
10.2 Sacrificial Anodes

Introduction

This chapter is intended as an introduction and guide to the use of sacrificial
anodes for cathodic protection.

After considering the principles of operation and application of sacrifi-
cial anodes the basic terminology encountered when dealing with sacrificial
anodes is presented. A systematic approach takes the reader through the
requirements of anode materials and goes on to cover the factors affecting
their performance and those areas important to the selection of anode
materials. The chapter concludes by detailing considerations for the design
of sacrificial anode systems.

Principles of Operation

The thermodynamic and electrode-kinetic principles of cathodic protection
have been discussed at some length in Section 10.1. It has been shown that,
if electrons are supplied to the metal/electrolyte solution interface, the rate
of the cathodic reaction is increased whilst the rate of the anodic reaction
is decreased. Thus, corrosion is reduced. Concomitantly, the electrode
potential of the metal becomes more negative. Corrosion may be prevented
entirely if the rate of electron supply is such that the potential of the metal
is lowered to the value where it is found that anodic dissolution does not
occur. This may not necessarily be the potential at which dissolution is ther-
modynamically impossible.

When two different metals are immersed in the same electrolyte solution
they will usually exhibit different electrode potentials. If they are then con-
nected by an electronic conductor there will be a tendency for the potentials
of the two metals to move towards one another; they are said to mutually
polarise. The polarisation will be accompanied by a flow of ionic current
through the solution from the more negative metal (the anode) to the more
positive metal (the cathode), and electrons will be transferred through the
conductor from the anode to the cathode. Thus the cathode will benefit from
the supply of electrons, in that it will dissolve at a reduced rate. It is said to
be 'cathodically protected'. Conversely, in supplying electrons to the cathode
the anode will be consumed more rapidly, and thus will act as a sacrificial
anode.



It follows from the above that, for an anode material to offer sacrifi-
cial protection, it must have an open-circuit potential that is more negative
than that of the structure itself (the cathode). The extent of protection
experienced by the cathode will depend on the potential it achieves. This is
dependent on the electrochemical properties of the anode which in turn are
governed by its composition and the environment to which it is exposed.

Applications of Sacrificial Anodes

Examples of the application of sacrificial anodes include the following:
ships' hulls1, offshore oil and gas drilling rigs, production platforms/semi-
submersibles and support facilities2'3, underwater pipelines, underground
pipelines4, buried structures, harbour piling and jetties5, floating docks,
dolphins, buoys, lock gates and submerged concrete structures6. There are
many other uses, including a large range of industrial equipment where the
surfaces are in contact with corrosive electrolytes, e.g. heat exchangers,
pump impellers and vessel internals.

Sacrificial Anode Basics

Anode Operating Potential, Protection Potential and Driving Voltage

The operating potential of an anode material is its potential when coupled
to a structure (i.e. the closed-circuit potential). Since all commercial anode
materials are formulated to suffer only slight polarisation under most condi-
tions of exposure, the operating potential approximates to the open-circuit
potential. Indeed, any substantial difference (>50mV) between these two
potentials will call into question the suitability of the anode in the particular
environment.

The protection potential refers to the potential at which experience shows
corrosion of a metal will cease. Different materials have different protection
potentials (Table 10.6). Occasionally a less negative protection potential will
be specified because some degree of corrosion is permissible. It should be
noted that in a mixed metal system the protection potential for the most base
metal is adopted.

Table 10.6 Protection potentials of metals in seawater (V vs. Ag/AgCl/seawater)

Iron and steel
aerobic environment
anaerobic environment

Lead
Copper alloys

-0-8
-0-9
-0-55

-0-45 to -0-60

The driving voltage is the difference between the anode operating poten-
tial and the potential of the polarised structure to which it is connected.
For design purposes, the driving voltage is taken as the difference between
the anode operating potential and the required protection potential of the
structure.



Anode Capacity and Anode Efficiency

The anode capacity is the total coulombic charge (current x time) produced
by unit mass of an anode as a result of electrochemical dissolution. It is
normally expressed in ampere hours per kilogram (Ah/kg) although the
inverse of anode capacity, i.e. the consumption rate (kg/Ay) is sometimes
used.

The theoretical anode capacity can be calculated according to Faraday's
law. From this it can be shown that 1 kg of aluminium should provide
2981 Ah of charge. In practice, the realisable capacity of the anode is less
than the theoretical value. The significance of the actual (as opposed to the
theoretical) anode capacity is that it is a measure of the amount of cathodic
current an anode can give. Since anode capacity varies amongst anode
materials, it is the parameter against which the anode cost per unit anode
weight should be evaluated.

The anode efficiency is the percentage of the theoretical anode capacity
that is achieved in practice:

„ . anode capacity ^
anode efficiency = :— — x 100%

theoretical capacity

Anode efficiency is of little practical significance and can be misleading. For
example, magnesium alloy anodes often have an efficiency ca. 50% whilst
for zinc alloys the value exceeds 90%; it does not follow that zinc alloy
anodes are superior to those based on magnesium. Efficiency will be encoun-
tered in many texts on sacrificial anode cathodic protection.

Anode Requirements

The fundamental requirements of a sacrificial anode are to impart suffi-
cient cathodic protection to a structure economically and predictably over
a defined period, and to eliminate, or reduce to an acceptable level, corrosion
that would otherwise take place.

In view of the above criteria, the following properties are pre-requisites
for the commercial viability of a sacrificial anode:

1. The anode material must provide a driving voltage sufficiently large
to drive adequate current to enable effective cathodic polarisation of
the structure. This requirement implies that the anode must have an
operating potential that is more negative than the structure material to
be protected.

2. The anode material must have a more or less constant operating poten-
tial over a range of current outputs. Consequently the anode must resist
polarisation when current flows; the polarisation characteristics must
also be predictable.

3. An anode material must have a high, reproducible and available capa-
city, i.e. whilst acting as an anode, it must be capable of delivering
consistently and on demand a large number of ampere hours per kilo-
gram of material spent. The ideal anode material will not passivate
in the exposure environment, will corrode uniformly thus avoiding



mechanical fragmentation (hence wastage), and will approach its theo-
retical capacity.

4. The production of large quantities of alloy material in anode form, and
possessing the desired mechanical properties, must obviously be prac-
ticable and economic. Thus secondary processing such as heat treat-
ment is undesirable.

Sacrificial Anode Materials

Whilst cathodic protection can be used to protect most metals from aqueous
corrosion, it is most commonly applied to carbon steel in natural environ-
ments (waters, soils and sands). In a cathodic protection system the sacri-
ficial anode must be more electronegative than the structure. There is,
therefore, a limited range of suitable materials available to protect carbon
steel. The range is further restricted by the fact that the most electronegative
metals (Li, Na and K) corrode extremely rapidly in aqueous environments.
Thus, only magnesium, aluminium and zinc are viable possibilities. These
metals form the basis of the three generic types of sacrificial anode.

In practice, with one minor exception (pure zinc), the commercially pure
metals are unsuitable as sacrificial anode materials. This is because they
fail to meet one or more of the pre-requisites outlined above. In each generic
type of material alloying elements are added to ensure more acceptable
properties.

Table 10.7 provides a list of the more important anode materials by broad
category, and some indication of their operating parameters. It is at once,
clear that there are major differences in performance between one generic
type and another. Thus the magnesium alloys have very negative operat-
ing potentials and are therefore able to provide a large driving voltage for
cathodic protection; zinc and aluminium alloys are more modest in this
respect. Aluminium alloys, by contrast, provide a substantial current capa-
city which is more than twice that available from the zinc and magnesium
alloys. It might appear that this implies that if the driving voltage is the most
important feature in a given cathodic protection system (e.g. when there is
a need for short-term high currents or a high resistivity to overcome) then
magnesium alloys are to be preferred, but if a high capacity is required (e.g.
steady delivery of current over a long life) aluminium alloys would be better.
In practice, selection is significantly more complicated and the topic is dis-
cussed in more detail in later sections.

Table 10.7 Anode potentials of various alloys used for cathodic protection

Alloy

A-Zn-Hg
A— Zn-Sn
A-Zn-In

Zn-Al-Cd

Mg-Mn
Mg-A-Zn

Anode potential
(V vs. Ag/AgCl/Seawater)

-1.0 to -1.05
-1.0 to -1.10
-1.0 to -1.15

-1.05

-1.7
-1.5

Max current capacity
(Ah/kg)

2830
2600
2700

780

1230
1230



Even within a generic type of alloy there are significant performance
differences. Thus, for example, Al-Zn-In alloys provide a higher driving
voltage but a lower current capacity than Al-Zn-Hg alloys. Once a decision
to use a generic type of alloy has been made, these apparently small differ-
ences in performance become important in the final selection. This subject
is also discussed below.

Alloying additions are made to improve the performance of an anode
material. Of equal importance is the control of the levels of impurity in the
final anode, since impurities (notably iron and copper) can adversely affect
anode performance. Thus careful quality control of the raw materials used
and the manufacturing process adopted is essential to sound anode produc-
tion. This too is discussed below.

An intimate knowledge of the factors influencing the operation of sacri-
ficial anodes and design parameters, is essential if a full appreciation of
how best to select an anode and achievement of optimum performance is to
be realised. The following considerations deal with those factors which
ultimately determine anode performance.

Factors Affecting Anode Performance

Alloy Composition

The constituent elements of anode materials, other than the basis metal, are
present whether as a result of being impurities in the raw materials or
deliberate alloying additions. The impurity elements can be deleterious to
anode performance, thus it is necessary to control the quality of the input
materials in order to achieve the required anode performance. Since this
will usually have an adverse impact on costs it is often desirable to tolerate
a level of impurities and to overcome their action by making alloying addi-
tions. Alloying elements may also be added for other reasons which are
important to anode production and performance. These matters are dis-
cussed in this section.

In general, sacrificial anode alloy formulations are proprietary and
covered by patents. The patent documents are often very imprecise where
they relate to compositions that will produce effective anodes and quite inac-
curate in ascribing the function to a given alloying element. Whilst the com-
mercial literature is more specific where it relates to compositions, it rarely
details the purpose of an alloying addition. In discussing alloy composition
here, the treatment derives from the technical literature and can only be a
broad-brush account. This is because the laboratory work reported in the
literature has tended to be more empirical than scientific, being directed
towards producing viable anodes.

Impurities

Zinc is relatively low in the electrochemical series and is widely regarded
as an active metal. However, when high-purity zinc is placed in hydrochloric
acid it will dissolve extremely slowly, if at all. It may be encouraged to



dissolve by placing it in contact with platinum metal. Hydrogen evolution
will occur vigorously on the platinum and the zinc will dissolve freely. Zinc
proves to be a poor cathode for hydrogen evolution and cannot, therefore,
easily support the cathodic reaction that would lead to its own corrosion.
The platinum provides the surface on which this cathodic reaction easily
occurs. If, by contrast, the zinc is of commercial quality it will dissolve
readily in the acid. This is because the impurities in the zinc provide the
cathodic sites for hydrogen evolution which allows the zinc to corrode.

One important feature of an anode alloy is that it should dissolve with a
capacity approaching the theoretical value. That is, all the electrons released
by the metal dissolving should be transferred to the structure to support the
cathodic reaction there, and should not be wasted in local cathodic reactions
on its own surface. In other words an anode should act like the pure zinc
described above (i.e. only dissolve when attached to a good cathode) rather
than impure zinc.

In all the generic types of sacrificial anode alloys the presence of iron is
found to be deleterious. This is because an intermetallic compound formed
between it and the basis metal proves to be a good cathode. Its presence
will result in a substantial lowering of the capacity of an anode. Moreover,
the presence of this cathodic material will often raise (make less negative)
the anode operating potential and may, in the limit, promote actual passiva-
tion. Thus the driving force available from the anode is reduced or com-
pletely destroyed. For example, when the solid solubility of iron in zinc
(ca. 14ppm) is exceeded the anode operating potential becomes more posi-
tive. This has been attributed to the formation of Zn(OH)2, around inter-
metallic precipitates of FeZn13

7. The presence of iron has a similar adverse
effect in aluminium8 and magnesium alloys9.

There are two ways of avoiding the iron problem: to control the iron added
with the basis metal or to sequester the iron in some way to render it ineffec-
tive. In practice it is not possible to permit more than a limited iron con-
tent because sequestering is only economic and practicable within defined
limits.

It has been seen that iron has an adverse effect because it forms a second
phase (insoluble) material in the alloy which acts as an effective local
cathode. Sequestering is the technique of adding an alloying addition that
will cause an alternative intermetallic compound with iron to form. This
compound might form a dross to be removed mechanically. Alternatively
the new intermetallic compound could be a less effective cathode in which
case removal would not be necessary.

Both silicon and aluminium are added to zinc to control the adverse effects
of iron. The former forms a ferro-silicon dross7 (which may be removed
during casting). Aluminium forms an intermetallic compound which is less
active as a cathode than FeZn13

7. Similarly in aluminium and magnesium
alloys, manganese is added to control the iron8'9. Thus in aluminium alloys
for example, the cathodic activity of, FeAl3 is avoided by transformation of
FeAl3 to (Fe, Mn)Al6

8. This material is believed to have a corrosion poten-
tial close to that of the matrix and is, therefore, unable to produce significant
cathodic activity10.

There will be an upper limit on the level of impurity that can be over-
come by alloying additions. The addition of manganese is not effective in



Mn: Fe ratio

Fig. 10.13 The effect of the Mn/Fe ratio on the performance of Al-Zn-In-Mn anode alloys.
Alloy composition range: Zn 4-0-4-6%; In O• 020-0• 029Vo; Mn 0-004-0-35%; Fe 0-06-

0-30% (after Klinghoffer and Under8)

Other heavy metal impurities (especially copper and nickel) have similar
adverse effects on all generic alloy types. In their case sequestering has not
proved successful and control of input quality is used to keep their concen-
tration acceptably low9.

Table 10.8 outlines the quality requirements of the basis, or primary,
metal for the three generic types of anode. These are the qualities required
even when sequestering is also adopted. It will be seen that two grades are
listed in the case of aluminium. This is because certain patented formulations
permit the lower (99-8%) grade material providing that the iron and silicon
are within the limit given.

Alloying Additions

We have seen that the adverse effect of impurities can, within limits, be
controlled by alloying additions. Thus silicon and aluminium are added to
zinc, and manganese to aluminium and magnesium, to counter the effect of
iron.

Additions are made for other purposes, all of which aim to improve
the performance of the anode. These include lowering the anode operating

Al-Zn-In alloys if the iron content exceeds 0-22%8. Equally there may be
a limit on the level of alloying addition. This may be related to the absolute
level of alloying addition present or to the permissible ratio between it and
the impurity element. For example, as Fig. 10.13 shows, a progressive
increase in the Mn:Fe ratio in an Al-Zn-In anode increases the capacity quite
markedly, but once the 1:1 ratio is reached an even more dramatic fall is
found.
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potential to increase the driving voltage, avoiding passivation, increasing
the anode capacity, improving the dissolution morphology, modifying the
mechanical properties of the dissolution product to promote detachment,
and improving the mechanical properties of the anode.

Table 10.9 lists some common zinc anode alloys. In three cases aluminium
is added to improve the uniformity of dissolution and thereby reduce the
risk of mechanical detachment of undissolved anode material9. Cadmium
is added to encourage the formation of a soft corrosion product that readily
crumbles and falls away so that it cannot accumulate to hinder dissolu-
tion7. The Military Specification material was developed to avoid the alloy
passivating as a result of the presence of iron9. It later became apparent
that this material suffered intergranular decohesion at elevated temperatures
(>50°C) with the result that the material failed by fragmentation11. The
material specified by Det Norske Veritas was developed to overcome the
problem: the aluminium level was reduced under the mistaken impression
that it produced the problem. It has since been shown that decohesion is due
to a hydrogen embrittlement mechanism14 and that it can be overcome by
the addition of small concentrations of titanium15. It is not clear whether

Table 10.9 Standard zinc alloys

Alloy
component

(wt%)

Al
Cd
Fe
Cu
Pb
Si

Others (total)
Zn

Operating potential (V vs.
Ag/AgCl/seawater)

Capacity (Ah/kg)

ASTM
B418-88

Ty pel

0-10-0-50
0-025-0-07
0-005 max
0-005 max
0-006 max

0-1
remainder

-1-05

780

ASTM
B418-88
Type II

0-005 max
0-003 max
O -0014 max
0-002 max
0-003 max

remainder

-1-05

780

US Mil12

Spec. A
18001J

0-10 -0-50
0-025-0-07
0-005 max
0-005 max
0-006 max

0-10
remainder

-1-05

780

DnV Recomm13

for
elevated temp.

0-10-0-20
0-03-0-06
O -002 max
0-005 max
0-006 max
0-125 max

remainder

-1-05

780

Table 10.8 Suitable primary material quality requirements

99-90% Magnesium
Cu 0-02 max
Mn 0-01 max
Sn 0-01 max
Ni 0-001 max
Pb 0-01 max
others O • 05 max
Mg 99-90 min

99-80% Aluminium
Fe 0-12 max
Si 0-08 max
Cu 0-03 max
Zn 0-03 max
Mn 0-02 max
Mg 0-02 max
Al 99-80 min

99-99% Zinc
Pb 0-003 max
Cu 0-001 max
Cd 0-003 max
Fe 0-002 max
Sn 0-001 max
Zn 99-99 min

99.990/0 Aluminium
Pb 0-003 max
Cu 0-002 max
Cd 0-003 max
Fe 0-003 max
Sn 0-001 max
Al 99-99 min



the titanium acts as a getter for hydrogen or simply serves to refine the grains
and increase the grain boundary area thereby diluting the embrittlement
effect. It is claimed that newly developed alloys with magnesium additions
are also resistant to intergranular attack at elevated temperatures9'11.

Although aluminium is a base metal, it spontaneously forms a highly pro-
tective oxide film in most aqueous environments, i.e. it passivates. In conse-
quence, it has a relatively noble corrosion potential and is then unable to act
as an anode to steel. Low level mercury, indium or tin additions have been
shown to be effective in lowering (i.e. making more negative) the potential
of the aluminium; they act as activators (depassivators). Each element has
been shown to be more effective with the simultaneous addition of zinc16.
Zinc additions of up to 5% lower the anode operating potential, but above
this level no benefit is gained7. Below 0*9% zinc there is little influence on
the performance of aluminium anodes9. Table 10.10 lists a number of the
more common commercial alloys.

Table 10.10 Proprietary aluminium anode materials

Alloy
component

(wt%)

Fe
Si
Zn
Hg
In
Sn
Mg
Cu
Mn
Ti

Others (each)
Al
Operating Potential

(V vs Ag/AgCl/seawater)
Capacity (Ah/kg)

Al-Zn-In

0-12 max
0-05-0-20
2-8-6-5

0-01-0-02

0-006 max

0-02 max
remainder

-1-10

2 700 max

Al-Zn-In(-Mn-Mg) 17

0-18 max
0-01-0-02
2-0-6-0

0-01-0-03

0-1-2-0
0-01 max
0-1-0-2
0-02 max

remainder

-1-10

2 700 max

Al-Zn-Sn

0-13 max

4-0-5-0

0-1

0-01 max

remainder

-1-10

variable

Al-Zn-Hg

0-08 max
0-11-0-21
0-35-0-50
0-35-0-50

0-006 max

remainder

-1-05

2 830 max

The best capacities in seawater are obtained from alloys containing zinc
and mercury, but this is achieved at the expense of a somewhat more noble
operating potential. Zinc and indium additions give a less noble operat-
ing potential but are associated with a lower capacity. In practice this effect
on the operating potential can be quite significant. The driving voltage
between Al-Zn-Hg (operating potential -1-05 V) and steel (protection
potential - O • 80 V) is O • 25 V. The use of Al-Zn-In provides a 20% increase
in driving voltage and thereby the possibility of a higher current output.
Thus, both alloys have important advantages and disadvantages. How-
ever, the toxic nature of mercury may prohibit its use in rivers or harbour
waters.

The Al-Zn-Sn alloys require careful heat treatment in their production.
Inevitably this leads to more expense and inconvenience. The advent of
the alloys containing mercury or indium rendered these alloys very much
less attractive. Presently Al-Zn-Hg alloys are under some pressure because



of the toxicity of mercury. As a result there has been a decline in their use
as compared with the Al-Zn-In alloys.

Improved capacity has been reported in saline mud environments by
making magnesium additions (0-1-2-0%) to Al-Zn-In alloys17. These
materials can age harden and hence suffer reduced ductility. Since this can
subsequently lead to longitudinal cracking of the anodes they should not
be cast in thin sections18. Higher levels (up to 8%), whilst improving
strength and casting characteristics, incur the disadvantage of a reduced
capacity9.

Both titanium and boron can be added as grain refiners to ensure small
grain size and hence high surface area grain boundaries19. This reduces the
risk of preferential attack at grain boundaries and promotes more uniform
dissolution.

Typical proprietary magnesium anode materials are given in Table 10.11.
Magnesium anodes comprise two distinct types, the Mg-Mn and Mg-Al-Zn
alloy systems. Additions of up to 1 -5% manganese to high-purity magne-
sium yields a material with an operating potential of — 1 -7 V vs. Ag/ AgCl/
seawater. The Mg-Mn alloys therefore exhibit very high driving potential
and thus find application in particularly resistive environments. Mg-Al-Zn
anodes have an operating potential ( — 1 • 5 V vs. Ag/AgCl/seawater) 200 mV
above that of the Mg-Mn alloys. This is very favourable in view of problems
with overprotection. Thus they are more popular in typical environments
than the Mg-Mn alloys. The alloys also contain manganese which is added
to overcome the deleterious effects of iron9. Alloying additions of
aluminium, zinc and manganese to magnesium serve to improve the anode
capacity and reduce the operating potential, compared with that of pure
magnesium9. There is however no difference between the capacity of
Mg-Mn and Mg-Al-Zn anodes.

Table 10.11 Proprietary magnesium alloys

Cu
Al
Si
Fe
Mn
Ni
Zn
Others (each)
Mg

Operating potential
(V vs. Ag/AgCl/seawater)

Capacity (Ah/kg)

Mg-Mn No. 1

0-02
0-01 max

0-03
0-5-1-3
0-001

0-01 max
remainder

-1-7

1 230

Mg-Mn No. 2

0-02 max
0-05 max
0-05 max
0-03 max
0-5-1-5

0-03 max
0-03 max
remainder

-1-7

1 230

Mg-Al-Zn

0-08 max
5-3-6-7
0-3 max
0-005 max
0-25 min
0-003 max
2-5-3-5
0-03 max
remainder

-1-5

1 230

Many more exotic compositions for anode materials are often encoun-
tered in the literature. It should be appreciated, however, that continual
mention in texts of these materials in no way reflects their usage or accep-
tance commercially as viable sacrificial anodes.



Metallurgical Factors

In producing anodes, the production method must not compromise the
benefits of alloy formulation. A number of undesirable anomalies can
occur during production which may detract from the desired anode proper-
ties. Some of these are discussed below. A detailed account of production
requirements can be found elsewhere20.

Although most anodes are made by gravity casting, some are made by
continuous casting or extrusion. The method of casting affects the physical
structure of the anode. That is, the associated cooling process will influence
the segregation of alloying constituents. In some cases it is undesirable to
permit segregation since this may lead to preferential attack at grain boun-
daries. However, it is believed that segregation of activating elements by
inverse segregation benefits the performance of some alloys. This mechanism
is a suggested explanation for the mercury- and indium-rich phases found
on the surfaces of aluminium anodes15. The increased surface concentra-
tions of these elements aid activation and are therefore beneficial.

Porosity within the anode is detrimental since the weight of anode mate-
rial, and hence the number of ampere hours of charge unit mass available
will be less for a given shape. Moreover, it is possible that hydrolysis of
dissolution products will occur in the pores. This leads to local acidity and
a reduction in capacity. Necking of the interconnecting pore walls during
dissolution may also result in the loss of intact anode material by fragmenta-
tion, thus reducing the anode capacity further. The inclusion of extraneous
matter, as a consequence of unclean foundry practices may likewise increase
the tendency to fragmentation.

Cracking of anodes during casting is in many cases unavoidable due to
the stresses imposed by cooling. The problem is more common in Al-Zn-Hg
anodes and less common when continuous casting is used. Longitudinal
cracks cannot be accepted as these will lead eventually to mechanical loss
of material. A greater tolerance to transverse cracks can be exercised. For
example, one quality specification permits an anode completely supported by
the insert to have transverse cracks of unlimited length and depth provided
that there are no more than ten cracks per anode and their width does not
exceed 5 mm20. This is somewhat arbitrary but emphasises the point that
cracks which threaten anode integrity are of more importance than those
which lead to reduced performance.

The anode material must stay firmly attached to the steel insert, which is
necessary to conduct the current from the anode to the structure, throughout
its design life to remain effective. Consequently surface preparation (by dry
blast cleaning20) of the insert prior to casting, to ensure a sound bond with
the anode material, is essential. Voids at the insert/anode material interface
are undesirable as these will also affect the bond integrity.

Environmental Factors

The conditions of environmental exposure play a key role in determining
anode performance. Indeed, specific environments often preclude, or neces-
sitate, the use of particular anode materials.



Temperature (0C)

Fig. 10.14 Capacity-temperature relationships for anodes covered with saline mud (after
Jensen and Torleif11)

Zinc anodes have also experienced problems at elevated temperatures in
saline mud, suffering intergranular decohesion at approximately 7O0C24.
Later work by the same authors showed the threshold for damage to be ca.
5O0C. The material is not recommended above 4O0C11 although special zinc
based materials for temperatures exceeding 5O0C have been developed13 (1993).
Pure zinc, which does not suffer intergranular decohesion, will passivate
under these conditions11. It is claimed that newly developed Zn-Al-Mg
anodes will perform satisfactorily at elevated temperatures11. Nevertheless
Al-Zn-In anodes have been specified for operation above 5O0C11. Further-

This section is not intended to deal with those environmental factors which
influence cathodic current demand (e.g. oxygen availability or the presence
of calcareous deposits) but those which directly affect the performance of the
anodes.

Temperature is of particular importance to the performance of anodes,
especially when anodes are buried. Anodes may often be used to protect
pipelines containing hot products. Thus temperature effects must be con-
sidered. Figure 10.14 illustrates the effect of temperature on different anodes
in hot saline mud. Al-Zn-In anodes experience greatly reduced capacity in
open seawater at temperatures above 7O0C21 (down to 1200 Ah/kg at
10O0C) and in seabed muds in excess of 5O0C21'22 (900 Ah/kg at 8O0C). At
elevated temperatures passivation of both aluminium alloys and pure zinc
can occur23. Considerable improvement in performance (capacity, and to
a lesser extent operating potential) has been claimed for a range of modified
Al-Zn-In anode materials17.

Lab test free running

Lab test galvanostatic
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more, steps are now taken to ensure that the anode design prevents anode
material being exposed to elevated temperatures under buried conditions.

The presence of H2S (from bacterial activity in anaerobic saline mud, for
example) can result in a significant decrease (16%) in capacity and loss of
operating potential for Al-Zn-In anodes22.

Environmental resistivity and chloride content will affect anode perfor-
mance. Aluminium alloy anodes require the presence of chloride ions to
prevent passivation. Land-based applications generally provide insufficient
chloride levels for this purpose. Consequently aluminium alloy anodes only
find application in saline environments. The capacity and operating poten-
tial, of aluminium alloy anodes in particular, illustrated in Figs. 10.15 and
10.16, are dependent on the degree of salinity. With reducing salinity the
anode capacity will decrease and the operating potential rise. This becomes
increasingly significant below 10-20% seawater strength and is important
for design in estuarine conditions. Passivation of aluminium alloy anodes
as a consequence of electrolyte stagnation may occur, particularly if the
anode is immersed in silt or sand; zinc performs reasonably under these
conditions.

Percent of seawater strength

Fig. 10.15 Anode operating potential in semi-saline water exposed for 30-38 days at 15-2O0C.
Current densities (mA/ft2): 400 (A); 200 (O); 80 (D) (after Schreiber and Murray21)

The capacity of an anode is dependent on the anode current density21.
To some extent it will be governed by the exposure environment but, in
part, is within the control of the design. Certainly wholly unsuitable current
densities can usually be avoided. At lower operating current densities some
anodes exhibit reduced capacity; this is shown in Fig. 10.17. Long periods
of low operating current density can lead to passivation. This may result in
failure to activate when the current demand increases (as can occur with
anodes on coated structures when the coating deteriorates).
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Current density, mA/ft2

Fig. 10.17 Performance of commercially-cast anodes in field trials (free-running) over wide
current density range in ambient Gulf of Mexico mud. Potentials: negative volts versus

Ag/AgCl. Zn: 310-350 Ah/lb at 40 and 80 mA/ft2 (after Schreiber and Murray21)

Selecting the Appropriate Anode Material

It is desirable to choose an anode material with the lowest cost per ampere
hour of current supplied. However, the choice is often governed by other
constraints and becomes a compromise.

Percent of seawater strength

Fig. 10.16 Anode current capacity in semi-saline water exposed for 30-38 days at 15-2O0C.
Field assembly using diluted seawater. Current densities (mA/ft2): 400 (A); 200 (O); 80 (D)

(after Schreiber and Murray21)
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Fig. 10.18 The effect of soil resistivity and current demand on the choice between impressed-
current and sacrificial anode protection (after Ashworth et a/.25)

Zinc anodes have a poor capacity (780 Ah/kg) compared with alumi-
nium (> 2500 Ah/kg). However, zinc is not susceptible to passivation in
low chloride environments or as a consequence of periods of low operating
current density. The reliable operational characteristics of zinc often out-
weigh the apparent economic attraction of aluminium which can passivate
under such conditions.

Zinc anodes do not find application at temperatures in excess of 5O0C.
Zn-Al-Cd alloys suffer intergranular decohesion, and high purity zinc will
passivate. Zinc anodes are not predominant in onshore or offshore applica-
tions, but they find considerable use under both conditions.

Aluminium

The great attraction of aluminium anodes is their very high capacity, over
three times that of zinc. They are attractive from a cost point of view and

Impressed current

Sacrificial anodes

Mg alloy

Zinc

Of all the anode materials, zinc is arguably the most reliable. It has, with few
exceptions, reliable electrochemical performance. These exceptions lie
within the area of high temperature operation. Zinc provides the lowest
driving voltage of the generic alloy types. It is therefore unsuitable in highly
resistive soils, as Fig. 10.18 shows, and low salinity waters. However, an
operating potential of — 1 -05 V vs. Ag/AgCl/seawater cannot lead to over-
protection which is an advantage where concerns for coating disbondment
and hydrogen damage of high strength steel (> 700 MPa13) exist.
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also offer substantial weight savings which can be of great importance (e.g.
offshore structures).

Aluminium anodes comprise essentially three generic types: Al-Zn-In,
Al-Zn-Hg and Al-Zn-Sn. Since Al-Zn-Sn alloys have largely been super-
seded, they will not be discussed further. Indium and mercury are added to
aluminium to act as activators, i.e. to overcome the natural passivation of
aluminium. Despite this, aluminium anodes are not suitable for low chloride
environments which would lead to passivation. These anodes are therefore
not used for land-based applications (although examples of use in environ-
ments such as swamps do exist). Similarly their use in low chloride aqueous
environments such as estuaries must be viewed with caution.

The choice between Al-Zn-In and Al-Zn-Hg may well be influenced by
their respective operating potentials and capacities. Where an additional
driving voltage is required (such as in seabed mud), Al-Zn-In anodes may
be preferred to ensure adequate structure polarisation. Alternatively, a lower
driving potential may be acceptable where the additional capacity (and hence
weight saving) is the predominant factor; this favours Al-Zn-Hg anodes.

Aluminium anodes are less constant in their electrochemical character-
istics than zinc. This presents no major problem provided the designer is
aware of their properties. They suffer from reduced capacity and increased
operating potential (and hence risk of passivation) with increasing tempera-
tures above approximately 5O0C (Fig. 10.14), decreasing salinity (Figs. 10.15
and 10.16) and decreasing operating current density (Fig. 10.17).

Aluminium alloys are susceptible to thermite sparking when dropped on
to rusty surfaces. Consequently their use may be subject to restrictions. For
example, in ships' tanks the weight of the anode and the height that it is
suspended are strictly controlled. This is because thermite sparking is depen-
dent on the kinetic energy of the anode.

Aluminium alloy anodes based on Zn-Al-In and Zn-Al-Hg have now
become the work-horse materials for seawater service.

Magnesium

Magnesium anodes are of two generic types, Mg-Mn and Mg-Al-Zn. Both
alloy systems have a high driving voltage and therefore find application in
high resistivity environments; soils and fresh, or brackish, waters for exam-
ple. The Mg-Mn alloy is useful in particularly resistive environments (up to
6 000 ohm cm) as a result of an available driving voltage 200 m V greater than
Mg-Al-Zn anode. Because magnesium is non-toxic its use is permissible in
potable water systems where the conductivity is low.

The high driving voltage may, however, result in overprotection. Com-
bined with relatively poor capacity (1 230 Ah/kg) and high unit cost these
disadvantages mean that magnesium rarely finds application in subsea
environments where alternatives are available. Despite this, Mg-Al-Zn
anodes have been used in seabed mud and for rapid polarisation of structures
(in ribbon form).

The susceptibility of magnesium to thermite sparking when dropped onto
rusty surfaces can preclude its consideration for applications involving a
spark hazard, e.g. tankers carrying inflammable petroleum products.



Magnesium is the predominant sacrificial anode material for onshore
use.

Anode Testing

Tests of sacrificial anode materials are generally conducted for three reasons:
for screening (or ranking), performance information and quality control.

The application of sacrificial anodes for the protection of structures
requires the development of suitable anode materials for the exposure
environment. Screening tests enable the rapid selection of materials which
show potential as candidates for the given application. These tests may
typically use a single parameter (e.g. operating potential at a defined con-
stant current density) as a pass/fail criterion and are normally of short dura-
tion (usually hours) with test specimen weights of the order of hundreds of
grams. The tests are not intended to simulate field conditions precisely.

Performance testing is long term (months to years). Once a potentially
attractive formulation has been determined it is used to produce detailed
data on its performance and behaviour as an anode material under the
anticipated exposure conditions. For this reason the test should mirror as
closely as possible the expected operating conditions, or where practicable
be conducted in the field. Large specimens (tens or hundreds of kilograms)
may be used for these tests.

Quality control tests are intended to detect produced materials which
deviate from manufacturing specifications, and thus may result in ques-
tionable performance. The materials are usually subjected to spectrographic
analysis which is the primary quality control check. The exposure tests are
necessarily of short duration (hours or days), in which the test conditions
attempt to reflect the environment of operation, for example using artificial
seawater for a marine application. Since a property that is reproducible and
indicative of a consistent quality anode is all that is required, there is no
attempt to mirror, except in the crudest fashion, current density profiles.

Test methods available are the free-running test (galvanic cell), galvano-
static test (constant current) and potentiostatic test (constant potential).
These are always run in conjunction with visual examinations with particular
emphasis on dissolution pattern.

The critical information required from testing may include one or all
of the following: tendency to passivation, anode operating potential and
capacity. The tests, whilst all capable of producing information on the
above, tend to be particularly suited to certain applications. For example
potentiostatic testing is useful for evaluating passivation tendencies but not
generally appropriate to anode capacity determination.

Cathodic Protection System Design

Design Parameters

Before a satisfactory cathodic protection system using sacrificial anodes can
be designed, the following information has to be available or decided upon:



1. the area of the steelwork to be protected;
2. the type of coating, if any, that is to be used;
3. the cathodic current density;
4. cathodic protection system life.

Area of Steel Requiring Protection and Coating Considerations The area
of bare steel to be protected is usually calculated from drawings and know-
ledge of the actual structure and must account for all electrically continuous
steelwork exposed to the electrolyte. Steelwork not specified in drawings
and subsequently overlooked is a common cause of underdesign. In practice
the area is usually taken assuming the steel surfaces to be flat without cor-
rugations, indentations or surface roughness. An allowance for uncertainties
in real area is normally involved.

Many structures are coated. Thus the presented area far exceeds the area
of steel to be protected, which is restricted to uncoated areas and holidays
in the coating. It is therefore practice to assume an arbitrary level of coating
breakdown for coated areas to obtain the area of metal requiring cathodic
protection:

presented area x % breakdown
Area = 100

Of course the breakdown will vary through the life of a structure with
the result that the area requiring protection will change. Various estimates
of coating breakdown have been made and Table 10.12 provides one such.
It will be seen that Table 10.12 assumes a rate of breakdown that varies
with time. The significance of the area of steelwork is that the greater the
area the greater the weight and/or area of anode material required for
protection.

Table 10.12 Guide to coating breakdown for offshore structures13

Lifetime
(years)

10
20
30
40

Coating breakdown (%)

Initial

2
2
2
2

Mean

1
15
25
40

Final

10
30
60
90

Cathodic Current Densities for Protecting Steel Examples of current
density requirements for the protection of steel (to achieve a steel potential
of -0-8 V vs. Ag/AgCl/seawater) are given in Tables 10.13 and 10.14. It
should be realised that the current demand of a structure will be influenced
by, inter alia, temperature, degree of aeration, flow rate, protective scales,
burial status, presence of bacteria and salinity.

It is important that the correct current density requirement is assigned
for design purposes. If too high a value is used the structure may be waste-
fully over protected, whereas a value too small will mean that the protection
system will underprotect and not achieve its design life.



System Life Cathodic protection systems may be designed with a life of
between 1 and 40 years. The greater the time of protection, the greater the
mass of anode material that is required.

Intermittant exposure and local conditions need to be considered also.
The ballast or storage tanks of ships will experience periods of complete
submergence, partial coverage and may at times be empty. Similarly, the

Table 10.13 Current density used in ship hull cathodic protection design
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Coatings

New
Hulls
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Table 10.14 Guidance on minimum design current densities for cathodic protection of
bare steel13

Area

North Sea (northern sector,
57-620N)

North Sea (southern sector, up to
570N)

Arabian Gulf
India
Australia
Brazil
West Africa
Gulf of Mexico
Indonesia
Pipelines (burial specified)
Saline mud (ambient temperature)

Current density (mA/m2)

Initial

180

150

130
130
130
130
130
110
110
50
25

Mean

90

90

70
70
70
70
70
60
60
40
20

Final

120

100

90
90
90
90
90
80
80
40
15



wetted areas of offshore structures may be governed by tidal and seasonal
variations. Local requirements must therefore be considered in order to
achieve the optimum life of the system.

Calculating the Weight and Number of Individual Anodes

Firstly, the total weight of anode required to protect the structure for its pro-
jected life is calculated. This is given by:

W J->Al™ (10.14)

where W = total mass of anode material (kg)
A = structure area to be protected (m2)
/av = mean structure current density demand (A/m2)
/ = design life in years (1 year = 8 76Oh)
C = anode capacity (Ah/kg)

Obviously, the total weight of the anode material must equal or be greater
than the total weight, W, calculated above. Similarly each anode must be
of sufficient size to supply current for the design life of the cathodic pro-
tection system. The anodes must also deliver sufficient current to meet the
requirements of the structure at the beginning and end of the system life.
That is, if current demand increases (as a result of coating breakdown, for
example) the output from the anodes should meet the current demands of
the structure.

Anode Size and Shape

In practice there is often not an extensive range of suitable anode sizes from
which to select. Economics may dictate an 'off-the-shelf choice from a
manufacturer or the anode shape may have to conform with the geometric
limitations of the structure. Consequently, the choice of anode size and
shape is often limited.

The current output from an anode will depend on its surface area.
Generally, larger anodes will have a higher current output. Anodes of the
same weight but differing shape, can have different outputs because the sur-
face area to weight ratio will not be equal for all forms. Thus, for a given
weight of anode the shape will offer a degree of flexibility when considering
current output.

Anode Output

Anode output is the current available from the anode under the design condi-
tions. It will depend on the shape of the anode, the resistivity of the environ-
ment, the protection potential of the structure and the anode operating
potential. It is defined as:



/=^-*' ] 00.15)

where / = anode output (A)
E1 = operating potential of the anode (V)
E2 = protection potential (V)
R = anode resistance (ohm)

The protection potential of steel in aerobic environments is taken as
-O- 80 V (vs. Ag/AgCl/seawater).

Anode Resistance

Table 10.15 lists those formulae suitable for the calculation of anode
resistance, R9 under submerged conditions. Similar formulae exist for buried
conditions26.

Table 10.15 Resistance formulae for submerged anodes13 of various geometries

Anode type

Slender anodes
mounted at least 30 cm
offset from platform member.

Slender anodes
mounted at least 30 cm
offset from platform member.
L < 4r

Flat plate anodes

Other shapes and
bracelet anodes

Resistance formula

P 4-L
R0 = In 1

2-i r -L r

p — resistivity
L = length of anode
r = radius of anode (for other than cylindrical shapes,

r = C/27T, where C = cross section periphery).

P f 2-LC I Cr-]^
Ra = •{ In i + i +

2-*-L L r L A/ (2-Lj J

r \ f r > \+ ^ - v i + y j
<-£

S = arithmetic mean of anode
length and width

0-315-p

*tf = ~Sr
A = exposed surface area of anode

To calculate the anode resistance a knowledge of the environmental
resistivity is required. For submerged anodes the water resistivity can be
obtained from graphical representations such as Fig. 10.19, provided that
the temperature and water density are known. However, field data are
preferable and, in the case of soils that have widely varying resistivities, they
are essential.
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Fig. 10.19 Water resistivity

Anode Life

Having calculated the resistance, and hence current output the anode life, L,
is checked by calculation:

r MUL==-^ O0-^)

where L = effective life of anode (years)
M = mass of single anode (kg)
U = utilisation factor, e.g. 0-75-0-80 for bracelet anodes
E = consumption rate of the anode (kg/Ay) (inverse of capacity in

suitable units)
/ = anode output (A)

U is purely a function of anode geometry and is the fraction of anode
material consumed when the remaining anode material cannot deliver the
current required13.

Excessive anode life is of no benefit. If the calculated life is unsuitable
a different anode size and/or shape should be considered. However, this
may not always be possible especially for short-life, coated structures, when
dimensional constraints on the anodes may be imposed.

Number of Anodes

The total number of anodes, N, is calculated from:

N = ̂  (10.17)
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This calculation should yield a practicable number of anodes, i.e. 10 or
10 000 anodes are both clearly unacceptable for the protection of an offshore
011 production platform. N x M must be equal to, or greater than, the total
weight of anode material, W9 required.

It is difficult to achieve both the exact current output and precise weight
of anode material simultaneously. Consequently a compromise is reached,
but both must at least match design requirements.

A check to ensure that the anodes will deliver sufficient current to pro-
tect the structure at the end of the design life should be conducted. This
entails calculating the expected anode output at the end of its life and
checking that it meets the demands of the structure. Generally the output
is calculated using a modified resistance based on an anode that is 90%
consumed.

Anode (and current) Distribution

It is evident that a greater number of anodes distributed over the structure
will improve current distribution. However, aside from the unacceptable
cost incurred by attaching excessive numbers of anodes, an anode must con-
tinue to function throughout the life of the structure and must, therefore,
be of sufficient size to meet the design life. A very large number of heavy
anodes is clearly impracticable and uneconomic.

It is essential to ensure adequate current distribution such that all of the
exposed structure remains protected; particularly important, for example,
for the nodes of an offshore steel structure. Similarly, over-protection should
be avoided. Thus, sacrificial anodes need to be distributed to ensure that the
protection potential over the whole structure is achieved.

A degree of flexibility in output to weight ratio from anodes can be
achieved by varying the anode shape (as discussed above). This may, for
example, provide a greater number of anodes with reduced output, whilst
maintaining the desired anode life. Hence improved current distribution can
be achieved.

The proximity of the anodes to structures is also important. For example,
if the sacrificial anodes are placed on, or very close to, steel pipework in soil
then the output from the face of the anodes next to the steelwork can be
severely limited. Alternatively, in high conductivity environments, corrosion
products may build up and wedge between the anode and the structure. The
resulting stresses can lead to mechanical failure of the anode. On the other
hand, when anodes are located at an appreciable distance from the steel-
work, part of the potential difference will be consumed in overcoming the
environmental resistance between the anode and cathode.

Complex computer models are now available to assist in defining the
optimum anode distribution27.

The Anode Insert

The anode insert must be strong enough to support the weight of the anode
and must be capable of being welded, or mechanically fixed to the cathode.



It should be appreciated that the attachment may be required to withstand
the launching and pile driving of a steel jacket for offshore applications.

Consideration must be given to the ease and speed of anode fixing, as this
is a significant part of the total installation cost. The methods of fixing
anodes to flat, vertical or horizontal surfaces are relatively well known and
simple. The methods of fixing anodes to curved surfaces of pipelines and
immersed structures are more complex, and generally require more steel
insert. Figure 10.20 shows some methods of attaching anodes to curved sur-
faces. Figure 10.2Oe shows a pipeline coated with concrete with the anodes
attached and with the anode thickness the same as that of the concrete. In
practice, the coating would be brought up to the edge of the anode and cover
the whole of the steel pipework.

Fig. 10.20 Typical anode shapes and fixing methods, (a) Offshore stand-off anode; (b) Stand-
off anode - types of bowed core; (c) Stand-off anode, clamp fixings; (d) Typical tank fixing

for shipping; (e) Bracelet anode assembly

Concrete coating

Anode bracelet assembly

!Steel pipeline
Anode segment

Brazed cable connection
for electrical contact



Backfills for Anodes

When zinc or magnesium anodes are used for cathodic protection
onshore28"30, they are usually surrounded by a backfill, which decreases the
electrical resistance of the anode. Small anodes are usually surrounded with
backfill in bags and large anodes are usually surrounded with a loose back-
fill during installation. The backfill prevents the anode coming into contact
with the soil and suffering local corrosion thus reducing the capacity. By sur-
rounding the anodes with a backfill, the combination of the anode with soil
salts is reduced and this helps prevent the formation of passive films on the
anode surface.

The effect of the backfill is to lower the circuit resistance and thus reduce
potential loss due to the environment. The additive resistances of the
anode/backfill and backfill/soil are lower than the single anode/soil resis-
tance. Backfills attract soil moisture and reduce the resistivity in the area
immediately round the anode. Dry backfill expands on wetting, and the
package expands to fill the hole in the soil and eliminate voids.

For use in high resistivity soils, the most common mixture is 75% gypsum,
20% bentonite and 5% sodium sulphate. This has a resistivity of approx-
imately 50 ohm cm when saturated with moisture. It is important to realise
that carbonaceous backfills are relevant to impressed current anode systems
and must not be used with sacrificial anodes. A carbonaceous backfill is
an electronic conductor and noble to both sacrificial anodes and steel. A
galvanic cell would therefore be created causing enhanced dissolution of the
anode, and eventually corrosion of the structure.

Other Considerations

Calcareous Scale

A consequence of cathodic protection in seawater is the formation of a pro-
tective calcareous scale31. The increased local pH at the steel surface caused
by hydroxyl production (a product of the cathodic reaction) favours the
deposition of a mixed scale of CaCO3 and Mg(OH)2. This scale is beneficial
since it is protective and non-conducting, thus reducing the cathodic
current density. Ensuring a high current density in the early period of opera-
tion will encourage calcareous scale deposition and thus reduce the current
requirements in the long term (see Section 10.1 'Principles of Cathodic
Protection').

The build-up of calcareous deposits is a complex topic. Very high current
densities will not necessarily result in the most protective scale. In the
extreme, hydrogen evolution may rupture the scale resulting in reduced
protection. An optimum current density will exist, and this should be
recognised.



Combined Alloy Anodes for Rapid Structure Polarisation

New combined (or binary) alloy sacrificial anodes have been developed32.
An aluminium anode, for example, might have attached to it a short-life
supplementary magnesium anode, or anodes, for quick polarisation of the
structure. The overall reduction in structure current requirements is claimed
to result in an anode weight saving of 35-50%32.

Flame Sprayed Aluminium

The use of flame sprayed aluminium (FSA) with a silicon sealer paint has
been applied to protect high-strength steel tension legs of a North Sea pro-
duction facility33. The FSA system primarily acts as a very effective barrier
coating. In addition the coating has significant anodic capability and alumi-
nium corrosion products serve to plug coating defects. The sealer, although
reducing the anodic current output, serves to increase the service life of the
FSA coating. This coating system is subject to strict control of application
procedures.

Protection of High-Alloy Steels

High-alloy pipeline steels (e.g. austenitic-ferritic or duplex) have been used
where the product stream demands materials with better corrosion resis-
tance than carbon steel. In practice the external corrosion resistance of these
materials cannot be guaranteed, so cathodic protection is employed to pro-
tect areas which may be subject to corrosion.

Concern about hydrogen damage has lead to much debate regarding limits
for protection potentials of high-alloy steels. However, it is thought that
under normal seawater service and cathodic protection conditions, these
materials will not be adversely affected provided that the microstructure has
at least 40% austenite present34. This latter point is of particular impor-
tance to welds and their heat affected zone where careful control of heat
input is necessary to maintain a favourable microstructure.

The latter part of this chapter has dealt with the design considerations for
a sacrificial anode cathodic protection system. It has outlined the important
parameters and how each contributes to the overall design. This is only an
introduction and guide to the basic principles cathodic protection design
using sacrificial anodes and should be viewed as such. In practice the design
of these systems can be complex and can require experienced personnel.

L. SHERWOOD
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10.3 Impressed-current Anodes

Impressed-current Anodes for the Application of Cathodic
Protection

Numerous materials fall into the category of electronic conductors and hence
may be utilised as impressed-current anode material. That only a small
number of these materials have a practical application is a function of their
cost per unit of energy emitted and their electrochemical inertness and
mechanical durability. These major factors are interrelated and —as with
any field of practical engineering—the choice of a particular material can
only be related to total cost. Within this cost must be considered the initial
cost of the cathodic protection system and maintenance, operation and
refurbishment costs during the required life of both the structure to be pro-
tected and the cathodic protection system.

There are obviously situations which demand considerable over-design
of a cathodic protection system, in particular where regular and efficient
maintenance of anodes is not practical, or where temporary failure of the
system could cause costly damage to plant or product. Furthermore, con-
tamination of potable waters by chromium-containing or lead-based alloy
anodes must lead to the choice of the more expensive, but more inert,
precious metal-coated anodes. The choice of material is then not unusual
in being one of economics coupled with practicability.

Although it is not possible in all cases to be specific regarding the choice
of anode material, it is possible to make a choice based upon the compara-
tive data which are at present available. Necessary factors of safety would
be added to ensure suitability where lack of long-time experience or quan-
titative data necessitate extrapolation or even interpolation of an indefinite
nature.

The manufacture, processing and application of a particular material as
an impressed-current anode requires knowledge of several physical charac-
teristics. Knowledge and attention to these characteristics is necessary to
design for anode longevity with maximum freedom from electrical and
mechanical defects.

The various types of materials used as anodes in impressed-current
systems may be classified as follows:



1. Precious metals and oxides: platinised titanium, platinised niobium,
platinised tantalum, platinised silver, solid platinum metals, mixed
metal oxide-coated titanium, titanium oxide-based ceramics.

2. Ferrous materials: steel, cast iron, iron, stainless steel, high-silicon iron,
high-silicon molybdenum iron, high-silicon chromium iron, magnetite,
ferrite.

3. Lead materials: lead-antimony-silver, lead with platinum alloy micro-
electrodes, lead/magnetite, lead dioxide/titanium, lead dioxide/
graphite.

4. Carbonaceous materials: graphite, carbon, graphite chips, coke breeze,
conductive polymer, conductive paint.

5. Consumable non-ferrous metals: aluminium, zinc.

Combination Anodes

These are anodes that, to reduce costs, use a combination of materials, some-
times coaxially, to extend the life of the primary anode, reduce resistance
to earth, improve current distribution, facilitate installation and improve
mechanical properties. Often the so-called 'anode' is primarily a means of
conducting the current to the more rapidly consumable anode material.
These can be classified as follows:

1. Canister anodes: consist of a spirally wound galvanised steel outer
casing containing a carbonaceous based extender which surrounds the
primary anode element which may be graphite, silicon iron, magnetite,
platinised titanium, mixed metal oxide-coated titanium or platinised
niobium, etc.

2. Groundbeds: consist of a carbonaceous extender generally coke breeze
and graphite, silicon-iron scrap steel, platinised titanium or niobium
anodes.

3. Co-axial anodes: These are copper-cored anodes of lead silver, plati-
nised titanium and platinised niobium.

For long lengths of anode it is sometimes necessary to extrude one mate-
rial over another to improve a particular characteristic. Thus titanium may
be extruded over a copper rod to improve the longitudinal conductivity and
current attenuation characteristics of the former; lead alloys may be treated
similarly1 to compensate for their poor mechanical properties. It should he
noted that these anodes have the disadvantage that, should the core metal
be exposed to the electrolyte by damage to the surrounding metal, rapid cor-
rosion of the former will occur.

In flowing water enviroments a tubular rather than a solid rod cantilever
anode may be used to give improved resistance to fatigue failure, since the
anode design may result in fatigue failure by vortex shedding at high water
velocities.

Failures of impressed-current systems may occur not because of anode
failure in a specific environment but because of poor integrity of the
anode/cable connection or the use of an inferior cable insulation. Particular



attention must therefore be paid to these aspects of anode construction or
rapid failure could take place.

Platinum and Platinum-coated Anodes

The properties of platinum as an inert electrode in a variety of electrolytic
processes are well known, and in cathodic protection it is utilised as a thin
coating on a suitable substrate. In this way a small mass of Pt can provide
a very large surface area and thus anodes of this type can be operated at high
current densities in certain electrolyte solutions, such as seawater, and can
be economical to use.

When platinum is made the anode in an aqueous solution, a protective
electron-conducting oxide film is formed by the following reaction:

Pt + 2H2O ̂  Pt(OH)2 + 2H+ + 2e E* = +0-98 V vs. SHE

Once the protective oxide film is formed current flow may then only occur
by oxygen evolution, which in pure aqueous solutions may be represented
as

H2O*±2H+ + JO2 + 2e E6 = +1-23V vs. SHE

This anode half reaction is highly irreversible and is accompanied by an
appreciable overvoltage10; usually the potential of oxygen evolution is
about 0-5 to 0-7 V higher than E6.

In chloride-containing solutions evolution of chlorine will also occur and
is usually the predominant anodic reaction even at low Cl ~ concentrations,
e.g. brackish waters:

2Cl- ^Cl2 + 2e E6 = 4-1-36 V vs. SHE

The relative proportions of oxygen and chlorine evolved will be dependent
upon the chloride concentration, solution pH, overpotential, degree of
agitation and nature of the electrode surface, with only a fraction of the
current being used to maintain the passive platinum oxide film2. This will
result in a very low platinum consumption rate.

Tests carried out in the USA and initiated in 19533 indicate the follow-
ing consumption rates of precious metals and their alloys: Pt, Pt-12Pd,
Pt-5Ru, Pt-IORu, Pt-SRh, Pt-IORh, Pt-SIr and Pt-IOIr, 6-7 mg A'1 y1;
Pt-20Pd, Pt-SOPd, Pt-20Rh and Pt-25Ir, slight increase in rate; Pt-SOPd,
greater increase in rate although the cost of Pd may offset this; Pd, Ag,
Pd-40Ag, Pd-IORu and Pd-IORh, excessively high rates. The tests were
carried out for periods of some months in seawater at current densities rang-
ing from 540 to 5 400 Am~2, and the results appeared to be independent of
current density and duration of test.

The dissolution rate of solid rods of high purity platinum over the current
density range 1 180 to 4 600 Am"2 has also been investigated. Values of
17-5 to 26-3 mg A"1 year'1 were reported over the first year, but the rate
decreased to a limiting value of 2-6 to 4-4mg A^y"1 over a 5-year
period4. The high initial rate was attributed to preferential dissolution at
grain boundaries and other high free energy sites. Tests carried out in the



UK5'15 on electrodeposited platinum on a titanium substrate indicate a con-
sumption rate in seawater of 8-8mg A - 1Y'1 , although values of up to
15 mg A - 1Y" 1 have been quoted elsewhere6.

Platinised Titanium

Titanium, which was in commercial production in 19507, is thermo-
dynamically a very reactive metal (machining swarf can be ignited in a
similar fashion to that of magnesium ribbon) but this is offset by its strong
tendency to passivate i.e. to form a highly stable protective oxide film.

It is a valve metal and when made anodic in a chloride-containing solution
it forms an anodic oxide film of TiO2 (rutile form), that thickens with an
increase in voltage up to 8-12 V, when localised film breakdown occurs with
subsequent pitting. The TiO2 film has a high electrical resistivity, and this
coupled with the fact that breakdown can occur at the e.m.f.'s produced by
the transformer rectifiers used in cathodic protection makes it unsuitable for
use as an anode material. Nevertheless, it forms a most valuable substrate
for platinum, which may be applied to titanium in the form of a thin coating.
The composite anode is characterised by the fact that the titanium exposed
at discontinuities is protected by the anodically formed dielectric TiO2 film.
Platinised titanium therefore provides an economical method of utilising the
inertness and electronic conductivity of platinum on a relatively inexpensive,
yet inert substrate.

Titanium can be forged, bent, cut, stamped, rolled, extruded and suc-
cessfully welded under argon, making possible a large variety of electrode
shapes, i.e. rod, sheet, tube, wire or mesh. It is a very light yet strong mate-
rial with a high resistance to abrasion.

Cotton8'9 was the first to publish results on platinised titanium as an
anode material, and the first commercial installation utilising platinised
titanium anodes was completed in 1958 at Thameshaven for the protection
of a Thames-side jetty.

Manufacture of Platinised Titanium Anodes Platinised titanium anodes
are mainly produced by the electrodeposition of a thin coating of Pt from
aqueous solutions10 on to preroughened titanium. Warne11 states that elec-
trodepositing coatings from aqueous plating solutions has the advantage
that control of thickness is easily achieved, irregularly shaped substrates
can be plated, and the electrodeposited coatings are hard and abrasion
resistant, by virtue of the interstitial hydrogen co-deposited in the plating
process.

Titanium is a very difficult metal to electroplate because of the presence
of an oxide film. Sophisticated pretreatments with acids to remove the oxide
film are necessary to achieve good adhesion. Improvements in the level of
adhesion can, however, be obtained by heat treatment of the resultant Pt/Ti
composites12.

Electrodeposits of Pt can only be applied as relatively thin coatings that
are porous. Although the porosity decreases with increase in deposit thick-
ness, so does the internal stress and if the platinum adhesion is poor the
coating may exfoliate. As a consequence, thicknesses of 2-5 to 7-5/zm Pt



are normally used, although it is possible to apply coatings of 12 • 5 /zm in one
operation and still achieve good adhesion2. However, 7-5 ̂ m is generally
considered the maximum thickness from one plating operation. Thicker
deposits may be obtained by deposition in a number of stages, with inter-
stage anneals.

Pt electrodeposits may also be produced from molten salt electrolytes.
Such a high-temperature process has the advantage that the deposits are
diffusion bonded to the titanium substrate and thus have good adhesion,
and, if necessary, thick deposits can be produced. However, they have
the disadvantage that because of the complexity of the process there is a
limitation on the size and shape of the object to be plated, and the resul-
tant deposits are softer and less wear resistant than those from aqueous
solutions13.

Metallurgically bonded coatings may also be produced. These have the
advantage that thick, low porosity, ductile platinum coatings can be pro-
duced. These are achieved by electrodeposition of platinum or, more often,
by wrapping a thin platinum sheet over a cylindrical billet of titanium,
vacuum encapsulating within a copper can, and then extruding it into the
required shape10. The copper sheath, which is used as a lubricant, has the
advantage that it prevents fouling of the anode prior to energising.

Platinum coatings may also be thermally sprayed or sputtered onto the
titanium, to provide uniform well-bonded coatings. Titanium rod may also
be spiral wound with platinum wire14. However, the use of these techniques
is limited.

The Operational Characterisics of Platinised-Titanium Anodes Platinised-
titanium anodes have the disadvantage that the protective passive film
formed when titanium is made anodic in certain solutions can breakdown.
This could result in rapid pitting of the titanium substrate, leading ultimately
to anode failure. The potential at which breakdown of titanium occurs is
dependent upon the solution composition, as is evident from Table 10.16.

Table 10.16 Breakdown potentials of commercially pure titanium in various environments

Reference

15
15
16
17,18
19
19
19
19
18
18
18
18
18
20
21
22

Electrolyte and conditions

Tests in pure seawater at ambient temperatures
Tests in NaCl from 5 g/1 to saturated below 6O0C
Seawater
Sulphuric acid
Chloride
Sulphate
Carbonate
Phosphate
Fluoride
Bromide
Iodide
Sulphate
Phosphate
Ratio of sulphate plus carbonate to chloride ions, 4: 1
River water
Tap water

Breakdown potential
of commercially

pure titanium (V)

8.5-15
8.5-15

9-14
80-100

8
60
60
60
50
2-3
2-3
>80
>80
>35
50
80



In seawater the breakdown potential of titanium is often considered to
be — 9 - 5 V vs. SHE5, whilst values as low as 6V in 5-8% NaCl solutions
have been reported23. The value of the breakdown potential for titanium
is dependent upon the Cl"concentration and in high purity waters may be
relatively high22; in the case of seawater certain, anions present, for exam-
ple SO4

2", favour passivation. It is also dependent upon the level of purity
of the titanium and generally decreases with the addition of certain alloy-
ing elements. The presence of bromides and iodides will significantly reduce
the pitting potential for titanium whilst other ions, notably fluorides and
sulphates will tend to increase it. Temperature also has a significant effect on
the anodic breakdown voltage of titanium, with an increase in temperature
decreasing the breakdown potential.

Platinised titanium anodes may be operated at current densities as high
as 5 400 Am~2 3 , however at these current densities there is the possibility
that the breakdown potential of titanium may be exceeded. The normal
operating current density range in seawater is 250-750 Am ~ 2 2 , whilst that
in brackish waters is given as 100-300 Am ~2 2 4 with values within the range
100-150Am-2 being favoured10.

The consumption rate for platinised titanium anodes in seawater over the
current density range 300 to 500OAm'2 has been found to be directly
related to the charge passed, with values of 8-7 to 17-4mg A - 1 Y - 1 being
generally used as the basis for system design. The consumption rate is also
dependent upon solution composition, the rate increasing with decreasing
chloride concentration and may reach a peak value of 435 mg A'1 y"1 at a
salt concentration of 2 - 5 g l ~ ! 10. The reason for the increased corrosion
rates is thought to be associated with the concurrent evolution of oxygen
and chlorine, the rates of which are about equal in a neutral solution con-
taining 2^gI"1 NaCl5. In brackish waters the platinum consumption rate
may be as high as 174 mg A - 1Y"1 , i.e. more than ten times the rate in
seawater, and increases with increase in current density24. Notwithstand-
ing this, values of approximately 45 mg A - 1Y' 1 have often been used as the
basis for design calculations in brackish waters. Baboian25 reports con-
sumption rates of approximately 13mg A - 1Y'1 in seawater over the cur-
rent density range 11-8 to 185Am'1, whilst those in 350ohm cm water
(brackish river water) he reports as 92• 3 mg A" l y ~ l at 11 • 8 Am'2, increas-
ing to 117-8mg A'1Y"1 at 185Am12.

The effect of temperature on the consumption rate of platinised titanium
anodes has not been found to be significant over the ranges normally encoun-
tered in cathodic protection installations, although at elevated temperatures
of 90-950C, consumption rates of 570mg A - 1Y'1 in 0-02% Na2SO4 and
12% NaCl solutions have been reported21.

Early failures of platinised titanium anodes have been found to occur
for reasons other than increased consumption of platinum or attack on the
titanium substrate caused by voltages incompatible with a particular elec-
trolyte. The following are examples:

1. Attack on the substrate in low pH conditions, e.g. when covered in
mud or marine growth, prior to energising, has been found to be a
possible cause of failure21'26. A commercial guarantee requires that the
period in which anodes remain unenergised must not be longer than 8



weeks19. Indeed, if anodes are to be installed for extended periods
prior to energising, they can be coated with a copper anti-fouling paint
or with a flash of copper electrodeposit5. The copper coating will dis-
solve when the anode is energised and will not affect the anode's sub-
sequent performance or operation.

2. Attack on the substrate by contact with Mg(OH)2 and Ca(OH)2
(calcareous scale) can also cause deplatinisation to occur. Anodes
located close to the cathode or operating at high current densities can
lead to a rapid build up of calcareous deposit, the major constituents
of which are Mg(OH)2 and Ca(OH)2

27. The alkaline conditions so
generated can lead to rapid dissolution of the platinum. The calcareous
deposit can be removed by washing with dilute nitric acid.

3. The formation of deposits on platinised anodes can cause anode
degradation12-21. Thus dissolved impurities present in water which are
liable to oxidation to insoluble oxides, namely Mn, Fe, Pb and Sn, can
have a detrimental effect on anode life. In the case of MnO2 films it
has been stated that MnO2 may alter the relative proportions of Cl2
and O2 produced and thus increase the Pt dissolution rate10. Fe salts
may be incorporated into the TiO2 oxide film and decrease the break-
down potential21 or form thick sludgy deposits. The latter may limit
electrolyte access and lead to the development of localised acidity, at
concentrations sufficient to attack the underlying substrate10.

4. The superimposition of a.c. ripple on the d.c. output from a trans-
former rectifier can under certain circumstances lead to increased
platinum consumption rates and has been the subject of considerable
research21'28"30. Indeed, when platinised titanium anodes were first
used it was recommended that the a.c. component was limited to 5%
of the d.c. voltage10.

The frequency of the superimposed a.c. voltage signal has also been
shown to affect the consumption rate of platinum, which increases with
decrease in frequency to 50 Hz and less. It was observed that at 100 Hz
(the frequency of the a.c. component signal from a full-wave single
phase transformer rectifier) and above, the a.c. signal had a negligible
effect on consumption rate, provided of course that the a.c. component
did not allow the electrode to become negative. In this case, even at
100 Hz a considerable increase in platinum dissolution can occur31.
This could be the case with a thyristor-controlled transformer rectifier
operating at a relatively low current output. At low-frequency a.c.
(2 Hz) an increase in platinum dissolution rate of two to three times has
been reported, whilst negative current spikes of a few milliseconds dura-
tion at this frequency can cause dissolution rates of approximately
190mg A - 1Y"1 . It is therefore recommended that all spurious wave-
forms on the d.c. supply to platinised anodes be avoided.

5. Organic impurities in the electrolyte have also been quoted as increasing
the rate of platinum dissolution when the metal is used as an anode in
electroplating21. Saccharose was observed to increase the anodic dis-
solution of platinum by a factor of ten, in a 3% brine solution33, yet
it did not affect the anodic breakdown voltage for titanium. Other
organic compounds that may also have an effect are brightening agents



for Ni plating solutions of the naphthalene trisulphonic acid type, deter-
gents or wetting agents.

6. Fatigue failure due to underdesign or changes in plant operation of
cantilever anodes in flowing electrolytes can occur as a result of vortex
shedding34. However, with proper design and adequate safety factors
these failures can be avoided21'35.

7. Attention must be paid to field end effects, particularly on cantilever
anodes, e.g. on long anodes that extend away from the cathode surface.
Under these circumstances the anode surface close to the cathode may
be operating at a considerably higher current density than the mean
value, with the exact values dependent upon the system geometry. The
life of the platinising in this region would then be reduced in inverse pro-
portion to the current density.

Platinised-titanium installations have now been in use for 30 years for
jetties, ships and submarines10'35 and for internal protection, particularly
of cooling-water systems36. For the protection of heat exchangers an
extruded anode of approximately 6 mm in diameter (copper-cored titanium-
platinum) has shown a reduction in current requirement (together with
improved longitudinal current spread) over cantilever anodes of some
30%37'39. This 'continuous' or coaxial anode is usually fitted around the
water box periphery a few centimetres away from the tubeplate.

Platinised-titanium anodes may also be used in soils when surrounded by
a carbonaceous backfill. Warne and Berkeley41 have investigated the per-
formance of platinised-titanium anodes in carbonaceous backfills and con-
clude that the anodes may be successfully operated in this environment at a
current density of up to 200 Am~2. This also supplements the findings of
Lewis42, who states that platinised-titanium anodes may be used in car-
bonaceous backfill without breakdown of the titanium oxide film. Success
with platinised-titanium anodes has been reported with anodes operating at
a few tens of Am~2 and failures of anodes have often been attributed to
operation at high current densities10.

Furthermore, the restrictions on operating voltage that apply to titanium
in a marine enviroment are not always relevant to titanium in soils free of
chloride contamination. Coke breeze is, however, an integral part of the
groundbed construction and ensures a lower platinum consumption rate.
However, for some borehole groundbeds, platinised niobium is preferred,
particularly in the absence of carbonaceous backfill or in situations where
the water chemistry within a borehole can be complex and may, in certain
circumstances, contain contaminants which favour breakdown of the anodic
TiO2 film on titanium. In particular, the pH of a chloride solution in a con-
fined space will tend to decrease owing to the formation of HOCl and HCl,
and this will result in an increase in the corrosion rate of the platinum.

The high cost of platinised materials for use in borehole groundbeds as
opposed to conventional silicon-iron anodes may also be offset by the reduc-
tion in required borehole diameter, hence lower installation cost, with the
relative economics between the different systems dependent upon a combi-
nation of both material and installation costs.



Platinised Niobium and Platinised Tantalum

The principle of these anodes is similar to that of platinised titanium since
they are all valve metals that form an insulating dielectric film under anodic
polarisation.

Platinum electrodeposition on to tantalum had been carried out as early
as 191343 and the use of platinised tantalum as an anode suggested in
1922 44J whilst platinum electrodeposition on to niobium was first success-
fully carried out in 195045.

These anodes are considerably more expensive than platinised titanium,
especially when expressed in terms of price per unit volume4. Indeed, since
niobium is cheaper than tantalum the use of the latter has become rare. The
extra cost of Nb anodes may be offset in certain application by their superior
electrical conductivity and higher breakdown voltages. Table 10. 17 gives the
comparitive breakdown potentials of Ti, Nb and Ta in various solutions
under laboratory conditions.

Table 10.17 Comparison of breakdown potential46

Solution

Seawater
Sulphate/Carbonate
Phosphate/Borate
Drinking water
Bromides

Ti

9
60
80
37.5
2-3

Nb

120
255
250
250

Ta

120
280
280
280

There have been instances reported in the literature where the breakdown
potential for Nb and Ta in seawater has been found to be lower than the
generally accepted value of 120 V, with reported values in extreme instances
as low as 20-40 V47'48. This has been attributed to contamination of the
niobium surface from machining operations, grit blasting or traces of copper
lubricant used in anode manufacture. These traces of impurities, by becom-
ing incorporated in the oxide film, decrease its dielectric properties and thus
account for the lower breakdown voltage. Careful control of surface con-
tamination in the manufacture of platinised niobium is therefore essential to
minimise the lowering of the breakdown potential of niobium.

Platinised niobium anodes are prepared by electrodepositing platinum
onto grit-blasted niobium, metallurgical co-processing (cladding) or by
welding platinum or platinum/iridium wire to niobium rod48. They
are not prepared by thermal deposition because niobium oxidises at 35O0C,
and good adhesion cannot be obtained. Both materials may be welded under
argon, utilising butt or plasma welding techniques.

Platinised niobium and tantalum anodes have found use in applications
where their high breakdown voltages and hence higher operational current
densities can be utilised, e.g. ship and cooling system anodes, which may
be used in estuarine waters and thus require higher driving voltages, off-
shore structures where high reliability in service is required, domestic water
tanks49 and deep well groundbeds50. Because of their higher breakdown
voltages niobium and tantalum anodes can be operated at higher current
densities than platinised titanium. Efird32 found the consumption rate of



platinised niobium in seawater over the range 5000 to 10 000 Am 2 to be
similar to that of platinised titanium, i.e. 7-8mg A - 1Y"1 . However, at a
current density of 30000Am~2 he observed an increase in the platinum
consumption rate to 15-6mg A - 1Y'1 and concluded that this was the
limiting current density for operating these anodes. Warne and Berkeley41

report that the maximum current density for these anodes in seawater is
2000Am~2, with a working current density of 500 to 1000 Am"2. The
operating current density selected should, however, be commensurate with
the desired anode life, platinum coating thickness and platinum consump-
tion rate in a given environment.

In open-hole deep-well groundbeds, platinised niobium anodes have been
successfully operated at current density of 215 Am"2 51 and in the range 100
to 267 Am"2 52. Toncre and Hayfield24 have conducted work on the operat-
ing parameters of platinised niobium anodes in brackish waters and simu-
lated groundbed environments. In an open-hole groundbed they concluded
that operational current densities of 400 Am"2 or higher were the most
economical, since this leads to a lower consumption rate in sulphate-
containing soils. The platinum consumption rate in a deep-well environment
may well alter because of variations in the environmental conditions. On
extruded platinised niobium anodes a consumption rate of 175 mg A - 1Y'1

was considered for design purposes, whilst that for electroplated platinised
niobium was taken as 87-6 mg A -1Y'1 . In a backfilled deep-well ground-
bed, evidence of dissolution rates comparable with those for an open-hole
environment were reported, i.e. 87-6mg A - 1 Y - 1 at 200 Am"2. At lower
current densities, namely 100 Am"2, it seems likely that the electrochemical
processes would be limited to oxidation reactions involving coke alone and
no electrochemical wear* on platinised niobium would occur. Indeed,
Baboian165 reports negligible Pt consumption rates in carbonaceous backfill
at current densities from 11-8 to 29Am~2, increasing to l l -9mg A"1 at
57-9Am~2 and 13-5mg A - 1Y' 1 at 185Am12. The wear rates at 57-9 and
185 Am ~2 were comparable to those Baboian observed in seawater.

The relative merits of platinised titanium and niobium in a deep-well
environment, in comparison with those of other anode materials, have been
given by Stephens53.

Platinised Silver

This material can be used only in seawater or similar chloride-containing
electrolytes. This is because the passivation of the silver at discontinuities in
the platinum is dependent upon the formation of a film of silver chloride,
the low solubility of which, in seawater, inhibits corrosion of the silver. This
anode, consisting of Pt-IOPd on Ag, was tried as a substitute for rapidly
consumed aluminium, for use as a trailing wire anode for the cathodic pro-
tection of ships hulls, and has been operated at current densities as high as
1 900 Am"2. However, the use of trailing anodes has been found inconve-
nient with regard to ships' manoeuvrability.

* In the case of the platinum metals the term 'wear' is frequently used in place of corrosion
attack.



With the advent of hull mounted anodes this material has been replaced
by the superior platinised titanium and niobium anodes and is now seldom
used.

Mixed Metal Oxide Coated Titanium

The material was originally developed by Beer55'56, and its major applica-
tion has been in the production of chlorine and chlorates57'58.

It has now gained acceptance as an impressed current anode for cathodic
protection and has been in use for this purpose since 1971. The anode con-
sists of a thin film of valve and precious metal oxides baked onto a tita-
nium substrate and when first developed was given the proprietary name
'dimensionally stable anode', sometimes shortened to DSA. Developments
on the composition of the oxide film have taken place since Beer's patent,
and this type of anode is now marketed under a number of different trade
names.

The anodes are produced by applying a paint containing precious metal
salts or organic compounds in an organic solvent to the titanium surface and
then allowing the solvent to evaporate. The completed assembly is then
heated in a controlled atomosphere to a temperature at which the paint
decomposes (between 350 and 60O0C)59 to give the metal. Platinum does
not form an oxide under the conditions selected, but other precious metals
namely iridium, ruthenium, rhodium and palladium do. A number of paint
coatings may be necessary to obtain the required deposit thickness, which
is typically 2-12 -5 /mi, although deposits up to 25 /*m thick have been
obtained. Deposits thicker than this become brittle and poorly adherent60.

At present only titanium substrates are coated in this way because at the
temperatures encountered in the anode manufacturing process, niobium
would oxidise. Tantalum can be coated with a mixed oxide but this is a
relatively expensive process.

The composition of the mixed metal oxide may well vary over wide limits
depending on the environment in which the anode will operate, with the
precious metal composition of the mixed metal oxide coating adjusted to
favour either oxygen or chlorine evolution by varying the relative propor-
tions of iridium and ruthenium. For chlorine production RuO2-rich coat-
ings are preferred, whilst for oxygen evolution IrO2-rich coatings are
utilised61.

The mixed metal oxide coatings consist of a platinum group metal (usually
ruthenium, although in some cases two or three metals are used) and an oxide
of a non-platinum group metal (usually Ti, Sn or Zr)59. The precise com-
position of the coating is generally considered proprietary information and
not divulged by the various anode manufacturers. Indeed, recent studies
have shown that a proprietary electroactive mixed metal oxide anode coat-
ing used for the cathodic protection of steel in concrete contains Ta, Ir,
Ti and Ru62. The metal oxide coating has a low electrical resistivity of
approximately 10~7ohmm, and a very low consumption rate. In seawater
the consumption rate is 0-5 to 1 mg A - 1Y"1 , whilst in fresh waters and
saline muds the rate is 6mg A -1Y'160, at current densities of 600 and
100Am12, respectively60.



In fresh waters, where there is a limited chloride concentration, the
predominant reaction is oxygen evolution. This process gives rise to a high
level of acidity which may account for the increased oxide consumption
rates observed in this environment. The current densities normally used for
design purposes are 600 Am"2 for seawater, and 100 Am~2 for fresh water,
saline mud and coke breeze backfill63. Higher current densities may be
utilised in certain circumstances but this reduces the anode life for a given
coating thickness. The relationship between current density and life for the
mixed metal oxide coated electrodes is non-linear and higher current den-
sities increase the consumption rate of the oxide.

The approximate value for the oxide coating dissolution rate in relation
to current density63 in soils and fresh water is:

log,0L = 3-3 - log,0/

and in seawater is:

log,0L = 2-3 - 0-41og,0/

where / is the current density (Am~2) and L is the coating life (years).
Indeed, with current densities of 4000 Am~2 in 3% NaCl rapid consump-
tion rates of RuO2 coatings have been reported65.

The oxide coatings are porous and therefore the limitations on operat-
ing voltage for platinised titanium anodes apply as well to the oxide-coated
titanium electrodes. It has been reported that breakdown of mixed metal
oxide anodes may occur at 50-60 V in low-chloride concentration water but
at only 10V in chloride-rich environments60.

These anodes, like platinised Ti may be supplied in different forms e.g.
rod, tube, mesh, wire, etc. They may be used for the cathodic protection
of offshore structures, heat exchangers, or even pipelines as they can be
installed in the soil surrounded by carbonaceous backfill, and are com-
parable in cost to platinised titanium64.

Conductive Titanium Oxide Based Ceramics

An electrically conductive titanium oxide based ceramic material has been
developed recently, and is marketed under the trade name 'Ebonex*6. This
material consists principally of Ti4O7 but may also contain some higher
oxides. It is black in colour, has an electrical resistivity of less than
2 x 10~4ohm m and can be operated at current densities up to 100 Am'2 in
1% NaCl, however, if coated with a precious metal it can be operated at
considerably higher current densities up to 400 Am ~267. However, no
information is given by the manufacturers on the consumption rate of this
particular material other than that it is inert. It is both porous and brittle,
although its mechanical strength can be improved and porosity reduced by
resin impregnation, preferably with inorganic fillers. It has a high overpoten-
tial for oxygen evolution, is not affected by current reversal, has no restric-
tion on operating voltage and the makers claim it has an excellent resistance
to both acid and alkali.



To date the material has been used as an electrode in electro-winning,
electro-chlorination, batteries and electrostatic precipitators, but only to a
very limited extent in cathodic protection.

Ferrous Materials

Steel

One of the earliest materials to be used in power-impressed cathodic pro-
tection was steel. Its economy lies in situations where steel scrap is available
in suitable quantities and geometry and it is only in such situations where its
use would now be considered.

The anode tends to give rise to a high resistance polarisation due to the
formation of a voluminous corrosion product, particularly when buried as
opposed to immersed. This can be alleviated by closely surrounding the scrap
with carbonaceous backfill; this of course increases the cost if the backfill
is not also a local by-product. It is necessary under conditions of burial to
ensure compactness and homogeneity of backfill (earth or carbon) at all
areas on the steel, otherwise particularly rapid loss of metal at the better
compacted areas could lead to decimation of the groundbed capacity.

The problem of the high resistance polarisation decreases with increasing
water content and salinity, such as prevails during immersion in seawater,
where these anodes are particularly useful. Since no problems of burial arise
in that environment an endless variety of disused iron-ware has been utilised
for anodes, e.g. pipes, piling, machinery, rails and even obsolete shipping
which has not been economic to salvage. Consumption rates in excess of the
theoretical value have been reported for steel in different waters68'69.

Experimental installations have been established from time to time to
demonstrate the possibility of using ferrous metals in anolytes70"72 selected
to minimise polarisation and to reduce metal ionisation by making the metal
passive.

The use of carbonaceous extender is of value if segregation of a steel anode
in soil might be expected to result from high localised corrosion rates. Con-
tinuity of the anode is facilitated by the bridging effect of the extender. One
example of this is in deep-well groundbeds, installed in stratified soils of
widely differing ground resistivities, where a well casing may be filled with
coke breeze. Commercial examples of these are known to be working well
after periods of 28 years73.

One advantage of steel as an anode is the low gassing at the electrode
during operation, since the predominant reaction is the corrosion of iron.
Thus, the problem of resistive polarisation due to gas blocking, as may be
the case with more inert materials, does not occur. Iron compounds do, of
course, form but these do not appreciably affect the anode/soil resistivity.
Furthermore, the introduction of metallic ions, by anode corrosion, into the
adjacent high resistivity soil is beneficial in lowering the resistivity.

It is necessary to ensure the integrity of anode cable connections and to
give consideration to the number of such connections related to longitu-
dinal resistance of the anode and current attenuation, if early failure is to
be avoided.
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