
10.7 Cathodic-protection

Instruments

A number of measurements, principally electrical, are necessary in order to
ensure that a cathodic-protection system is correctly designed and will pro-
vide full protection to the structure concerned, and to determine accurately
the effect of such a system on other structures. This section deals with the
instruments used for making these measurements and indicates in general
terms the various types available to the corrosion engineer today. Brief
details of instruments not directly connected with cathodic protection as
such, but nevertheless associated with it, are also included.

Basic Requirements

All instruments used in cathodic-protection work must be accurate, reliable
and easy to maintain.

For cathodic-protection work the best instruments are calibrated to an
accuracy of 0-5% or less of full-scale deflection. In addition, scales are
usually so selected that the majority of the readings taken fall within the
upper half of the scale, where the least error will occur. Second-grade instru-
ments are usually calibrated to an accuracy of approximately 2% of full-
scale deflection.

Most instruments used in cathodic-protection work are essentially field
instruments, and must therefore be portable and sufficiently robustly con-
structed to withstand rough handling and to be capable of operating reliably
under a wide range of climatic conditions.

As far as possible instruments should be so constructed that repairs or
replacements can be made quickly, and standard, readily obtainable com-
ponents should be used.

Theory of d.c. Indicating Instruments

The application of cathodic protection generally involves the use of direct
current. The movement in nearly all instruments used in cathodic protection
is therefore of the moving-coil permanent-magnet type, which gives coil
deflection (and thus pointer deflection) proportional to the current in the coil.



Damping of the movement to prevent overswing or oscillation of the
needle is provided by the eddy currents induced in the metal former on
which the coil is wound, and further damping (i.e. critical damping) can be
obtained by placing a low resistance across the coil. The main advantages of
this type of instrument are uniformity of scale, high torque: weight ratio,
and low power consumption.

By the insertion of suitable shunts and/or resistances it is possible to use
one instrument to measure both current and voltage over a wide range.

The coil (wound on a light metal former) can be suspended by a fine strip
of phosphor bronze between the pole pieces. Attached to this suspension is
a small mirror which reflects on to a scale a beam of light which is focused
upon it. An instrument of this kind is known as a D'Arsonval galvanometer
and is used in potentiometer circuits and various methods of measurement
of resistance.

The use of a light beam as an indicator avoids the errors caused by friction
with a normal pointer, while a hairline incorporated in the projection lens
eliminates errors due to parallax, and with the scale at a distance of 1 m from
the mirror, a sensitivity of up to 1 500mm//*A can be achieved.

This instrument, as described above, is quite unsuitable for field
measurements.

Types of Instruments

Cathodic-protection instruments may be classified as potential-measuring,
current-measuring, resistance/conductance-measuring, multicombination,
recording and ancillary.

The various types are dealt with in some detail in the following pages.
Except where noted, the instruments have a moving-coil movement.

Potential-measurement Devices

Reference electrodes The generally accepted criterion for the effectiveness
of a cathodic-protection system is the structure/electrolyte potential (Section
10.1). In order to determine this potential it is necessary to make a contact
on the structure itself and a contact with the electrolyte (soil or water). The
problem of connection to the structure normally presents no difficulties, but
contact with the electrolyte must be made with a reference electrode. (If for
example an ordinary steel probe were used as a reference electrode, then
inaccuracies would result for two main reasons: first, electrochemical action
between the probe and the soil, and second, polarisation of the probe owing
to current flow through the measuring circuit.)

Figure 10.40 shows two patterns of the CuXCuSO4 half-cell and Fig. 10.41
an Ag/AgCl, Cl" half-cell; both are commonly used as reference elec-
trodes. The illustrations are intended only to show the general features of the
many different patterns commercially available. Table 10.29 gives a com-
parison of the potential of a structure measured against Cu/CuSO4(sat.),
Ag/AgCl, KCl(sat.) and corroding pure Zn, which is widely used as a
reference electrode in chloride environments.



* If the potential of the structure is found to be +0-4 V us. Zn it will be -0-7 V vs. CuXCuSO4 , sat., and -0-65 V vs. Ag/ AgCl, sat., KCI. Approximate values of the above reference electrodes on the Stan-
dard Hydrogen Scale (S.-H.E.) are as follows: CuXCuSO4, sat. = 0-30-0-32 V; Ag1X2AgCl, sat. KCl = 0-020 V (0-025 V in sea-water); ZnXsea-water = -0-75 V.

Table 10.29 Approximate comparison of potentials (V) using Zn/seawater, CuXCuSO4, and Ag/AgCl, sat. KCl reference electrodes*

O
Zn -0-4 -0-3 -0-2 -0-1 | +0-1 +0-2 +0-3 +0-4 + 0-5 +0-6 +0-7 +0-8 4-0-9 -1-1-0 4-1-10
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CuXCuSO4 -1-5 -1-4 -1-3 -1-2 -1-1 -1-0 -0-9 -0-8 -0-7 -0-6 -0-5 -0-4 -0-3 -0-2 -0-1 j
O

O
Zn -0-45 -0-35 -0-25 -0-15 -0-05J+0-05 +0-15 4-0-25 4-0-35 4-0-45 4-0-55 4-0-65 4-0-75 4-0-85 4-0-95 4-1-05
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AgXAgCl -1-5 -1-4 -1-3 -1-2 -1-1 -1-0 -0-9 -0-8 -0-7 -0-6 -0-5 -0-4 -0-3 -0-2 -0-1 j

O

O
AgXAgCl -1-5 -1-4 -1-3 -1-2 -1-1 -1-0 -0-9 -0-8 -0-7 -0-6 -0-5 -0-4 -0-3 -0-2 -0-1 } 4-0-05
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CuXCuSO4 -1-55 -1-45 -1-35 -1-25 -1-15 -1-05 -0-95 -0-85 -0-75 -0-65 -0-55 -0-45 -0-35 -0-25 -0-15 -0-05 j

O



Fig. 10.40 Copper/copper sulphate half-cells

From Fig. 10.40 it will be seen that contact between the electrolyte (soil
or water) and the copper-rod electrode is by porous plug. The crystals of
CuSO4 maintain the copper ion activity at a constant value should the half-
cell become polarised during measurements. The temperature coefficient of
such a cell is extremely low, being of the order of 1 x 10 ~5 V/°C and can
thus be ignored for all practical purposes. To avoid errors due to polarisation
effects, it is necessary to restrict the current density on the copper rod to a

Fig. 10.41 Silver/silver chloride half-cell (Admiralty pattern). The electrode is immersed in a
chloride-containing solution which diffuses through the porous pot and thus comes into contact

with the Ag/AgCl mixture
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value not exceeding 20ptA/cm2. The CuXCuSO4 half-cell is in almost uni-
versal use for measurement of structure/electrolyte potentials on buried
structures. Its main advantages are that it is cheap and simple to construct,
that the materials are easily obtainable, and that it can be quickly made up
at any time.

The Ag/AgCl, Cl ~ half-cell has a chloridised silver electrode which is
generally immersed in either a saturated potassium chloride solution or a
mixture of finely divided silver and silver chloride. This type of half-cell is
normally used for measurement of structure/electrolyte potentials of im-
mersed structures, contact between the half-cell and electrolyte (fresh or sea-
water) being made through the walls of a porous pot enclosing the cell. For
measurements in sea-water a chloridised silver electrode is used and the elec-
trode is immersed directly in the water thus dispensing with the saturated KCl
solution; the electrode is prepared by fusing silver chloride onto a silver mesh
and partially reducing the silver chloride by cathodic polarisation.

The Ag/AgCl, Cl ~ electrode is probably the best reference electrode for
measuring potentials of waters at elevated temperatures.

One further type of reference electrode is the zinc half-cell which consists
merely of a high-purity zinc rod. Such an electrode will maintain a constant
potential after a short 'settling down' period following installation (particu-
larly in sea-water). The main advantages of a zinc reference electrode are that
it requires no special preparation and no subsequent remaking during its life.
It is ideal for use as a permanent reference electrode installed on a cathodic-
protection scheme, as for example the water box of a large heat exchanger,
where inspection is infrequent and access to the structure while it is operating
is impossible. It should be noted that in the case of zinc the potential is a cor-
rosion potential, whereas in the case of the other reference electrode the
potential is a reversible potential (see Section 20.3). In practice, it is there-
fore an advantage to maintain the surface of the zinc in a slightly active con-
dition by deliberately reducing the impedance of the measuring circuit.
Generally the zinc electrode is used where the electrolyte surrounding the
protected structure is water, as this ensures good contact with the electrode.
Its use in soils is generally restricted to damp ground and it cannot be com-
mended as reliable in dry soils, even when placed in a special backfill.

Voltmeters and potentiometers The instruments described here are gener-
ally referred to as corrosion voltmeters. As mentioned previously, the current
flowing through any potential-measurement circuit must be small to avoid
errors due to polarisation. Moreover, if the current flow is too large, errors
will be introduced owing to the voltage drop caused by the contact resistance
between the reference electrode and the electrolyte. It is thus clear that the
prime requirement of a potential measurement circuit is high resistance.

For a direct-reading instrument, sensitivity should be at least of the order
of 50 kfi/V, and instruments are commercially available with sensitivities of
up to and exceeding 1 MQ/V. Direct-reading meters are usually made to
show several ranges, which are obtained by the use of suitable resistances
placed in series with the indicating instrument (Fig. 10.42).

To measure structure/electrolyte potentials with electrolyte resistivities
in excess of 2kQcm, a high-resistance potentiometer unit as shown in Fig.
10.43 or a potentiometric voltmeter as illustrated in Fig. 10.44 may be used.
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In both types of instrument the voltage to be measured is balanced against
an external applied voltage (usually from batteries within the instrument). At
balance, no current flows through the external circuit and thus errors due to
contact resistance are eliminated.

The potentiometer must be calibrated against a standard cell, while with
the potentiometric voltmeter the voltage to be measured is balanced against
a battery e.m.f., using uncalibrated resistors and the voltmeter as a galvano-
meter. At balance the voltage is transferred to the voltmeter and read direct.
The magnitude of voltage which can be measured by both instruments is
limited by the maximum voltage of the (usually) dry cell which they contain.
It is, however, possible to extend the range by using a potential divider or
volt box.

For normal field work the potentiometric voltmeter is the more popular
instrument, being usually of lighter construction and not requiring cali-
bration against a standard cell. Where extremely small potentials (usually
potential shifts) of the order of 1 mV are to be measured, however, the
potentiometer is more suitable and accurate.

Valve voltmeters were widely used in the past, but have been replaced by
transistor voltmeters. With instruments of this type it is possible to achieve
an input resistance of 50 MQ or more, the current required to operate the
instrument being of the order of 10"14A. The early instruments had a
tendency to zero drift on the lower ranges, but this has been overcome in the
modern transistor types. Such instruments are most often used to make
potential readings in extremely high-resistance electrolytes. The accuracy of
such instruments is of the order of 2% full-scale deflection. It is necessary
to ensure that both types are so designed that they do not respond to alter-
nating currents.

The technique adopted in measuring structure/electrolyte potential is
illustrated in Fig. 10.45. While it is not truly within the scope of this chapter,
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Fig. 10.45 Measurement of structure/electrolyte potential



it is as well to note that the position of the reference electrode in relation to
the structure is important. Theoretically the half-cell should be placed as
near to the structure as possible (i.e. within a few millimetres) to avoid IR
drop in the electrolyte. This is often not possible in practice as, for example,
with a buried pipeline. In such a case, the cell should be placed in the soil
directly over the structure, and it is wise to allow a 'safety factor' of say
50 mV over and above the minimum protective potential to compensate for
IR drop.

Current-measuring Instruments

These may be classified generally according to whether they are used to
measure current delivered or drained by a structure under protection, or to
measure current flowing within the structure itself.

By the use of suitable shunts, the basic moving-coil movement can be
adapted to measure an almost unlimited range of currents. Figure 10.46
illustrates a direct-indicating instrument with shunt, to measure current up
to 5 A d.c. To ensure that the resistance of the circuit is not materially altered
by the insertion of an ammeter, it is usual to install either a shunt or the meter
itself (usually a moving-coil meter with internal shunt) permanently in the
circuit. Ammeter shunts are normally of the four-terminal type, to avoid
contact resistance errors, i.e. two current terminals and two potential ter-
minals, as shown in Fig. 10.46.

Fig. 10.46 Direct-indicating instrument

In making measurements of current flowing within a structure, it is
extremely important that additional resistance, as for example a shunt, is
not introduced into the circuit, as otherwise erroneous results will be
obtained. One method is to use a tong test meter. Such instruments are,
however, not particularly accurate, especially at low currents, and are
obviously impracticable in the case of, say, a 750 mm diameter pipeline. A far
more accurate method and one that can be applied to all structures, is the zero-
resistance ammeter or, as it is sometimes called, the zero-current ammeter
method. The basic circuit of such an instrument is shown in Fig. 10.47.

From Fig. 10.47 it will be seen that if /b is adjusted until there is zero
voltage on the voltmeter, then /s = /b. When this type of instrument is used
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Fig. 10.47 Zero-resistance ammeter

to measure current in, say, a bond between one structure and another, if
simultaneous measurements are made at locations on the structure (i.e. inter-
ference testing) inaccurate results will be obtained. This is because at balance
there is no current in the structure at the measurement point, and this could
materially alter the current distribution to the structure.

Where measurements of current in massive structures having extremely
low longitudinal resistances are required, and to avoid the errors referred
to in the previous paragraph, a refinement of the zero-resistance ammeter
is used. Instead of a voltmeter, a high-sensitivity D'Arsonval galvanometer
with a centre-zero scale is used. The connections remain essentially the same
as those in Fig. 10.47, except that a reversing switch is incorporated so that
the current /b can be applied first in one direction and then in the other.

Let /s = current in structure, let /b = meter current (calibrating current),
let deflection of the galvanometer due to /s be A0 (note that the direction of
deflection will indicate the direction of current flow), and let the deflection
of the galvanometer with /b applied in both directions be A1 and A29 then:

A1 =/b + /s(say)

and thus

A2 = Ib- /s

therefore

A1 +A2 = 2Ib

Thus calibration of galvanometer in amps or milliamps per division deflec-
tion is

2VM1 +A2)

therefore

/,= A0(2Ib/(A} +A2)]

The zero-resistance ammeter is seldom employed for routine testing. This
instrument requires careful handling to avoid damage, in particular to the
galvanometer. Usually two permanent test leads are installed at a set dis-
tance apart, and by the initial use of a zero-resistance ammeter a calibration
chart of potential between the two leads and current in the structure is drawn
up. Thus when routine testing is made, it is only necessary to measure the



potential difference between the leads. The current so measured will not be
truly accurate, owing to the minute current in the measurement circuit, but
for all practical purposes this can be ignored.

Resistivity/Conductivity-measuring Instruments

Instruments in this category are used for the measurement of electrolyte
resistivity, resistance, and insulation (i.e. protective-wrap) conductivity.

Measurement of resistivity The most usual method of measuring soil resis-
tivity is by the four-electrode 'Wenner' method. Figure 10.48 indicates the
basic circuit. The mean resistivity RM is given by

RM = 2a(E/I)

where /is the current applied between the current electrodes C1 and C2, and
E is the potential developed between the potential electrodes P1 and P2 by
the current /*. The value given by this method is the average resistivity of
the soil to a depth a equal to the spacing of the electrodes. It is most impor-
tant to note that for accurate and consistent results, the electrodes must be
equidistant from one another and placed in a straight line. This relatively
simple set-up, illustrated in Fig. 10.48, suffers from inaccuracies arising from
polarisation of the potential electrodes and effects of possible stray currents
in the soil. To minimise these, the electrodes used for measuring potential
P1, P2 should be CuXCuSO4 half-cells, and reverse polarity readings should
be taken. One source of inaccuracy that cannot be overcome with this
method is that due to the contact resistance of the potential electrodes P1
and P2 to earth.

Fig. 10.48 'Wenner' method. Normally Ci, C2 and PI, PI are steel rods, but for higher
accuracy CuXCuSO4 electrodes should be used for PI, P2

To avoid the errors of polarisation and stray currents, special resistivity
meters are employed. One form of these uses an alternating current pro-
duced from batteries by a vibrator. The effective resistance is measured by
a modified Wheat stone bridge with balance indicated by a galvanometer.

A further type of instrument employs a hand-generated current passed
through the current coil of an ohmmeter and then through a current reverser
so that an alternating current is delivered to the current electrodes. The alter-
nating current due to alternating potential between the potential electrodes

*For proof of this equation, see Wenner, F., Nat. Bur. Stand. Publn., 12, US Dept. of Com-
merce, 496 (1915).



is then rectified by a commutator mounted on the generator shaft, and the
current is passed through the potential coil of the ohmmeter. Thus the deflec-
tion of the instrument is the ratio of IR//, or resistance R. To compensate
for resistance to earth of the potential electrodes, the ohmmeter is connected
directly across these potential electrodes. The resistance is adjusted (by
means of a variable resistance) to a set value, which is usually denoted by a
mark on the meter scale so that the resistance in the potential circuit is at the
predetermined value used in calibrating the instrument. A circuit diagram is
given in Fig. 10.49, but it should be noted that this type of device is now being
replaced by solid-state battery-powered versions.
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Fig. 10.49 'Megger' earth resistivity meter (courtesy Evershed and Vignoles)

Soil resistivity may be measured by an instrument known as the Shepard
Cane resistivity meter, which uses only two electrodes. In principle, the
instrument operates by measuring, with a low-resistance ammeter, the cur-
rent flowing between two electrodes placed a set distance (usually 0-3 m) in
the soil. To avoid polarisation effects the positive electrode has a very small
area and the negative electrode a large area. This instrument is of light
construction, and is easily portable and simple in use. Normally, however,
it will indicate resistivity only near the surface, and it is of use only in giving
a general indication. The basic circuit diagram of a Shepard Cane is given
in Fig. J0.50.
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Fig. 10.50 Shepard Cane resistivity meter



To avoid errors due to polarisation, the instrument can be used with a
vibrator to provide an alternating potential between the electrodes, in which
case the areas of the electrodes can be the same.

A variation of the Shepard Cane incorporates both electrodes on a single
rod. A circuit diagram of this type of instrument is shown in Fig. 10.51. The
single rod has a calibration constant, determined by the area of the positive
electrode. At balance the resistivity is given by the resistance multiplied by
the rod constant. This instrument is portable and simple to operate, but it
cannot be recommended when accurate results are required.

Fig. 10.51 Single-rod resistivity meter

Resistivity of an electrolyte can also be measured by passing a known cur-
rent through a known length and cross-section of the electrolyte, and mea-
suring accurately the voltage drop across the length. It is preferable to use
alternating current to avoid polarisation effects. Alternatively, the resistance
of a known length and cross-section of the electrolyte may be measured
directly by using a four-electrode instrument with the potential and current
electrodes P1, C1 and P2, C2 joined together in such a way that the instru-
ment will measure resistance as a normal ohmmeter. Special cells also exist
for use with resistivity meters, which are so constructed and calibrated that
resistivity can either be read directly from the instrument or simply calcu-
lated from the product of the measured resistance and known cell constant.
Measurements of resistivity on samples, as just described, will give accurate
results only on liquid electrolytes and cannot be recommended for use on soil
samples, where the value of resistivity measured will vary with the degree of
compaction of the soil.

Measurement of resistance As previously mentioned, the four-electrode
resistivity meters can be used to measure resistances. For this purpose the
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most accurate instrument is the hand-generator type, as it usually has a large
clear scale calibrated directly in ohms. Most vibrator-type instruments, how-
ever, rely on a calibrated dial and galvanometer and on low ranges the exact
point of balance is often difficult to determine with any accuracy.

The accurate measurement of resistance can of course be carried out
by means of a Wheatstone bridge, Carey Foster bridge, or a similar
arrangement.

DISTANCE

Fig. 10.52 Measurement of resistance of structure to remote earth

The measurement of resistance to remote earth of a metallic structure is
normally carried out with a four-electrode instrument. The connections are
shown in Fig. 10.52. A current /is passed between the structure and a remote
electrode. The potential difference V is measured between the structure and
a second remote electrode. In this way the ohmmeter records the resistance
of the structure to earth, i.e. V/I. The spacing of the electrode from the
structure is important and must be such that the remote potential electrode
lies on the horizontal part of the resistance/distance curve, as shown in
Fig. 10.52. Generally speaking, a minimum distance of 15 m from the struc-
ture is necessary for the potential electrode to lie on the flat part of the curve,
with the current electrode usually at least twice the distance of the potential
electrode.

Measurement of conductivity The measurement of electrolyte conductivity
— the reciprocal of the resistivity —is a fairly simple matter, being calculated
from the resistivity as measured by some of the methods described above.

Often it is necessary in designing a cathodic-protection system to know the
conductivity of a protective coating (e.g. bitumen enamel) on a structure.
This measurement is usually carried out by finding the resistance between an
electrode of known area placed in contact with the coating and the structure
itself. The electrode placed on the structure can be either of thin metal foil
or, preferably, of material such as flannel soaked in weak acidic solution.
The resistance between the pad and the metal is measured by means of either
a resistivity meter, as previously described, or a battery with a voltmeter and
an ammeter or microammeter. Generally speaking, in field work where such
measurements have to be made, a resistivity meter is preferable.
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Multicombination Instruments

As their name suggests, these instruments are capable of carrying out a
variety of measurements, e.g. structure/electrolyte potentials, current, resis-
tivity and voltage. Most instruments of this type contain two meters in one
case, one being a low-resistance millivolt/voltmeter and milliamp/ammeter,
and the second a high-resistance voltmeter.

The advantages of this type of instrument are (a) that only one instrument
is required for all necessary measurements, and (b) that it is portable and
thus particularly suitable for field work.

The main disadvantage is that should a fault occur in one circuit of the
instrument the complete instrument is often rendered inoperative.

Recording Instruments

Miniaturisation of electronic components has enabled the construction of a
compact, portable, battery-operated recording voltmeter. The principal use
of this instrument is to measure pipe/soil potential fluctuations over a period
of time. The instrument can be modified to measure current variations.

Ancillary Instruments

Apart from the instruments described in previous paragraphs, there are
others that, while not directly connected with cathodic protection as such,
are extremely useful tools to a corrosion engineer. They include pH meters,
Redox probes, protective-coating test instruments and buried-metal-location
instruments.

High-voltage coating-testing equipment When cathodic protection is
applied to a structure which has a protective coating, the current required is
proportional to the bare metal area on the structure. Thus whenever a pro-
tective coating is applied it should be of good quality, with very few failures
or pin holes in it, so that the cathodic-protection system may be economic.

It is now fairly standard practice, particularly in the case of pipelines, to
carry out an inspection of the protective coating (after application) with a
high-voltage tester, known as a holiday detector. Basically, a high voltage is
applied between an electrode placed on the coating and the structure. At any
'holidays' (flaws) in the coating, a 'spark over' occurs and is usually accom-
panied by a visual or audible alarm. For pipelines, the electrode often takes
the form of a rolling spring clipped round the pipe. Other electrodes are in
the form of wire brushes.

The high voltage is obtained either by a step-up transformer from the
mains, or a motor-generator set, or alternatively from batteries and a
vibrator with a high-tension coil. The battery-operated instruments, are
most popular as they are easily portable and most suited for field use. Such
an instrument is illustrated in Fig. 10.53.

For the examination of paint films or special coatings, e.g. pipe linings,
low-voltage holiday detectors with wet sponge electrodes are available.



Fig. 10.53 Holiday detector

The choice of voltage for use with a holiday detector depends on the thick-
ness and type of coating applied to the structure. As a guide, in the case of
pipelines, a voltage equivalent to approximately 5 kV/mm thickness is used
in testing a coal-tar coating.

Buried metal locating instruments Instruments in this category are used
to locate buried metallic structures, to detect possible electrical discontinui-
ties in buried structures, to locate possible junctions or points of contact
between one structure and another, and to indicate the condition of a protec-
tive coating applied to a buried structure. A signal of a given frequency to
a buried structure is either injected or induced into the structure and traced
with a search coil and earphones. Most instruments use a high-frequency
signal of 1 kHz or higher, although one or two use a simple interrupter. The
transistor has made it possible to make very compact portable battery-
operated instruments.

Recent Developments

Cathodic protection and associated instruments have developed in-line with
the changing monitoring demands of both the onshore and offshore indus-
tries. In particular, for potential and current density measurements, far
greater quantities of data are sought and are required to be processed into
an easily assimilated form. Thus cathodic protection instrumentation has
benefited from an increased association with microprocessor-based data
handling and storage systems.

Reference Electrodes

The principle reference electrodes used in the onshore and offshore industries
have remained unchanged. The CuXCuSO4 cell is used almost exclusively
onshore in the form based on the plastic tube and porous wooden plug
illustrated in Fig. 10.40, although certain potential survey instruments have
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required the development of this form into 'ski-stick' electrodes. In addition,
CuXCuSO4 cells are produced with ceramic porous plugs for increased life
and increased diameter, in order to reduce contact resistance with high
resistivity soils.

Permanently installed electrodes are increasingly used, and construction
of these items can be based on long lengths, approximately 30 m, of spirally
coiled copper wire set in a gel of saturated copper sulphate, contained in a
porous terracotta pot.

Offshore, both Ag/AgCl and metallic zinc electrodes are used for potential
measurements and are also employed for current density surveys undertaken
on the offshore platforms and pipelines, as discussed below. It has been
found beneficial for offshore applications to install together an electrode of
each type on a structure, one acting as a function check on the other1.

The electrodes designed for permanent installation on deep-water struc-
tures must be protected from damage but must also correctly 'view' the pro-
tected structure. Thus electrodes must be closely placed to the structure to
avoid the incorporation of an '//?' element in the potential measured, but
must not create a 'protection' shadow which could cause a false indication
of the protection level.

Commercially available electrodes are produced in coated fabricated steel
housings in which the electrodes are retained by hard-setting epoxy resins.
Connecting cables pass from the housing through cable glands and are either
installed in conduits to the surface or are wire armoured for protection.

Potential Measurement Devices

For field measurements, the popular analogue potentiometric voltmeter
has been largely superseded by the electronic digital-display multimeter.
Many commercially available multimeters, not specifically designed for
cathodic protection measurements, are generally suitable. The d.c. voltage
ranges normally included are 200 mV, 2 V and 20 V, displayed on a 3j digit
liquid-crystal display. Typical resolution is 100/xV on a 20OmV range, with
an accuracy of 0-25% of the reading plus one digit. All these ranges will
typically have input impedances of at least 22 M Q, ensuring minimal errors
in all but the highest resistivity electrolytes. For high-resistivity electrolytes
some electronic multimeters are provided with a selectable range of input
resistances, so that any errors in readings due to high resistance in the exter-
nal circuit may be detected.

Meters must be provided with adequate a.c. rejection on d.c. ranges. This
is typically, greater than 60 dB for 50/60 Hz in the normal mode and greater
than 10OdB for common inode rejection.

Hand-held multimeters are available with robust, waterproof cases, well-
suited for field use.

One of the more recent developments in potential measurement instru-
ments has been their incorporation into what is best drescribed as 'data
management devices'. These units will not only display a potential reading
but may be instructed to store this information for later retrieval and pro-
cessing. The complete unit incorporates a high-impedance voltmeter with
an integral microprocessor for data and code entries into a solid-state



memory. Data and codes are inputted by the use of an alpha-numeric
keyboard, although auxiliary data may also be inputted via a light-pen bar-
code reader. Bar codes are used, for example, at test points to store iden-
tification data. More sophisticated units are provided with real-time clocks
and can automatically store electronically entered data and time, under time
clock control.

Potential data loggers are now available to undertake close interval
pipeline surveys. These increasingly popular surveys, determine a pipeline's
pipe-to-soil potential at nominal intervals, of as little as 1 m. Additional
information is gained by the recording at each point, of both the pipe-to-soil
potential with the cathodic protection system 'ON', together with the poten-
tial some 100-300 ms after the cathodic protection system is switched 'OFF'.
This 'instantaneous' 'OFF' potential being devoid of any IR drop component
present in the 'ON' potential measurement.

Typical mobile data loggers are based on the integration of a high
impedance voltmeter with an electronic solid state battery-backed memory
sufficient for the collection of over 10 000 measurements. Measurements are
taken with reference to one of two parallel connected 'ski-stick' CuXCuSO4

electrodes, and utilise a cable connection to a test point facility on the pipe-
line. Mobile units can be provided with long lengths of light-gauge insulated
wire to provide the contact between the data logger and the test point, and
to provide a calibrated distance measurement, with an accuracy normally
better than ±0-1%2 . The most sophisticated data loggers are capable of
time synchronisation with additional units, which can be used either for
static potential measurements at chosen locations or for 'switching' the
impressed-current power sources in the 'ONVOFF' mode. The synchronisa-
tion may be by radio link or hard wire and it is possible to provide an
accuracy of synchronisation between all units of ± 1 ms over a 12 h period.
Thus, overall, the mobile data logger combines pipe/soil potential measure-
ment, distance and synchronised time together with any codes added to
record geographic or topographic features.

For potential surveys on offshore platforms it is necessary to locate
numerous reference electrodes at all levels on the structure. The hard-wire
connections from these electrodes together with, for example, similar con-
nections from specially monitored sacrificial anodes are best terminated and
displayed at the surface on 'mimic' display monitoring panels.

Monitoring offshore potentials remotely, can now be undertaken on
offshore platforms and pipelines by the use of acoustics, thus minimising
the need to rely on vulnerable cabling3. The installation comprises remote
monitoring units which may be interrogated by a surface unit. The moni-
toring unit may be provided with two reference electrodes, one zinc, one
Ag/AgCl, connected to an electronic circuit, comprising two comparators,
an encoder and a battery powered transmitter, capable of emitting acoustic
pulses into the surrounding seawater over an approximate ten-year service-
life. The structure connection is made through the watertight housing of the
unit which becomes electrically common to the structure on installation. The
surface unit which may be located on the platform or in a boat, is used in
conjunction with a surface transducer immersed in the sea to receive the
acoustic pulses transmitted by the monitoring unit. The structure potential
information is decoded for presentation on a digital display.



It would normally be necessary to locate more than one monitoring unit
on a structure. Thus each unit will only transmit its information on receiving
coded instructions. Surface units can commonly accommodate up to 80
different codes. The ability to interrogate and receive over any distance is
dependent upon the acoustic operation frequency. Relatively high frequen-
cies are preferable, as they avoid problems of pulse reverberations and
echoes from structural members. Typically data can be transferred over a
distance of 2 km. This type of acoustic unit gives accuracies in potential
measurement of ±10mV.

For offshore pipelines, continuous potential profile surveys have employed
normal reference electrodes mounted in a 'tow-fish' designed for streamlined
towing from a boat travelling along the line of the pipeline. Connection to
the pipeline is maintained by means of a light-gauge PVC coated copper
wire, and a continuous potential is recorded, along with the length of wire
dispensed and position coordinates. Moving at a velocity of 3-4 m/s the tow-
fish carries the reference electrode at a uniform depth. Typically, however,
the reference cell is maintained between 5 and 30 m from the pipe. The effect
of high relative velocities, pressure, oxygen content and other environmental
parameters on the stability of the reference electrodes is still uncertain.

Current Density Devices

The measurement of current densities in the vicinity of a cathodically pro-
tected structure is a comparatively new principle used chiefly to monitor the
effectiveness of offshore protection systems. These measurements are under-
taken by twin half-cell devices either installed for stationary use or moved
about the structure by diver or remote controlled vehicle.

The voltage drop required to be measured in seawater to provide current
density levels will inevitably be small, and therefore the difference between
the two reference electrodes should also be as small and as constant as possi-
ble. A current density sensor designed to overcome this possible source of
error utilises two zinc reference electrodes fixed to a rotating shaft4'5. The
zinc electrodes are shielded from water flow by porous material in order to
reduce the tendency to fluctuations in the potentials of the electrodes. The
sensor assembly provides two signals which are separated by a filter: a sine
signal produced by the cell rotation and the signal due to the difference
between the potentials of the two cells. Both these signals are amplified and
recorded at the surface. Utilising computerised finite difference analysis,
information may then be obtained on anode current outputs, predicted
anode life and the presence of defects in the structure coating.

Associated Instruments

Buried pipeline coating survey instruments are now available which, by mea-
surement of the electromagnetic field radiating from a pipeline created by an
applied a.c. signal, are able to compute the attenuation of the signal in
dB/km or mB/m and so provide an assessment of pipeline coating quality6.
The signal generator typically operates at a frequency of approximately



1 000 Hz for thick coatings such as reinforced coal tar enamel, being selected
to minimise interference from commonly occurring frequencies while max-
imising the distance the signal will travel, some 5-10 km on a reasonably
well-coated pipeline. For thin film, coatings, such as a fusion-bonded epoxy,
a frequency of 200 Hz has been found more appropriate.
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10.8 Anodic Protection

Fontana and Greene! state that 'anodic protection can be classed as one of
the most significant advances in the entire history of corrosion science', but
point out that its adoption in corrosion engineering practice is likely to be
slow. Anodic protection may be described as a method of reducing the cor-
rosion rate of immersed metals and alloys by controlled anodic polarisation,
which induces passivity. Therefore, it can be applied only to those metals and
alloys that show passivity when in contact with an appropriate electrolyte.
This decrease in corrosion increases the life of components/plant as well as
reducing the contamination of the liquid, so is particularly beneficial in the
manufacture, storage and transport of chemicals such as acids. Edeleanu
first demonstrated the feasibility of anodic protection and also tested it on
small-scale stainless-steel boilers used for sulphuric acid solutions2"3. This
was probably the first industrial application, although other experimental
work had been carried out elsewhere4"5. Fortunately electrochemical tests in
the laboratory can give an accurate assessment of the corrosion behaviour,
and the operating parameters for a specific anodic protection system can be
obtained.

Principles

Before considering the principles of this method, it is useful to distinguish
between anodic protection and cathodic protection (when the latter is pro-
duced by an external e.m.f.). Both these techniques, which may be used to
reduce the corrosion of metals in contact with electrolytes, depend upon
the electrochemical mechanisms that result from changing the potential of
a metal. The appropriate potential-pH diagram for the Fe-H2O system
(Section 1.4) indicates the magnitude and direction of the changes in the
potential of iron immersed in water (pH about 7) necessary to make it either
passive or immune; in the former case the stability of the metal depends on
the formation of a protective film of metal oxide (passivation), whereas in
the latter the metal itself is thermodynamically stable and egress of metal
ions from the lattice into the solution is thus prevented.

A further difference is that in anodic protection the corrosion rate (passi-
vation current density) will always be finite, whereas ideally a completely
cathodically protected metal should not corrode at all. Raising the potential



of an anodically protected metal may actually increase the corrosion rate
if the metal exhibits transpassivity, whereas depressing the potential of a
metal far below the protective potential will not affect the corrosion rate
although it will be wasteful in terms of power consumption. Nevertheless it
should be noted that a too negative potential can be detrimental in certain
cases (see Section 10.1). Hence over- or under-protection can cause catas-
trophic increases in the corrosion rates, thus Palmer6 suggested that 'passi-
vation is tricky'. In anodic protection the article to be protected is made the
anode in an electrochemical circuit with an appropriate cathode such as mild
steel, stainless steel or oxidised graphite. The potential of the anode is main-
tained in the passive region by a potentiostat using a suitable reference
electrode.

The significance of the Flade7 potential Ef9 passivation potential £pp,
critical current density /crit , passive current density, etc. have been con-
sidered in some detail in Sections 1.4 and 1.5 and will not therefore be con-
sidered in the present section. It is sufficient to note that in order to produce
passivation (a) the critical current density must be exceeded and (b) the
potential must then be maintained in the passive region and not allowed to
fall into the active region or rise into the transpassive region. It follows
that although a high current density may be required to cause passivation
(>'crit.) only a small current density is required to maintain it, and that in
the passive region the corrosion rate corresponds to the passive current
density (/pass.).

Passivity of Metals

Since anodic protection is intimately related to passivity of metals it is rele-
vant to review certain aspects of the latter, before considering the practi-
cal aspects of the former. The relative tendency for passivation depends
upon both the metal and the electrolyte; thus in a given electrolyte, titanium
passivates more readily than iron, and Fe- 18Cr-I ONi-BMo steel passivates
more readily than Fe-ITCr steel. The ability to sustain passivity increases as
the current density to maintain passivity (/pass.) decreases, and as the total
film resistance increases, as indicated for metals and alloys in 67wt.%
sulphuric acid (Table 10.3O)8. The lower the potential at which a passive
metal becomes active (i.e. the lower the Flade potential) the greater the
stability of passivity, and the following are some typical values of EF (V):

Table 10.30 Current density to maintain passivity and film resistance of some metals and
alloys in 67 wt% sulphuric acid (after Shock, Riggs and Sudbury8)

Metal or alloy

Mild steel
Stainless steel (Fe-ISCr-SNi)
Stainless steel (Fe-24Cr-20Ni)
Stainless steel (Fe-I SCr- 10Ni-2Mo)
Titanium
Carpenter 20 (Fe-25Cr-20Ni-2-5Mo-3-5Cu)

Current density to
maintain passivity

(/pass., Am"2)

1-5 x IQ-1

2-2 x 10~2

5 x 10~3

1 x 10~3

8 x 1(T4

3 x 10~4

Total film resistance
(ficm)

2-6 x 104

5-0 x 105

2-1 x 106

1-75 x 107

1-75 x 107

4-6 x 107



titanium —0-24, chromium —0-22, steel +0-10, nickel +0-36 and iron
+ 0-589. These values are only approximate, since they depend upon the
experimental conditions such as the pH of the solution10. The Flade poten-
tial is given by

EF = EF
e - «0-059pH

where Ep = the standard Flade potential at pH = O, and
n = a number between 1 and 2 depending upon the metal and its

condition.

Table 10.30 gives the current density to maintain passivity of certain
metals and also the total film resistance. Only those metals which have a
Flade potential below the standard reversible hydrogen potential (0-00 V at
#H+ = 1) can be passivated by non-oxidising acids, e.g. titanium can be
passivated by hydrogen ions which are sufficiently oxidising, whereas mild
steel requires an oxidising agent with the power of fuming HNO3.

The addition of a more passive metal to a less passive metal normally in-
creases the ease of passivation and lowers the Flade potential, as in the alloy-
ing of iron and chromium in 10 wt. % sulphuric acid (Table 10.31)9. Tramp
copper levels in carbon steels have been found to reduce the corrosion in
sulphuric acid. Similarly O-1% palladium in titanium was beneficial in pro-
tecting crevices12, but the alloy dissolved much faster than commercial
grade titanium when both were anodically protected. The addition of 2%
nickel in titanium has also improved the resistance to intense local attack

Table 10.31 Effect on critical current density and Flade potential
of chromium content for iron-chromium alloys in 10 wt.%

sulphuric acid (after West9)

Chromium
(%)

O
2-8
6-7
9-5

14-0

Critical current density
(/crit , Am"2)

1-0 x 104

3-6 x 103

3-4 x 103

2-7 x 102

1-9 x 102

Flade potential
(EF, V)

+ 0-58
+ 0-58
+ 0-35
+ 0-15
-0-03

Table 10.32 Effect on critical current density and passivation potential on alloy-
ing nickel with chromium in IN and ION H2SO4 both containing O- SN K2SO4 (after

Myers, Beck and Fontana11)

Nickel
(%)

100
91
77
49
27
10
1
O

Critical current density
(W. Am'2)

IN acid

1-0 x 103

9-5
1-1

2 x IQ-1

1-2 x IQ-1

1-3 x KT2

1-0 x 10
1-5 x 10

ION acid

2-3 x 102

3-9 x 10
8-2
2-0
4-1 x IQ-1

1-1 x IQ-1

5-0 x 10
8-0 x 10

Passivation potential
<£pP,V)

IN acid

+ 0-36
+ 0-06
+ 0-07
+ 0-03
4-0.02
+ 0-04
-0-32
-0-30

ION acid

-HO -47
+ 0-14
+ 0-08
+ 0-06
+ 0-05
+ 0-08
-0-20
-0-20



in neutral and alkaline solutions13. Since exceptions may exist, each system
should be considered separately, as indicated by the fact that both the addi-
tions of nickel to chromium and also chromium to nickel decrease the criti-
cal current density in a mixture of sulphuric acid and 0-5 NK2SO4 (Table
10.32)11.

These parameters depend upon the composition, concentration, purity,
temperature and agitation of the electrolyte. The current densities, required
to obtain passivity /crit, and to maintain passivity /pass , for a 304 stainless
steel (Fe-18 to 2OCr-S to 12Ni) in different electrolytes, are given in Table
10.338. From the data in this table, it can be seen that it is about 100000
times easier to passivate instantaneously large areas of this steel in contact
with 115% orthophosphoric acid than in 20% sodium hydroxide. The con-
centration of the electrolyte is also important and for a 316 stainless steel
(Fe-16 to 18Cr-IO to 14Ni-2 to 3Mo) in sulphuric acid, although there is a
maximum corrosion rate at about 55%, the critical current density decreases
progressively as the concentration of acid increases (Table 10.34)14. When
the optimum conditions are used for anodic protection the rate of corrosion
can be reduced to an acceptable value15. Thus for 40% nitric acid the rate
of corrosion of mild steel was approximately 105 mmy ~ !, but with anodic
protection it fell to less than 20 mm y ~ !. The presence of impurities, partic-
ularly halogen ions, that retard the formation of a passive film, is often
detrimental as illustrated by the fact that the addition of 3-2% hydrochloric
acid to 67% sulphuric acid raises the critical current density for the passiva-
tion of a 316 stainless steel16 from 5 to 400 Am ~2 and the current density to
maintain passivity from 0*001 to 0-6 Am'2. This is potentially dangerous,

Table 10.33 Critical current density and current density to maintain passivity
6f stainless steel (Fe-18 to 20Cr-8 to 12Ni) in different electrolytes (after Shock,

Riggs and Sudbury8)

Electrolyte

20% sodium hydroxide
67% sulphuric acid (240C)
Lithium hydroxide (pH = 9-5)
80% nitric acid (240C)
115% phosphoric acid (240C)

Critical current
density

(/cri t.,Am-2)

4-65 x 10
5-1
8-0 X 1O-1

2-5 X 10~2

1-5 X 10~4

Current density to
maintain passivity

(/pass.,Am-2)

9-9 x 10~2

9-3 x 10-4

2-2 x 10'4

3-1 x 10~4

1-5 x 10~6

Table 10.34 Effect of concentration of sulphuric acid at 240C on
corrosion rate and critical current density of stainless steel (after

Sudbury, Riggs and Shock14)

Sulphuric acid
(%)

O
40
45
55
65
75

105

Corrosion rate
(gm-2d-1)

O
48

120
192
168
144

O

Critical current density
(/crit., Am~2)

47
16
14
10
7
4
1



and the effect of the chloride ion on the passivation of iron has been studied
by PourbaixI7 who has produced a modified potential-pH diagram for the
Fe-H2O system. Therefore, the use of the calomel electrode in anodic-
protection systems is not recommended because of the possible leakage of
chloride ions into the electrolyte, and metal/metal oxide18> 19 and other elec-
trodes20'21 are often preferred. Because of this chloride effect the storage of
hydrochloric acid requires a more passive metal than mild steel, and titanium
anodically protected by an external source of current or galvanic coupling
has been reported to be satisfactory22'23 although even this oxide film has
sometimes been found to be unstable24. Other additions, such as chromous
chloride to chromic chloride, may result in the breakdown of passivity on
titanium, but fortunately in this application, anodic protection gives repassi-
vation and increases the corrosion resistance in the new solution by a factor
of thirty25.

An increase in the temperature of an electrolyte may have several effects:
it may make passivation more difficult, reduce the potential range in which
a metal is passive and increase the current density or corrosion rate during
passivity as indicated in Fig. 10.54 for mild steel in 10% H2SO4. These
changes are illustrated for several steels in different acids in Table 10.3526

and it may be noted that, whereas the critical current density for the 316
steel increases with the temperature of the sulphuric acid, the opposite
effect is observed with the 304 steel. During the storage of an acid, changes
in the ambient temperature between day and night or summer and winter
may double the current required for protection, and the increase may be
even higher during manufacture or heat-transfer processes, so these should
be considered at the design stage. Agitation or stirring of an electrolyte in
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Fig. 10.54 Potentiostatic anodic polarisation curves for mild steel in 10% sulphuric acid. Note
the magnitude of the critical current density which is 102-103 A/m2; this creates a problem in
practical anodic protection since very high currents are required to exceed /crit. and therefore

to passivate the mild steel



Table 10.35 Effect of temperature on different acids on the operating variables for anodic protection of different steels (after Walker and Ward26)

Passive
potential

range
(V)

Corrosion rate (mm y { )

Anodically
protectedUnprotected

Current density to
maintain passivity

(/pass>, Am ~2)

Critical
current
density

(/cr i t>,Am-2)

Temp. (0C)Acid concentrationAlloy

0-26-1-09
0-27-1-04
0-32-0-72
0-26-1-14
0-26-0-94

0-12
0-12
0-85
0-01
0-11
0-8

1-5
2-2
5-3
0-15
0-8
2-8

1-5 x 10~6

1-5 x 10~6

2-2 X IO-2

3-1 x 10~4

1-1 x 10~3

9-3 x 10~4

2-9 x 10~3

1 x 10~3

3 x IQ-3

9 x 10~3

9 x 10-2-l-4 x IQ-1

1-5 x 10^-3-S x IQ-1

3-8 x 10~1-4-4 x IQ-1

1-1 x 10-2
1-16 x IO-1

1-16

1-5 x 10~4

3-1 x 10~4

6-5 x IQ-1

2-5 x IO-2

1-2 x IO-1

5-1
4-6 x 10~2

5-0
4-0 x IO1

1-1 x IO2

24
82

177
24
82
24
82
24
66
93
93

117
104
121
135
27
49
93

Phosphoric, 115%

Nitric, 80Vo

Sulphuric, 67Vo

Sulphuric, 67%

Phosphoric, 115%

Phosphoric, 75-80%

Sulphuric, 96%

Stainless steel 304 8

(Fe- 18 to 20Cr-
8 to 12Ni)

Stainless steel 316
(Fe-16 to 18Cr-
10 to 14Ni-2 to
3Mo)

Carbon steel57



Table 10.36 Effect of electrolyte agitation on corrosion rate and the current density to
maintain passivity of mild steel in acid solutions at 270C (after Walker and Ward26)

Acid

Spent alkylation acid
(sulphuric acid and
organic matter)27

Sulphuric acid,
93%28

Condition

Stirred
quiescent

Stirred
quiescent

Corrosion rate (mm y l )

Unprotected

3-0
1-4

3-3
0-9

Anodically
protected

0-15
0-12

0-28
0-07

Current density
to maintain

passivity

(W'Am~2)
2-48 x IO"1

3-2 x 10~2

certain conditions may increase the rate of corrosion of immersed metals and
raise the passivation current density27'28 (Table 10.36)26. Finley and Myers
have found that both the temperature of the electrolyte29 and cold working
of the metal30 have a marked effect on the anodic polarisation of iron in
sulphuric acid.

Because these variables have a very pronounced effect on the current
density required to produce and also maintain passivity, it is necessary to
know the exact operating conditions of the electrolyte before designing a
system of anodic protection. In the paper and pulp industry a current of
4000 A was required for 3 min to passivate the steel surfaces: after passiva-
tion with thiosulphates etc. in the black liquor the current was reduced to
2 700 A for 12 min and then only 600 A was necessary for the remainder of
the process31. From an economic aspect, it is normal, in the first instance,
to consider anodically protecting a cheap metal or alloy, such as mild steel.
If this is not satisfactory, the alloying of mild steel with a small percentage
of a more passive metal, such as chromium, molybdenum or nickel, may
decrease both the critical and passivation current densities to a sufficiently
low value. It is fortunate that the effect of these alloying additions can be
determined by laboratory experiments before application on an industrial
scale is undertaken.

Practical Aspects

It is essential that the throwing power of the system (the ability for the
applied current to reach the required value over long distances) is good and
that the potential of the whole of the protected surface is maintained in
the passive region. This can normally be achieved with commercial poten-
tiostats, providing the range of the potential over which the metal or alloy
exhibits passivity is greater than 5OmV. In the case of stainless steels the
corrosion rate will increase if the potential rises into the transpassive zone
(or if it falls into the active zone). However, titanium does not show trans-
passivity and, therefore, has a large potential range over which it is passive.

In general, a uniform distribution of potential over a regular-shaped passi-
vated surface can be readily obtained by anodic protection. It is much more
difficult to protect surface irregularities, such as the recessions around sharp
slots, grooves or crevices32"38 since the required current density will not be



obtained in these areas; therefore, a local cell is set up and corrosion occurs
within the recess. This incomplete passivation can have catastrophic conse-
quences, in the form of intergranular corrosion39, stress-corrosion crack-
ing40'41 corrosion fatigue33 or pitting40'42'43. Calculations have been made of
the variation of potential and current distribution down anodically protected
narrow passages, and these are important because they may result in local
intense pitting44. The distribution of current and potential as well as the
electrochemical and design parameters for anodic protection systems have
been discussed elsewhere45'47. Stress corrosion cracking of welded structural
steel containing alkali-aluminate solutions was a problem at the Bayer plant
but was overcome by anodic protection48. This difficulty can be overcome
by designing the surface to avoid these irregularities around bolt and rivet
holes, threaded pipe sections and imperfect welds, or by using a metal or
alloy which is very easily passivated having as low a critical current density
as possible. In the rayon industry, crevice corrosion in titanium has been
overcome by alloying it with 0-1% palladium12.

The throwing power of a system is particularly important in the anodic
protection of pipelines and, therefore, has been widely studied41'49"52. The
length of the pipe that can be protected by a single cathode placed at one end
depends upon the metal, electrolyte and the pipe diameter; the larger the
diameter the longer the length that can be protected. Thus, for mild steel in
93% sulphuric acid the length protected (or made passive) is 2-9m for
O-025m diameter, 4-8m for O-05m diameter and possibly about 9m for
O-15 m diameter, whereas for mild steel in a nitrogen fertiliser (a less aggres-
sive medium than sulphuric acid) the protected length can be as much as 60 m
with one cathode. As a result of recent field tests with an 0-3Om diameter
carbon-steel pipe and 93% sulphuric acid at ambient temperatures, it is pro-
posed to install anodic-protection systems for 65Om of pipeline53.

The actual passivation of a surface is very rapid, if the applied current
density is greater than the critical value. However, because of the high
current requirements, it has been found to be neither technically nor eco-
nomically practical to consider initially passivating the whole surface of a
large vessel at the same time. This can be illustrated by the fact that for a
storage vessel with an area of 1 000 m2 a current of 5 000 A is necessary for
some metal-environment systems, so it is therefore essential to use some
other technique to avoid these very high currents. It may be possible to
lower the temperature of the electrolyte to reduce the critical current density
before passivating the metal. The feasibility of this is indicated from the
values given for some acids in Table 10.35, but generally the reduction in the
total current obtained by this method is insufficient. If a vessel has a very
small floor area, it may be treated in a stepwise manner34'50 by passivating
the base, then the lower areas of the walls and finally the upper areas of the
walls, but this technique is not practical for very large storage tanks with a
considerable floor area. A carbon steel carbonation tower, 18m high and
diameter 2-2m with 80 plug-in heat exchangers, for the production of
ammonium hydrogen carbonate has been satisfactorily passivated by this
method54. This was necessary because the critical current density was high,
280-480Am"2. With protection the corrosion rate decreased to less than
0-05 mmy'1 .

Another method which has been successful is to passivate the metal by



using a solution with a low critical current density (such as phosphoric acid),
which is then replaced with the more aggressive acid (such as sulphuric acid)
that has to be contained in the vessel (see Table 10.33). Tsinman et a/.55

passivated a large tank of 10000m3 capacity (12m high and 33-4m inter-
nal diameter) with a dilute solution of ammonia and then gradually increased
the concentration to 25%. This was necessary because the 25% solution was
much more corrosive and required a much higher current to passivate than
was available. The critical current density can be minimised by pretreating
the metal surface with a passivating inhibitor; for example, chromate solu-
tion has been applied to the floor and lower walls of a carbon-steel storage
tank, which was then used to contain 37% nitrogen fertiliser solution53.

Applications and Economic Considerations

The majority of the applications of anodic protection involve the manu-
facture, storage and transport of sulphuric acid, more of which is pro-
duced world-wide than any other chemical. Oleum is 100% sulphuric acid
containing additional dissolved sulphur trioxide. The corrosion rate of
steel in 77-100% sulphuric acid is 500-1 000 ̂ m y'1 at 240C and up to
5000/*my~ l at 10O0C which indicates the necessity for additional
protection.

Anodic protection can be applied to metals and alloys in mild electrolytes
as well as in very corrosive environments, including strong acids and alkalis,
in which cathodic protection is not normally suitable. The operating con-
ditions, Flade potential, critical and passive current densities can be accu-
rately determined by laboratory experiments and the current density during
passivity is often a direct measure of the actual rate of corrosion in prac-
tice. The very low corrosion rate of a passive metal or alloy results in very
little metal pick-up and solution contamination or discoloration. Corrosion
of unprotected steel in sulphuric acid can give an iron concentration of
5-20 ppm per day. Hence, it is almost impossible to produce electrolytic
grade sulphuric acid in bare or unprotected steel, because this grade should
not contain more than 50 ppm iron. In general a higher purity chemical com-
mands a higher price. However, special care should be taken in the selection
of the metal or alloy and in the design if there is a possibility of crevice or
intergranular corrosion. A portable form of anodic protection is available
that can be applied to rail and road tankers41'56"59. It can also be used for
old vessels as well as new, so that a container designed for one liquid can be
protected and used to hold a more corrosive solution. Because a system with
a good throwing power can be designed, anodic-protection systems have
been applied to pipelines53 and spiral heat exchangers12'41. It has been
found possible to maintain protection of the vapour space above a liquid,
once it has been completely immersed and passivated41, and this is partic-
ularly important when the liquid level may rise and fall during storage and
use.

One consequence of reducing the rate of corrosion of steel in an acid is
to decrease the formation of hydrogen, which has been reported as the
cause of explosions in phosphoric acid systems59. Hydrogen may also form



Table 10.37 Summary of anodic protection application (after N.A.C.E.66)

Date of
first

installation

Power supply
size range

(kW)

Type of
controller

Number
of

systems

Vessel size
range\

(m)

Vessel type
and purpose

Temperature
range (0C)Vessel metalApplication

Oct. 1960

March 1960

Nov. 1962

Aug. 1964

Sept. 1963

Dec. 1961

Oct. 1962

Sept. 1966§

June 1965

June 1965

0-5-5-0

0-5

2-5-5-0

1-0

2-5

1-0-2-5

0-5-5-0

1-0

5-0

0-5

On-off and
proportional

On-ofT

On-off

On-off

On-off

On-off

On-off

Proportional

On-off

On-off

4

1

5

1

2

2

14

3

1

8D X 6H-
12D x 6H

4D x 4H

2D x 9L-
9D x 1OH

3D x 2D

8D x 6H-
9D x 9H

4D x 6H

2D x 5L-
15D x 7H

61m2

8D x 6H-
12D x 6H

2D x 1OL

Storage*

Storage*

Storage*

Mix tank*t

Storage*

Storage*

Storage

Heat
exchanger*!

Storage*

Storage*

>50

>50

>50

>93

>50

>50

>50

>66

>66

>50

Mild steel

Mild steel

Mild steel

Cast iron

Mild Steel

Mild steel

Mild steel

304 stainless
steel

Mild steel

430 stainless
steel

Oleum

100<7o H2SO4

99% H2SO4

98<Vo H2SO4

98<Vo H2SO4

96% H2SO4

93% H2SO4

93% H2SO4

6O0Be H2SO4

6O0Be H2SO4



Table 10.37 (continued)

Date of
first

installation

Power supply
size range

(kW)

Type of
controller

Number
of

systems

Vessel size
ranged

(m)

Vessel type
and purpose

Temperature
range (0C)Vessel metalApplication

Nov. 196212-5-10-0On-off and
proportional

64D X 6L-
12D x 12H

Storage*>60Mild steelBlack and spent
H2SO4

Oct. 19665-0Proportional13D X 3HStorage*>163304 stainless
steel

Black H2SO4

Sept. 19635-0Proportional124D x 1OHStorage*>50304 stainless
steel

75 Vo H3PO4

Dec. 19635-0On-off73OD x 5H-
27D x 12H

Storage*!>50Mild steelN2 fertiliser
solutions

1961 'I30Time13D x 14HReactor*>177Mild steelKraft cooking
liquor in
digester

Nov. 19632-5Proportional1Not applicableWasher wires*>60317 stainless
steel

ClO2 bleach

* Chemical purity of product,
t Corrosion control of vessel.
JD = diameter, H = height.
§ Exchangers failed after two weeks operation due to high chloride content of cooling water, causing stress-corrosion cracking of 304 stainless steel.
!One application failed due to unanticipated composition variations. Relatively low unprotected rate did not provide incentive for further work.
Il There are both successful and unsuccessful pulp digester installations.



blisters at inclusions in the metal surface and can also produce grooving on
vertical surfaces. Anodic protection, which has been found to reduce60 the
formation of hydrogen by 97%, can therefore prevent this effects.

The limitations of anodic protection arise from the inability to form a
stable, continuous, protective, passive film on the metal to be protected.
Thus metals and alloys which neither form passive films nor non-conducting
solutions cannot be used. For strongly aggressive acids, such as hydrochloric
acid, a very stable anode film is required and, while steel is not satisfactory,
titanium22-61 may be suitable. The performance of titanium in strongly
aggressive conditions can be improved by anodic protection, the use of
inhibitors and by alloying elements62. The stable oxide film on protected
titanium is particularly useful for reactor tanks for electroless nickel deposi-
tion. In these solutions, based on nickel sulphate and hypophosphate, no
nickel plating occurs on the tank walls and there is no self-decomposition
of the hypophosphate. Because of the high throwing power a single cathode
can be used to protect large tanks63'64. A power failure may be a con-
siderable danger, since it can result in a drop in potential from the passive
region to the active region with a considerable increase in the current density.
Following the mechanical breakdown of the oxide layer on a 304L stain-
less steel in potassium hydroxide solution a current density as high as
10 A cm"2 has been measured65. This failure may be rectified by the use of
a 100% effective 'fail-safe' back-up current source or by the selection of a
basically more corrosion-resistant alloy, which would be marginally satisfac-
tory in an unprotected state. Table 10.3766 gives some of the applications of
anodic-protection systems which have been used in the USA. Most of these
are for chemical purity and corrosion control in storage vessels and details
are given of the size of the tank and the operating conditions.

Economically the installation of anodic protection is often very good. The
advantages include a reducton in capital investment, lower maintenance and
replacement costs and an improvement in the product quantity and value.
The use of a potentiostat and its associated equipment involves a high instal-
lation cost but low operating costs, because only very small current densities
are required to maintain passivity. In some circumstances the passive condi-
tion may persist for several hours after the current has been switched off. If
this is the situation67 it is possible to use a relatively inexpensive switching
mechanism with one control and power-supply system to anodically protect
three separate tanks, and therefore reduced the high initial cost. Four storage
vessels, volume 16Om3, containing aqueous ammonia have been protected
simultaneously by one system by switching the current on for 2 min and off
for 6 min68. The rate of corrosion with this technique decreased from about
0-186HiHIy"1 to less than 0-001 mmy"1 . It can be seen from Table 10.38
that it is more economical to anodically protect mild steel than to use mild
steel with a p.v.c. lining or to use a more resistant and expensive metal or
alloy such as aluminium or stainless steel. It is worth noting that because
most of the expense of an anodic-protection system is due to the cost of the
potentiostat, it is more economical per unit volume to use a larger instru-
ment and a bigger tank.

Not only is the anodic protection of a mild-steel tank cheaper than one
with a glass or phenolic lining70, but, because the steel conducts heat, it can
be used for heat exchangers, and in addition it may be more stable at high



temperatures for long time periods. The rate of corrosion of shell and tube
heat exchangers, with 93-99% H2SO4 on the shell side and water on the
tube side, decreased from 5-10 mm/y to 25 /xm/y when anodically protected.
Hence protection enabled the use of either higher temperatures and velo-
cities71, giving better heat transfer, or thinner metal sections or smaller
exchangers, all of which are financially beneficial. A further advantage is
that a considerable reduction in the corrosion may increase the life of
chemical plant until it becomes obsolete instead of the need for repair and
replacement. In very corrosive conditions it may be necessary to use a very
resistant alloy together with anodic protection, e.g. Corronel 230 was
employed in the extraction of uranium using hot acidic solutions, which were
too aggressive to be contained by Neoprene, Karbate and Teflon coatings72.
The reduced rate of corrosion can also improve safety by maintaining the
thickness and strength of the supporting metal as well as minimising the
possibility of perforation. This is particularly important if poisonous, com-
bustible, explosive or hot liquids are involved.

Conclusion

Although the first industrial application of anodic protection was as recent
as 1954, it is now widely used, particularly in the USA and USSR. This has
been made possible by the recent development of equipment capable of the
control of precise potentials at high current outputs. It has been applied to
protect mild-steel vessels containing sulphuric acid as large as 49 m in dia-
meter and 15 m high, and commercial equipment is available for use with
tanks of capacities from 38000 to 7600000 litre53. A properly designed
anodic-protection system has been shown to be both effective and economic-
ally viable, but care must be taken to avoid power failure or the formation
of local active-passive cells which lead to the breakdown of passivity and
intense corrosion.

The extent of the interest in the application of anodic protection is

Table 10.38 Comparison of the relative cost of protecting tanks by various methods
(after Reference 18:1967)

Cost(£m~2y-])

Tank cost
Anodic-protection

system
P.V.C. lining
Power
Maintenance
Total cost

Mild steel
protected

1-70

0-94

0-04
0-54
3-22

Mild steel
lined

1-70

4-05

0-81
6-56

95 000 litre

Stainless
steel

4-57

4-57

Mild steel
protected

1-70

0-04

0-04
0-54
2-32

3 800 000 litre

Aluminium

3-5

3-5



indicated in the following list of recent publications. These include the
application of anodic protection to titanium in the rayon industry12,
heating coils73 and chromic chloride/chromous chloride solutions25, elec-
troless nickel plating63'64, hydrochloric74 and sulphuric75 acid and neutral
and alkaline chloride solutions13. Different steels have been used with a
wide range of solutions of fertilisers56'76'77, ammonia and ammonium
salts78"81, bicarbonates54'82, sodium83 and potassium84 hydroxides, formic85

and nitric15 acids and alkali-aluminate48. Protected steel has also been used
in the manufacture of acrylamide86 and electrolytic manganese dioxide87 as
well as biosewage treatment plant88. Other work on steel for storage tanks
and boiling pots89"92 for sulphuric acid has been reported as well as heat
exchangers for the acid93"97. Further details on the application and theory
of anodic protection are given in the excellent book by Riggs and Locke98.

R. WALKER
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