 10.1 is a schematic
representation of aqueous corrrosion occurring at a metal surface.

Equation 10.2, which involves consumption of the metal and release of
electrons, is termed an anodic reaction. Equation 10.3, which represents
consumption of electrons and dissolved species in the environment, is termed
a cathodic reaction. Whenever spontaneous corrosion reactions occur, all
the electrons released in the anodic reaction are consumed in the cathodic
reaction; no excess or deficiency is found. Moreover, the metal normally
takes up a more or less uniform electrode potential, often called the corro-
sion or mixed potential (EcorT).



Fig. 10.1 Schematic illustration of the corrosion of steel in an aerated environment. Note that
the electrons released in the anodic reaction are consumed quantitatively in the cathodic reac-

tion, and that the anodic and cathodic products may react to produce Fe(OH>2

Cathodic Protection

It is possible to envisage what might happen if an electrical intervention
was made in the corrosion reaction by considering the impact on the anodic
and cathodic reactions. For example, if electrons were withdrawn from the
metal surface it might be anticipated that reaction 10.2 would speed up (to
replace the lost electrons) and reaction 10.3 would slow down, because of the
existing shortfall of electrons. It follows that the rate of metal consumption
would increase.

By contrast, if additional electrons were introduced at the metal surface,
the cathodic reaction would speed up (to consume the electrons) and the
anodic reaction would be inhibited; metal dissolution would be slowed
down. This is the basis of cathodic protection.

Figure 10.2 shows the effect on the corrosion reaction shown in Fig. 10.1
of providing a limited supply of electrons to the surface. The rate of dissolu-
tion slows down because the external source rather than an iron atom pro-
vides two of the electrons. Figure 10.3 shows the effect of a greater electron
supply; corrosion ceases since the external source provides all the requisite
electrons. It should be apparent that there is no reason why further electrons
could not be supplied, when even more hydroxyl (OH ~) ion would be pro-
duced, but without the possibility of a concomitant reduction in the rate of
iron dissolution. Clearly this would be a wasteful exercise.

The corrosion reaction may also be represented on a polarisation dia-
gram (Fig. 10.4). The diagram shows how the rates of the anodic and
cathodic reactions (both expressed in terms of current flow, /) vary with elec-
trode potential, E. Thus at Ea, the net rate of the anodic reaction is zero
and it increases as the potential becomes more positive. At Ec the net rate
of the cathodic reaction is zero and it increases as the potential becomes more
negative. (To be able to represent the anodic and cathodic reaction rates on
the same axis, the modulus of the current has been drawn.) The two reac-
tion rates are electrically equivalent at Econ, the corrosion potential, and the

Metal (iron or
steel)

Environment



Fig. 10.3 Schematic illustration of full cathodic protection of steel in an aerated environment.
Note that both anodic reactions shown in Fig. 10.1 have now been annihilated and there is an

accumulation of OH ~ at the surface

corresponding current, /corr is an electrical representation of the rate of the
anodic and cathodic reactions at that potential, i.e. the spontaneous corro-
sion rate of the metal. That is, at Emn the polarisation diagram represents
the situation referred to above. Namely, that when spontaneous corrosion
occurs, the rate of electron release equals the rate of electron consumption,
and there is no net current flow although metal is consumed, and meanwhile
the metal exerts a single electrode potential.

To hold the metal at any potential other than Ecorr requires that electrons
be supplied to, or be withdrawn from, the metal surface. For example, at
E' the cathodic reaction rate, /c', exceeds the anodic reaction rate, /a', and
the latter does not provide sufficient electrons to satisfy the former. If the

From external source

Metal

Environment

From external source

Fig. 10.2 Schematic illustration of partial cathodic protection of steel in an aerated environ-
ment. Note that one of the anodic reactions shown in Fig. 10.1 has been annihilated by pro-
viding two electrons from an external source; an excess of OH " , ions over Fe2 + now exists at

the surface

Environment

Metal



log 1 1 1

Fig. 10.4 Polarisation diagram representing corrosion and cathodic protection. A corroding
metal takes up the potential ^rr spontaneously and corrodes at a rate given by /corr. If the
potential is to be lowered to E' a current equal to (| /c'| - /fl') must be supplied from an external

source; the metal will then dissolve at a rate equal to !„

metal is to be maintained at £", the shortfall of electrons given by
(1//I - /a') must be supplied from an external source. This externally sup-
plied current serves to reduce the metal dissolution rate from /corr to /a'.

At Ea the net anodic reaction rate is zero (there is no metal dissolution)
and a cathodic current equal to /c" must be available from the external
source to maintain the metal at this potential. It may also be apparent from
Fig. 10.4 that, if the potential is maintained below £"a, the metal dissolu-
tion rate remains zero (7a = O), but a cathodic current greater than /c"must
be supplied; more current is supplied without achieving a benefit in terms
of metal loss. There will, however, be a higher interfacial hydroxyl ion
concentration.

Oxygen Reduction

In illustrating the corrosion reaction in equation 10.1, the oxygen reduction
reaction (equation 10.3) has been taken as the cathodic process. Moreover,
in Figs 10.1 to 10.4 oxygen reduction has been assumed. Whilst there is a
range of cathodic reactions that can provoke the corrosion of a metal (since
to be a cathodic reactant any particular species must simply act as an oxidis-
ing agent to the metal) the most common cathodic reactant present in natural
environments is oxygen. It is for this reason that the oxygen reduction reac-
tion has been emphasised here.

When corrosion occurs, if the cathodic reactant is in plentiful supply, it
can be shown both theoretically and practically that the cathodic kinetics are
semi-logarithmic, as shown in Fig. 10.4. The rate of the cathodic reaction is
governed by the rate at which electrical charge can be transferred at the metal
surface. Such a process responds to changes in electrode potential giving rise
to the semi-logarithmic behaviour.



Because oxygen is not very soluble in aqueous solutions (ca. 10 ppm in cool
seawater, for example) it is not freely available at the metal surface. As a
result it is often easier to transfer electrical charge at the surface than for
oxygen to reach the surface to take part in the charge transfer reaction. The
cathodic reaction rate is then controlled by the rate of arrival of oxygen at
the surface. This is often referred to as mass transfer control. Since oxygen
is an uncharged species, its rate of arrival is unaffected by the prevailing elec-
trical field and responds only to the local oxygen concentration gradient. If
the cathodic reaction is driven so fast that the interfacial oxygen concentra-
tion is reduced to zero (i.e. the oxygen is consumed as soon as it reaches the
surface), the oxygen concentration gradient to the surface reaches a maxi-
mum and the reaction rate attains a limiting value. Only an increase in
oxygen concentration or an increase in flow velocity will permit an increase
in the limiting value. The cathodic kinetics under mass transfer control will
be as shown in Fig. 10.5.

l o g l l !

Fig. 10.5 Polarisation diagram representing corrosion and cathodic protection when the
cathodic process is under mass transfer control. The values of Ecorr and /C0rr are lower than when

there is no mass transfer restriction, i.e. when the cathodic kinetics follow the dotted line

Figure 10.5 demonstrates that, even when semi-logarithmic cathodic
kinetics are not observed, partial or total cathodic protection is possible.
Indeed, Fig. 10.5 shows that the corrosion rate approximates to the limit-
ing current for oxygen reduction (7,im) and the current required for protec-
tion is substantially lower than when semi-logarithmic cathodic behaviour
prevails.

Hydrogen Evolution

In principle it is possible for water to act as a cathodic reactant with the for-
mation of molecular hydrogen:



2H2O + 2e~ -» H2 + 2OH~ (10.4)

Indeed, in neutral solutions the corrosion of iron with concomitant hydro-
gen evolution deriving from the reduction of water is thermodynamically
feasible. In practice, this cathodic reaction is barely significant because the
reduction of any oxygen present is both thermodynamically favoured and
kinetically easier. In the absence of oxygen, the hydrogen evolution reaction
at the corrosion potential of iron is so sluggish that the corrosion rate of the
iron is vanishingly small.

Nevertheless, hydrogen evolution is important in considering the cathodic
protection of steel. Although hydrogen evolution takes little part in the cor-
rosion of steel in aerated neutral solutions (see Fig. 10.6), as the potential is
lowered to achieve cathodic protection so it plays a larger, and eventually
dominant, role in determining the total current demand. This too is demon-
strated in Fig. 10.6 where, it must be remembered, the current supplied from
the external source at any potential must be sufficient to sustain the total
cathodic reaction, i.e. both oxygen reduction and hydrogen evolution reac-
tions at that potential. It will be seen that to lower the potential much below
Ea entails a substantial increase in current and significantly more hydrogen
evolution.

Fig. 10.6 Polarisation diagram showing the limited role hydrogen evolution plays at the corro-
sion potential of steel in aerated neutral solution, the larger role in determining cathodic protec-
tion currents and the dominant role in contributing to current requirements at very negative
potenitals. The dotted line shows the total cathodic current due to oxygen reduction and

hydrogen evolution

Methods of Applying Cathodic Protection

There are two principal methods of applying cathodic protection, viz. the
impressed current technique and the use of sacrificial anodes. The former
includes the structure as part of a driven electrochemical cell and the latter
includes the structure as part of a spontaneous galvanic cell.



Fig. 10.7 Schematic diagram of cathodic protection using the impressed-current technique

Impressed Current Method

Figure 10.7 illustrates the use of an external power supply to provide the
cathodic polarisation of the structure. The circuit comprises the power
source, an auxiliary or impressed current electrode, the corrosive solution,
and the structure to be protected. The power source drives positive current
from the impressed current electrode through the corrosive solution and
onto the structure. The structure is thereby cathodically polarised (its poten-
tial is lowered) and the positive current returns through the circuit to the
power supply. Thus to achieve cathodic protection the impressed current
electrode and the structure must be in both electrolytic and electronic
contact.

The power supply is usually a transformer/rectifier that converts a.c.
power to d.c. Typically the d.c. output will be in the range 15-100 V and
5-100 A although 200 V/200 A units are not unknown. Thus fairly substan-
tial driving voltages and currents are available. Where mains power is not
available, diesel or gas engines, solar panels or thermoelectric generators
have all been used to provide suitable d.c.

It will be seen that the impressed current electrode discharges positive
current, i.e. it acts as an anode in the cell. There are three generic types of
anode used in cathodic protection, viz, consumable, non-consumable and
semi-consumable. The consumable electrodes undergo an anodic reaction
that involves their consumption. Thus an anode made of scrap iron produces
positive current by the reaction:

Fe -> Fe2+ + 2e~

the ferrous iron entering the environment as a positive current carrier*.
Since the dissolving anode must obey Faraday's law it follows that the
wasting of the anode will be proportional to the total current delivered.

* In practice the cathodic protection current will be carried in the corrosive environment by
more mobile ions, e.g. OH~, Na + , etc.
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current anode
in ground bed

dc power
source

Electron flow

Corrosive environment

Protected
structurePositive

current flow
(ionic)



In practice the loss for an iron anode is approximately 9 kg/Ay. Thus con-
sumable anodes must be replaced at intervals or be of sufficient size to remain
as a current source for the design life of the protected structure. This poses
some problems in design because, as the anode dissolves, the resistance it
presents to the circuit increases. More important, it is difficult to ensure con-
tinuous electrical connection to the dissolving anode.

Non-consumable anodes sustain an anodic reaction that decomposes the
aqueous environment rather than dissolves the anode metal. In aqueous
solutions the reaction may be:

2H2O-* O2 + 4H+ + 4e~

OT in the presence of chloride ions:

2Cr -> Cl2 + 2e~

Anodes made from platinised titanium or niobium fall in this category.
Because these anodes are not consumed faradaically, they should not,

in principle, require replacement during the life of the structure. However,
to remain intact they must be chemically resistant to their anodic products
(acid and chlorine) and, where the products are gaseous, conditions must
be produced which allow the gas to escape and not interfere with anode
operation. This is particularly true of the platinised electrodes because they
can operate at high current density (>100A/m2) without detriment, but
will then produce high levels of acidity (pH<2) and large volumes of gas.
Groundbed design (the way in which the anode is installed) is therefore
crucial.

Although the anodes are described as non-consumable, they do suffer
some loss of the thin (ca. 2-5-10/xm) platinised coating. This loss, which
unfortunately has become known as the wear rate although there is no ques-
tion of the loss being due to mechanical wear, is usually small, related to
the total current passed, and increased if the applied current has an a.c.
component. Typically values for the loss rate are 8 mg/Ay for platinised
titanium, which may be increased ten-fold if an a.c. component < 100 Hz is
present. Negative-going current spikes, such as may be induced by a poorly
designed thyristor switching device, even given otherwise clean d.c., can
produce a hundred-fold increase in the rate of loss.

The semi-consumable electrodes, as the name implies, suffer rather less
dissolution than Faraday's law would predict and substantially more than
the non-consumable electrodes. This is because the anodic reaction is shared
between oxidising the anode material (causing consumption) and oxidising
the environment (with no concomitant loss of metal). Electrodes made from
silicon-iron, chromium-silicon-iron and graphite fall into this category.

Table 10.1 gives a brief summary of the behaviour of some impressed
current anodes and protection by impressed current is discussed in more
detail in Section 10.3.

Sacrificial Anodes

Using the impressed-current technique the driving voltage for the protec-
ive current comes from a d.c. power source. The sacrificial anode technique



uses the natural potential difference that exists between the structure and a
second metal in the same environment to provide the driving voltage. No
power source is employed. Moreover, the dissolution of the second metal,
the sacrificial anode, provides the source of electrons for cathodic polarisa-
tion of the structure. Thus, whilst the impressed-current anode may be more
noble or more base than the protected structure because the power source
forces it to act as an anode, the sacrificial anode must be spontaneously
anodic to the structure, i.e. be more negative in the galvanic series for the
given environment. Thus, in principle, zinc, aluminium or magnesium could
be used to protect steel, and iron used to protect copper. Figure 10.8 illu-
strates the use of a sacrificial anode for cathodic protection.

In practice pure metals are never used as sacrificial anodes. There are a
variety of reasons for this which include the need for:

1. a reliable, reproducible and negative operating potential for the anode;
2. a high and reproducible capacity (Ah/kg) for the anode;
3. uniform dissolution of the anode so that all metal is consumed usefully

in providing cathodic protection and not wastefully by mechanical loss;
4. freedom from any loss of activity by the anode due to passivation.

Material

Consumable:
Scrap iron

Cast iron

Semi-consumable :
Silicon cast iron
(Fe-14Si-(3 Mo)

Graphite

Non-consumable :
Lead alloys:
1. Pb-6Sb-lAg

2. Pt-activated

Platinised Ti, Ta or Nb

Consumption rate or
operating current

density

ca 9 kg/ Ay

< 9 kg/ Ay

5-50 A/m2

(in fresh water or soil)

2-5-10 A/m2

< 50-200 A/m2

(in seawater)
< 50-500 A/m2

(in seawater)
< 1000 Am/m2

(consumption)

Notes

Cheap; suitable for buried or
immersed use

Cheap; buried or immersed use;
carbon skeleton reduces
consumption

Buried or immersed use;
consumption (< 1 kg/ Ay); Mo
reduces consumption in
seawater

Consumption rate very much less
than steel or cast iron
(< 1 kg/ Ay); chloride ions
reduce consumption

PbO2 film restrains consumption

PbO2 film protective

Discontinuities in Pt coat
protected by oxide film on
subtrate; sensitive (<100Hz)
a. c. ripple in d.c. or negative
current spikes causing electrode
consumption; maximum
operating potential with Ti
substrate: 9 V

Table 10.1 Impressed current anode materials



Fig. 10.8 Schematic diagram of cathodic protection using sacrificial anodes. In practice the
anode, which will be mounted on a steel core, can be attached directly to the structure

For these reasons alloying elements appear in all the commercial anodes,
and very careful quality control is required to keep disadvantageous tramp
elements (notably iron and copper) below defined threshold levels. Many
anode failures can be attributed to poor production quality control. A guide
to minimum quality standards has been produced3.

Table 10.2 gives electrochemical properties for various generic anode
types. It will be apparent that the driving voltages that are available from
sacrificial anodes are substantially less than those available from power
sources. At best an anode will produce 1 V to steel whereas an impressed
current power source may produce up to 100 V.

A more detailed treatment of cathodic protection by sacrificial anodes is
given in Section 10.2.

Table 10.2 Typical sacrificial anode compositions and operating parameters

Alloy

Al-Zn-Hg
Al-Zn-In
Al-Zn-In
Al-Zn-Sn
Znb

Znb

Mg-Al-Zn
Mg-Mn

Environment

Seawater
Seawater
Marine sediments
Seawater
Seawater
Marine sediments
Seawater
Seawater

Operating voltage
vs. Ag /AgCl/

seawater
(V)

-1-0 to -1-05
-1-0 to - -10
-0-95 to - -05
-1-0 to - -05
-0-95 to - -03
-0-95 to - -03

-1-5
-1-7

Driving voltage*
(V)

0-20 to 0-25
0-20 to 0-30
0-15 to 0-25
0-20 to 0-25
0-15 to 0-23
O- 15 to 0-23

0-7
0-9

Capacity
(Ah/kg)

2600-2850
2300-2650
1300-2300
925-2600
760- 780
750- 780

1230
1230

3THe driving voltage to bare steel, i.e. protection potential of steel — anode operating potential.
b US Military Specification.
Note: It is often important to control impurities and especially Fe, Cu, Ni and Si, although a controlled Si content is essential

to some aluminium alloys.

Electron flow
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Sacrificial
anode
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Proof of Protection

Stee/

Figure 10.4 demonstrates that the rate of dissolution of iron (or any other
metal) decreases as the potential is made more negative. Figure 10.6 shows
that the current required to reach any given potential below the corrosion
potential C^corr) will vary according to the composition of the corrosive
solution. Thus Fig. 10.6 shows that, in the absence of oxygen, the current
requirement would be low, but would increase to a value approximating
to the limiting current in its presence. Moreover, since the limiting current
can be increased by increasing the oxygen concentration or the solution flow
rate, the current required for protection will change predictably with change
in either of these parameters4. It follows that the current required to pre-
vent corrosion completely (i.e. in principle to achieve E3) will vary accord-
ing to the environment and the environmental dynamics. As a consequence,
there is no single current that will assure protection in all cases. Current
supplied is not, therefore, an unequivocal indication of the effectiveness of
protection.

By contrast, it appears from Figs. 10.4 and 10.6 that a potential measure-
ment would be more reliable. Specifically that Ea (the equilibrium potential
for the iron/ferrous-ion electrode given a suitably low ferrous ion concentra-
tion) would always represent the achievement of full protection for iron.

Almost without exception all the accepted criteria for full cathodic protec-
tion of iron are based on a potential measurement. The various recom-
mended practices published by the US National Association of Corrosion
Engineers (NACE) give six criteria for full protection5"11. The current
British Standard Code of Practice12 gives one. These are summarised in
Table 10.3. Only the first three are useful; the remainder are of dubious value
or expressions of pious hope.

Table 10.3 Cathodic protection criteria3

The most widely accepted criterion for protection of steel at room temper-
ature (the protection potential) in aerobic conditions is - O- 85 V with respect
to a CuXCuSO4 reference electrode. In anaerobic conditions -0-95 V (vs.
CuXCuSO4) is the preferred protection potential because of the possible
presence of active sulphate-reducing bacteria (SRB).

Various limitations on the most negative potential that may be imposed
during cathodic protection are often quoted for high-strength steels (typic-
ally - 1 -O V vs. CuXCuSO4 for steels in the 700-800 MPa tensile strength
range). The restriction is to limit the evolution of hydrogen at the structure

1.
2.
3.
4.

5.
6.

< — 0-85 V w.r.t CuXCuSO4 with current applied but minimising IR error.
Negative shift ^ 300 mV when current applied.
Positive shift > 100 mV when current interrupted.
More negative than beginning of Tafel segment of cathodic polarisation (E — log /)

curve.
A net protective current in the structure at former anodic points.
Polarise all cathodic areas to open circuit potential of most active anode areas.

a After British Standard Code of Practice12 and NACE Recommended Practices5-"



and thereby prevent hydrogen absorption with the possibility of embrittle-
ment of the steel possibly leading to fracture. The consequence is that the
useful window of potential in which the steel can operate is severely
restricted, especially under anaerobic conditions.

It must not be assumed that the protection potential is numerically equal
to the equilibrium potential for the iron/ferrous-ion electrode (Ea). The
standard equilibrium potential (Ee) for iron/ferrous-ion is -O-440 V (vs.
the standard hydrogen electrode). If the interfacial ferrous ion concentration
when corrosion ceases is approximately 10~6g ions/1 then, according to the
Nernst equation, the equilibrium potential (E3) is given by:

0-059
E^ E* +-y-logtfFe2+

where afe2+ is the activity or thermodynamic concentration of the fer-
rous cation. Thus Ea = —0-62 V vs. the standard hydrogen electrode or
-0-93 V vs. CuXCuSO4. This is a value substantially more negative than
the accepted protection potential ( — 0-85 V).

A simple calculation based on the solubility product of ferrous hydroxide
and assuming an interfacial pH of 9 (due to the alkalisation of the cathodic
surface by reaction3) shows that, according to the Nernst equation, at
— 0-85 V (vs. CuXCuSO4) the ferrous ion concentration then present is
sufficient to permit deposition hydroxide ion. It appears that the ferrous
hydroxide formed may be protective and that the practical protection poten-
tial ( — 0-85 V), as opposed to the theoretical protection potential (Ea =
— O • 93 V), is governed by the thermodynamics of precipitation and not those
of dissolution.

It is also worth noting that the exact achievement of the so-called pro-
tection potential is not essential to excellent corrosion control. Figures 10.4
to 10.6 show the anodic kinetics as semi-logarithmic in character. Behaviour
approaching this is observed in practice for steel in many environments.
Thus the first increment of negative potential shift will reduce the anodic
dissolution rate substantially. A second equal shift will be ten times less
effective and will require the application of very much more current. A third
equal shift will be ten times less effective again. That is, the dissolution rate
decreases assymptotically as the full protection potential is approached; a
small shortfall in cathodic polarisation is not, therefore, disastrous. By con-
trast, the current required to achieve the protection potential, and more
particularly to exceed it, is often very substantial and may increase exponen-
tially. There may often be good economic reasons for permitting a minor
shortfall of polarisation.

Other Metals

In principle, all metals may be protected by cathodic protection. In practice,
it is not always relevant either because the metals are, to all intents and pur-
poses, naturally immune to corrosion (the noble metals) and often not used
as engineering materials or, being base metals, they are well protected by



the spontaneous formation of a passive film in aqueous solution (aluminium
or a stainless steel for example).

Copper-base alloys will corrode in aerated conditions. It is, therefore,
sometimes appropriate to consider cathodic protection. It becomes partic-
ularly relevant when the flow rates are high or when the design of an item
causes the copper to be an anode in a galvanic cell (e.g. a copper alloy tube
plate in a titanium-tubed heat exchanger). Corrosion can be controlled
by polarisation to approximately — 0 - 6 V (vs. CuXCuSO4)* and may be
achieved using soft iron sacrificial anodes.

Some metals are amphoteric. That is, they form simple cations (in acid
solutions) and soluble oxyanions (in alkaline solution); only in the mid-pH
range is a protective film stable. Since cathodic protection produces alkali
at the structure's surface, it is important to restrict the polarisation, and
thereby the amount of hydroxyl ion produced, in these cases. Thus both lead
and aluminium will suffer cathodic corrosion under cathodic protection if
the potential is made excessively electro negative.

Many passive metals suffer pitting attack when aggressive ions (usually
chloride) enter the system. It is possible to forestall pitting, or to stop it once
started, using cathodic protection. It is not necessary to polarise to the pro-
tection potential of the metal; a negative shift of 100 mV from the natural
corrosion potential in the environment will often be sufficient. This techni-
que has been applied to various stainless steels and to aluminium17. The
philosophy is not unlike that applied to rebar in concrete.

Where there is a perceived risk of crevice corrosion, cathodic protection
can often be used to prevent its initiation. Once more a 100 mV cathodic
polarisation will usually prove sufficient. However, it is doubtful whether
cathodic protection can arrest crevice corrosion once started and, despite
claims to the contrary, whether it could be effective in arresting stress-
corrosion cracking. The problem lies in the fundamental difficulty of forcing
cathodic current into an occluded area.

Some recommended protection potentials for other metals are given in
Table 10.4.

Steel in Concrete

Concrete is a very benign environment for steel so long as its natural pH
remains high and no aggressive species enters. The low corrosion rate experi-
enced by the steel is due to the formation of a protective passive film. There
are a number of circumstances that allow chloride ions to enter reinforced
concrete. When these ions reach the reinforcing bar (rebar) they may cause
localised corrosion damage to it, with consequent cracking, even spalling,
of the concrete. The result is both unsightly and potentially dangerous.
Impressed current cathodic protection has been used to overcome the prob-
lem and significant beneficial effects have been claimed13"15.

* In a mixed metal system the protection potential to be adopted is that of the least noble
metal, i.e. if the heat exchanger channel had been iron and also required protection, the rele-
vant protection potential would have been —0-85 V vs. CuXCuSO4 i.e. the potential relating
to steel.



The proof of protection is more difficult to establish in this case for
two reasons. First, the object is to restore passivity to the rebar and not
to render it virtually immune to corrosion. Second, it is difficult to mea-
sure the true electrode potential of rebars under these conditions. This is
because the cathodic-protection current flowing through the concrete pro-
duces a voltage error in the measurements made (see below). For this reason
it has been found convenient to use a potential decay technique to assess
protection rather than a direct potential measurement. Thus a 100 mV decay
of polarisation in 4 H once current has been interrupted has been adopted
as the criterion for adequate protection16. It will be seen that this propo-
sal does not differ substantially from the decay criterion included in Table
10.3 and recommended by NACE for assessing the full protection of steel
in other environments. Of course, in this case the cathodic polarisation is
intended to inhibit pit growth and restore passivity, not to establish effective
immunity.

Potential Measurements

It is clear that to ensure adequate protection of a structure under cathodic
protection it is necessary to measure its electrode potential. This can only
be achieved by using a reference electrode placed in the same environment
as the structure and measuring the e.m.f. of the cell so formed. Since the
electrode potentials of different types of reference electrode vary, it is clear
that the measured e.m.f. will also vary according to the particular reference
electrode used. It follows that the potential measured must always be
recorded with respect to the reference electrode deployed, which must always
be stated.

The protection potential for a given metal is numerically different accord-
ing to the reference electrode used. Thus the protection potential for iron in
aerobic environments is:

-O-85 V vs. CuXCuSO4

-O-80 V vs. Ag/AgCl/seawater
-0-77 V vs. Ag/AgCl/1 M KCl
-0-84 V vs. Ag/AgCl/0-1 M KCl
— 0-55 V vs. standard hydrogen electrode

It is fundamental that a reference electrode should have a stable and
reproducible potential. Not all reference electrodes are suitable for all

Metal

Lead
Copper-base alloys
Aluminium

+ ve limit
— ve limit

Protection potential
(V vs. CuXCuSO4

-0-6
-0-5 to -0-65

-0-95
-1-2

"After British Standard Code of Practice CP 1021:197312

Table 10.4 Recommended protection potentials for other metals3



environments or circumstances. For example a CuXCuSO4 electrode is
suitable for use in soil, but should never be used in sea water or on con-
crete. Contamination of the electrode can occur which will produce serious
changes in the reference potential.

A Ag/AgCl/seawater electrode should only be used in seawater since
the electrode is merely a Ag/AgCl element that provides a known stable
reference potential when immersed in clean seawater. Immersion in any
other chloride-containing fluid will produce a different reference potential
depending on the chloride concentration present in the environment. Only
if appropriate allowance is made for the particular chloride content present
will the potentials measured be reliable. Commercial Ag/AgCl electrodes are
available where the element is encapsulated within an environment contain-
ing a fixed chloride content. The electrodes are very stable and suitable for
short-term use in fluids containing any concentration of chloride or no
chloride ions at all. They are not suitable for continuous immersion in fluids
where the chloride concentration of the encapsulation will change with time
as a result of chloride leaching (e.g. in distilled water) or chloride ion ingress
(e.g. in seawater).

Finally, calomel electrodes (and more especially hydrogen electrodes)
are not suitable for field measurements because they are not sufficiently
robust. The calomel electrodes are however essential for calibrating the field
reference electrodes. Saturated KCl calomel electrodes are the most suitable
because there is then no doubt about the reference potential of the calib-
rating electrode. Lack of adequate calibration is a common cause of cathodic
protection system mismanagement.

Incorrect potential measurement technique leads to another management
problem. If the potential of a freely corroding metal is measured the values
recorded will remain constant wherever the reference electrode is placed in
the environment. If the same metal is under cathodic protection the posi-
tioning of the reference electrode is crucial. This is because the cathodic
protection current flowing through the corrosive environment produces an
electric field gradient as the current, /, flows through the environment of
resistance, R. Thus, when the reference electrode is placed remote from the
metal surface, the measured potential comprises the true electrode poten-
tial of the metal and the potential difference in the environment between the
metal and the reference electrode due to the electric field. As the reference
electrode is moved closer to the metal surface so less of the electric field is
included in the measurement and the potential of the metal appears more
positive (Fig. 10.9). That is, with current flowing, a remote reference elec-
trode ensures measurement of a more negative potential for the metal (it
appears better protected than it is) whilst the closer the reference electrode
is placed to the metal the more positive, and more reliable, the measurement
becomes.

The deviation from the correct potential value by inclusion of the field
gradient in the measurement is often called the IR error and it must be
minimised in assessing the state of polarisation of a cathodically protected
structure. The recommended protection potentials all assume no significant
IR error in the measurement.

It is desirable to measure the potential of a structure without an IR error.
It is not always possible to place the reference electrode close to the struc-
ture to minimise the IR error but it can be achieved using the so-called



Fig. 10.9 Diagram illustrating the source of the IR error in potential measurements on a
cathodically protected structure. BA is the absolute electrode potential of the structure; CD is
the absolute electrode potential of the anode; and CB is the field gradient in the environment
due to cathodic protection current flux. A reference electrode placed at E will produce an IR
error of EFin the potential measurement of the structure potential. If placed at G the error will
be reduced to GH. At B there would be no error, but the point is too close to the structure to
permit insertion of a reference electrode. If the current is interrupted the field immediately

becomes as shown by the dotted line, and no IR is included

instant-off technique. The technique relies on the fact that when the current
is interrupted, the IR effect, being ohmic, dissipates immediately but the
polarisation decays much more slowly. Thus, if the current is switched off
and the potential is measured immediately, the 7/?-free polarised potential
of the structure can be measured. Where the cathodic protection system uses
multiple power sources, it is necessary to switch off all the units simulta-
neously if true IR-free conditions are to be achieved.

In an impressed-current cathodic protection system the power source has
a substantial capacity to deliver current and it is possible to change the state
of polarisation of the structure by altering that current. Thus effective con-
trol of the system depends on credible potential measurements. Since the
current output from any given anode is substantial, the possibility of an IR
error which may reach many hundreds of millivolts in any potential mea-
surements made is high. Thus the instant-off technique (or some other means
of avoiding IR error) is essential to effective system management.

By contrast a cathodic protection system based on sacrificial anodes is
designed from the outset to achieve the required protection potential. If
this is not achieved in practice there is no control function that can be
exercised to improve the situation. Some remodelling of the system will
be required. Moreover, the currents from each current source (the sacrifi-
cial anodes) is modest so that field gradients in the environment are not
significant. It is at once clear that potential measurements are less signifi-
cant in this case and instant-off measurements are neither necessary nor
possible.
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"This value will decay to less than 0-05 A/m2 if the calcareous deposit forms.

Coatings and Cathodic Protection

Coatings (e.g. paints) applied to metal surfaces can be extremely effective
in containing the corrosion of the substrate in many environments. This is
particularly true for steel in natural environments. However, no freshly
applied coating is entirely free from defects and so there will always be small
areas which are exposed directly to the corrosive environment. It is possible
to reduce, but not eliminate, these defects by paying attention to workman-
ship. In practice, it becomes increasingly expensive to achieve fewer and
fewer defects because of the need for high grade inspection, and the detec-
tion and repair of individual defects.

Large structures, even in near-neutral pH environments, require a con-
siderable current for cathodic protection. As a result structure coatings are

Current Requirements

It was indicated earlier that the cathodic current was a poor indicator of
adequate protection. Whilst, to a first approximation the protection poten-
tial is a function of the metal, the current required for protection is a func-
tion of the environment and, more particularly, of the cathodic kinetics
it entails. From Fig. 10.4 it is apparent that any circumstance that causes
the cathodic kinetics to increase will cause both the corrosion rate and the
current required for full (7C") or partial (|/c' | - /a') protection to rise. For
example, an increase in the limiting current in Fig. 10.5 produced by an
increase in environmental oxygen concentration or in fluid flow rate will
increase the corrosion rate and the cathodic protection current. Similarly, if
the environment is made more acid the hydrogen evolution reaction is more
likely to be involved in the corrosion reaction and it also becomes easier and
faster; this too produces an increased corrosion rate and cathodic current
demand.

In short, the current demand for cathodic protection varies according
to the aggressiveness of the corrosive environment. It is for this reason that
cathodic protection finds its greatest application where the pH is close to
neutral. The more acid environments entail a current output that rapidly
becomes uneconomic. The more alkaline environments prove less aggressive
to the structure and therefore often do not justify cathodic protection. Table
10.5 provides some estimated current densities for cathodic protection that
illustrate the point.

Table 10.5 Estimates of the current density required to protect bare steel in various corrosive
environments

Environment

Sulphuric acid (hot, concentrated, stationary)
Soils
Fast-flowing seawater
Air-saturated hot water
Flowing fresh water

Current density
(A/m2)

350-500
0-01-0-5

0-3a

0-1-0-15
0-05-0-1



°% Coated area 100%

Fig. 10.10 Schematic diagram illustrating the economic benefit of the conjoint use of coating
and cathodic protection. The increasing cost of coating as the coating is made progressively
more defect free is shown; the corresponding cost of applying cathodic protection to the
holidays decreases. The dotted line shows the total cost and that there is overall benefit in using

a good coating reinforced by cathodic protection

A coating deteriorates chemically and mechanically during its lifetime.
This leads to a progressive increase in both the number of defects and the
current required to protect the steel as they occur. Fortunately each new
defect represents a new low resistance path and the cathodic protection
current will flow to it to provide protection. Of course, this means that
the cathodic protection system as installed must have sufficient reserve to
provide this necessary extra current. This is readily accommodated in an
impressed current system where, if correctly designed, the voltage output
can be increased to provide the requisite current. It is rather more difficult
in the case of a sacrificial anode system because, as the anodes get smaller
(by dissolving sacrificially), they are not capable of delivering more current.
Thus increasing current demand develops alongside decreasing current
availability. Of course, it is possible to provide anodes capable of deliver-
ing substantially more current initially in order to be able to provide suffi-
cient current for later demand. This entails anodes operating in their early

an almost mandatory requirement when cathodic protection is contem-
plated. The coating then provides the major part of the protection and
the cathodic protection provides the protection at the coating defects. This
apparently ideally complementary behaviour occurs because the coating
defects represent a low resistance path, and therefore a preferred route,
to the structure, for the cathodic protection current. It is now apparent
that the coating does not need to achieve total surface coverage and the
cathodic protection system must only deliver a fraction (often less than
1 %) of the current that would be required to protect a bare structure. Figure
10.10 shows schematically that there is an optimum combination of coating
quality and cathodic protection which minimises the cost of protecting a
structure.
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life at low current densities which has sometimes been known to result in
anode passivation and failure to deliver any significant current when it is
needed.

Notwithstanding this latter difficulty, cathodic protection is usually
applied to coated structures. Thus ships, many piers and jetties and virtually
all buried pipelines are coated when cathodic protection is applied. Liquid
storage tanks standing on sand or bitumen sand often have the underside
of their base plate under cathodic protection. Here coating is often omitted,
but this is more often due to ignorance of the designer than a conscious deci-
sion not to coat. Only offshore oil production platforms, particularly in the
North Sea, are cathodically protected but often deliberately uncoated. There
are two reasons for this. First, these structures are almost all protected using
sacrificial anodes and it is easier to design for a more or less constant current
demand than for an increasing current demand in these systems. Second, the
construction of the platforms is made against a tight schedule; any weather
conditions that prevented completion of coating would involve launching a
platform with an incomplete coating and insufficient anodes to protect the
now partially coated structure. It is certainly true that the first platforms in
the North Sea were coated and cathodically protected. However, at that time
the only reliable marine anodes were based on zinc alloys which entailed a
heavy weight penalty (because they have a low capacity) and there was thus
a pressing need to reduce anode weight by coating. (See also Section 9.4
Design in Marine and Offshore Engineering.)

Calcareous Deposit

It has been noted that the total current required to protect large structures
can be substantial even in mildly corrosive environments. In seawater, for
example, an initial current in the region of 200 mA/m2 for bare steel might
well be required in the North Sea. This is because the relatively high oxygen
concentration and the tide and wave action all contribute to a facile cathodic
reaction. Fortunately this current diminishes with time. The reason for this
is the protective scale on the steel surface which forms during cathodic pro-
tection by decomposition of the seawater.

During cathodic protection the dissolved oxygen is reduced to produce
hydroxyl ions:

O2 + 2H2O + 4e~ ->4OH-

causing an increase in the pH at the interface. Seawater contains carbo-
nate and bicarbonate ions that are in a pH-dependent equilibrium with one
another:

HCO3- ^CO3
2- + H +

The higher the pH of the seawater the greater will be the proportion of
carbonate ions present (since as the pH increases, so the H + concentration
decreases, thereby moving the equilibrium to the right). It follows that at a
surface under cathodic protection, the hydroxyl ion produced has the effect
of increasing the local carbonate ion concentration.



Seawater also contains calcium ions which form an insoluble carbonate
with carbonate ions:

Ca2+ + CO2T - CaCO3

An increase in carbonate-ion concentration moves the equilibrium in favour
of calcium carbonate deposition. Thus one secondary effect of cathodic
protection in seawater is the production of OH ~, which favours the
production of CO3

2", which in turn promotes the deposition of CaCO3.
Cathodically protected surfaces in seawater will often develop an aragonite
(CaCO3) film. This film is commonly referred to as a calcareous deposit.

Similarly, the seawater contains magnesium ions which can react with the
hydroxyl ion directly to form magnesium hydroxide:

Mg2+ + 2OH- -> Mg(OH)2

Thus brucite (Mg(OH)2) is also commonly found on surfaces under
cathodic protection in seawater. Because more hydroxyl ions (higher pH)
are required to cause magnesium hydroxide to precipitate, the magnesium is
virtually always found in the calcareous deposits associated with calcium18

and its presence is an indicator of a high interfacial pH and thus either high
cathodic current densities or relatively poor seawater refreshment.

The practical consequences of these events are that once the calcareous
film has formed, a cathodic current density at least an order of magnitude
lower than that required to protect bare steel is needed to maintain protec-
tion. Although temporary damage to the film (for example, storm action)
may create a temporarily increased current demand, the film soon repairs
and the lower current demand is restored. There is, however, a danger in
excessive cathodic polarisation: hydrogen is evolved at the steel surface
which, as it emerges, can itself disrupt the film mechanically. Since the
hydrogen continues to be produced so long as there is excessive polarisation,
there is continuing mechanical damage to the film and a more or less perma-
nent increase in the cathodic current required for protection.

On the basis of laboratory experiments, it is widely believed, but there
is little field evidence to prove, that high initial cathodic current densities
promote the development of thinner, more compact and more protective
calcareous deposits. If this could be proved some reduction in the sacrificial
anode burden on a structure might be possible. As a result some attention
has been paid to the possibility of designing cathodic protection systems
capable of delivering a high initial current with a view to reducing the total
lifetime current required to attain and maintain protection. In general, this
approach has involved proposals to use a limited number of high-current
output magnesium alloy sacrificial anodes to reinforce the anode burden
(usually aluminium alloy) installed to provide long term protection. It
remains to be seen whether this is, or could be, successful.

Potential Attenuation in Impressed-current Systems

An impressed-current cathodic protection system circuit comprises an
anode, the power source, the structure and the environment in which it



is placed. In addition, there are electrical connections between the power
source and the anode and between the power source and the structure (at the
so-called negative drain point). The voltage available from the power source
is used to polarise the anode and the structure and to overcome the electrical
resistance of the environment and the metallic circuit, including that of the
structure itself. It follows that the overall circuit resistance to various parts
of a very large structure will differ and that, where the resistance is higher,
the voltage available for polarisation of the structure will be lower. Thus on
large structures protected by a limited number of anodes, some lateral varia-
tion in the level of polarisation is to be expected. This variation of potential
is referred to as attenuation. Given that to ensure full protection the struc-
ture should everywhere be polarised at least to the protection potential, some
part of it must be polarised to a greater extent. We have seen that more
polarisation requires more cathodic current. In the interest of economy it is
important to minimise attenuation as far as possible. One practical way to
achieve this is to use a protective coating and so limit the total current in the
circuit. It may then still prove desirable to use more than one anode ground-
bed* to render the attenuation less extreme. To pursue this latter course it
is helpful to have some assessment of the likely level of attenuation that will
be experienced on a given structure.

No exact mathematical analysis of potential attenuation for all structures
has yet been developed. Some indicative analysis has been achieved for a
buried pipeline19 which is perhaps the simplest case.

In making the analysis it is assumed that the anode groundbed is remote
from the pipeline. That is, the length of the pipeline in question stands in
what is virtually a uniform anode field, as shown in Fig. 10.11. Since the

Anode

Fig. 10.11 Schematic diagram showing an impressed-current anode installed in a groundbed
remote from a pipeline. The positive current produces a field gradient in the soil, but the gra-
dient tends to zero close to the line producing a uniform lateral electrical potential on the soil

side

* An anode buried in the ground or soil.
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Fig. 10.12 Schematic representation of a pipewall subject to cathodic protection (see text), ^x

= overpotential at x; r\a = overpotential at x = O; r)pTOt = overpotential at x = a/2; Ix - cur-
rent line at x\ ix = current density entering line at x\ Ia = current in line at x = O from one side

of drain point (2/fl = total current drain); a = distance between the drain points

We assume that the current enters the pipeline from the soil side through
defects in the coating and returns to the power source via the line and one
of the drain points, as shown in Fig. 10.12. If the total current in the pipeline
at a point a distance x from a drain point is Ix, then the change in current
per unit length at x is the current entering at x:

^ = -2irrL (10.5)

where r is the radius of the pipeline and Ix the current density entering at
x.

The electrical potential change along the pipeline at x is

£-*'•
where <t>x is the electrical potential at x and RL the resistance of the metallic
pipeline/unit length. However, since the rate of electrical potential change
is equal to the rate of change of overpotential, given a remote groundbed,
it follows that:

^ = -RJx (10.6)

where rjx is the overpotential and is the difference between the actual poten-
tial at x and the free corrosion potential of the metal.

From equations 10.5 and 10.6:

^ = RL(2*rix) (10.7)

electrical potential on the soil side is constant, any electrical potential change
in the pipeline metal due to current flow within it reflects an equal electrode
potential change at the pipe-soil interface. The change is also numerically
equal to the cathodic overpotential, i.e. the shift in electrode potential from
the spontaneous corrosion potential.

Pipe wall



Now, when /,, is small, the polarisation of the pipeline is approximately
directly proportional to the true current density (//) at the holidays (Sec-
tion 10.7, page 10:149) in the coating. Thus

rjx = k'ix (10.8)

Also,

i'=±x f

where / is the fraction of the surface covered by holidays in the coating and
is inversely proportional to the resistance of the coating/unit area ( z ) .

Thus

*„ = *'/; = ̂ J = KixZ (10.9)

where A' is a constant that depends on the nature of the structure to be pro-
tected and the properties of the soil.

From equations 10.7 and 10.9:

£-<£]*

The solution to equation 10.10 for an infinite pipeline, i.e. when rjx = O,
jc = oo and when rjx = ryfl, x = O, is:

", = •>.<>*[-[^]'*] (10.11)

However, if the pipeline has multiple drain points separated by distance
'a9 and the aim is that the pipeline electrode potential should just reach
the protection potential at the mid-point (x = a/2), then rjx=a/2 is equal to
rjprot (the overpotential required just to achieve the protection potential).
At x = a/2 the current in the line is zero and (drjx/dx)x=a/2 is also zero.
Thus:

1, = Vo, -OShFf^] 1Tx-^]I (10.12)L ^ AZ J ^ 2JJ

and

,, = Vol-cosh [-T^Vf] (10.12a)
L L KZ J 2J

The current in an infinite pipeline is obtained by differentiating equation
10.11 and substituting into equation 10.6:

'-[ l̂T^H l̂M <'°-i3>^ KZ J /CL L L KZ J J

The drainage current (i.e. (2Ix=0) is therefore:



"(^f!
This analysis is far from exact since it assumes a remote groundbed,

uniform soil resistivity and uniform defect density in the coating. At best
it demonstrates that attenuation is likely to follow an exponential decay
and that it will be less severe for larger diameter pipes than for smaller. The
problem is more difficult to solve for more complex structures (e.g. con-
gested pipeline networks) and especially so for marine installations where
the development of the calcareous deposit introduces the possibility of tem-
poral variations in attenuation.

The question of attenuation is not significant in the case of sacrificial
anode protection systems where the individual source outputs are small.

Summary

Cathodic protection is a long established and proven technique for protec-
ting metals from corrosion. Whilst in principle it may be used to protect
any metal in an aqueous environment, in practice it is used mainly to pro-
tect carbon steels in natural environments such as water, soil and sand.
Other metals often do not require protection because they do not corrode
significantly under these circumstances. More aggressive environments
render cathodic protection less attractive because of the substantial cost of
providing the requisite current. Nevertheless, cathodic protection is applied
to a vast area of metal on structures such as buried pipelines, ships, piers and
jetties, oil production platforms and liquid storage tanks. More recently the
protection of reinforcing bar in concrete has received attention. Cathodic
protection is therefore of great technological significance.

There are two methods of applying cathodic protection, viz using an
impressed current or a sacrificial anode. The former requires a source of
d.c. power, but is then capable of delivering large voltages (< 100 V) and
currents (< 100 A). A sacrificial anode operates independently of a source
of d.c. power but only delivers a voltage of about 1 V and a current that will
rarely exceed 5 A. The relative advantages of the two methods largely derive
from these differences.

Cathodic protection benefits from its conjoint use with a coating on the
structure; the current required for protection is reduced. However, in sea-
water the application of the technique encourages deposition of protective
salts which to some extent achieves the same objective.

Since cathodic protection, if operated correctly, can prevent the corro-
sion of a metal entirely, it is unique amongst all the methods of corrosion
control.
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