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Foreword

ISO (the International Organization for Standardization) is a worldwide federation of national standards bodies
(ISO member bodies). The work of preparing International Standards is normally carried out through ISO
technical committees. Each member body interested in a subject for which a technical committee has been
established has the right to be represented on that committee. International organizations, governmental and
non-governmental, in liaison with ISO, also take part in the work. ISO collaborates closely with the

Intermational Electrotechnical Commission (IEC) on all matters of electrotechnical standardizatien

Intermational Standards are drafted in accordance with the rules given in the ISO/IEC Directives, Fart 2.

The
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Interpational Standard requires approval by at least 75 % of the member bodies.casting a vote.
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. ISO shall not be held responsible for identifying any or all such patent rights.

2473 was prepared by the European Committee for Standardization (CEN) (as EN 124
ed, under a special “fast-track procedure”, by Technical\Committee ISO/TC 156, Corros
lloys, in parallel with its approval by the ISO member badies.
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Foreword

This European Standard has been prepared by Technical Committee CEN/TC 219 "Cathodic protection”, the
secretariat of which is held by BSI.

This European Standard shall be given the status of a national standard, either by publication of an identical text or
by endorsement, at the latest by July 2000, and conflicting national standards shall be withdrawn at the latest by
July 2000.

According tQ the CEN/CENELEC Internal Regulations, the national standards organizations of-thg following
countries arg bound to implement this European Standard: Austria, Belgium, Czech Republic, Denmark, Finland,
France, Gerinany, Greece, Iceland, Ireland, Italy, Luxembourg, Netherlands, Norway, Portugal,|Spain, Sweden,
Switzerland &nd the United Kingdom.

Annex A of tiis European standard is normative.

Vi © ISO 2006 — All rights reserved
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1 Scope

This European Standard covers the general principles of cathodic protection including the criteria for protection,
environmental and design considerations and secondary effects of cathodic protection and is intended as an
introduction to other European Standards in the general series "Cathodic Protection of Steel Structures in Sea

Water".

This European Standard provides a link between the theoretical aspects and the practical applications of cathodic

protection

as contained in the European Standards:

prEN 12474:1997, Cathodic protection for submarine pipelines.

EN 12495
prEN 1244

prEN 1317

This group of European Standards does not cover cathodic protection of steel in-econcrete whether

atmosphe

2 Nomn

This Euro
normative
dated refe
Standard
publication

EN ISO 8(

3 Tern

For the pu

3.1
acidity
presence

3.2
alkalinity

presence

2000, Cathodic protection for fixed steel offshore structures.
6:1997, Galvanic anodes for cathodic protection in sea water and saline mud.

3:1998, Cathodic protection for steel offshore floating structures.

ically exposed. These aspects are covered by prEN 12696-1:1997 and’ptEN 12696-2.

native references
bean Standard incorporates by dated or undated reference, provisions from other publica
references are cited at the appropriate places in the text and the publications are listed
rences, subsequent amendments to or revisions ef\any of these publications apply to th

bnly when incorporated in it by amendment or revision. For undated references the latest
referred to applies.

44, Corrosion of metals and alloys — Basi¢. terms and definitions (1ISO 8044:1999).

s and definitions

Fposes of this European Standard the terms and definitions in EN 1SO 8044 and the followin

bf an excess of hydrogen ions over hydroxyl ions (pH < 7)

bf an gXcess of hydroxyl ions over hydrogen ions (pH > 7)

immersed or

tions. These
ereafter. For
is European
pdition of the

) apply:

3.3

anaerobic

conaition

absence of free oxygen in the electrolyte

3.4

anodic area
that part of a metal surface which acts as an anode

35
bond

metal conductor, usually of copper, connecting two points with the intention of making the points equipotential

3.6

calcareous deposits
minerals precipitated on the steel cathode because of the increased alkalinity caused by cathodic protection

© 1SO 2006 — All rights reserved
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3.7
calomel reference electrode

reference electrode consisting of mercury and mercurous chloride in a saturated solution of potassium chloride

3.8
cathodic area

that part of a metal surface which acts as a cathode

3.9
cathodic disbonding

failure of adhesion between a coating and a metallic surface that is directly attributable to the application of
cathodic protection

3.10
cathodic protection system

entire installation, including active and passive elements, that provides cathodic protection

3.11
cell

complete eldctrolytic system comprising of a cathode and an anode in electrical contact and with an iptervening
electrolyte

3.12
coating breakdown factor
coating breakdown factor is the anticipated reduction in cathodic current’density due to the applicgtion of an
electrically insulating coating when compared to that of bare steel

3.13
coating defe

discontinuity[in the protective coating

—

3.14
coating resisfance

electrical res|stance between a coated metal and:the electrolyte. It is determined largely by the size and jnumber of
coating defe¢ts and coating pores and is, therefore, indicative of the condition of the coating

3.15
conductor

substance in|which electric current flews

3.16
continuity bopd
bond design¢d and installed-specifically to ensure electrical continuity of a structure

3.17
copper/coppér sulphate reference electrode

reference elgctrode consisting of copper in a saturated solution of copper sulphate

3.18
corrosion interference

increase or decrease in the rate of corrosion, or the tendency towards corrosion, of an immersed structure caused
by the interception of part of the cathodic protection current applied to another immersed structure

3.19
depolarization

removal of factors resisting the flow of current in a cell

3.20
dielectric shield

alkali resistant organic coating applied to the structure being protected in the immediate vicinity of an impressed
current anode to enhance the spread of cathodic protection and minimize the risk of hydrogen damage to the
protected structure in the vicinity of the anode

2 © ISO 2006 — All rights reserved
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3.21
drainage bond

bond to achieve electric drainage

3.22
driving potential

difference between the structure/electrolyte potential and the anode/electrolyte potential

3.23
electrical resistance of coating

see coating resistance

3.24
electronedative

qualificatign applied to a metallic electrode to indicate that its potential is negative with respect to.angther metallic
electrode [n the system

3.25
electro-osnosis

passage df a liquid through a porous medium under the influence of a potential difference

3.26
environmgntally assisted cracking

brittle fracfure of a normally ductile material in which the corrosive effect ef.the environment is a contriutory factor

3.27
galvanic agtion

spontanedus electrochemical reaction which occurs in a systen¥,comprising a cathode and an anode in electrical
contact and with an intervening electrolyte, resulting in corrosion of the anode

3.28
groundbeg

system of|{immersed electrodes connected to the positive terminal of an independent source of direct current and
used to ditect the cathodic protection current antothe structure being protected

3.29
holiday

see coating defect

3.30
impressed current anode

anode in gn impressed current installation

3.31
insulated flange

flanged joint between adjacent lengths of pipe in which the nuts and bolts are electrically insulated from one or both
of the flanges, and the gasket is non-conducting, so that there is an electrical discontinuity in the pipeline at that
point

3.32
ion
atom, or group of atoms, carrying a charge of positive or negative electricity

3.33

isolating joint

electrically discontinuous joint or coupling between two lengths of pipe, inserted in order to provide electrical
discontinuity between them

© 1SO 2006 — All rights reserved 3
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3.34

over polarization
when the structure to electrolyte potentials are more negative than those recommended for satisfactory cathodic
protection. Over polarization provides no useful function and may even cause damage to the structure by
excessive production of gases which may cause embrittlement or protective coating damage

3.35
polarization

change in the potential of an electrode as the result of current flow to or from that electrode

3.36

potential gradient

difference in

3.37
protected str
structure to \

3.38
protection cu

current madg
of the structy

3.39
resistivity (of
resistivity is
(Qm). Ther

3.40

scale precipi
formation of
to as calcare

3.41
silver/silver d

reference elq

3.42
slow strain rd

this test invd
strain rate wi

3.43
standard hyd

reference el
ions at unit a|

tontial hat oo
ot oar oTtvweTTT

icture
hich cathodic protection is effectively applied

rrent
to flow into a metallic structure from its electrolytic environment in ordey to effect cathodic
re

an electrolyte)
e resistance of an electrolyte of unit cross section and unit length. It is expressed in ohm

h
lsistivity depends, amongst other things, upon the amountof dissolved salts in the electrolyte

ation
nsoluble chemical compounds on the surface\of a cathodically protected structure. These a
pus deposits (see 3.6)

hloride reference electrode
ctrode consisting of silver, coated-with silver chloride, in an electrolyte containing chloride io

te test
Ives the slow tensjle-loading of a specimen of a circular cross section under conditions ¢
th the gauge ared-exposed to the test environment

rogen electrode
ctrodesconsisting of an electro-positive metal, such as platinum, in an electrolyte containing
ctivity'and saturated with hydrogen gas at one standard atmosphere

protection

(S) metres

2}

re referred

f constant

hydrogen

3.44

structure to electrolyte potential
difference in potential between a structure and a specified reference electrode in contact with the electrolyte at a
point sufficiently close to, but without actually touching the structure, to avoid error due to the voltage drop
associated with any current flowing in the electrolyte

3.45

sulphate reducing bacteria
group of bacteria found in most soils and natural waters, but active only in conditions of near neutrality and freedom
from oxygen. They reduce sulphates in their environment, with the production of sulphides and accelerate the
corrosion of structural materials

© ISO 2006 — All rights reserved
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3.46
telluric currents

electrical currents induced by time varying changes in the earth's magnetic field. These currents flow generally in
the earth or in the oceans. They are able to flow in metallic conductors laid in the soil or in the sea

3.47
transformer rectifier

transformer rectifier is a device that transforms the alternating voltage to a suitable value and then rectifies it to
direct current. Direct current derived in this way is used as a power source for impressed current cathodic
protection systems

4  Corrpsion principles of buried or immersed metals

4.1 The nature of metallic corrosion

When a m
ions and €

etal corrodes in contact with an electrolyte neutral atoms pass into solution by forming posit
xcess electrons are left in the metal. The process for iron may be expressed ‘as

\vely charged

Fe Fe2t + 2e" (1)

Thus corrgsion is accompanied by the flow of an electric current from metal 0 electrolyte due to the movement of

positive io
anodic are
electrolyte
materially

For the co
of electror

the consuimption of electrons at other areas, known as cathodic areas.

ns into the electrolyte and of electrons into the metal. Any area-te. which current flows is refe
a and the reaction is called an anodic reaction. The metallic\vions may react with negativ
to give insoluble corrosion products (for example, rustiin the case of steel). Such reaq
affect the corrosion process except where insoluble corrosion products stifle further corrosio

rrosion reaction to proceed the overall electric neutrality has to be maintained. Therefore, th
s into the metal and positive ions into the electrolyte at the anodic areas has to be counte

rred to as an
e ions in the
tions do not
h attack.

e movement
rbalanced by

Various refactions can occur at cathodic areas and these are known as cathodic reactions.
The followjng equations show the most common-reactions that occur at cathodes:
0, + 2 Hy0 + 4e° > 4 OH" )
oxyggn water electrons hydroxyl ions
2Ht + 2e” > Ho T (3)
hydropen ions electrons hydrogen gas
2H,0 + 2e” - Ho T + 2 OH" 4)
The first of these reactions occurs in the presence of dissolved oxygen and near-neutral conditions.

The second is favoured by acidity (excess of hydrogen ions) while the third is dominant at pH values greater than

neutral.

In aerated near neutral conditions, the iron ions produced at the anode react with the hydroxyl ions formed at the

cathodic sites to produce ferrous hydroxide.

Fe2+ + 20H" > Fe(OH), (5)
The ferrous hydroxide is readily oxidised by dissolved oxygen to form hydrated ferric oxide Feo03'H50:

4Fe(OH)o + 0o - 2H,0 + 2Fe503. HYO (6)
© 1SO 2006 — All rights reserved 5
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Thus the overall reaction which proceeds through a series of intermediate steps may be written as:

4Fe

+ 305 + 2H,0 N 2Fe»03. H,O

hydrated ferric
oxide (rust)

@)

In practice the rate of corrosion is often determined by the rate at which the cathodic reaction can be sustained.

In near neutral anaerobic waterlogged environments sulphate reducing bacteria may give rise to a further type of

cathodic reaction in the corrosion of iron and steel. These microbes reduce dissolved sulphates to sulphides
possibly through the reaction

S042 | + gH* + 8e” > s2- - 4H,0 8)
and the corrgsion is characterised by the fact that it occurs
a) inthe ahjsence of air; and
b) sulphides are present in the corrosion products.
From the composition of the actual products formed it is probable that the corrosion mechanism involves cathodic
depolarisation which may be represented by the simplified equation (9);

4Fe H+ 4H,O  + 8042' - 3Fe(OH)» % FeS + 20H" 9
Stimulation df the cathodic reaction depends on the bacteria possessing an enzyme (hydrogenase) to ernable them
to oxidise hyfirogen found at the cathodic sites.
The sulphidg ions produced by the reduction of sulphatelcan sometimes stimulate the anodic procgss of iron
dissolution.
4.2 Polarisation
Where corrdsion occurs, the potential difference between the two electrochemical reactions on the surface
provides the|driving force for the reaction.As a result, both electrode reactions are changed from their ¢quilibrium
condition calising a net anodic reaction to' occur in one case and a net cathodic reaction in the othef. The two
potentials agproach one another because all or part of the potential difference is used in driving the| individual
reactions. F@r corrosion to occur spontaneously, not only does there have to be a difference betwegn the two
reaction poténtials, but the potential of the cathodic process has to be more positive than that for the anodic
process.
These circumstances are.represented schematically in figure 1, which is a plot of electrode potential, E, against the

logarithm of the reactionyrate. Because anodic and cathodic reactions release and consume electrons, regpectively,
the anodic apd cathedic reaction rates are represented by an electrical current, /. For simplicity, both re
are plotted dn the 'Ssame axis, the direction of the current is ignored and only the magnitude is used t

rate.

tion rates
represent

Ec is the equilibrium potential for the cathodic reaction where there is no net cathodic reaction rate. The negative
changing curve from E¢ shows that, as the potential becomes more negative, the cathodic reaction rate increases.
Conversely, Ej is the equilibrium potential for the anodic reaction [eg equation (1)] and again at Eg there is no net
anodic reaction. The positive changing curve from Eg shows that, as the potential becomes more positive, the
anodic reaction rate increases.

© ISO 2006 — All rights reserved
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|Og Icorr

ECOI’I’ 7 I ——

Key:

log i
electrod
anodic
cathodi

NP X

Figure 1

When corifosion takes place, the anodic reaction rate is exactly equal to the cathodic reaction rate. In ¢

of high cc
between H

this point i
current, ic
practice, 3

While the
manner in

e potential
inetics
kinetics

— Polarisation diagram schematically representing the electrochemistry of aqueous corrosi

nductivity (eg sea water or seabed mud) the corroding metal exhibits a single potenti
- and Eg. In figure 1 this condition occurs where the anodic and cathodic curves cross. Th

5 referred to as the corrosion-potential, Eqqyy. It is the single potential exhibited by a corrodin

corroding metal dogs)not take up potential E; or E¢, but spontaneously moves to Eqqyy.

shape of thesindividual E - log / curves may vary, with the prevailing environmental cg
which the so-called polarisation diagrams are interpreted in terms of Eqqpr and igorr remain

of the cathodic.reaction. This is largely controlled by the rate of arrival of the oxygen at the metal s

On steel iﬂ\w seawater, the anodic process occurs more easily than the cathodic reaction but it is limitg
may be dye 1o the dissolved oxygen concentration in the sea water and the water flow rate.

Environments
Bl which lies
e potential at

g metal. The

brr, is referred to as the, corrosion current and it is an electrical representation of the corrgsion rate. In

nditions, the
he same.

d by the rate

lrrface, which

This may be represented on a polarisation diagrams (figure 2).

Increasing either the velocity and/or the oxygen concentration will have the effect of increasing the limiting current

iL.

© 1SO 2006 — All rights reserved
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Key :

X
y

a)
b)

log i

electrode [
shows the
shows the

Figure 2 —
this case it i

The solubility
and geograp

5 Princip
Figure 3 shg
process. Thg
limiting curre)

Suppose the
overall catho

Y Y
£c3‘
I3 ECZ' C3>62>C1
.
£c1‘
V3>V2>V1
Vilval vs C1]Co| C3
| |
£q- T £ Iy
’ Pl ° Ly
ity e s X I Iz s X
a) b)

otential
effect of velocity of the solution (Vy), and
effect of the concentration of dissolved oxygen (Cy)

Polarisation diagram representing control of corr@sion rate by sluggish cathodic kinetics (in
5 controlled by the rate of arrival of oxygen at thé surface) and the effect of increasing oxyge
availability

of oxygen in sea water is a function gfitemperature and salinity and therefore varies with w
hic location.

es of cathodic protection
ws a schematic polafisation diagram for the steel corroding with oxygen reduction as th
b corrosion potentialis given by Ecorr, and the corrosion rate, icorr , is equal in magnit

ht, i, for oxygen-reduction.

potential-could be lowered from Ecqrr to Ep, the anodic reaction rate would be lower at
dic reagtion rate would remain equal to j_ . However, the cathodic reaction now receives it

from two sol

rces (via the anodic process and from an external source of current). The anodic reactio

ater depth

b cathodic
ide to the

D and the
electrons

N provides
pply.

electrons eqtyivalent to ip, and the additional current required (C minus A) is provided from an external su

If the potential is lowered to E4 the dissolution rate will decrease to a negligible value and the cathodic reaction rate
remains j_ . As there is no anodic reaction at this potential, the cathodic reaction now has to be sustained by the
external electron supply alone, and it therefore takes more supplied current [equal to (j_ - 0)] to reach E5 than to

reach Ep

© ISO 2006 — All rights reserved
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Key:

log i
electrod

N PP X

cathodi

Figure 3

If the pote
affecting t

The curremt required to reduce the corrosionsateto zero will be (Ecorr) - (Eg) and if the corrosion is

the reduct

The decre

In principlg
solution o
solutions ¢

It should K
used for p,
controlling

The forms

anodic feaction Fe — Fe2*t + 2¢-

IOQ ’.corr = |09 /'L

e potential
reaction Oy + 2 HoO + 4e” = 4 OH"

— Schematic diagram showing how corrosion can.he-reduced or stopped by applying catho
protectign

ntial is depressed to below Eg, only secondary cathodic processes become energetically V
he free corrosion reaction.

on of dissolved oxygen this will be equal to i, the limiting current for oxygen reduction.

Aasing of the corrosion potential by applying a current is the basis of cathodic protection.

b cathodic protection_can be used for a variety of applications where a metal is immersed ir
an electrolyte which’range from relatively pure water, brackish and sea water, to soils
f acids.

e emphasised-that the method is electro-chemical and both the structure to be protected a
Fotection‘must be in metallic and electrolytic contact. Cathodic protection cannot therefore |
atmospheric and similar forms of corrosion.

dic

iable without

solely due to

an aqueous
and even to

nd the anode
e applied for

ofcorrosion that can be controlled by cathodic protection include all forms of general corfosion, pitting

corrosion, Selective corrosion, crevice corrosion, environmentally assisted cracking, cavitation and bacterial

corrosion.

To summarise :

- without cathodic protection the steel corrodes at a rate given by icorr and i when oxygen reduction is the
cathodic reaction;

- by lowering the potential to Eg, it is possible to stop corrosion completely, but this requires application of an
external current equal to i ;

- by lowering the potential to a value below Ecqrr but above Eg, the metal may be partially protected with some
economy in current supplied,;

© 1SO 2006 — All rights reserved
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because the anodic polarisation, that is the relationship between the potential E and the current i is

approximately logarithmic, a small initial negative shift in potential (or polarisation) can give a large benefit in

terms of

ions.

protection ;

6 The application of cathodic protection

There are two methods whereby electrons can be supplied to polarize the surface:

by moving the potential below E5z some of the current is used to electrochemically reduce water to hydroxyl

activated mixed metal oxides on metals such as titanium or niobium, lead alloys)\silicon-iron etq

a) sacrificig
corrosio
for copp

b) impress
rectifier)
cases a

6.1 Sacrific

If two dissim

voltage derivj
potential diffg
electrons to
dissolves les|

Assuming th
because the
through a stg
material and

it is seen thgt the electrons released by the dissolution of metal atoms are consumed in the cathodic re

oxygen on th
6.2 Impresg
Most impres
alternative rd
ions in it, i.e.
2H,0

and

2CI-

arodesysternTs T wiTch thetorrentfor protectionm s provided by & mmetatof more—etect
n potential than the item to be protected i.e. aluminium, zinc and magnesium alloys for-ste
br and copper based alloys, and

bd current systems in which direct current (normally produced from alternating cufrent by a t
is used in conjunction with relatively inert anodes such as graphite, thin~coeatings of p

consumable anode such as scrap iron or steel is used.

al anode method

lar metals are connected in the same electrolyte a galvanic gell is produced. The open cir
es from the natural potential difference which exists betweenthe two metals. If the circuit is

brence drives an electrical current. The more negative electrode behaves as an anode and
5 readily. The use of sacrificial anodes in cathodic protection is based on this phenomenon.

b structure to be protected is made of steel, zinpc-alloy sacrificial anodes can be used to for
be alloys are less noble (more electronegative) than steel. Anode attachment to the structu
el core on to which the anode material is.€ast. Thus the structure is in metallic contact with
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Figure 5 represents an impressed current cathodic protection system using an inert anode in sea water where in
the secondary reactions hydrogen and chlorine are evolved.

The advantages of the impressed current system are that it is possible to have a large adjustable driving voltage so
that relatively few anodes need to be installed even to protect large uncoated structures in comparatively high
resistivity environments. A comparison of sacrificial and impressed current anode systems is given in table 1.

6.3 Hybrid systems

These comprise a mixture of sacrificial anodes and externally powered impressed current anodes.

10
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Because there may be a significant time between the initial immersion of a structure and the full commissioning of
the impressed current system it is usual to fit sufficient sacrificial anodes to polarize the critical region of the
structure.

The sacrificial anodes should also provide protection when the impressed current system is shut down for subsea
survey and maintenance during the life of the structure.

T~ A
\/\
2e” 1
L
I
Intt—=—| ki
Pl
L 0,+2H,0 ||
|1
“~ ||
40HT : :
_i//. Zn++“—‘*‘ I lk\.z_
1
L1
Ze_ .‘\3
L/Q
Key :
1 seawater
2 zinc allqy anode
3 anode gdttachment
4 protecTFrl structure in sea water

Figure 4 — Representation of cathodic protection using a zinc sacrificial anode on a structure in the sea
water
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Figure 5 — Representation of impressed current cathodic protection using inert anode in sea water
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Table 1 — Comparison of Sacrificial and Impressed Current Systems

Sacrificial systems

Impressed current systems

Environment

Use may be impracticable except in
soils or waters of low resistivity.

Use is less restricted by resistivity of
soil or water but may get Clo in sea

water.

Installation

Simple to install.

Needs careful design otherwise may
be complicated.

Power source

Independent of any source of electric
power. Cannot be wrongly connected
electrically.

External supply necessary. Care
needs to be taken to avoid electrical
connection in wrong direction.

Anodes Bulk of anode material may restrict | Usually lighter and few in_(pumber.
water flow and introduce turbulence | Anodes may be designed. io |have
and drag penalties. minimum effect on waterflow.

Contfol Tendency for their current to be self | Controllable. Control  upually
adjusting. automatic and may,be continuous.

Interaction They are less likely to affect any | Effects on other structures sifuated

neighbouring structures.

near the anades need to be assgssed.

Mainfenance

Generally not required. May be
renewed in some circumstances.

Equipment designed for long life but
regular checks required on eleftrical
equipment in service. Continual
pewer required.

Damgage

Anodes are robust and not, very
susceptible to mechanical damage.
Where a system comprises.'@ large
number of anodes, the loss of a few
anodes has little overall.effect on the
system. Connections-must be able to
withstand any forces' applied to the
structure.

Anodes lighter in construction and
therefore less resistant to mechfnical
damage. Loss of anodes can be[more
critical to the effectiveness [of a
system.

7 Determination of level of cathodic.protection

7.1 Meagurement of protection level

To deterntine whether a structurénis adequately protected it is usual to measure its solution potential. To achieve
this connections must be madeé-to both the structure and the electrolyte. The connection to the structute is a simple
metallic O}e but for the coninection to the electrolyte, a metal conductor has to be introduced in to the electrolyte.

This cond
This situa
reference glectrode?

7.2 Reference\electrodes

ctor introduces, its own electrode potential, which inevitably becomes included in the measured value.
on can be resolved by using a conductor of reproducible and defined electrode potential; this is called a

Details of thereferenceefectrodes formarimeapplications are giverrimanmex A:

The types used for monitoring cathodic protection systems in sea water include the metallic zinc or silver/silver
chloride (Ag/AgCl/sea water) electrodes as these are considered sufficiently accurate for most practical purposes.

7.3 Potentials of reference electrodes

The potentials of various reference electrodes with respect to the standard hydrogen electrode are given in table
A.1 of annex A. The calomel electrode is included as it is often used in the laboratory for checking the condition of
reference electrodes used in the field. It is insufficiently robust for field use.
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7.4 Potential measurement

Irrespective of the type of reference electrode used it is essential that it is placed very close to the metal surface as
the measurement of the potential difference between the metal surface and the electrolyte can be considerably
affected by the potential drop produced by the protection current as it flows through the surrounding electrolyte to
the structure. This effect, known as the IR drop, has the effect of making the measured potential more negative
than the actual potential at the metal / electrolyte interface. The IR drop is dependent on electrolyte resistivity and

is particularly relevant to buried structures. The resistance of any coatings will also have an effect.

8 Guidance for protection

8.1 Genera

This clause ¢
and gives gu
applications

recommendd

A summary ¢

8.2 Steel

Loss of ions
anode.

It is not prac

when the st
suppressed

cathodic protection of carbon steel in sea water.

In the case d
conditions) t
-0,80 V for m

With increas

properties and a risk of hydrogen embyittlement of susceptible steels (see 11) and in view of these g

normal to lim

For mild ste
negative lim
aluminium sa

In the case @
important to
range -0,80

utlines some of the more important metals which may be protected by cathodic protection in
dance on the potentials recommended for protection. However, in view of the wideyrange of

tions the European Standard covering the relevant application should be consulted.

f the recommended potentials for protection of the various materials in séawater is given in

el is polarized to -0,80 V (Ag/AgCl/sea water reference electrode) the corrosion rate
0 an acceptably low level. Consequently, this is\the minimum negative level normally us

f steel immersed in solutions which contain active sulphate reducing bacteria (generally in
he potential for protection should bent0,90 V (Ag/AgCl/sea water reference electrode)
ild steel.

ing negative potentials there imay be a blistering of some coatings, an adverse effect
it the potential.

bl a negative limit of 23,10 V (Ag/AgCl/sea water reference electrode) is generally accep

t as this value would account for potentials that may be achieved on a bare structur
crificial anodes;

f high strength steels (yield strengths > 700 N/mm2) due to a risk of hydrogen embrittlemen

t0£0y95 V (Ag/AgCl/sea water reference electrode) for many applications.

£ o0l

sea water
alloys and

it is essential that these values are used for general guidance only and -for more specific

table 2.

from the anode ceases when the corroding system is polarized to the open circuit potential of the

tical to polarize the steel to the E5 value as shown in figure 3. However, measurements have shown

has been
ed for the

anaerobic
instead of

on fatigue
ffects it is

ed as the
b close to

it is more

avoid ever polarization (see clause 11). It has therefore been the practice to use potentials in the

ctranath-ot n-tha fahe

aanla Lo H eation—o
SUTTTYUT SlTTIS USTU 1T UiIT Tavrnvatulrt Ut Javiv

dp offshore

drilling rigs, particularly in areas adjacent to welds, it has been established by slow strain rate tests that hydrogen
damage to the steel was small providing the cathodic potentials were not more negative than -0,83 V (Ag/AgCl/sea
water reference electrode).

In view of this, consideration should be given to limiting the negative potential to -0,83 V (Ag/AgCl/sea water
reference electrode). Where there is the possibility of microbial corrosion then coatings should be used and in
spaces with restricted access the use of biocides should be considered.

Figure 6 gives a comparison between the reference electrodes normally used for a marine environment together
with a summary of the effects of potential on steel in sea water.
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Potential (V)

Figure

8.3 Othe
8.3.1

Aluminium
lightness

Aluminiun
the oxide
range of ¢

Ag/AgCl/ Zn/Sea water
Sea water
-0,40 - +0,65
Intense corrosion
-0,50 - +0,55
Freely corroding
-0.60 - +0 45
-0,65
Some protection
-0,70 - 40,35
Threshold of full protection
-0,80 —————=——===== | - +0,25
for aerobic conditions
-0,90 - +0,15
Some over polarization recommended- for
anaerobic condition
-1,00 - 40,05
Increasing over polarization
-1,10 - -0,05

6 — The corrosion, cathodic protection and over polarization regimes of steel expressed as|a

Can affect adhesion of some paints
Increasing risk of hydrogen embrittlement of

susceptible steels and adverse effect on fatigue
life

function of electrode potential

metallic materials

Aluminium alloys

alloys have been used in the marine industry for many years mainly because of their cqmbination of
vith strength-ahd corrosion resistance.

is a verysreactive metal with a high affinity for oxygen. However, due to the inert and protective nature of
filmewhich forms on the metal surface the metal is highly resistant to most atmospheres gnd to a wide

hémicals.

There are two distinct groups of wrought aluminium alloys used in marine applications. One group consists of the
non heat treatable medium strength aluminium magnesium alloys with magnesium contents in the range of 3,5 %
to 4,9 %. The other alloys are the heat treatable aluminium magnesium silicon with magnesium contents of
between 0,6 % and 1,2 % and silicon contents of 0,4 % to 1,3 %.

Aluminium alloy castings have not been used to any significant extent but the alloys need to have good castability,
corrosion resistance and pressure tightness. The alloys with silicon contents in the range 10 % - 12 % are preferred
for castability having good corrosion resistance and the alloys are often used in the "as cast" condition but those
alloys with a magnesium content of between 0,15 % and 0,4 % can be heat treated.

In all cases the copper content is usually limited to 0,1 % in order to minimise pitting corrosion.

Although these alloys are selected for their corrosion resistance they can be cathodically protected.

© 1SO 2006 — All rights reserved
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The potential of the aluminium magnesium and the aluminium magnesium silicon alloys in sea water is generally in
the range of -0,70 V to -0,90 V (Ag/AgCl/sea water reference electrode) and they can be cathodically protected in
sea water with a negative potential swing of 0,1 V from the corrosion potential.

The negative limit is usually taken as -1,10 V (Ag/AgCl/sea water reference electrode) as high negative potentials
need to be avoided particularly in stagnant conditions as the alkali generated may strongly attack the aluminium to
produce the aluminate. Zinc and the aluminium zinc indium and aluminium zinc tin anodes can be used for the
protection of aluminium but mercury containing aluminium anodes should be avoided.

8.3.2  Stainless steel

Stainless steel is a generic name given to a whole range of alloy steels whose main attribute is their corrosion
resistance. The resistance to various environments can be adjusted by altering the composition of the steel within

wide limits. A
an oxide layq

The grouping
martensitic &
are used for

In sea water
can affect th
can be broa
steels.

In general p
PREN=%(
20 °C. Ther
environment

8.3.2.1 Aus

Many auste
electrode) b
(Ag/AgCl/sed

However, in
table 2 shoul
tests.

8.3.2.2 Duyq

common feature of all stainless steels is their high chromium content of at least 12 % which
r on the surface to make the steel passive in many environments.

of stainless steel is based on their micro-structure and the types available include: austen
Marine applications.
stainless steels are prone to pitting and crevice corrosion and pH, temperature and oxyg

behaviour. It has been established that the initiation of pitting and the resistance to crevice
ly related to the chromium, molybdenum, nitrogen and sometimes-the tungsten contents g

oviding the stainless steel has a pitting resistance equivaleft number (PREN) of at least
r+3,3x %Mo+ 16 X % N then it is unlikely to suffer from' pitting or crevice corrosion in se
efore it is beneficial to apply cathodic protection to many of the stainless steels used in

tenitic stainless steel

itic stainless steels can be protected using a potential of -0,60 V (Ag/AgCl/sea water
t for the more corrosion resistant stainless steels it is considered that a potential of abg
water reference electrode) is adequiate for most applications.

view of the wide range of austenitic stainless steels available, potentials outside the rang

d only be used if they are substantiated by documented service performance or appropriate

lex stainless steels

Because of their generally goed’ corrosion resistance, duplex stainless steels are finding a wide field of

offshore and

Duplex stain
corrosion, in
of cathodic p

in particular io’pipelines.

ess steels.are mainly resistant to general corrosion in sea water but may be susceptible t
the form of pitting or, more probably, crevice attack at elevated temperatures. Therefore, so
Fotéction is usually applied.

produces

tic, ferritic,

nd duplex (a mixture of austenite and ferrite) but it is mainly the austenitic and duplex materials that

bn content
corrosion
f stainless

40, where
a water at
a marine

reference

ut -0,30 V

e given in

laboratory

hpplication

D localized
ne degree

Crevice corrosion usually initiates and propagates, at potentials substantially less negative than those required for
cathodic protection of carbon steel. In systems where carbon steel and duplex stainless steels are in electrical
contact the two materials should be polarized to the same potential to mitigate any galvanic corrosion couples
which may otherwise exist.

Consideration needs to be given to the effect of the more negative potentials when designing cathodic protection
systems for duplex stainless steels. Duplex stainless steels in the usual quenched annealed condition have a
microstructure containing 40 % - 50 % ferrite and 60 % - 50 % austenite. Although austenitic materials are
compatible with the range of potentials experienced in cathodic protection, ferritic materials are known to suffer
from hydrogen embrittlement at such potentials.

Duplex stainless steels are vulnerable to cracking if over-polarized as their metallurgical structure is inappropriate
ie, it contains too much ferrite. Welds and their heat affected zones are the most likely locations for such
unfavourable microstructures. However, providing there is a good phase balance ie, a minimum of 40 % austenite
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in the microstructure and the parent metal is in the quench annealed condition, it will not normally be susceptible to
cracking in sea water at the recommended cathodic protection potentials and current densities. A negative limit of
-1,05 V (Ag/AgCl/sea water reference electrode) is recommended although a more positive limit may be used
where the microstructure of the material or the weld metal is not in the optimum condition. Welded material will be
equally resistant to cracking provided the content and distribution of austenite in the heat affected zone is

satisfactor

Y.

The positive limit for protection may be taken as that for austenitic stainless steels (see 8.3.2.1)

8.3.2.3 Copper alloys

Copper and copper alloys find numerous applications amongst the appurtenances of marine structures, not only as
corrosion resistant claddings but also in hydraulic and similar applications where small components are attached to

structures
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attached t
properties
to substan

The curre
higher thg
However,
will not ex
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This is particularly common in subsea completion units and well closure assemblies.
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protection is not generally required to prevent corrosion on copper or its alloys, however,
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it is not possible to recemmend safe levels of cathodic protection for these materials but it
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Table 2 — Summary of potential versus silver/silver chloride/sea water reference electrode recommended
for the cathodic protection of various metals in sea water

Material Minimum negative potential Maximum negative potential
volt volt
Iron and steel
aerobic environment -0,80 -1,10
anaerobic environment -0,90 -1,10
High strength Fieels -0,80 (see note 1) -0,95 (see note 1)
Aluminium allgys -0,80 (negative potential swing 0,10 V) |-1,10

(Al Mg & Al Mg Si)

Stainless stee

Austenitic steel

- (PREN > #10) -0,30 no limit
- (PREN < j0) -0,60 (see note 2) no limit
Duplex -0,60 (see note 2) (see note 3)

Copper alloys

without alunfinium -0,45 to -0,60 no limit
with aluminigim -0,45 to -0,60 -1,10
Nickel base alloys -0,20 see note 4

NOTE 1 For pigh strength steels susceptible to hydrogen assisted’cracking the maximum negative potential should|be
more positive [less negative) than -0,83 V (Ag/AgCl/sea water reference electrode).

NOTE 2 For most applications these potentials are adequate for the protection of crevices although higher potentigl
may be considered.

S

NOTE 3 Depgnding on metallurgical structure thesealloys can be susceptible to cracking and high negative potentipls

should be avo|ded (see 8.3.2.2).

NOTE 4 High strength nickel copper andnickel chromium iron alloys can be subject to hydrogen assisted crack|ng
and potentials|that result in significant hydrogen evolution should be avoided.

9 Design considerations

9.1 Introdugtion

The purpose| of this~€lause is to outline some of the factors that may influence the design of a cathodic|protection
system. MorT detailed information is given in each of the respective European Standards.

When designing a cathodic protection system, it is important to ensure that the whole structure is adequately
protected and that areas are not substantially over polarized in order to avoid the possible adverse effects referred
toin 11 and 12.

Using sacrificial anodes, which are low voltage sources of current, a reasonable uniform distribution of current is
not too difficult to achieve providing it is possible to distribute the anodes roughly in proportion to the exposed
surface area. However difficulties may arise if the local steel area is high and restrictions are placed on the siting of
the anodes (e.g. in way of nodes etc) and it may be advantageous to use coatings.

Impressed current anodes may be considered as a point source of high current. This needs to be taken into
account in the design in order to achieve adequate protection remote from the anodes without significant over
polarization local to the anodes. In order to achieve adequate distribution of protection, it may be advantageous to
consider the use of dielectric shields local to the anodes or to install the anodes at some distance from the
structure.
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The information required to design a comprehensive cathodic protection system depends to a large extent upon the
type, complexity and operational parameter of the structure. In general the information required includes:

a)

b)

technical and operating data of the structure

current demand.

9.2 Technical and operating data

9.2.1

Design life

For many structures such as fixed offshore structures and pipelines the system should be capable of protecting the

structure f;

r the full design life but for ships and ather floating structures capable of being dry docked and which

are proteqg
interval.
9.2.2 M

The type
certain no

ted with sacrificial anodes the design life of the system should coincide with an approp

aterials of construction

pf materials to be protected shall be considered as high strength steels,, duplex stainles
n-ferrous alloys are susceptible to a reduction in their mechanical properties when subjected

negative potentials (over polarized) and the recommendations given in clause~/-with regards to t

fiate docking

s steels and
to excessive
e maximum

negative limit should be complied with.
This may [influence the selection of the systems, the location of the ano@es and the possible use gf coatings or
dielectric ghields.

9.3 Surfdces to be protected

All externa
protected

It is usual
be calculg
surface w
elements

9.4 Prote

While orgd
the surfac
at the bas
substantia
protection

| immersed surfaces (including those below the mean water level of fixed offshore structurg
by cathodic protection. These include the main structure and any other appurtenances.

to refer to the superficial immersed area when the area of the cathode is being considered

Il be rough and the true surface area-may be significantly greater. Due allowance should
bf the structure which are buried and electrically continuous with the structure.

ctive coatings

inic coatings are not entirfely impermeable to oxygen and water they do restrict corrosion wh
b of a metal. The bulk ©fjthe corrosion on a painted surface does not occur beneath the inta
e of holidays and pinholes. If cathodic protection is applied to a painted surface, the coat
resistive barriertg) current flow and the current flows to the holidays or pin holes. In term
the effect of coatings is to reduce the area of the exposed steelwork and thereby redug

current required for pretection and enhance the current distribution.

9.5 Avall

The use d

hbility ef-electrical power

fGmpressed current cathodic protection depends on the availability of a continuous supply

s) should be

and this can

ted from the full detailed and dimensional construction drawings. However, a corroded ¢r weathered

be made for

en applied to
t coating but
ng acts as a
s of cathodic
e the overall

of electrical

power.

9.6 Weig

ht limitations

In the case of fixed offshore structures, the float out weight may be very important and this may influence the type
of system to be used. The use of a hybrid system may considerably reduce the weight compared with a full
sacrificial anode system (see 6.3).

9.7 Adjacent structures
The presence of other structures in the locality can result in corrosion by stray currents or a drainage on the

structure to be protected. Insulation or bonding together with due allowance for the additional material to be
protected should be considered.
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9.8 Installation considerations

Sacrificial anode installations may require a large number of anodes to be attached to the structure and because of
stress concentrations there may be restrictions to the location where such anodes may be attached.

While it may be possible to use fewer impressed current anodes the routing of cables feeding the anodes and
reference electrodes may pose problems. It is recommended that the cables are run through the structure
wherever possible using appropriate cofferdam arrangements at penetrations to ensure water tightness.

Where cables are run through conduits attached to the structure then these should be properly designed to

withstand all the conditions likely to be encountered.

In all cases long drops of cable should be avoided. Cables must not be led through spaces likely to contain gas
from low flash point oil.

9.9 Currenttdemand

As discussed in clause 8 the criterion for protection is that the potential of the metal with respect to the |electrolyte
immediately pdjacent to it should be at all positions more negative than the appropriate protective potentjals for the
particular mqtal.

The current|required to achieve this will vary according to the type of structure to be protectedd and the

environment.

| conditions prevailing.

For long distance pipelines and particularly those that are well coated geomagnetic or telluric effects shouild also be

considered

by installing |insulating couplings in the line and may be less proneunced where sacrificial anodes p

cathodic pro

Recommend
standards.

The various

10 Effect (

10.1 Intr
The chemica
seasonally n
density requ
their effects

This clause ¢

they can cause potential variations. The potentials generated in the coated pipeline may k
ction.

ations on current densities to be used for each practical application are given in the

bnvironmental factors that affect the current-requirements are discussed in clause 10.

pf environmental factors on current demand

bduction

|l and physical characteristics of the environment and the rate at which they may chang
bed to be consideréd-in assessing current density requirements. The principal factors affect
rements in sea-water are velocity of water movement, salinity, pH, temperature and water
bn the dissolved oxygen content, calcareous deposits and marine fouling.

utlines the possible effect of these factors on the current density requirements.

e reduced
rovide the

respective

e daily or
ng current
depth and

10.2  Dispolved oxygen

One of the most important factors that has to be taken into account in the design of a cathodic protection system is
that of dissolved oxygen in sea water.

It is considered that there is a direct correlation between the dissolved oxygen content and the corrosion rate in sea
water and that the cathodic current density required to provide corrosion protection is proportional to the rate at
which dissolved oxygen diffuses to the steel surface.

The dissolved oxygen content in sea water varies considerably with water depth and geographic location and since
the solubility is a function of temperature and salinity it may also vary with the season.

10.3 Sea currents

As the rate of transport of dissolved oxygen to a steel surface is diffusion controlled, increased sea currents will
increase the cathodic protection current density requirements for bare steel, particularly during the initial
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polarisation before calcareous deposits or fouling have had time to build up. Sediment in the sea can scour the
surface and increases the current density required for protection.

10.4  Calcareous deposits

Well formed calcareous deposits reduce the rate of diffusion of dissolved oxygen in the sea water to the steel
surfaces and thereby reduce the current density necessary to maintain cathodic polarisation.

Calcareous deposits are minerals precipitated on the steel cathode because of the increased alkalinity caused by
cathodic polarisation.

The major constituents of the calcareous deposits are CaCO3 polymorphs, aragonite and calcite, and the
magnesiu rnmpnllnd l\/lg(('\l—l)z (hrlmifn) but the actual rnmpncifinn rlnlr_)nnrlc on-such factors as pl—ly temperature,

current depsity, water flow rate and sea water depth.

Sea watell picks up CO2 from the atmosphere and also from marine organisms near the ocean surface which
results in @ supersaturated condition of CaCOs3.

The equilibrium reactions of the carbon dioxide/carbonate and water may be expressed-as follows:

CO» + H>O - HoCO4 (12)
HoCQ3 - HCOg3" + Ht (13)
HCOgZ" N CO32- + H* (14)

With the afdition of OH" to the system through the cathodic processes then the reactions
HCO4~  + OH- - H,O  + CO3% (15)
cozq  + ca2t CaCOg ppt (16)

may occul| with the precipitation at the cathodic areas.

Over the ¢urrent density range wherg scales form they are predominantly calcium carbonate and with increasing
the currerft density the scale becomes thinner and more compact and the protection improves. If is generally
accepted that a high initial currentydensity should be induced on unpolarized steel immediately upon mmersion in
order to pflomote rapid cathodie-polarisation and formation of a high protective calcareous deposit. Hoyvever at very
high currept density the depesit may have a significant magnesium content. It is present primarily as Mg(OH)2 but
possible with some Mg€0g. Mg(OH)2 is unstable in sea water and it does not normally precipitate below a pH of

about 9,7.|In general, 'deposits rich in calcium carbonate are more protective than those rich in magnegium.

10.5 Temperature

Temperatfyre_has a significant influence on sea water resistivity, dissolved oxygen and calcar¢ous deposit
formation.

As the temperature along with salinity of sea water has a significant effect on the resistivity of sea water and as this
is directly related to the effective resistance of sacrificial anodes, it should be taken into account in the design of
cathodic protection systems.

The effect of temperature on the limiting current density is complex in that as the temperature increases the oxygen
solubility is lowered but the diffusion constant for oxygen is increased. The net effect may result in a slightly
increased current density requirement with increasing temperature. The situation is further complicated by the
increased solubility of CaCO3 with decreasing temperature. This will reduce the protective nature of the deposits

and potentially increase the current density requirements for protection.
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10.6  Salinity

The major effect of salinity on cathodic protection is its influence on sea water resistivity and in general, for a given
temperature, the higher the salinity the lower will be the resistivity and the dissolved oxygen content.

Therefore an increased salinity is beneficial in that it reduces the dissolved oxygen level and the anode resistance.

Where impressed current systems are used, any dilution by fresh water may cause wide fluctuations in the power

required and
10.7 pH

The pH of o

this may lead to damage of the rectifiers unless they are suitable protected.

pen sea water varies from about 7,4 to 8,4 and is highly buffered by a complex carbonate system.
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10.9  Effect of depth

Depth is likely to be associated with changes in temperature, solubility of oxygen and carbon dioxide flow rates and
other envirorimental parameters. These should be considered and in particular the impact of these on thg formation
of calcareous$ deposits.

The effect of{depth alone on cathodie protection current density requirements is not clear but it is unlikely that it will
have a signifjcant affect.

It would appeéar that thereds-little effect on the operation of aluminium and zinc anodes at depth.

At depth the| hydrostatie pressure has been found to effect the hydrogen embrittlement of cathodically protected
high tensile steels:;ln tests the load to cause failure of notched high tensile steel specimens decreasg¢d with an

increase in
increase.

]he hydrostatic pressure although the hydrogen permeation rate was not affected by thT pressure

10.10 Seasonal variations and storms

Changes in water temperature close to the surface and storms often associated with seasonal changes are likely to
cause a disruption of the calcareous deposits and this may lead to an increase in current density requirements on
structures close to the surface.

11 Secondary effects of cathodic protection

The application of cathodic protection may give rise to secondary effects such as the development of alkalinity and
the generation of hydrogen and possibly chlorine gas.

The effects that may occur include the following:
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