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Preface

In this book, cathodic protection as a corrosion prevention
technique is detailed along with its underlying scientific back-
ground as it relates to corrosion chemistry, corrosion engineer-
ing, physical chemistry, and chemical engineering in general.
In addition to the theoretical framework of the phenomenon,
industrial practices are exemplified, and frequently encoun-
tered associated problems along with their solutions are
described. Therefore, it is my wish that the reader will find this
book a didactic one, and will attain a comprehensive knowl-
edge of the subject.

Cathodic protection practice started in the 1930s. It was first
implemented in petroleum pipelines, then in piers, ports,
ships, water and petroleum storage tanks, reinforced con-
cretes, etc., mainly in underground, water, and underwater
systems. Cathodic protection is the process of converting the
anodic metal into a cathode, preventing the anodic currents
by externally providing the electrons that the cathodic reac-
tion needs. This way, while the externally provided electrons
stop the anodic reaction and thus the dissolution of the metal,
they increase the rate of the cathodic reaction. Alternatively, the
principle of cathodic protection technique is to establish poten-
tial conditions such that metal remains in the immunity zone as
described in the pH-potential diagrams. There are two methods
of changing metal’s potential in the negative direction by pro-
viding an external current: sacrificial anode cathodic protection
and impressed current cathodic protection.

In sacrificial anode cathodic protection, the host metal is pro-
tected by connecting a more active metal, forming a galvanic
cell, where the host cell is the cathode. For the current to flow
through this new sacrificial anode cathodic protection cell, there
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must be sufficient potential difference between the anode and
the cathode to overcome the circuit resistance. Current with-
drawn from the galvanic anode depends on the anode’s open
circuit potential and the circuit resistance. In this method, gal-
vanic anode corrodes instead of the metal to be protected; thus,
it has a limited service life. In sacrificial anode cathodic protec-
tion systems, the quantity and size of the anode can only be
determined based on the minimum current intensity required
for cathodic protection. In brief, sacrificial anodes’ corrosion
potentials must be sufficiently negative, their anodic capacity
and anodic efficiencies must be high, and they should be con-
tinuously active and not passivated.

In cathodic protection systems, half of the initial establishment
expense is spent for anodes; thus, it is important for the anodes
to be economical. It is important that the current withdrawn
from the anode is as high as possible, and anode resistance
should not increase over time. Hence, mass loss per current
withdrawn (A.year) must be as small as possible.

In impressed current cathodic protection, the potential of the
metal that undergoes corrosion is changed, converting it to a
cathode by connecting it to another system that is protected by
an electrode made of a noble metal as the anode making up the
negative pole of the corrosion cell. In practice, a direct current is
applied, the current resource’s negative pole is connected to the
metal, and the positive pole is connected to the anode. Intensity
of the applied current depends on the surface area of the metal
to be protected and the corrosivity of the environment. In this
method, since the energy or current is provided externally, the
reference anode does not corrode instead of the metal to be
protected; however, since every metal dissolves more or less
with an applied potential, even the most durable anode to be
chosen has a limited service life, although it can be very long.
Parameters determining the current magnitude are the envi-
ronment’s resistivity, pH, dissolved Oz, etc. Therefore, instead
of current adjustment, controlling the potential is usually the
preferred method. In impressed current cathodic protection, for
anodes such as Pt and Tj, issues such as location plan of anodes,
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connections, and potential losses along the connections must
be considered. Additionally, locations where potentials will be
measured must be carefully selected for successful monitoring
of the system.

In the case of heterogeneous distribution of the current as well
as overprotection, hydrogen gas evolves at the cathode, some-
times leading to hydrogen embrittlement, due to hydrogen
atoms diffusing into the metal. If the applied current becomes
a stray current, for instance, due to the anode bed being placed
close to a railway, then cathodic protection may become ineffec-
tive. Circuit potential is usually low in sacrificial anode cathodic
protection systems; thus, they cannot be applied in grounds
with high resistivity values unless a galvanic anode with a high
potential is used. Regularly, they are applied in grounds with
resistivity up to 5000 ohm.cm. On the other hand, high resistiv-
ity values of the ground do not cause a problem for impressed
current cathodic protection systems. By reducing the resistance
of the anode bed, for instance, current can be adjusted to the
desired intensities.

Sacrificial anode cathodic protection is very easy to install and
apply. Additionally, if more current is needed later on, more
anodes can be installed. On the other hand, for impressed cur-
rent cathodic protection systems, the intensity of the current
depends on the capacity of the transformer/rectifier unit; also,
the resistance of the anode bed cannot be reduced during oper-
ation. In sacrificial anode cathodic protection systems, it is not
possible to manually adjust the intensity of the current with-
drawn from the anodes. Galvanic anodes adjust the needed
current level automatically. When more current is needed, the
potential of the structure decreases, increasing the difference in
potential between the anode and the cathode, leading to more
current being withdrawn from the anode. In impressed cur-
rent cathodic protection systems, changes in the amount of the
applied current should be done manually, or the system has
to be set to automatically perform the needed changes so that
the protection potential does not fall below a certain limit. In
sacrificial anode cathodic protection systems, metal dissolution



xX PREFACE

due to application of high potentials in the surroundings of
the anode is not observed, while it occurs in impressed current
cathodic protection systems. Interference effects are negligible
in sacrificial anode cathodic protection systems, since their
anode-ground potentials are low, while interference effects may
occur in impressed current cathodic protection systems around
the anodic beds and at the intersections of pipelines that are
cathodically protected with those of that are not.

Unit cost of the current provided by sacrificial anode cathodic
protection is higher than it is by the impressed current cathodic
protection; thus, sacrificial anode cathodic protection is not pre-
ferred in pipelines that require high currents. Initial establish-
ment costs of the impressed current cathodic protection system
are higher than that of sacrificial anode cathodic protection sys-
tem. However, sacrificial anode cathodic protection is the only
applicable method in areas where it is not possible to generate
electricity power. In sacrificial anode cathodic protection, there
is no need for an external current source, since galvanic anodes
are the source of the required currents.
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Corrosion of Materials

Corrosion comes from Latin word “corrodere.” Plato talked
about corrosion first in his lifetime (B.C. 427-347), defining
rust as a component similar to soil separated from the metal.
Almost 2000 years later, Georgius Agricola gave a similar
definition of rust in his book entitled Mineralogy, stating that
rust is a secretion of metal and can be protected via a coating
of tar. The corrosion process is mentioned again in 1667 in a
French-German translation, and in 1836 in another translation
done by Sir Humphrey Davy from French to English, where
cathodic protection of metallic iron in seawater is mentioned.
Around the same time, Michael Faraday developed the for-
mulas defining generation of an electrical current due to elec-
trochemical reactions.

To one degree or another, most materials experience some type
of interaction with a large number of diverse environments.
Often, such interactions impair a material’s usefulness as a
result of the deterioration of its mechanical properties, e.g.,
ductility, strength, other physical properties, and appearance.
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Deteriorative mechanisms are different for three material
types, which are ceramics, polymers, and metals. Ceramic
materials are relatively resistant to deterioration, which usu-
ally occurs at elevated temperatures or in extreme environ-
ments; that process is also frequently called “corrosion.” In
the case of polymers, mechanisms and consequences differ
from those for metals and ceramics, and the term “degrada-
tion” is most frequently used. Polymers may dissolve when
exposed to liquid solvent, or they may absorb the solvent and
swell. Additionally, electromagnetic radiation, e.g., primarily
ultraviolet and heat, may cause alterations in their molecular
structures. Finally, in metals, there is actual material loss,
either by dissolution or corrosion, or by the formation of a
film or nonmetallic scales by oxidation; this process is entitled
“corrosion” as well.

1.1 Deterioration or Corrosion of Ceramic
Materials

Ceramic materials, which are sort of intermediate compounds
between metallic and nonmetallic elements, may be thought of
as having already been corroded. Thus, they are exceedingly
immune to corrosion by almost all environments, especially at
room temperature, which is why they are frequently utilized.
Glass is often used to contain liquids for this reason.

Corrosion of ceramic materials generally involves simple chem-
ical dissolution, in contrast to the electrochemical processes
found in metals. Refractory ceramics must not only withstand
high temperatures and provide thermal insulation, but in many
instances, must also resist high temperature attack by molten
metals, salts, slags, and glasses. Some of the more useful new
technology schemes for converting energy from one form to
another require relatively high temperatures, corrosive atmo-
spheres, and pressures above the ambient. Ceramic materials
are much better suited to withstand most of these environments
for reasonable time periods than are metals.
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1.2 Degradation or Deterioration of Polymers

Polymeric materials deteriorate by noncorrosive processes.
Upon exposure to liquids, they may experience degradation by
swelling or dissolution. With swelling, solute molecules actu-
ally fit into the molecular structure. Scission, or the severance
of molecular chain bonds, may be induced by radiation, chemi-
cal reactions, or heat. This results in a reduction of molecular
weight and a deterioration of the physical and chemical proper-
ties of the polymer.

Polymeric materials also experience deterioration by means of
environmental interactions. However, an undesirable interac-
tion is specified as degradation, rather than corrosion, because
the processes are basically dissimilar. Whereas most metallic
corrosion reactions are electrochemical, by contrast, polymeric
degradation is physiochemical; that is, it involves physical as
well as chemical phenomena. Furthermore, a wide variety of
reactions and adverse consequences are possible for polymer
degradation. Covalent bond rupture, as a result of heat energy,
chemical reactions, and radiation is also possible, ordinarily with
an attendant reduction in mechanical integrity. It should also be
mentioned that because of the chemical complexity of polymers,
their degradation mechanisms are not well understood.

Polyethylene (PE), for instance, suffers an impairment of its
mechanical properties by becoming brittle when exposed to high
temperatures in an oxygen atmosphere. In another example,
the utility of polyvinylchloride (PVC) may be limited because
it is colored when exposed to high temperatures, even though
such environments do not affect its mechanical characteristics.

1.3 Corrosion or Deterioration of Metals

Among the three types of materials that deteriorate, “corrosion”
is usually referred to the destructive and unintentional attack
of a metal, which is an electrochemical process and ordinarily
begins at the surface. The corrosion of a metal or an alloy can be
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determined either by direct determination of change in weight
in a given environment or via changes in physical, electrical, or
electrochemical properties with time.

In nature, most metals are found in a chemically combined
state known as an ore. All of the metals (except noble met-
als such as gold, platinum, and silver) exist in nature in the
form of their oxides, hydroxides, carbonates, silicates, sul-
fides, sulfates, etc., which are thermodynamically more stable
low-energy states. The metals are extracted from these ores
after supplying a large amount of energy, obtaining pure met-
als in their elemental forms. Thermodynamically, as a result
of this metallurgical process, metals attain higher energy lev-
els, their entropies are reduced, and they become relatively
more unstable, which is the driving force behind corrosion.
It is a natural tendency to go back to their oxidized states of
lower energies, to their combined states, by recombining with
the elements present in the environment, resulting in a net
decrease in free energy.

Since the main theme of the book is cathodic protection, which is
a preventive measure against corrosion of metals, the remainder
of the chapter will focus on the associated corrosion processes
of widely used metals before going into details of cathodic pro-
tection. One shall have an idea about the corrosion process so
that a more comprehensive understanding of cathodic protec-
tion process is possible.

Therefore, first, commonly used metals will be reviewed in
terms of their corrosion tendencies, beginning with iron and
steel, which are the most commonly used structural metals,
and thus the most commonly protected ones with cathodic
protection.

1.3.1 Iron, Steel and Stainless Steels

Iron and steel makes up 90% of all of the metals produced
on earth, with most of it being low carbon steel. Low carbon
steel is the most convenient metal to be used for machinery
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and equipment production, due to its mechanical properties
and low cost. An example is the pressurized containers made
of carbon steel that has 0.1% to 0.35% carbon. Carbon steel
costs one-third as much as lead and zinc, one-sixth as much
as aluminum and copper, and one-twentieth as much as nickel
alloys. However, the biggest disadvantage of carbon steel is its
low resistance to corrosion.

The most common mineral of iron in nature is hematite (Fe,0,),
which is reacted with coke dust in high temperature ovens to
obtain metallic iron. 1 ton of coke dust is used to produce 1 ton
of iron. The naturally occurring reverse reaction, which is cor-
rosion of iron back to its mineral form, also consists of similar
products to hematite such as iron oxides and hydroxides. Energy
released during the corrosion reaction is the driving factor for
the reaction to be a spontaneous reaction; however, in some
cases, even if the free Gibbs energy of the reaction is negative,
due to a very slow reaction rate, corrosion can be considered
as a negligible reaction, such as in the cases of passivation and
formation of naturally protective oxide films.

The anodic reactions during the corrosion of iron under differ-
ent conditions are the same, and it is clearly the oxidation of iron
producing Fe* cations and electrons. However, the cathodic
reaction depends on the conditions to which iron is exposed.
For example, when no or little oxygen is present, like the iron
pipes buried in soil, reduction of H* and water occurs, leading
to the evolution of hydrogen gas and hydroxide ions. Since iron
(IT) hydroxide is less soluble, it is deposited on the metal surface
and inhibits further oxidation of iron to some extent.

Fe ——» Fe¥+2e (Eq. 1)

2H,O+2¢e- —— 20H +H, (Eq. 2)

Fe+2H,O —» Fe*+20H +H, (Eq. 3)
Fe(OH),

Thus, corrosion of iron in the absence of oxygen is slow. The
product, iron (II) hydroxide, is further oxidized to magnetic
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iron oxide or magnetite that is Fe3O4, which is a mixed oxide of
Fe,O, and FeO. Therefore, an iron object buried in soil corrodes

due to the formation of black magnetite on its surface.

6Fe(OH),+O, ——» 2FeO,H0+4H,0  (Eq.4)
Fe,0,H,0 — » HO+Fe0, (Eq. 5)

black magnetite

If oxygen and water are present, the cathodic reactions of cor-
rosion are different. In this case, the corrosion occurs about
100 times faster than in the absence of oxygen. The reactions
involved are:

2 x (Fe ——»  Fe? +2e) (Eq. 6)
O,+2HO+4e — » 40H (Eq.7)
2Fe +0,+2H,0 ——» 2Fe(OH), (Eq. 8)

As oxygen is freely available, the product, iron (II) hydrox-
ide, further reacts with oxygen to give red-brown iron (II)
oxide:

4Fe(OH),+ O, —» 2Fe,0,H,0+2H0O (Eq.9)

red brown

The red brown rust is the most familiar form of rust, since it is
commonly visible on iron objects, cars, and sometimes in tap
water. The process of rusting is increased due to chlorides car-
ried by winds from the sea, since chloride can diffuse into metal
oxide coatings and form metal chlorides, which are more sol-
uble than oxides or hydroxides. The metal chloride so formed
leaches back to the surface, and thus opens a path for further
attack of iron by oxygen and water.

Presence of pollutants in the air affects the rate of corrosion. SO,
is a notorious air pollutant, usually formed by the combustion
of coal in power plants or in homes. The solubility of SO, in
water is about 1000 times greater than O, and is the reason for
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the formation of sulfuric acid and so-called acid rain, leading to
following corrosion reactions:

Fe + 50, + O, ——» FeSO, (Eq. 10)
4FeSO, +O,+6HO —» 2FeO,.H,0

+4H.S0, (Eq. 11)
4HSO, +4Fe+20, —» 4FeSO,+4HO (Eq.12)

The sulfuric acid formed in these reactions is difficult to remove,
which is why, even after cleaning the iron object carefully, cor-
rosion continues as long as sulfates are present in the medium.
However, the effect of sulfate ions on iron corrosion in chlo-
ride solutions was found to be weak up to pH 5.5, while above
pH 5.5, sulfate ions act as weak inhibitors. Iron’s anodic reac-
tions in sulfate solution within pH range of 0 to 6 are as follows:

Fe + H,O <«—» Fe(HO),_, (Eq. 13)
Fe(HO),, <—— Fe(OH)  +H" (Eq. 14)
Fe(OH) , <«——» Fe(OH)  +e (Eq. 15)
Fe(OH),,, ~<«——» FeOH"+e (Eq. 16)
FeOH* + H* «——» FeZ+ HZO (Eq 17)

Since pure iron is relatively softer, it is alloyed with elements
such as Cr, Ni, Mn, Co, Si, Al, Ti, V, W, and Zi to make it harder
and stronger. Steel is such an alloy with elements C, Mn, Si,
S,and P.

Stainless steels have certain alloying elements in sufficient
amounts in their composition so a passive layer can form on
their surface, preventing corrosion and increasing its mechani-
cal properties. These elements are primarily chromium of
amounts less than 10.5% and carbon of amounts less than 1.2%.
Stainless steels are mostly used in chemistry.

The most common stainless steel is austenitic steel, which is not
magnetic and makes up more than 65% of all stainless steels
used in the world, has less than 0.1% carbon in content, and is
primarily made up of iron, chromium and nickel as alloying
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elements. Other commonly used stainless steels are ferritic steel,
which has magnetic characteristics and is mainly iron and chro-
mium with less than 0.1% carbon, martensitic steel, which can be
hardened, is magnetic, and is mainly iron and chromium with
more than 0.1% carbon, and double phased or duplex steel, which
is magnetic, is made up of iron, chromium, and nickel, and is
basically a combination of austenitic and ferritic steel.

Most of the stainless steels are exposed heavily to pitting cor-
rosion and stress corrosion cracking in seawater that has abun-
dant chlorides and oxygen. For stainless steels to passivate,
the chromium percentage in the alloy must be more than 12%;
however, due to precipitation in the form of Cr,C, with the
carbon in steel, a higher percentage may be needed. Another
alloying element other than carbon, chromium, and nickel is
molybdenum, which is known as ferrite maker and is added to
austenitic steels in the amount of 2% to 3%, increasing the resis-
tance to pitting corrosion in presence of chlorides. However,
addition of molybdenum also reduces the corrosion resistance
of 18Cr-10Ni stainless steel in hot nitric acid. Titanium 321 and
Niobium 347 can be added to austenitic steels to reduce their
sensitivity against some types of corrosion. Additionally, copper
can be added to increase corrosion resistance against oxidizing
acids, acidic environments in general, and chlorides. Selenium
and sulfur increase the mechanical properties of stainless steels
such as malleability, while silicon reduces the stainless steels’
tendency to oxidize at high temperatures.

Martensitic stainless steels have 12% to 20% chromium and low
carbon. They can be hardened via thermal treatment. Their
corrosion resistance is more than mild steel but less than aus-
tenitic steels. They can be used safely in mildly corrosive envi-
ronments, such as in the atmosphere or in fresh waters, and in
temperatures up to 650°C.

Ferritic stainless steels have 15% to 30% chromium in their com-
position, more than martensitic steels have, which is why they
are more resistant to corrosion. They can be used in chemical
equipments, storage tanks, and kitchenware.
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Austenitic stainless steels are alloys of chromium and nickel.
300 series austenitic steels, for instance, have 16% to 26% chro-
mium and 7% to 22% nickel in their composition. They are eas-
ily shaped, are highly resistant to corrosion, and can be welded
such as widely used AISI 304 18-8 steel. 200 series austenitic
steels have manganese and nitrogen in their composition as
well. They are mechanically superior compared to 300 series,
but inferior in terms of their corrosion resistance.

Double phased or duplex stainless steels are also alloys of chro-
mium and nickel, but with one phase of austenitic steels and
another phase of ferritic steels, giving them a composition of
28% chromium and 6% nickel. In terms of their mechanical and
corrosion resistance properties, they take place in between aus-
tenitic steels and ferritic steels. They are very resistant to stress
corrosion and intergranular corrosion.

Stainless steels that are hardened via precipitation are special type of
steels that have high strength/weight ratio and high corrosion
resistance; thus, they are used in aircraft and space industries.
They are produced in three types: martensitic, half austenitic,
and austenitic.

1.3.2 Aluminum and Its Alloys

Aluminum is extensively used because it has a low density that
is 2.7 g/cm?, it has high thermal and electrical conductivity, its
alloys made with thermal operations have high mechanical
strength, and it has high corrosion resistivity compared with
other pure metals. Normally, aluminum is more active than all
metals but alkaline and earth alkaline metals in electrochemical
series, and thus should have acted as anodic towards all other
elements of the periodic table; however, due to the oxide layer
that passivates its surface, it is quite resistant to corrosion. It is
very resistant to water, organic acids, and some oxidizing acids.
Therefore, it is frequently used in reaction containers, machin-
ery equipment, and chemical batteries, e.g., aluminum tanks
are used to carry acetic acid.
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The AL O, layer that protects aluminum from corrosion forms
very quickly due to the high reactive nature of aluminum, and
this layer can also be produced via electrical current in labora-
tory conditions. Chatalov first studied the aluminum corrosion
based on pH in 1952, while Pourbaix and colleagues found out
that corrosion rate logarithmically depends on pH, and that
the least corrosion takes place when pH is 6, because alumi-
num hydrates that form as corrosion products have the least
solubility amounts at this level. Binger and Marstiller found the
same logarithmic relation for pH between 7 and 10. Vujicic and
Lovrecek claimed that corrosion rate depending on pH is 50%
more than that suggested by Chatalov. Tabrizi, Lyon, and col-
leagues found that with increasing pH from 8 to 11, corrosion
rate increases, while it slows down at pH 11 and increases again
at pH 12. They also found that with increasing temperature,
corrosion rate also increases.

As a result of these studies, it is generally accepted that
aluminum is passive in the pH range of 4 to 9, and forms a
non-permeable and insulating oxide film. Aluminum metal
surface has zero charge at pH 9.1. Aluminum corrodes or dis-
solves when the pH is out of its passivity range; however, it
dissolves less in acidic mediums than it does in basic media.
In alkaline environments, aluminum and alloys are easily cor-
roded, especially for pH values over 10. Therefore, in the case
of cathodic protection application, overprotection must be
avoided, since it will lead to an increase in pH. Damaging of
protective AL O, layer occurs based on the following reaction
in basic medium:

ALO, +20H +3H,0 «—» 2AIOH);  (Eq.18)

In NH, solutions over pH 11.5, NH, dominates its conjugate
acid NH; in the buffer system, and resistance of the system
towards corrosion increases because NH, is a stronger ligand
than OH-; thus, OH" cannot bind to aluminum and dissolve it
away. Therefore, dissolution slows down and corrosion current
lessens: opposite to what is observed in KOH solutions in the
same pH range.
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When studying the effect of sulfate ions on aluminum corrosion,
aluminum corrosion in less concentrated Na, SO, and H,SO,
solutions with pH values of 1.5 were found as 10 mA.cm™ and
1.24 10* mA.cm™; thus, aluminum is stable in less concentrated
sulfuric acid solutions, but not in concentrated solutions. When
Na, SO, is added to the system or in the presence of SO, in atmo-
spheric conditions, corrosion of aluminum increases substan-
tially at pH 12 due to a large increase in the conductivity of
the solution. The opposite occurs for corrosion in KOH, since
sulfate ions competitively adsorb at the aluminum surface, with
OH- ions lessening the corrosion up to 50%. In acidic medium,
in HCl solution, aluminum dissolves as follows:

Al+CI -— AlCl;ds (Eq. 19)
AICL, +Cl" ————»  AICL + 3e™ (slow) (Eq. 20)

When organic inhibitors are used to prevent aluminum corro-
sion, protonated organic inhibitors adsorb at the metal surface
through AICIL-, preventing AICL from oxidizing into AICL.
Protonated organic inhibitors may also stabilize chlorides, thus
preventing chlorides from reacting. While hydrogen gas evolu-
tion takes place at the cathode:

H'+ee ——» H_ (fast) (Eq. 21)
H*+H , ——» H,(slow) (Eq. 22)

Protonated organic inhibitors may competitively adsorb on the
metal surface with respect to hydrogen, and thus also may pre-
vent cathodic hydrogen evolution.

Aluminum alloys that have high aluminum content are sus-
ceptible to stress corrosion; thus, they are coated with pure
aluminum, making it Alclad aluminum. There are many such
Alclad aluminum alloys of high strength containing Mg and
Si. Halogenated organic compounds may damage aluminum
materials by reacting with them over time. Aluminum and its
alloys have become very valuable due to its wide use in dif-
ferent areas of the industry. Its value in the London Metal
Exchange has increased to $3380 per ton in 2008. Due to this
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increase in aluminum prices, and thus due to the increase in
the costs of employing aluminum components, corrosion pre-
vention of aluminum and aluminum alloys became even more
important.

One of the corrosion prevention methods is anodic oxida-
tion, or anodizing the aluminum surface to develop the nat-
urally occurring aluminum oxide layer on the surface of the
aluminum, making the naturally formed 25 A° layer thicker.
An artificially developed aluminum oxide layer has levels of
corrosion resistance depending on the conditions of the anod-
izing process such as the electrolyte type, applied potential,
application duration, application temperature, etc. Most com-
monly used anodizing electrolytes or solutions are solutions
of sulfuric, boric, oxalic, phosphoric or chromic acids. Among
these, chromic acid forms the protective aluminum oxide lay-
ers automatically, but it is toxic, oxalic acid decomposes at
high temperatures since it is an organic acid, phosphoric acid
requires high anodizing potentials increasing the costs, and
sulfuric and boric acids seem to be more convenient in general
applications since they are not toxic, they are economical, and
they are easily obtainable.

1.3.3 Magnesium and Its Alloys

Magnesium alloys are used in automobile and other industries
because they are light, but their low corrosion resistance limits
their use. They are also widely used as anodes in the cathodic
protection systems. Magnesium oxide film that is formed on
magnesium surface is easily affected by the chlorides and acids;
thus, magnesium surfaces must be treated with passivating
ions such as fluorides, phosphates, and chromates to form a
strong protective film. Then they can be used in aircraft and
automobile industries. Along with chromate coatings, coatings
of tungstates, molibdates, silicates, borates, and lanthanides are
also used to protect magnesium alloys. These metals form lowly
soluble compounds with magnesium cations; however, some
among them, especially chromates, are very toxic. Even coated
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magnesium alloys would still be susceptible to stress corrosion
cracking in presence of chlorides. Due to dissolution of magne-
sium hydroxide, which is the corrosion product of magnesium,
pH increases, making it difficult to keep pH neutral.

1.3.4 Copper and Its Alloys

Copper and its alloys are used extensively in industry, espe-
cially in cooling and heating systems, due to their very high
electrical and thermal conductivity and appropriate mechanical
properties making them ideal heat transfer materials. In water
heating systems, they are used as pure copper or as alloys of
zing, tin, or nickel. Brass is an alloy consisting of ~70% Cu and
~30% Zn, and copper-tin alloy is called bronze. Both brass and
bronze could be improved with the addition of silicon and
beryllium. Beryllium-copper alloys can provide mechanical
strength up to 1300 MPa and they are safe to use along with
explosives. Copper alloys are susceptible to stress corrosion in
the presence of ammines and ammonia. Additionally, brass is
susceptible to selective corrosion, called dezinfication, unless it
is inhibited with metals of group 5.

Copper’s thermal conductivity is reduced due to the formation
of a layer of corrosion products on the metal surface. Pickling
acidic solutions are used to clean the surface from corrosion
precipitates. In sulfuric acid, for instance, copper anodically
dissolves as follows:

2Cu+HO — Cu,0+2H*+2e (Eq. 23)
Cu,0+2H" ——— 2Cu®?+HO +2e" (Eq. 24)
The pH values that are either neutral or near neutral lead to the

formation of copper oxides and hydroxides on the copper sur-
face. In the presence of chlorides, copper dissolves as follows:

Cu+Clr <«— CuCl+e (Eq. 25)
CuCl+CIr ——» CuCl- (Eq. 26)
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Meanwhile, copper oxide and hydroxides can also form in pres-
ence of chlorides. Cathodic reaction is the reduction reaction of
oxygen:

0,+2H,0+4ec ——» 40H" (Eq. 27)

1.3.5 Nickel and Its Alloys

Nickel alloys are the best materials for alkali environments.
Their alloys with stainless steels and others are used at high
temperature applications. Nickel alloys are also resistant to
chemical effects. In the case of hydrogen fluoride exposure,
monel alloys, and in other cases, hastelloy, chlorimet, and inco-
nel alloys are used. Nickel alloys are suitable for welding as
well, unless there is lead or sulfur in the alloy, which would
cause cracking when welded.

1.3.6 Titanium and Its Alloys

Titanium is the most appropriate metal for the aircraft and
chemistry industries. Similar to aluminum oxide, the titanium
oxide (TiO,) layer that naturally forms on the surface of tita-
nium is very protective against corrosion. Titanium is light,
with a density of 4.5 g/cm’; thus it covers 80% more volume
when compared to stainless steel of the same weight. Due to
its superior mechanical properties, very thin titanium pipes can
be as strong as pipes made of other materials, although its low
elasticity may cause problems, especially if there is vibration.
Since titanium is expensive, it can be economical only if used in
equipment and materials that are planned to have long service
lives. Impurities such as nitrogen and oxygen in the titanium’s
crystalline structure reduce its resistance to corrosion, causing it
to break dangerously, especially at higher temperatures.

1.3.7 Lead and Its Alloys

Lead is used in sulfuric acid industry due to being resistant
to chemical effects; however, it is soft, and it has a density
of 11.3 g/cm? making it heavy. Its mechanical strength is
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increased by alloying with antimony when used in a container.
Its alloys with tin, tellurium, and calcium also have very good
corrosion resistance characteristics. However, when welded,
the produced vapors are hazardous, and must be ventilated
well. Lead’s corrosion products are toxic as well. Since lead is
anodic compared to copper, water containers and pipes made
of copper must not be welded with lead based welding; instead,
silver welding can be used.

1.3.8 Corrosion of Composite Alloys
(Tin Can Example)

Corrosion of tin cans is a good example of the corrosion of com-
posite alloys in different mediums when used for different pur-
poses. Cans are 0.11 to 0.3 mm thick low carbon steels coated
with tin on each side, giving it a bright appearance. They can
be easily shaped, welded, and soldered. Tin cans have 99% steel
by weight; the tin layer is less thick than 0.0025 mm, usually
between 0.00038 mm and 0.0015 mm. Since it is very thin, the
amount of tin in tinned cans is given as g/m? and not as thick-
ness, which is between 2.8 g and 11.2 g per square meter, which
is doubled, considering two sides of the can. Electrically chro-
mated steel or tin-free steel cans, which were developed first in
Japan in 1965 due to tin being expensive, can be produced as
bright- or dull-colored. They have tobe used with a lacquer layer,
to which they adhere very well, but they cannot be soldered.
Without lacquer, severe corrosion occurs, leading to inflation
of the can due to H, evolution. Due to well combination with
lacquer layer, corrosion under the lacquer layer is prevented, as
well as color changes due to sulfur. Chromated cans have less
chromium compared to tins in the form of metallic chromium
and chromium oxide, with 50 to 100 mg per m?, compared to
2.8 gto 11.2 g in tin cans. Chromated cans are more resistant to
alkaline environment than the acidic environment. Since they
cannot be soldered, they have to be welded or affixed. One
advantage of welding over soldering is that there is no lead and
tin involvement that can diffuse into the food; also, welded cans
are stronger than soldered ones. Chromated cans are better than
tin cans in terms of being painted and lacquer applicability, as
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well as thermal durability and resistance against yellow discol-
oring, while worse in terms of being soldered and welded, and
the same in terms of resistance to corrosion and malleability.

As a result of corrosion in tin cans, the quality of canned food
decreases, and it becomes unhealthy due to diffusion of ele-
ments such as tin, iron, aluminum, lead, and cadmium into
the food. At severe corrosion conditions, cans are punctured,
diminishing the microbiological durability of the canned food,
resulting in product loss. H, gas produced due to the corrosion
inside the can causes the can to expand. Tin cans have 5 layers;
the inner layer is the steel followed by tin-iron (FeSn,) layer,
then tin layer with the tin oxide layer above and lubricant
layer on top, and with the optional lacquer layer as the sixth
layer overall. Corrosion increases with the increasing ratio of
sulfur and phosphorus in steel’s composition, and decreases
with increasing copper ratio. In any case, sulfur percentage
should not be more than 0.4% not to lead to accelerated corro-
sion. Anodic corrosion reaction is:

Sn — » Sn*+2e (Eq. 28)

Cathodic corrosion reaction is:

2H*+2e ——» H, (Eq. 29)

Molecules and ions such as H* consume electrons, preventing
polarization until the electrode is fully covered with H,. Such
molecules and ions preventing polarization are called depo-
larizators. Oxygen present in the environment also acts as a
depolarizator by reacting with the H, that covers cathode con-
tinuing the corrosion process:

2H* +2¢ ——» 2H (Eq. 30)

Instead of forming H,, hydrogen atoms react with oxygen pro-
ducing water:

2H+%O0, —» HO (Eq. 31)
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Thus, if oxygen is present in the environment, corrosion pro-
gresses continuously, resulting in iron being exposed and acting
as anode, making tin the cathode in return; this leads to pitting
corrosion, and the can to be punctured eventually. Hence, the
degassing process is very important to prevent this type of cor-
rosion, especially for food that is corrosive, such as fruits, which
have to be canned under strong vacuum. Under normal condi-
tions, oxygen gas that remains inside the cans is consumed in a
few days. After the hydrogen gas produced by the reduced ions
fully cover the tin cathode, tin becomes anode, and the resulting
iron surface acts as the cathode on which hydrogen gas forma-
tion continues on sites where the iron surface is exposed. Since
the exposed area of the steel is very small compared to the area
of the tin surface, corrosion reaction slows down, and is said
to be under cathodic control. Thus, inflation or expansion of a
tin can due to hydrogen gas formation can be observed only
after several months. Strongly corrosive foods are mostly fruits
such as strawberries and other berries, cherries and sour cher-
ries, plums, apple juice and cider, pickles, etc. Medium corro-
sive foods are peaches, apricots, figs, pears, grapefruit, etc., and
weakly corrosive food are mostly vegetables such as peas, green
beans, tomatoes, meat, fish, etc. Generally, compounds in fruits
that cause corrosion are organic acids, anthocyanins, flavanols,
catechins, hydroxymethylfurfurals, sulfur containing com-
pounds, and oxygen. In vegetables, they are amino acids and
proteins containing sulfur, oxygen, chlorides, nitrates, oxalic
acid, ascorbic acid, and products of pectin decomposition.
Storage conditions are also very important on corrosion. Every
10 degree increase in storage conditions doubles the corrosion
that takes place. Thus, a can that has a shelf life of 1 year at 20°C
would have 6 months of shelf life at 30°C and 3 months at 40°C.

Issue known as sulfur blackening in cans is due to the forma-
tion of metal sulfur compound at the surface of the can. Mainly,
sulfur blackening is due to a mixture of tin sulfides and tin
oxide. It occurs in canned food that has pH over 5, and thus
never occurs in canned fruits. Sources of sulfur are amino acids
such as methionine, cystine, cysteine, and peptides such as
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glutathione formed by the decomposition of the food, while the
source of the metal is the tin layer. Compounds associated with
sulfur blackening are SnS and SnS,, which are black in color,
and S5n,S,, which is red in color. Sulfur blackening mostly occurs
in cans storing protein-rich food such as meat, fish, peas, and
fava beans. Sulfur containing amino acids in these foods ther-
mally decompose, producing H.,S or other products containing

thiol (-SH) group.

RC(O)SR+H,O ——— RCOOH +RSH  (Eq. 32)
then thiol bond is hydrolyzed:

RSH+H,O0 ——» ROH+HS (Eq. 33)

then H,S reacts with the metal:
Sn+HS —» SnS+H,or (Eq. 34)
Sn+2H,S —— 5nS, +2H, (Eq. 35)

H_S formation begins over 70°C and is completed mostly dur-
ing the sterilization stage of the can, since the permeability
of lacquer layer increases fivefold during sterilization. Metal
sulfide formation rate increases over pH 6.15 and stops after
6 months of storage.

In general, corrosion prevention in cans can be done in the fol-
lowing ways: using appropriate tin and lacquer layer thickness
based on the type of food canned; physically not scribing and
damaging the surface; removing the oxygen present inside the
can at the top; not having nitrate in the filling solution; using
corrosive materials such as acids and salts in lesser concentra-
tions; and using a lacquer layer.
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Factors Influencing
Corrosion

Corrosion of a metal surface mainly depends on nature of metal
and the nature of the corroding environment.

2.1 Nature of the Metal

2.1.1 Position in Galvanic Series

When two metals are in electrical contact, the more active
metal higher up in the galvanic series that has the greater
oxidation potential constitutes the anode in the presence of
an electrolyte, and suffers corrosion. The rate and severity of
corrosion depend upon the difference in their positions in the
galvanic series. The greater the difference, the faster is the cor-
rosion of anodic metal.

19
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2.1.2 Relative Areas of the Anode and Cathode

The rate of corrosion is greater when the area of the cathode is
larger. When the cathodic area is larger, the demand for elec-
trons will be greater, and this results in increased rate of disso-
lution of metals at anodic regions. The corrosion of the anode is
directly proportional with the ratio of the cathodic area to anodic
area. Rapid and severe corrosion is observed if the anodic area
is small due to heavy current density at the anodic area.

2.1.3 Purity of Metal

Presence of impurities leads to the formation of local elec-
trochemical cells. In other words, the impurities present in a
metal create heterogeneity, and thus galvanic cells are set up
with distinct anodic and cathodic areas in the metal. The higher
the percentage of impurity present in a metal, the faster is the
rate of corrosion of the anodic metal. For instance, impurities
such as lead and iron in zinc result in the formation of tiny elec-
trochemical cells at the exposed part of the impurity, and the
corrosion of zinc around the impurity takes place due to local
action. Corrosion resistance of a metal may be improved by
increasing its purity.

2.1.4 Physical State of the Metal

Metal components subjected to unevenly distributed stresses
are easily corroded. Even in a pure metal, the areas under stress
tend to be anodic and suffer corrosion. As an example, caustic
embrittlement corrosion in a metal takes place in stressed parts
such as bends, joints, and rivets in boilers.

2.1.5 Passivity or Passivation

The phenomenon in which a metal or an alloy exhibits much
higher corrosion resistance than expected from its position
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in the electrochemical series is known as passivity or passiv-
ation. Formation of a very thin protective and invisible film
around 0.0004 mm thick on the surface of the metal or an alloy
makes it noble. One example is steel containing Ni and Cr.
Chromium (Cr) forms a protective layer of Cr,O, on steel, mak-
ing it passive in oxidizing environments. Gold (Au) and plati-
num (Pt) are chemically very inert and hence show superior
corrosion resistance properties. The elements or alloys can be
formatted in a series with decreasing tendency of anode forma-
tion or nobility, as shown below:

Na > Mg & Mg alloys > Zn > Al > Cd > Fe > steel and cast
iron > Pb > Sn > Cu > Ni > Cr > stainless steel > Ag > Ti >
Au > Pt

2.1.6 Nature of the Corrosion Product

If the corrosion product is soluble or volatile in the corroding
medium, then the underlying metal surface will be exposed
readily, and corrosion occurs at a faster rate; however, if the
corrosion product is insoluble in the corroding medium,
forming a film at the surface, then the protective film formed
tends to suppress further corrosion. If the corrosion product
is oxide, the rate of corrosion mostly depends on the specific
volume ratio; the greater the specific volume ratio, the lesser
is the oxide corrosion rate.

2.1.7 Nature of the Oxide Film

Metals such as Mg, Ca, and Ba form oxides with volumes less
than the volume of the metal. Hence, the oxide film formed
is porous, through which oxygen can diffuse and bring about
further corrosion. On the other hand, metals like Al, Cr, and
Ni form oxides with volumes greater than that of metal, and
the non-porous oxide film so formed protects the metal from
further corrosion.
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2.2 Nature of the Corroding Environment

2.2.1 Effect of Temperature

The rate of corrosion increases with increasing temperature,
since the rate of chemical and electrochemical reactions and the
rate of ions increase, which is why stress corrosion and inter-
granular corrosion are usually observed at high temperatures.
Additionally, a passive metal may become active at a higher
temperature.

2.2.2 Dissolved Oxygen Concentration and Formation
of Oxygen Concentration Cells

The rate of corrosion increases with increasing supply of oxy-
gen, which is the reason why the corrosivity of water decreases
with temperature, since dissolved oxygen content decreases
with temperature.

The regions where oxygen concentration is lesser become anodic
and suffer corrosion. Corrosion often takes place under metal
washers, where oxygen cannot diffuse readily. Similarly, buried
pipelines and cables passing from one type of soil to another
suffer corrosion due to differential aeration such as lead pipe-
line passing through clay and then through sand. The part of
the lead pipeline that passes through clay gets corroded, since
clay is less aerated than sand.

2.2.3 Nature of the Electrolyte

The nature of the electrolyte also influences the rate of corro-
sion. If the conductance of the electrolyte is high, for instance,
the corrosion current is easily conducted, and hence the rate
of corrosion is increased. Also, if the electrolyte consists of
silicate ions, they form insoluble silicates and prevent further
corrosion.
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2.2.4 Presence of Corrosive Ions

If aggressive anions such as chlorides or sulfates are present
in the medium, corrosion is accelerated, since they destroy the
protective film, exposing the surface, leading to further corro-
sion taking place.

2.2.5 Flow Rate

High flow rates and liquid turbulence increase the corrosion,
since they remove film formed by the corrosion products,
exposing bare metal surfaces to corrosive chemicals.

2.2.6 Humidity

The rate and extent of corrosion increases with increas-
ing humidity, which is why atmospheric corrosion of iron
increases rapidly in the presence of moisture, while it is slow
in dry air. This is due to the fact that moisture acts as the sol-
vent for the oxygen in the air to furnish the electrolyte that
is essential for setting up a corrosion cell. Thus, rusting of
iron substantially increases when the relative humidity of air
increases from 60% to 80%.

2.2.7 Effect of pH

The corrosion probability with respect to pH of the solution and
the electrode potential of the metal can be determined with the
help of Pourbaix diagrams, which clearly identify the zones of
immunity, passivity, and the corrosion based on the pH and
potential values. Thus, the corrosion rate of iron, for instance,
can be reduced by increasing the pH of the solution by adding
an alkali without disturbing the potential. Corrosion, particu-
larly electrochemical corrosion, is largely depends on the pH
of the medium. In general, acidic mediums are more corrosive
than alkaline or neutral mediums.
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Additionally, the iron would be immune from corrosion if the
potential is changed to about —0.8V obtained from the Pourbaix
diagram, which can be achieved by applying an external cur-
rent. On the other hand, the corrosion rate of iron can also be
reduced by moving it into the passivity region by applying a
positive potential.

2.2.8 Presence of Impurities in the Atmosphere

Different types of suspended particles are present in the atmo-
sphere. Some of them absorb moisture, leading to formation of
galvanic cells, increasing the corrosion rate rapidly. Such par-
ticles are called active particles, e.g., NaCl, (NH4)ZSO4, sulfates,
nitrates, etc. Presence of ammonia (NH,) increases the corrosion
rate of copper as follows:

Cu — » Cu*+2e (Eq. 36)
Cu*+4NH, —» [Cu(NH,),* (Eq. 37)

As the concentration of Cu® ions decreases due to complex-
ation, more copper metal dissolves to form Cu* ions. In a simi-
lar way, dissolution of zinc (Zn) metal occurs faster in presence
of ammonia (NH,) as follows:

Zn > Zn*+2e (Eq. 38)
Zn* +4NH, —» [Zn(NH,),* (Eq. 39)

Charcoals, aerosols, etc. increase the corrosion rate, indirectly act-
ing as catalysts, which is why they are called inactive particles.

Another factor causing corrosion of metals and alloys is acid
rain, which is usually caused by combustion of fuels containing
sulfur. Gases such as SO_and NO, released into atmosphere due
to these combustions combine with water vapor and humidity,
forming H,SO, and HNO,, which fall down to earth with rains,
corroding, for instance, historical artifacts that are metallic in
character or made of bronze. While gases such as SO, act as
corrosion accelerators, oxidizing gases such as ozone (O,) show
corrosion-preventive characteristics. Ozone reduces the activity
of SO, and forms protective oxide layers on metal surfaces.
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Corrosion Mechanisms

Corrosion monitoring, identification of the causes, and appli-
cation of preventive measures, as well as coming up with
appropriate designs, all require first understanding of the elec-
trochemical mechanisms of corrosion, followed by understand-
ing the thermodynamic approach determining the corrosion
tendency, polarization in a sense referring to corrosion process
coming into equilibrium and analysis of corrosion rate, and
finally passivity.

3.1 Direct Chemical Attack or Chemical or
Dry Corrosion

Dry or chemical corrosion is corrosion due to the oxidation
of metals due to chemical gases in the environment absent
water vapor and humidity. Corrosion due to water vapor and
humidity is considered aqueous corrosion and is included in
the electrochemical corrosion category. Whenever corrosion
takes place by direct chemical attack by gases like oxygen,
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nitrogen, and halogens, a solid film of the corrosion product
is formed on the surface of the metal, which protects the metal
from further corrosion. If a soluble or volatile corrosion product
is formed, then the metal is exposed to further attack. For exam-
ple, chlorine and iodine attack silver, generating a protective
film of silver halide on the surface. On the other hand, stannic
chloride formed on tin is volatile, and so corrosion is not pre-
vented. Oxidation corrosion is brought about by direct action
of oxygen at low or high temperatures on metals in the absence
of moisture. Alkali metals such as Li, Na, K, etc. and alkaline
earth metals such as Mg, Ca, Sn, etc. are readily oxidized at low
temperatures. At high temperatures, almost all metals except
Ag, Au, and Pt are oxidized. Alkali and alkaline earth metals
on oxidation produce oxide deposits of smaller volume. This
results in the formation of a porous layer through which oxy-
gen can diffuse to bring about further attack of the metal. On
the other hand, aluminum, tungsten, and molybdenum form
oxide layers of greater volume than the metal from which they
were produced. These non-porous, continuous, and coherent
oxide films prevent the diffusion of oxygen, and hence the rate
of further attack decreases with an increase in the thickness of
the oxide film. Three different types of chemical or dry corro-
sion are usually observed:

i. Oxidation corrosion
ii. Corrosion by other gases
iii. Liquid metal corrosion

3.1.1 Oxidation Corrosion

In this type of corrosion, metals are oxidized to their oxides,
producing four different types:

i. Stable oxides

In the cases of aluminum (Al), copper (Cu), etc., oxides devel-
oped on the surface of the metal are stable and impervious.
The oxide appears as tightly adhering film to protect the
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underneath metal. Oxides are formed according to the follow-
ing reactions:

Al+0O, —— ALQO, (Eq. 40)
Cu+0, — CuO (Eq. 41)

Both the alumina (Al,0O,) and copper oxide (CuQ) act as protec-
tive coatings.

ii. Unstable oxides

In some cases, metal oxides, formed on the metal surface,
decompose back to the metals and oxygen. Silver (Ag), gold
(Auw), and platinum (Pt) oxides are highly unstable, and hence
they do not undergo oxidation corrosion. Thus, silver, gold,
and platinum are highly stable and not susceptible to oxidation
corrosion.

i1i. Volatile oxides

Some metal oxides are volatile, and hence oxidation contin-
ues to take place until total metal is converted to the cor-
responding metal oxide. One such example is oxidation of
molybdenum (Mo).

2Mo +30, ——» 2MoO, (volatile) (Eq. 42)

iv. Porous oxides

The protective or non-protective nature of the oxide film is
determined by a rule known as the Pilling-Bedworth rule.
The ratio of the volume of the oxide formed to the volume
of the metal consumed is called the Pilling-Bedworth ratio.
Accordingly, if the specific volume of the oxide layer is greater
than the volume of the metal, the oxide layer is protective and
non-porous, e.g., Al/ALO,, Cu/CuO, etc. So these metals are
the least susceptible to oxidation corrosion. On the other hand,
if the specific volume of the oxide formed on the surface is less
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than that of metal, the oxide film produced on the metal surface
becomes porous, allowing continuous aeration through pores,
and thereby helps continue the corrosion until all of the metal is
exhausted. In other words, oxide layers are sufficiently stressed
or strained, leading to the formation of cracks and pores, such
as in the case of Li, Na, K, etc.

M+0O, — M,0orMOorMO, (Eq. 43)

These metals are highly susceptible to corrosion. M’* is small
in size and has a tendency to diffuse towards the surface at
fast rate. O* is large in size, and hence inward diffusion of
O* through oxide layer is slow. There are several possibilities
of diffusion of ions:

i. metal ions may migrate outwards

ii. oxide ions may migrate inwards

iii. molecular oxygen may penetrate to the metal/
oxide interface

iv. both processes I and II occur simultaneously.

Thus, the smaller the specific volume, the greater is the rate of
oxidation corrosion. Specific volume of the pore is defined as the
ratio of the volumes of metal oxide to the volume of the metal:

specific volume of pore = volume of metal oxidefvolume of metal (1)

Specific volume of Tungsten (W), chromium (Cr), and Nickel
(Ni) are 3.6, 2.0, and 1.6, respectively. The rate of corrosion is
least in the case of tungsten (W), and thus tungsten is stable
even at high temperatures.

3.1.2 Corrosion by Other Gases

Corrosion also occurs with gases such as chlorine (Cl,), hydro-
gen sulfide (H,S), etc. For instance, silver (Ag) undergoes corro-
sion in presence of Cl, according to the following reaction:

2Ag +Cl, ——» 2AgCl (Eq. 44)
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However, AgCl film is protective, and prevents further attack
of chlorine on silver. Another example is the reaction of tin (Sn)
with chlorine, forming SnCl,, which is volatile and hence accel-
erates the corrosion of tin metal.

Sn+2Cl, —— SnCl, (Eq. 45)

3.1.3 Liquid Metal Corrosion

When a liquid metal is flowing over a solid metal surface
through different temperature zones, there is a possibility that
solid metal gets dissolved in the liquid metal at the high tem-
perature zone, then gets deposited back again at low temper-
ature zone. For example, sodium metal leads to corrosion of
cadmium in nuclear reactors.

3.2 Electrochemical or Aqueous or
Wet Corrosion

When corrosion occurs through the formation of galvanic
cells, the phenomenon is called electrochemical corrosion. To
complete the cell circuit, flow of ions is essential, and hence a
medium called electrolyte is needed, which is mostly moisture
or water. According to the electrochemical theory, the corro-
sion of a metal in aqueous solution is a two-step process, one
involving oxidation and then reduction. It is known that two
metals having different electrode potentials form a galvanic
cell when they are immersed in a conducting solution. The
electromotor force (emf) of the cell is given by the difference
between the electrode potentials of the metals. When the elec-
trodes are joined by a wire, electrons flow from the anode to
the cathode. The oxidation reaction occurs at the anode, where
the metal atoms lose their electrons to the environment and
pass into the solution in the form of positive ions. Thus, there
is a tendency at the anode to destroy the metal by dissolving
it as ions. Hence, corrosion always occurs at anodic areas. The
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electrons released at the anode are conducted to the cathode
and are responsible for various cathodic reactions such as elec-
troplating or deposition of metals, hydrogen evolution, and
oxygen absorption:

i. Electroplating

Metal ions at the cathode collect the electrons and deposit on
the cathode surface:

Cu*+2¢ ——» Cu (Eq. 46)

ii. Liberation of Hydrogen

In an acid solution, in the absence of oxygen, hydrogen ions
accept electrons and hydrogen gas is formed:

2H*+2e —» H, (Eq. 47)

In a neutral or alkaline medium, in the absence of oxygen,
hydrogen gas is liberated with the formation of OH" ions:

2H,0+2e —» H,+20H- (Eq. 48)

iii. Oxygen Absorption

In the presence of dissolved oxygen and in an acid medium,
oxygen absorption reaction takes place:

4H' +0,+4e ——» 2HO (Eq. 49)

In the presence of dissolved oxygen and in a neutral or weakly
alkaline medium, OH" ions are formed.

2HO +0, +4e- —— 40H" (Eq. 50)

The following reactions exemplify some of the anodic and
cathodic reactions that take place during the corrosion of zinc
and iron metals in acidic and basic conditions.
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In acidic medium, zinc corrodes as follows:

Zn ———» Zn?+2e (Eq. 51)

With no oxygen, cathodic reaction is:

2H*+2¢¢ ——» H, (Eq. 52)

With oxygen it is:
O,+4H'+4e —» 2H,0 (Eq. 53)
In aerated neutral and basic conditions, iron corrodes as follows:
Fe ——» Fe*?+2e" (Eq. 54)
0,+2H,0+4ec —— 40H" (Eq. 55)

and the net reaction is:

2Fe +2H,O+0, ——» 2Fe*+40OH- (Eq. 56)

leading to further reactions,

2Fe**+ 4OH" ——» 2Fe(OH), (Eq.57)
2Fe(OH),+ H,O+1% 0, ——» 2Fe(OH), (Eq. 58)

While it is easier to passivate ironat pH values between 10 and 12,
especially via inhibitors adsorbed on iron’s surface, it is difficult
to do so below pH 8.

Thus, the essential requirements of electrochemical corrosion
are formation of anodic and cathodic areas, electrical contact
between the cathodic and anodic parts to enable the conduction
of electrons, and an electrolyte through which the ions can dif-
fuse or migrate, which is usually moisture. When these require-
ments are met, numerous galvanic cells are set up in presence
of a conducting medium like water. Oxidation of metals occurs
at the anode and the metal ions flow towards the cathode.
OH- and O ions are formed at the cathode, these ions move
toward the anode and the product, and as a result, metal oxide
is formed somewhere between the cathode and anode.
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A common general example to electrochemical corrosion is con-
centration cell corrosion, also called differential aeration corro-
sion, which manifests itself in different types of corrosion such
as pitting, crevice, filling, underground soil corrosion, etc. In
this type of corrosion, anodic and cathodic areas may be gen-
erated even in a perfectly homogeneous and pure metal due
to different amounts of oxygen reaching different parts of the
metal and forming oxygen concentration cells. In such circum-
stances, those areas that are exposed to greater amounts of air
become cathodic, while the areas that are little exposed or not
exposed to air become anodic and suffer corrosion.

Hence, an area covered with dirt, which is less accessible to air,
becomes anodic and suffers corrosion. Since the anodic area is
small and the cathodic area is large, corrosion is more concen-
trated at the anode, leading to the formation of a small hole
on the surface of the metal, which is an intense local corrosion
called pitting.

In another example, in a wire fence, areas where the wires cross
are less accessible to air than the rest of the fence, and hence
corrosion takes place at the wire crossings, which are anodic. In
a similar way, iron corrodes under drops of water or salt solu-
tion. Areas covered by droplets, having less access to oxygen,
become anodic with respect to the other areas that are freely
exposed to air.

3.3 Differences between Chemical and
Electrochemical Corrosion

The following are the general differences between dry (chemi-
cal) and wet (electrochemical) corrosion:

1. Chemical corrosion occurs in the dry state; electro-
chemical corrosion occurs in wet conditions in the
presence of moisture or electrolyte.
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. Chemical corrosion involves the direct chemical
attack by the environment; electrochemical corro-
sion involves the setting up of a huge number of
tiny galvanic cells.

. Chemical corrosion follows adsorption mecha-
nism; electrochemical corrosion follows the mech-
anism of electrochemical reactions.

. In chemical corrosion, even a homogenous metal
surface will corrode; while in electrochemical
corrosion, only heterogeneous metal surfaces or
homogenous metal surfaces with bimetallic con-
tact will corrode.

. In chemical corrosion, corrosion products accumu-
late in the same spot where corrosion occurs; while
in electrochemical corrosion, corrosion occurs at
the anode and products gather at the cathode.

. In chemical corrosion, uniform corrosion takes
place; while in electrochemical corrosion, pitting
corrosion is more frequent, especially when the
anode area is small.

. Chemical corrosion is a slow and a uniform pro-
cess; electrochemical corrosion is a fast and non-
uniform process.
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Corrosion Types

In the following chapter, the most common types of corrosion
will be reviewed within two major categories, uniform and
non-uniform or localized corrosion.

4.1 Uniform Corrosion

Uniform corrosion is the most common form of corrosion
and causes the most metal loss, often leaving behind a scale
or deposit; however, it is not deemed very dangerous since it
occurs uniformly over the entire exposed surface of metal, lead-
ing to a certain predictable amount of metal thinning. For exam-
ple, if a zinc plate is immersed in dilute sulfuric acid, the metal
dissolves at the entire surface dipped in sulfuric acid.

Theoretical calculations performed to measure corrosion rate
are based on the assumption that occurring corrosion is uni-
form corrosion, and thus metals exposed to other types of cor-
rosion reveal corrosion long before the predicted time by the
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theoretical calculations. Uniform corrosion rate is calculated
either as the unit weight loss per area per time in mg/dm?/day
or the thickness loss of material per unit of time, which is com-
monly expressed as corrosion penetration rate (CPR) calculated
via the following formula:

CPR = kw/pat (2)
where w is the weight loss after exposure time t
p and a represent the density and exposed specimen area

k is a constant and its magnitude depends on the system of
units used.

CPR s usually expressed in two ways, either in millimeters per
year (mm/yr) or in mils per year (mils/year or mpy). When
expressed in mm/year, the terms given in the formula (2) above
take the following values and units, K =87.6 and w, p, a, and t
are specified in units of mg, g/cm?, cm? and hours, respectively;
when expressed in mils/year or mpy, K = 534 and units are
same as in the case of mm/year, except a is expressed in inch?.

Inasmuch as there is an electric current associated with elec-
trochemical corrosion reactions, corrosion rate can also be
expressed in terms of corrosion current, or, more specifically,
current density, that is, the current per unit surface area of
material corroding, which is designated “i.” Thus, the corro-
sion rate (r) is determined using the following expression in
units of mol/m?.s:

r=i/nF (3)

where n is the number of electrons associated with the ioniza-
tion of each metal atom and F is equal to 96.500 C/mol.

Although electrochemical corrosion involves numerous micro-
scopic galvanic cells, and thus cannot be entirely homogeneous,
encompassing corrosive agents, such as the atmosphere, fresh
water bodies such as lakes or rivers, or saltwater bodies such
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as the sea or soil, may induce corrosion on metallic structures
that are homogenously exposed to these surrounding corrosive
agents, which can be idealized as uniform corrosion, e.g., corro-
sion of iron sheets, tarnishing of silver plates, etc. Thus, atmo-
spheric corrosion, corrosion due to fresh and salt waters, and
underground corrosion will be reviewed in the uniform corro-
sion category as types of electrochemical corrosion, while high
temperature corrosion will be reviewed later in the uniform
corrosion category as a type of dry corrosion.

4.1.1 Atmospheric Corrosion

Atmospheric conditions can vary widely locally. Even geo-
graphical directions are important. For instance, a compact
structure’s east and south sides are less susceptible to corrosion
than west and north, because east and south sides are dried
faster with sun than west and north sides. However, the damag-
ing effect of UV or sun radiations to the paints must also be con-
sidered, especially after getting wet, since the paints on the east
and south sides will be affected more by the sunlight as well.

Salt content of the air increases with increasing altitude, result-
ing in more corrosion, while at low altitudes, forests and
mountains slow down the wind speed, lessening the salt water
content. Winds from the sea carry chloride ions that are usu-
ally very effective a few kilometers inland. In marine environ-
ments, the amount of chloride accumulated on metal surfaces
from air is between 5 to 500 mg/m?/day, while it can exceed
1500 mg/m?/day at the coast, and less than 5 mg/m?/day in
rural inland areas.

Major air pollutant and corrosive sulfur dioxide gas in air
originates from combustion reactions of petroleum and coal,
which both contain sulfur and are very effective within a 3 km
diameter. In urban areas, SO, accumulated on metal surfaces
from air is between 10-80 mg/m?/day, and in industrial areas,
sometimes over 200 mg/m?/day, while in rural areas, it is only
10 mg/m?/day.
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Solid precipitates originated from air that accumulated on the
metal surface such as dust are hygroscopic and constitute an
acidic environment, thus increasing corrosion.

For atmospheric corrosion to occur, an aqueous film of a certain
thickness must be present on the metal surface. For the aqueous
film to reach such thickness, relative humidity of the atmosphere
must reach a critical humidity value. For steel surfaces in indoors,
this critical humidity value is accepted generally as 60%, while
outdoors it is 80%. It is calculated that there is 0.01 g/m? water
present on the metal surface at critical relative humidity values,
which increases up to 1 g/m? water at 100%relative humidity
and up to 100 g/ m? water when covered with rain water. On the
other hand, if the aqueous film on the surface is too thick, cor-
rosion is impeded, since diffusion of oxygen becomes more dif-
ficult. Thus, the thickness of the aqueous layer on the metal
surface that causes the most corrosion is accepted around
150 pm. Thus, a surface that is exposed to wet and dry cycles
or, in other words, that gets wet and dry alternately, is more
susceptible to corrosion than a surface that is always wet, since
solubility of oxygen in water is very low and progress of atmo-
spheric corrosion depends on dissolved oxygen.

The aqueous layer may also contain sulfur dioxide, carbon diox-
ide, and chlorides, which all accelerate corrosion. Corrosion
deposits on the metal surface and high relative humidity values
such as 80% results in all sulfur dioxide (5O,) to bind the metal
surface. Sulfur dioxide first forms sulfur trioxide, anhydride of
sulfuric acid, which produces sulfuric acid in the presence of
water, leading to a decrease in pH below 4.

Temperature increase usually increases corrosion; however, it
also dries the aqueous layer on the metal surface, and thus there
is a temperature when the corrosion is the highest, and reduces
thereafter. Below 0°C, corrosion can usually be omitted.

Atmospheric corrosion rate is the highest when the metal is
first exposed to air, and then it decreases in time. For exam-
ple, 60% of mild steel’s corrosion takes place during the first
year in a service life of 16 years. Thus, it is better if the metal is
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initially cured at an environment that is less corrosive than the
atmosphere, and then it can be placed into the more corrosive
environment, since the protective passive film that forms on the
metal surface in the meantime can protect the metal from corro-
sion when exposed to air.

Steel’s atmospheric corrosion rate varies from 5-10 pm/year
in rural areas, up to 10-30 pm/year in marine environments,
and up to 10-60 pm/year in industrial areas; while for zinc,
it is 0.5-1 pm/year in rural, 0.5-2 pm/year in marine, and
1-10 pm/year in industrial areas; for aluminum, it is less than
0.1 pm/year in rural, 0.4-0.6 pm/year in marine, and 1 pm/year
in industrial areas; and for copper, it is less than 1 pm/year in
rural, 1-2 pm/year in marine, and 1-3 pm/year in industrial
areas, respectively. Thus, steel alloys with copper and nickel as
the alloying elements are resistant to corrosion for long periods
unless chlorides are abundant in the environment. Therefore,
electricity poles made of alloys of steel with copper and nickel
can be carried in open air to far distances without being cor-
roded. Such alloys are also less brittle than carbon steel and
thus are more suitable to be carried such distances.

4,1.2 Corrosion in Water
1. Corrosion in Seawater

In the seawater, salt concentration varies from 32 g/L up to
36 g/Lin tropical waters and away from the coasts. Of this 36 g,
roughly around 20 gisCl, 11 gis Na, 3 g is SO,, 1 gis Mg, 0.5 g is
Ca, 0.5 gis K, and the rest is bicarbonates, bromides, and stron-
tium. Salt concentration (S) of sea is calculated by multiplying a
constant with chloride percentage by weight:

Salt Concentration (g/kg) = 1.80655 x wt.of chlorides
per liter of seawater(gfkg)  (4)

Dissolved oxygen concentration decreases with salt concentra-
tion, and itis 11.0 mg/L at 0°C for 36g/L chloride concentration,
compared to 14.6 mg/L in fresh water. There are differences in



40 CaTtHODIC PROTECTION

terms of aeration and thus in terms of dissolved oxygen con-
centration reaching different parts of a steel structure embed-
ded in the sea. The part of the steel structure over the seawater
is exposed to atmospheric corrosion, which is like a marine
environment with high chloride concentrations. The part at the
sea level is always wetted with the waves and is also called the
“splash zone,” and the corrosion deposits are constantly washed
away and cannot form a protective layer on the metal surface.
The corrosion rate is the highest at this level. Right below the
sea level, structure gets wet and dry, a protective layer can form
promptly, and thus the corrosion rate is relatively low. Inside
the sea in the regions near the sea surface, corrosion rate is also
high, since the structure is always wet and dissolved oxygen
concentration is high. At the lowest level of the structure in the
deeper sea level, the dissolved oxygen concentration is the low-
est, and thus the corrosion rate is the lowest as well.

Seawater's pH is 8 on average; however, it is higher near the
surface of the sea since the plants that live at the surface of the
sea get sunlight and use dissolved carbon dioxide for photosyn-
thesis, thus reducing the pH. At deep waters, due to formation
of carbon dioxide and hydrogen sulfide originating from rot-
ting dead bodies of living organisms, pH is around 7.5.

High conductivity of seawater causes formation of macro cor-
rosion cells in addition to the microcells. Low ohmic resistance
of the electrolyte results in the large ratio of the cathodic area
to anodic area leading to severe pitting corrosion. Secondly,
high chloride concentrations prevent reformation of passive
films on the surfaces of metals that can normally passivate,
e.g., aluminum and iron, making them susceptible to corrosion
in the seawater.

Calcium and magnesium ions present in the seawater can pre-
cipitate on the metal surface, which is accelerated with the for-
mation of hydroxide ions at the cathode, and especially when
cathodic protection is applied. Therefore, while the required
current for cathodic protection is high during the first several
days, less is needed after the formation of the protective layer,
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which consists of 57% calcium carbonate, 19% iron oxides and
hydroxides, 8% silicates, and 16% magnesium hydroxide, cal-
cium sulfate, and others.

In general, temperature increases corrosion rate in seawater as
well; however, since it also leads to quick formation of the pro-
tective layer and decreases the dissolved oxygen concentration,
a peak of maximum corrosion is reached at around 80°C, and
the corrosion rate reduces thereafter.

Some plants and animals that live in the sea adhere to the pro-
tective coating on the metal surface, leading to “fouling effect,”
which reduces the diffusion of oxygen to the metal surface and
at the same time forms an acidic environment due to their rotten
dead bodies, leading to increased corrosion as a result. These
living organisms damage the paint coatings as well, unless the
paint is poisonous.

Mobility of the metallic structures in the sea also affects the cor-
rosion rate; for example, ships in seas with strong waves are
more susceptible to corrosion, as it is clear in the case of applica-
tion of cathodic protection, since the cathodic protection current
need doubles when the ship is in motion, compared to being
anchored at a port.

i1. Corrosion in Fresh Waters

Dissolved oxygen concentration is higher in fresh waters com-
pared to the seawater since it decreases with increasing salt
concentration, and thus it is very dangerous to use pipes made
of steel and copper in cold water or cooling water systems, for
instance. However, dissolved oxygen concentration is rela-
tively very low in closed circulated hot water systems due to
the decreasing dissolved oxygen concentration with increas-
ing temperature; thus it is not appropriate to replace radiator
waters, since it will cause the oxygen to be replenished, and
so oxygen scavengers such as sulfites or hydrazine are used to
totally remove the oxygen. The amount of dissolved oxygen in
distilled water at 0°C is 14.6 mg/L, which decreases down to
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2.8 mg/L 80°C. Therefore, although the corrosion rate doubles
with every 10°C increase in temperature, due to the reduction
in dissolved oxygen concentration, a peak is reached at around
80°C, as it is the case in seawater, and the corrosion rate reduces
thereafter until the temperature reaches 100°C, at which points
water evaporates, resulting in a dissolved oxygen amount of 0,
and aqueous corrosion ceases.

Substantial corrosion takes place for pH values lower than
4 even in the absence of oxygen, since the primary cathodic
reaction at that pH level will be hydrogen reduction.

Corrosion is impeded due to water hardness precipitating on
metal surfaces in the form of calcium carbonate along with the
other corrosion products present at the metal surface at pH val-
ues higher than the saturation pH (pH):

Ca(HCO), ——» CaCO,+H,0+CO,  (Eq.59)

If pH is lower than pH, then the existing calcium carbonate
precipitates may also dissolve back into the solution in the
form of bicarbonates. The difference between both pH values is
called the Langelier index, which is used to determine whether
a protective shell is formed or not:

Langelier index (L) = pH — pHs, )]

while for values of L > 0, CaCO, precipitation occurs; for values
of L <0, it does not.

4.1.3 Underground or Soil Corrosion

Underground corrosion occurs for many reasons, such as gal-
vanic effects, damaged coatings, different degrees of aeration
and oxygen concentration, microorganisms present in the soil,
differences in the nature and content of the soil, moisture con-
tent or humidity of the soil, electrolytes present in the soil and
terrain’s resistivity, redox potential of the terrain, acidity and
pH of the soil, stray currents, and interference effects.
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For aqueous, electrochemical, or wet corrosion to occur, a suf-
ficient amount of dissolved oxygen is required, in addition to
the electrolytic medium, which is regularly 8 ppm or 5.6 ml/L
in water. Although it is easier for dissolved oxygen and water to
reach the embedded metal structures in soils with large grains
and gravels, it is difficult in soils with clay. Regions with less
oxygen become the anode, and with more oxygen, become the
cathode. As a result, in the case of buried pipelines and cables
passing from one type of soil to another, the part of the pipeline
that passes through the soil with clay, for instance, acts as the
anode, while the part that passes through the soil with sand
or sand with large grains and gravels, for instance, acts as the
cathode due to differential aeration. When part of a pipeline is
replaced with a new one, the new one becomes anode and the
old one becomes the cathode, initiating corrosion due to poten-
tial difference between the two. Additionally, clay particles that
adhere to pipelines cause potential difference and cause cor-
rosion as well. Also, oxygen diffusion is greater in filled lands
containing numerous air pockets than in natural ones, bring-
ing about severe corrosion due to differential aeration. Another
example is when there are different structures above the pipe-
line on the ground, e.g., asphalt vs. open ground, which results
in the pipeline under the less permeable asphalt to become
anode due to having less access to oxygen, and the surround-
ings become the cathode. Further, in wells, the region of the
pipe embedded in water becomes the anode, since there is less
oxygen in water and the part of the pipe right above the water
that is in contact with air becomes the cathode.

In the presence of excess pesticides, germicides, or a large
amount of organic matter, metals form soluble complexes,
resulting in sufficient concentration difference of metal ions,
resulting in several concentration cells, leading to severe soil
corrosion. In water-logged areas, anaerobic bacteria becomes
active, causing severe deterioration of soil in that area.

Soils that have low resistivity have high corrosivity. Low
resistivity of the soil is due to the presence of moisture and
dissolved electrolytes. These two factors promote corrosion.
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Humidity is required for underground corrosion to occur,
forming the electrolytic medium. In soils with mostly sand and
gravel, water drains well, while in soils with clay, soil remains
wet for long periods. Ground resistivity decreases with increas-
ing soil humidity up to 20%-30% of the relative humidity, and
remains constant afterwards. Ground resistivity decreases with
temperature as well, while it increases substantially below 0°C.
Ground resistivity also depends on the soil type, e.g., percent-
ages of clay and silt, and on the dissolved ions present in the
soil. Consequently, if ground resistivity is less than 1000 ohm.
cm, it is considered very conductive and corrosive; if between
1000 and 3000 ohm.cm, it is accepted as corrosive, if between
3000 and 10000 ohm.cm, it is medium corrosive, and if above
10000 ohm.cm, it is considered only slightly corrosive. Werner's
four electrode method is a common way to measure the resis-
tivity of soils at the surface of the earth.

Regularly pH of soil is between 5 and 8, and does not have any
effect on the corrosion leaving effect of the oxygen concentra-
tion as the primary determinant of corrosion. However, if pH
of the soil is less than 5, which happens usually due to rotting
organic materials or acid rains, numerous concentration cells
cause corrosion, and protective coating of corrosion deposits or
CaCQ, cannot form on the metal surface.

Redox potential also gives an idea about corrosion. Terrain
potentials lower than 100 mV indicate severely corrosive envi-
ronments, while potential values between 100-200 mV indicate
corrosive environments, values between 200-400 mV indicate
mildly corrosive environments, and values higher than 400 mV
indicate only slightly corrosive environments. Redox potential
is usually measured using platinum electrodes and a pH-meter.
A platinum electrode is placed in the environment and the
potential difference with that of another reference electrode is
measured and inserted into the following formula:

Evior = Epy + Eyp+ 60 (pH-7) ©®)

E, is the potential of platinum electrode, and E_; is the poten-
tial of reference electrode with respect to standard hydrogen
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electrode (SHE), e.g., for saturated Cu/CuSQO, electrode (CSE),
it is 316 mV compared to SHE.

Steel structures placed underground are usually expected to
have a service life of 50 to 100 years; however, if environmental
factors result in corrosive factors, this may lead the service life
to be less than 50 years, and preventive measures have to be
taken. If the anode and cathode are near one another and if the
pH of the soil is higher than 5, the corrosion products are settled
at the metal surface in the form of rust, leading to a reduction
in the corrosion rate in time. However, especially in the case
of pipelines buried underground, anode and cathode may be
very far away from one another, and since the oxidized metal
ions move towards the cathode, and hydroxide ions form at
the cathode move towards the anode, rust forms somewhere in
between, away from both the anode and the cathode, and thus
the layer of corrosion products cannot protect the metal surface.

It is usually not economical to change the properties of the
soil to prevent corrosion; however, sometimes pipelines are
embedded in clean sands covered with ditches or they are
coated with protective coatings, but most commonly, cathodic
protection is implemented.

4.1.4 High Temperature Corrosion

High temperature corrosion is a type of dry corrosion. Oxidation
of metals and alloys at high temperatures is one of the funda-
mental problems in energy production technology, as it is in
gas turbines. As a result of oxidations at high temperatures,
eutectic mixtures of low melting points can also form between
the different oxides of the metals as they occur in the case of hot
vapor turbines.

Oxides generally are semiconductors. ZnO, for instance, is less
protective when Zn*? ions are replaced with Al*, since Al*® will
donate the extra electron it has to the ZnO film, making it an
n-type semiconductor, while it will be more protective when Zn*
ions are replaced with Li*. Spinel oxides have less conductivity,
such as dark red FeO.Al,O,, which has 18% Al and is used instead

273
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of chromium steels at low temperatures, because at high tempera-
tures, less noble element in the alloy oxidizes at the surface, leav-
ing the nobler metal behind, making the alloy rich in the nobler
element. Thus, if nickel is alloyed with gold, for instance, gold
forms a protective coating at the surface at high temperatures.

In petroleum refining, lighter products separate during the refin-
ing process, which leads to an increase in the concentration of sul-
fur and vanadium, creating problems that surface during energy
production. Vanadium compounds that have low melting points
lead most alloys to be able to be used only for a few months unless
Co-Cr alloys are used as structural materials. Another prevention
method is increasing the melting points of vanadium compounds
with the addition of calcium and magnesium compounds. On the
other hand, extracting vanadium from within the system is an
expensive method. Sulfates and pyrosulfates also lead to the for-
mation of low melting point compounds; however, calcium and
magnesium compounds bind 90% of the sulfur.

Melted salts increase conductivity, and presence of oxidizing
and reducing agents prevent polarization, which both acceler-
ate corrosion at high temperature environments.

Nonmetals such as concrete easily break during freezing and
melting, especially if there are salt and acidic anhydrides such
as carbon dioxide and sulfur dioxide present in the environ-
ment. Acidic anhydrides become acids with rain waters and
become even more concentrated due to the presence of bacteria,
which are the primary cause of wooden materials to break apart.
Polymers and plastics can also break due to UV light, ozone, sol-
vents, and vapors. Use of carbon black pigment can prevent the
UV damage, and it is used for that purpose in automobile tires.

4.2 Non-Uniform Corrosion

Non-uniform corrosion or localized corrosive attack is a type of
electrochemical corrosion. There are many types of non-uniform
corrosion that occur, primarily depending on the type of the
metal and the characteristics of the corrosive environment.
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4.2.1 Galvanic Corrosion

Galvanic corrosion is a common type of corrosion that occurs
when two metals or alloys with different compositions are elec-
trically coupled while exposed to an electrolyte, e.g., a regu-
lar atmosphere that leads to the formation of aqueous layers
on metal surfaces. Electrical coupling occurs when two metals
are immersed in an electrically conducting solution and are in
contact through an electrical connection, resulting in the flow
of electrons due to formation of a potential difference. The less
noble or more reactive metal in the particular environment that
has a more negative electrode potential becomes the anode,
and thus goes into solution or corrodes, as in the case of steel
pipes that are connected to copper plumbing. Similarly, steel
components in the vicinity of a junction of copper and steel tub-
ing also corrode in a domestic water heater. Another example
of galvanic corrosion is when an aqueous solution of a more
noble metal flows over an active metal. For instance, if waters
flow over a copper metal, then over steel, copper ions that are
dissolved will cause corrosion of iron, even if they are in very
small concentrations. Other examples of galvanic corrosion are
aluminum-copper and mild steel-stainless steel connections in
marine environments.

In corrosion cells, metals are never in an equilibrium state with
their ions; thus, it is more suitable to use galvanic series that
list electrode potentials in seawater, rather than standard elec-
trode potentials indicating the relative reactivities of a number
of metals and alloys. When two alloys are coupled in seawater,
the one lower in the series will experience corrosion. Some of
the alloys in the series are grouped in brackets. Generally, the
base metal is the same for these bracketed alloys, and there is
little danger of corrosion if alloys within a single bracket are
coupled. Additionally, some alloys are listed twice in the series,
such as nickel and the stainless steels in both their active and
passive states.

Corrosion rate in a galvanic cell depends on the difference
between the potentials of the anode and the cathode, which
reduces by time due to polarization. Other factors affecting
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galvanic corrosion rate are the conductivity of the electrolyte
and the area ratio between the cathode and the anode. A more
conductive electrolyte causes galvanic corrosion to occur in a
larger area, resulting in less damage, while an electrolyte that
has low conductivity leads to severe corrosion, where two
metals connect to one another. Also, if cathodic to anodic area
ratio is high, anodic current density increases substantially,
leading to severe corrosion in a small area. For this reason,
corrosion rate depends on current density, that is, the current
per unit area of corroding surface, and not simply the current.
Thus, a high current density results for the anode when its
area is small relative to that of the cathode. Such an example is
when a copper riveted steel plaque and a steel riveted copper
plaque are placed in seawater. Steel riveted copper plaques
corrode very fast due to the large area of copper cathode,
indicating that it would be more effective to paint over the
cathodic areas when such metals are in contact. A number of
measures may be taken to significantly reduce the effects of
galvanic corrosion:

1. Avoiding galvanic couples, especially if these met-
als are further apart in the galvanic series.

2. If coupling of dissimilar metals is necessary, metals
that are close together in the galvanic series should
be chosen and the cathodic/anodic area ratio must
below.

3. During the design, easier replacement of the anodic
material must be predicted and planned, or the
thickness of the anodic material must be increased.

4. Connections between metals must be insulated
with insulated flanges, and metal surfaces must be
insulated with paints or coatings.

5. A third, more anodic metal can be electrically
connected to the other two, leading to a form of
cathodic protection.

6. If the system is a closed system, inhibitors should
be used.
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4.2.2 Crevice Corrosion

Crevice corrosion occurs when metals are in contact with non-
metallic substances like wood, plastic, rubber, etc., resulting in
presence of a crevice in between. Diffusion of the electrolytes
to the crevice is difficult and slow, which leads to a concentra-
tion differential inside the crevice with that of outside in terms
of oxygen concentration. Inside the crevice, oxygen concentra-
tion is low, since it is consumed by corrosion reactions, while
it is abundant on the outside. Thus, the metal in contact with
oxygen-rich solution at the outside acts as cathode, and the metal
that is in contact with the solution within the crevice having little
or no oxygen acts as anode. Since the metal inside the crevice
corrodes as the anode, areas around the crevice do not corrode.

The crevice, such as one between different metallic objects, e.g.,
bolts, nuts, and rivets, that is in contact with liquids must be
wide enough for the solution to penetrate, yet narrow enough
for stagnancy; usually, the width is several thousandths of an
inch. A common example is a scarcely aerated hatched portion
of the riveted joint becoming anode being susceptible to corro-
sion, whereas the free part becomes cathode and is protected.

After oxygen has been depleted within the crevice, oxidation
of the metal occurs. Electrons produced by the oxidation of
the metal are conducted through the metal to adjacent exter-
nal regions, where they are consumed by the reduction reac-
tions, primarily reduction of oxygen. In time, the electrolyte
inside the crevice becomes rich in Fe*? ions, since it is a stagnant
solution, and this attracts the Cl- ions from the surroundings
to inside the crevice to create an electrochemical balance. Iron
chloride (FeCl,) easily hydrolyzes to iron hydroxide [Fe(OH),]
precipitate and hydrochloric acid (HCI). Consequently, crevice
corrosion becomes an autocatalytic reaction, leading to a critical
corrosion state, with up to 10 times more chloride concentration
and pH values falling down to 2-3. Many metals and alloys that
can passivate well or the ones that can precipitate in the form of
hydroxides, such as nuts made of 18-8 stainless steels, are more
sensitive to crevice corrosion because their protective films are
often destroyed by the H* and Cl- ions.
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Fe —» Fe?+2e (Eq. 60)
Fe*?+2CI- —— FeCl, (Eq. 61)
FeCl,+ 2HO ——» Fe(OH),+2H*+2Cl"  (Eq.62)

Chloride ions have an accelerating effect in crevice corrosion;
thus, in environments with no chlorides present, crevice cor-
rosion may occur after a longer time, such as a year. Crevice
corrosion is also promoted by changes in the pH of the water,
as well as presence of other aggressive anions similar to Cl" in
the stagnant solution in the crevices. Following measures can
be taken to prevent crevice corrosion:

1. Welding should be preferred instead of nuts or riv-
ets, e.g., using welded instead of riveted or bolted
joints.

2. Nonabsorbing gaskets should be used when
possible.

3. Areas where metal plaques meet must be insulated
with welding.

4. During the design, containers or containment ves-
sels that may contain liquids must be designed to
avoid stagnant areas and ensure complete drain-
age, and thus no corners must remain that cannot
be cleaned and washed.

5. Such containers must also be checked regularly to
ensure there are no precipitates or accumulations
of deposits.

6. Materials that can stay wet, such as wood or plas-
tics, must not be in contact with the metals.

4.2.3 Pitting Corrosion

In pitting corrosion, a small area of the metal surface is
affected and formation of cavities takes place, while the
remainder of the surface remains unaffected. The formation
of cavities or pits usually occurs due to a localized surface
defect, e.g., breakdown or cracking of the protective film due
to a scratch, for instance. The surface diameter of the pits is
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more or less same as that of their depth. They ordinarily pen-
etrate from the top of a horizontal surface downward in a
nearly vertical direction. It is supposed that gravity causes the
pits to grow downward and the solution at the tip becomes
more concentrated and dense as the pit growth progresses.
Therefore, pitting corrosion is concentrated on narrow gaps
in static solutions caused primarily by Cl~and Br™ ions in neu-
tral conditions. It is replaced by uniform corrosion in lower
pH values.

Metal loss is very small in pitting corrosion, but materials can
be punctured due to cavities or pits growing very fast, leading
to holes in the metal, resulting in leakage of fluids that causes
mechanical failures; thus, it is an extremely insidious and dan-
gerous type of corrosion. It often goes undetected due to the
small size of the pits, which are also commonly covered with
corrosion products.

All metals or alloys that have passivation properties are as sen-
sitive to pitting corrosion as they are to crevice corrosion, such
as aluminum alloys and stainless steels. Even mild steel is more
resistant to pitting corrosion than stainless steels; however,
alloying stainless steels with about 2% molybdenum enhances
their resistance significantly.

The extent of pitting corrosion cannot be predicted by weight
loss measurements; thus, it is measured by the number of pits
and the average pit depth, or the pitting factor. Pitting factor
is calculated as the maximum pit depth, which is the average
depth of the five biggest pits that are calculated statistically
based on probability calculations divided by the average thick-
ness loss that is calculated from the weight loss measurements
that take into account only uniform corrosion.

maximum pit depth
(average depth of five biggest pits) @)
average thickness loss

pitting factor =

The mechanism for pitting is probably the same as for crevice
corrosion, in that oxidation of metal occurs in a narrow area
within the pititself, constituting theanode, with complementary
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reduction at a large area around the pit at the surface, constitut-
ing the cathode. Produced metal ions attract chloride ions from
the surroundings, increasing the hydrogen ion concentrations
inside the pit and lowering the pH, while oxygen gas is reduced
at the surroundings of the pit, constituting the cathodic reac-
tion. In time, the pit’s mouth is covered with corrosion prod-
ucts, preventing chloride ions to move into the pit, resulting
in a decrease in the corrosion rate. Thus, pitting corrosion can
only occur in stagnant solutions, such as in pipelines and stor-
age tanks at locations where flow rate or fluid motion is slow.

An example of pitting corrosion happens in the case of a water
droplet resting on a metal surface. The metal surface that is cov-
ered by the droplet acts as the anode due to less access to oxy-
gen, and suffers corrosion. The metal surface that is uncovered
acts as the cathode, due to high oxygen concentration. As the
anodic area is small compared to the cathodic area, more and
more metal is removed at the same spot. Thus, a small hole is
formed on the surface of the metal, leading to pitting corrosion.

Presence of impurities on the surface of a metal also leads to
pitting corrosion. In fact, it has been observed that specimens
having polished surfaces display a greater resistance to pitting
corrosion. In such cases, the metal underneath the impurity, like
scales, act as an anode, and the surroundings become the cath-
ode due to different oxygen concentrations.

Using sufficient amount of inhibitors and cathodic protection
are useful methods to prevent pitting corrosion; however, insuf-
ficient inhibitor dosage would lead to a higher ratio of cathodic
surface area to anodic surface area, resulting in more cathodic
currents concentrating in a small anodic surface area, leading to
more severe corrosion.

424 Selective Leaching or Selective Corrosion

Selective leaching occurs in solid solution alloys when one ele-
ment or constituent is preferentially removed as a consequence
of corrosion processes, resulting in the loss of luster and sur-
face texture. The most common example is the dezincification
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of brass, in which zinc is selectively leached from the brass
alloy that has 70% copper and 30% zinc. The mechanical prop-
erties of the alloy are significantly impaired, since only a porous
mass of copper remains in the region that has been dezincified.
Additionally, the material changes color from yellow to cop-
per red. Brass’s resistance to selective corrosion decreases with
increasing zinc percentage in the alloy. The best composition
would be when the zinc percentage is less than 15%, along with
1% of tin anad trace amounts of arsenic, antimony, or phospho-
rus as inhibitors. Further, stagnant solution conditions are more
suitable for selective corrosion to occur. Selective corrosion does
not require the presence of oxygen; copper and zinc corrode
first, and while zinc ions stay in solution, copper ions reduce
cathodically and deposit back onto the metal, leading to the
formation of a porous structure. Another example of selective
leaching is graphitization, which occurs in gray cast iron, where
2% to 4% carbon in the alloy becomes cathode and iron becomes
the anode, resulting in iron leaching away, leaving graphite car-
bon behind in the structure. The same does not occur in white
cast iron, since carbon is not free in the structure as it is in gray
cast iron. Selective leaching may also occur in other alloy sys-
tems in which aluminum, iron, cobalt, chromium, and other
elements are vulnerable to preferential removal.

4.2.5 Filiform Corrosion

Filiform corrosion occurs in the metals such as aluminum,
steel, zinc, etc. that are commonly coated with paint or rubber.
Filiform corrosion usually progresses in the form of an irregular
shaped line. Its initiation point is blue-green in color, whereas
the filaments are brown. Filiform corrosion is a surface phe-
nomenon, and does not affect the strength of the metal. The
most important factor causing filiform corrosion is the relative
humidity of the atmosphere. At or above 90% relative humidity,
filiform corrosion rate increases substantially.

Filiform corrosion can be considered a type of crevice corrosion,
since it occurs underneath the paint or another coating at the
metal surface. Corrosion initiates at a weak point of the coating,
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where oxygen and water can enter. At this point, oxygen con-
centration is the maximum, while it becomes less and less con-
centrated along the path corrosion proceeds. As a result of the
corrosion, metal hydroxides and hydrogen ions form, and thus
the terminal point of corrosion underneath the coating, the fur-
thest location from the weak point of the coating, where oxygen
does enter, becomes the best environment for corrosion to pro-
ceed even further, due to low oxygen concentration and low
pH. Filiform corrosion is prevented if the coating or paint is
waterproof and strong.

4.2.6 Erosion Corrosion

The term erosion corrosion is a combined action of mechanical
abrasion and wear on the surface of metal as a consequence of
fluid motion and corrosion. Erosion corrosion can usually be
identified by surface grooves, troughs, and waves with contours
that are characteristic of the flow of the fluid. As the main reason
for this type of corrosion is due to turbulent flow of the liquid, it
is also called as turbulence corrosion. Also, a solution is more ero-
sive when bubbles and suspended particulate solids are present.

At first, a corrosion product is formed, e.g., the protective oxide
layer of the metal, which erodes away especially due to abrasive
action caused by the turbulent fluid movement of corrosive flu-
ids at high velocities along with particle impingement, leaving
an exposed bare metal surface. In other words, first, the oxide
film or film of corrosion products breaks or deteriorates mechan-
ically due to abrasion or due to flow of liquid or gas, followed
by the chemical or electrochemical corrosion process that begins
under conditions of corrosive medium, leading to formation of
pits in the direction of flow of the liquid or gas at the metal sur-
face. The turbulence effect of the flowing liquid that yields ero-
sion corrosion is usually due to a pit that was previously formed
on the metal surface due to regular corrosion processes.

The nature of metallic surface, nature of the fluid, flow rate,
and turbulent flow conditions are the major factors. Although
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faster flow rate translates to more economy, erosion corrosion
also increases with increasing flow rates. Thus, the speed is usu-
ally not increased beyond 1.2 m/s in steel pipes and 1.5 m/s in
copper pipes, and stays between 7.5 m/s to 9.0 m/s in stain-
less steel pipes. When the flow rates are increases beyond these
levels, such as up to 2.5 m/s to 3.0 m/s in regular steel pipes,
the turbulence effect increases, and countercurrents form. One
solution here can be using a wider pipe.

Another trade-off is at the pipe thickness. Erosion corrosion
occurs in heat exchangers even in the case of liquids that are not
corrosive, since thicker pipes are preferred, which translates to
25% less inner surface area for the pipe, leading to an increase in
the flow rate. Thus, in such cases, usually pipes made of alumi-
num and nickel alloys of copper, e.g., 90-10 copper-nickel alloy
pipes, are used instead of steel pipes, which allow the flow rate
to be increased up to 3 m/s carrying seawater. Using iron as an
alloying element in trace amounts also helps the formation of
iron oxide film that is resistant toward seawater.

Most metals and their alloys are susceptible to erosion corro-
sion, especially alloys that passivate by forming a protective
surface film. Additionally, relatively soft metals such as copper
and lead are more susceptible to erosion corrosion in compari-
son to stainless steel, aluminum, and other metals that passiv-
ate. If the coating composed of corrosion products is not capable
of continuous and rapid reformation, erosion corrosion may be
severe. Erosion corrosion mainly occurs in equipment with fast
flowing liquids such as in the case of pipelines, especially at
bends and elbows, at locations where there are abrupt changes
in pipe diameter, positions where the fluid changes direction or
flow suddenly becomes turbulent, and also in turbine blades,
pumps, propellers, valves, centrifuges, mixers, heat exchang-
ers, condensers, ducts, turbine equipment, etc. Measures that
can be taken to prevent erosion corrosion are:

1. Choosing a structural material that is resistant to
wears and erosion corrosion.
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2. Changing the design of the component to elimi-
nate fluid turbulence and impingement effects.

. Providing barrier wear resistant coatings.

. Using wider pipes, reducing the flow rate.

. Strengthening regions, e.g., valves, that are sus-
ceptible to erosion corrosion by increasing metal
thickness.

6. Removing the particulates and bubbles by pre-
cipitating solid particles that are present in the
solution.

7. Reducing temperature.

8. Cathodic protection.

U1 = W

4,2.7 Cavitation Corrosion

Cavitation corrosion is a type of erosion corrosion commonly
occurs in hydraulic turbines, ship propellers, etc. When the
flowing liquid contains gas or vapor, this pressurized gas
explodes at obstacles on the metal surface when in contact and
results in damage. The mechanism is such that while flowing
very fast, at some locations, pressure becomes low, creating a
vacuum effect, causing water to evaporate forming vapor or
allowing the dissolved gases in the liquid to separate, which
explode at rough locations at the metal surface, leading to
formation of pits. In other words, these tiny bubbles deflate
at locations where flow rate is reduced, such as nearby rough
areas at the metal surface, creating a vacuum effect at the metal
surface forming pits.

There is also corrosion with cavitations, which is different than
the cavitation corrosion. Corrosion with cavitations occurs very
commonly, and can be prevented by administering inhibitors
or cathodic protection, while cavitation corrosion can only be
prevented during the designing stage.

4,2,.8 Abrasion Corrosion

Abrasion corrosion occurs in metals that vibrate under a load,
and also in metals that are in contact that move relatively to
one another, even if the friction motion of vibration is as small
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as 10 cm. It is common to have abrasion corrosion together
with fatigue as in the case of metal implantations placed in
the human body for medical reasons. Relative motion of two
surfaces in opposite directions results in the removal of the
protective metal oxide film, exposing the bare metal surface
to corrosive agents. When galvanized materials’ surfaces are
worn away, they corrode fast; thus, they must be stored sepa-
rately and ventilated well. They should be also lubricated and
fixed not to move. Further, relative motion of two surfaces in
abrasion corrosion leads to small metal pieces separating from
the metal due to mechanical friction, and these pieces get oxi-
dized easily. Aluminum alloys are usually very sensitive
to abrasion corrosion; thus, they are first lubricated and then
loaded to ships. Compressors, automobiles, railway transpor-
tation, etc. are commonly protected against abrasion corrosion
via lubrication as well.

4.2.9 Stress Corrosion

Stress corrosion, also commonly called stress corrosion crack-
ing (SCC), results from the combined action of mechanical
stress, such as static or applied tensile stress, and a corrosive
environment. Stress may result from applied forces during
manufacture, fabrication, heat treatment, etc., or locked-in
residual stress. Metal components are subjected to unevenly
distributed stresses during the manufacturing process. Further,
various treatments of metals and alloys such as cold working
or quenching, bending, and pressing introduce uneven stress.
The electrode potential thus varies from one point to another.
Therefore, corrosion takes place so as to minimize the stress.
Areas under great stress act as the anode, while areas not under
stress act as the cathode.

Some materials that are virtually inert in a particular corrosive
medium become susceptible to this form of corrosion when a
stress is applied, since while normally corrosion products can
form a protective coating on the metal surface to prevent further
corrosion, they cannot while under stress. Small cracks form
and then propagate in a direction perpendicular to the stress,
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eventually leading to a mechanical failure. Failure behavior
is characteristic of that for a brittle material, even though the
metal alloy is intrinsically ductile. Furthermore, cracks may
form at relatively low stress levels, significantly below the ten-
sile strength. The stress that produces stress corrosion cracking
need not be externally applied; it may be a residual one that
results from rapid temperature changes and uneven contrac-
tion, or for two-phase alloys in which each phase has a differ-
ent coefficient of expansion. Also, gaseous and solid corrosion
products that are entrapped internally can give rise to internal
stresses. This type of corrosion leads to either intergranular
or transgranular cracks in the metal. The intergranular crack-
ing proceeds along grain boundaries, whereas transgranular
cracking proceeds along individual grains. The metallic surface
remains virtually unattacked in this type of corrosion, while fine
cracks that have extensive branching gradually increase inside.
Stress corrosion cracks are usually more pronounced in special
corrosive conditions in which corrosion products are dissolved
and the preventive layer is not reformed.

Pitting corrosion and intergranular corrosion increase the
stress, causing stress corrosion cracking as a result. Corrosion of
head and point portions of a nail indicates that they have been
acting as anode to the middle portion. Actually, the head and
the point portions were put under stress during the manufac-
ture. In the case of iron-wire hammered at the middle, corrosion
takes place at the hammered part, and results in breaking of the
wire into two pieces.

Most alloys are susceptible to stress corrosion in specific envi-
ronments, especially at moderate stress levels. For instance,
carbon steel is susceptible in strong alkaline solutions and
when nitrates are present in the environment, most stain-
less steels are susceptible in solutions containing chloride
ions, and brass such as brass equipment used for agriculture
are susceptible in nitrate solutions and in ammonia. Regular
steels get sensitive to stress corrosion cracking as their car-
bon content gets lower than 0.1%. Also, some structures in
which high strength cast alloys are used are susceptible to
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stress corrosion unless the environment is away from the sea.
Specially designed steels are sensitive to stress corrosion crack-
ing due to dissolved oxygen above 300°C. Regular steels are
exposed to stress corrosion cracking due to hydroxides such
as NaOH and KOH and H,S over 100°C, while high strength
low alloys of steel are susceptible to stress corrosion cracking
due to H,S over 20°C.

At high temperatures, even very low concentrations of chlo-
rides can cause stress corrosion cracking in austenitic steels,
while they are more resistant if their nickel content is above 10%.
Additions of even small amounts of molybdenum, nitrogen, and
silicon increase their resistance against stress corrosion cracking.
Austenitic steels get sensitive to stress corrosion cracking due
to precipitation of chromium carbide at grain boundaries, or in
other words, intergranular corrosion. The same is observed for
steels in nitrates and over 75°C.

Ferritic steels that have 18% to 20% chromium content are resis-
tant to stress corrosion cracking, while their nickel and copper
content lessen their resistance. In the absence of nickel, ferritic
steels are very resistant to stress corrosion cracking.

Even small amounts of water at room temperatures may cause
hydrogen embrittlement in martensitic steels leading to stress
corrosion cracking, which is more pronounced (likely to occur)
in the case of specially designed martensitic steels.

Aluminum alloys that have many alloying elements such as
copper, magnesium, silicon, and zinc are susceptible to stress
corrosion cracking via intergranular corrosion at corrosive envi-
ronments coupled with high stress. In general, high strength
aluminum alloys are susceptible to stress corrosion cracking
due to chlorides and at temperatures above 20°C. Specifically,
high strength aluminum alloys that are contact with seawa-
ter are susceptible to stress corrosion cracking. Since ships are
wanted to be constructed light, high strength aluminum-silicon
alloys are used; however, these alloys are not resistant to stress
corrosion, especially in icy and cold waters. Therefore, medium
strength alloys usually are more suitable.
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Titanium and zirconium alloys are susceptible to stress cor-
rosion cracking due to melted chloride salts at temperatures
above the melting point of such salts. Titanium alloys are sus-
ceptible to stress corrosion cracking due to liquid N,O, at tem-
peratures over 50°C.

Copper alloys are susceptible to stress corrosion cracking
due to ammonia and humidity at temperatures over 20°C,
and their resistance even lessens with addition of alloying
elements such as arsenic, phosphorous, antimony, and sili-
con. Phosphated pure copper is usually considered resistant
to stress corrosion cracking, but not immune to intergranular
corrosion. Both copper and zinc are susceptible to corrosion
in ammonia solution, since ammonia dissolves out Cu and Zn
as [Cu(NH,),]** and [Zn(NH,),]*, respectively, creating tensile
stress on the metal surface.

Pure magnesium is resistant to stress corrosion cracking, while
its alloys containing more than 1.5% aluminum, especially if
exposed to temperatures between 50°C and 200°C for long peri-
ods, are sensitive mostly due to precipitation of AL Mg, at grain
boundaries.

Pure nickel is resistant to stress corrosion cracking even in chlo-
ride solutions, as it is against halogens that are not oxidizers,
while acidic chlorides of iron, copper, and mercury cause severe
corrosion. Certain nickel alloys may be susceptible to stress cor-
rosion cracking due to intergranular corrosion in high tempera-
ture aqueous solutions.

One of the ways to prevent stress corrosion cracking is to reduce
the magnitude of the stress via heat treatments to anneal out
any residual thermal stresses and /or via reducing loads, which
can be done either by reducing the external load or increasing
the cross-sectional area perpendicular to the applied stress.
Materials can be made more resistant to the tensile stress via
annealing such as keeping brass at 300°C for 1 hour or anneal-
ing stainless steel at 500°C. For low carbon steels, this operation
is done between 595°C and 650°C, while for austenitic steels it is
done between 815°C and 930°C. Another prevention technique
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is to employ phosphates, such as inorganic or organic inhibitors,
to prevent corrosion in amounts just needed, because exceed-
ing amounts may lead to pitting and other types of corrosion.
Additionally, coating the metal is also an effective method of
prevention. When none of these can be done, alloys susceptible
to stress corrosion cracking are replaced with the resistant ones,
e.g., 304 type stainless steel with nickel-rich inconel alloy. Also,
carbon steels, low carbon steels, and decarburized steels, which
are less expensive, are more resistant to stress corrosion crack-
ing than stainless steels, which is contrary to their resistance
towards uniform corrosion, in which stainless steels are more
resistant. Thus, heat transfer units or heat exchangers that are
in contact with seawater are usually made of carbon steel to
prevent stress corrosion cracking. Cathodic protection is also an
effective method; however, if stress corrosion cracking is due to
hydrogen embrittlement, then applied cathodic current would
only increase corrosion.

4.2.10 Intergranular Corrosion

Metals solidify in the forms of grains consisting of crystalline
units, e.g., iron has a cubic centered unit crystalline structure,
while austenitic steels have face centered unit cubic structure.
Boundaries of these grains meet the surface at different places
and become active under certain conditions, resulting in local-
ized corrosion attacks. Additionally, crystalline structure is
irregular between grains at grain boundaries, and thus is more
susceptible to corrosion. Intergranular corrosion occurs prefer-
entially along these grain boundaries. The net result is that a
macroscopic specimen disintegrates along its grain boundaries,
leading to a reduction in the mechanical strength of the metal.
In some cases, the metal converts to powder, due to disintegra-
tion into separate grains.

Impurities usually accumulate at grain boundaries, such as
a little amount of iron in aluminum. Iron dissolves very little
in aluminum and thus accumulates at the grain boundaries,
constituting an irregularity. As accumulation of impurities at
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grain boundaries causes intergranular corrosion, sometimes
their absence also does, e.g., absence of chromium, which is the
major alloying element in steel, at grain boundaries results in
corrosion, since chromium protects steel from corrosion when
its percentage is 12% or above in the alloy. Another example is
18-8 steel, which regularly has 0.2% carbon that can be reduced
down to 0.08% with easy procedures; however, specific meth-
ods are required for more purification. When 18-8 steel contain-
ing Cr and Ni is heated to between 500 and 800°C and especially
at 650°C, chromium reacts with carbon, which is the other alloy-
ing element in steel when in amounts more than 0.02%, forming
C,,C,, which is not soluble in steel and thus accumulates at the
grain boundaries, resulting in lower chromium concentration
at grain boundaries compared to the bulk. Thus, regions where
Cr,,C, precipitate become anodic and are vulnerable to corro-
sion. This process in stainless steel is known as sensitization
and the phenomenon is known as intergranular corrosion. The
same phenomenon occurs in 304 stainless steels as well, since
they contain 0.06% to 0.08% of carbon. Although chromium in
the bulk of the alloy moves to the grain boundaries where it is
less in concentration in the solid solution, this motion is very
slow and cannot prevent the corrosion. Intergranular corrosion
is the reason why stainless steels cannot be welded unless the
welded steel material is not too thick and the welding duration
is short, since then material cools rapidly, not allowing chro-
mium carbide sufficient time to form. For the same reason, if
stainless steels are to be welded, electricity welding would be
more appropriate. This type of failure is commonly known as
weld-decay.

Intergranular corrosion is also observed in many non-ferrous
metals, e.g., in precipitation hardened duralumin consisting of
Al and Cu. Stainless steels may be protected from intergranular
corrosion by the following measures:

1. Subjecting the sensitized material to a high-
temperature heat treatment in which all the chro-
mium carbide particles are re-dissolved. For this
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reasons, steel is heated up to 1100°C then cooled
rapidly in water or in appropriate oil. At such high
temperatures, chromium carbide is in the solid
solution, and thus it can be homogenously distrib-
uted in the alloy.

2. Alloying the stainless steel with other metals
such as titanium, niobium, or columbium that
have greater tendencies to form carbides than
does chromium so that the Cr remains in solid
solution, as in the case of 321 and 347 steel alloys.
The carbides of these alloying elements, however,
melt at higher temperatures than chromium car-
bide, and thus may accumulate at grain bound-
aries in the form of a long line at both sides of
welding area, while chromium carbides remain in
solution phase.

3. Lowering the carbon content below 0.03 wt. C% so
that carbide formation is minimal as in the case of
ELC (extra low carbon) steels such as 304L steel.

4211 Caustic Embrittlement

Caustic embrittlement is the phenomenon during which the
boiler material becomes brittle due to the accumulation of
caustic substances. It is a very dangerous form of stress corro-
sion, occurring at high temperatures in mild steel boiler met-
als exposed to alkaline solutions and resulting in the failure of
the metal. Boiler water usually contains a small proportion of
Na,CO,. In high pressure boilers, this breaks up to give NaOH
and makes the boiler water more alkaline:

Na,CO,+H,0 —— 2NaOH +CO, (Eq. 63)

This alkaline boiler water flows into the minute hair cracks and
crevices such as rivet holes by capillary action. There, the water
evaporates and the concentration of caustic soda increases pro-
gressively. The concentrated alkali dissolves the metallic iron
as sodium ferrate in crevices, cracks, etc. where the metal is
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stressed. Consecutively, sodium ferrate decomposes to Fe,O,,
giving rise to strong tensile stresses on the steel surface:

Fe + NaOH —— Na,FeO, (Eq. 64)
3Na,FeO, + 4H,0 ——» 6NaOH +Fe,O,
+H, (Eq. 65)

6Na,FeO,+6H,0+ O, ——» 12NaOH
+2Fe,O, (Eq. 66)

The regenerated caustic alkali helps further dissolution of iron,
leading to the brittlement of boiler parts, particularly stressed
parts of the boiler such as bends, joints, and rivets, even caus-
ing total failure of the boiler. Caustic embrittlement can be
prevented by employing inhibitors or by applying protective
coatings on the surface. Additionally, boiler tank water can be
buffered with phosphates and volatile ammine compounds, so
that pH cannot increase substantially at cracks.

4.212 Hydrogen Embrittlement

Various metal alloys, especially some steels, experience a sig-
nificant reduction in ductility and tensile strength when atomic
hydrogen (H) penetrates into their crystalline structure. Often
the reason of such penetration is corrosion reactions in general,
overprotection phenomenon in cathodic protection, electro-
plating, pickling operations in general, and pickling of steels
in sulfuric acid in specific, high-temperature operations such
as heat treatments and welding with a wet electrode in pres-
ence of hydrogen-bearing atmospheres including water vapor
or sour gas environments. All of these processes result in for-
mation of hydrogen atoms at the metal surface, leading some
of these hydrogen atoms to be adsorbed and diffuse into the
holes in the metal and combine therein to form hydrogen gas
and accumulate, causing an increase in the volume and pres-
sure, since a hydrogen molecule is bigger than two hydrogen
atoms, and hydrogen molecules cannot diffuse back out as
hydrogen atoms can. This phenomenon is aptly referred to as
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hydrogen embrittlement; the terms hydrogen-induced cracking
and hydrogen stress cracking are sometimes also used.

Strictly speaking, hydrogen embrittlement is a type of failure in
response to applied or residual tensile stresses. Brittle fracture
occurs catastrophically as cracks grow and rapidly propagate.
Hydrogen in its atomic form (H), as opposed to the molecular
form (H,), diffuses interstitially through the crystal lattice, and
concentrations as low as several parts per million of it can lead
to cracking. If metal is not under stress, some of the hydrogen
atoms that did not combine to form hydrogen molecules dif-
fuse back out.

Hydrogen embrittlement is similar to stress corrosion in that
a normally ductile metals experience brittle fracture when
exposed to both tensile stress and a corrosive atmosphere.
However, these two phenomena may be distinguished on
the basis of their interactions with applied electric currents.
Whereas cathodic protection reduces or causes a cessation of
stress corrosion, it may, on the other hand, lead to the initia-
tion or enhancement of hydrogen embrittlement. Furthermore,
hydrogen-induced cracks are most often transgranular,
although intergranular fracture is observed for some alloy sys-
tems. A number of mechanisms have been proposed to explain
hydrogen embrittlement; most of them are based on the inter-
ference of dislocation motion by the dissolved hydrogen.

Presence of what are termed “poisons,” such as sulfur contain-
ing H.S or arsenic compounds, accelerate hydrogen embrittle-
ment. These substances retard the formation of molecular
hydrogen and thereby increase the residence time of atomic
hydrogen on the metal surface. Hydrogen sulfide, probably
the most aggressive poison, is found in petroleum fluids,
natural gas, oil-well brines, and geothermal fluids. National
Association of Corrosion Engineers (NACE) Standards of
Material Specifications (MR 0175) define sour gas environ-
ments that may lead to hydrogen embrittlement as liquids con-
taining water and H,S that have partial pressures of more than
0.0035 bar. Atomic hydrogen resulting from an electrochemical
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reaction between the metal and the H,S containing medium
enters the steel at the corroding surface. These hydrogen atoms
mostly accumulate at grain boundaries, resulting in the forma-
tion of hydrogen gas over time, leading to an increase in the
volume and pressure. If this occurs at sites close to the surface,
it leads to hydrogen blistering, and if occurs at inner sites, it
leads to staircase-like cracks independent of structural stress.
However, if there is also high structural stress in the environ-
ment where hydrogen gas formation occurs, cracks form per-
pendicular to the direction of the structural stress. Energy
released by the exothermic reaction of hydrogen atoms form-
ing hydrogen gas causes stress, contributing to the hydrogen
induced cracking process as well.

Low carbon and low alloy steels that are typically used in pipe-
lines may be susceptible to cracking when exposed to corrosive
H.S containing environments, the severity of which depends on
the hydrogen concentration, structure of the steel alloy, stress
density, temperature, and environmental conditions. The pri-
mary reason for the corrosion in petroleum pipelines is water,
which absorbs O,, H,S, and CO,. In the case of iron and steel,
there are holes in interstitial cubic centered unit structure; thus
they can accept a foreign ion or atom in its structure that hydro-
gen atoms can diffuse. During pickling operations or welding
with a wet electrode, the following reaction produces hydrogen
atoms diffusing especially into a-iron:

Fe + HO ——» FeO +2H (Eq. 67)

High-strength steels are susceptible to hydrogen embrittlement,
and increasing strength tends to enhance the material’s suscep-
tibility. Martensitic steels are especially vulnerable to this type
of failure, while bainitic, ferritic, and spheroiditic steels are more
resilient. Furthermore, face centered cubic (FCC) alloys such
as austenitic stainless steels and alloys of copper, aluminum,
and nickel are relatively resistant to hydrogen embrittlement,
mainly because of their inherently high ductilities. However,
strain hardening these alloys will enhance their susceptibility
to embrittlement.
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Reducing MnS inclusions as well as adding calcium and rare
earth metals such as cerium to the alloy increases the resistance
to hydrogen induced corrosion. Other measures that can be
taken to prevent hydrogen embrittlement are:

1. Metal can be heated up to 100°C-150°C so that the
absorbed hydrogen atoms diffuse back out of the
interstitial crystalline structure; in other words,
the alloy is “baked” at an elevated temperature to
drive out any dissolved hydrogen.

2. Nickel and molybdenum can be added to the high
strength steel alloys, or the alloy may be substi-
tuted with an alloy that is more resistant to hydro-
gen embrittlement.

3. Operations leading to hydrogen formation at the
metal surface must be avoided, such as wet weld-
ing or overprotection, which is the application of a
higher-than-needed cathodic protection potential.

4. Tensile strength of the alloy can be reduced via
heat treatment.

4213 Corrosion Fatigue

Fatigue is defined as a term for fracture of structures subjected
to dynamic and fluctuating stresses, as in the case of bridges, air-
crafts, and machine components. Metals that are under varying
dynamic stresses of loading and unloading can become fatigued
and crack with the effect of corrosion under small stresses that are
considerably lower than the tensile or yield strength for a static
load. The term fatigue is used because this type of failure nor-
mally occurs after a lengthy period of repeated stresses or strain
cycling. Cyclic stresses may be axial (tension-compression), flex-
ural (bending), or torsional (twisting) in nature. The nature of
the stress cycles will influence the fatigue behavior; for example,
lowering the load application frequency leads to longer periods
during which the opened crack is in contact with the environ-
ment and to a reduction in the fatigue life.
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Corrosion fatigue is dependent on several environmental fac-
tors such as temperature, pH, humidity, extent of aeration, etc.
The physical properties of metals and their corrosion resistant
nature also influence the corrosion fatigue. Many high quality
steels have shorter fatigue life in the moist air as compared to
dry air, and are less resistant to fatigue corrosion than carbon
steels in general. Similarly, fatigue resistance of aluminum and
bronzes decreases considerably in sea water. Because of fatigue,
even in conditions where no corrosion takes place, steel’s ten-
sile strength can be halved. Only in salt water, tensile strength
is 6% to 7% less than normal. The biggest reduction in the
tensile strength occurs when effects of fresh water, salt water,
and humid atmosphere are all present together. Fatigue corro-
sion is commonly observed in ship propellers. The load on the
propellers constantly varies due to changing speed of the ship
and since seawater is a corrosive environment, fatigue corro-
sion occurs. Another example is hot water pipes. Changes in
the temperature of the water cause expansion and contraction
of the pipes, leading to varying loads and stresses resulting in
fatigue corrosion.

The main reason of corrosion fatigue is the development of
cracks on the metallic surface due to scratches, corrosion pits,
etc. These pits may have formed as a result of chemical reac-
tions between the environment and material, which serve as
points of stress concentration and therefore as crack nucleation
sites. The bottom of such pits or cracks has been found to have
more negative potential and hence works as the anode of a gal-
vanic cell. The crack propagation then occurs due to stress, and
is accelerated by corrosive process.

It is believed that in absence of corrosive medium, if a metal
is stressed below its fatigue limit, it can undergo infinite num-
ber of cycles without fracture. Fatigue is important inasmuch
as it is the single largest cause of failure in metals, estimated to
comprise approximately 90% of all metallic failures; polymers
and ceramics, with the exception of glasses, are also suscepti-
ble to this type of failure. Fatigue is catastrophic in the sense
that it occurs very suddenly and without warning leading to
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brittlements even in normally ductile metals. The process occurs
by the initiation and propagation of cracks, and ordinarily, the
fracture surface is perpendicular to the direction of an applied
tensile stress. Simple fracture is the separation of a body into
two or more pieces in response to an imposed stress that is static,
constant, or slowly changes with time in temperatures that are
low relative to the melting point of the material. The applied
stress may be tensile, compressive, shear, or torsional. Two
fracture modes are possible: ductile and brittle. Ductile materi-
als typically exhibit substantial plastic deformation with high
energy absorption before fracture, while there is normally little
or no plastic deformation with low energy absorption accom-
panying a brittle fracture. Ductile fracture is almost always pre-
ferred for two reasons: first, brittle fracture occurs suddenly and
catastrophically without any warning as a result of rapid and
spontaneous crack propagation. On the other hand, for ductile
fracture, the presence of plastic deformation gives warning that
the fracture is imminent, allowing preventive measures to be
taken. Secondly, more strain energy is required to induce ductile
fracture, inasmuch as ductile materials are generally tougher.
Under the action of applied tensile stress, most metal alloys
are ductile, whereas ceramics are notably brittle, and polymers
may exhibit both types of fracture. For most brittle crystalline
materials, the crack propagation corresponds to the successive
and repeated breaking of atomic bonds along specific crystallo-
graphic planes, which is termed cleavage. On the other hand, in
some alloys, crack propagation is along grain boundaries, and
such fracture is termed intergranular.

The effect of fatigue corrosion can be reduced by coating the
metal with zinc, chromium, nickel, or copper. Other measures
that can be taken to prevent corrosion fatigue are:

Reducing the corrosive effects of the environment
Using a material resistant to corrosion

Using inhibitors

Cathodic protection

Taking measures during designing stage

Gk WD
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4.2.14 Fretting Corrosion

Fretting corrosion is a physicochemical phenomenon that
occurs at pressed contacts such as at a gear or a ball bearing
on the rotating mile or axle in alternating loading conditions.
Fretting corrosion occurs at the contact surface between pairs of
closely contacting machine components that are not intended to
move relative to each other, but do, however, move, due to com-
ponent deflections where the relative motion ranges from a few
micrometers up to 250 pm. Fretting fatigue caused by fretting
corrosion induces a significant reduction of fatigue strength
and consequently leads to unexpected failures even at very low
stresses during service. Due to fretting corrosion, fatigue life of
the part can reduce 3 to 6 times.

4.2.15 Stray-current and Interference Corrosion

In electric traction systems, such as in electric trains, electric
current can leak into adjacent conducting structures. These
stray currents go into the surrounding metallic structures and
cause corrosion that is known as stray-current corrosion. This
type of corrosion can lead to pitting and serious damages to
underground structures. Railway systems that work with direct
current, high voltage transmission lines that carry direct cur-
rent and welding machines generate stray currents that escape
into the earth or the terrains. For instance, a pipeline system
that goes parallel to an underground subway system may be
susceptible to corrosion. The direct current source’s positive
pole is connected to the subway train, while the negative pole is
connected to the railway. Places where the stray currents enter
the neighboring pipeline become the cathode, while the places
where the stray currents exit the pipeline to go back to the direct
current source become the anode and corrode.

Interference corrosion due to stray currents in the surround-
ing metallic structures occurs due to changes in potential fields
both in the positive and negative directions that are created by
cathodic protection systems. Two major types of interference
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corrosion are anodic and cathodic interference corrosion.
Interference corrosion will be reviewed in detail in section 8.9,
“Interference Effects of Cathodic Protection Systems.”

4.2.16 Waterline Corrosion

Waterline corrosion occurs due to the difference of oxygen con-
centrations close to the water surface and below, e.g., an iron
pole in stagnant seawater. The position near the waterline is well
aerated and acts as the cathode. Areas deep inside are anodic
since the oxygen concentration is less. Corrosion takes place in
the anodic areas, and reduction of O, to OH™ ions occurs at the
cathodic regions. Fe** ions produced at the anode and OH™ ions
produced at the cathode interact to yield Fe(OH),, which is fur-
ther oxidized by dissolved oxygen to rust.

4.2.17 Microbial or Biocorrosion

The deterioration of materials through the involvement of
microorganisms is known as microbial corrosion or biocorro-
sion or microbially influenced corrosion (MIC), which is due
to microbial activities such as adsorbing of microorganisms on
metal surfaces forming colonies, producing polymeric materi-
als out of their cell structures, leading to a bio-film accelerating
anodic and cathodic corrosion reactions. Microbial corrosion
also accelerates corrosion activity of corrosion cells formed due
to differences in aeration. Microbial corrosion is mostly encoun-
tered in cooling water systems, especially at locations where
the flow is stagnant, while underground microbial corrosion
takes place due to organic compounds present in the soil, when
redox potential of the soil is low, indicating an anaerobic envi-
ronment, and in temperatures less than 40°C and in pH values
between 5 and 9.

To check whether microbial corrosion is taking place, a few
drops of HC] can be added to the sample and if the distinct
H.,S smell is present, microbial corrosion can be said to have
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occurred. Petroleum, natural gas, waste water treatment, and
transportation industries are susceptible to microbial corrosion.
In specific, microbial corrosion of metal pipelines and equip-
ment used for drilling, transportation, and storage in petro-
leum industry is mostly related to sulfate reducing bacteria
(SRB). Sulfate reducing bacteria (SRB) reduce sulfate to produce
energy producing toxic and corrosive H,S gas. Electron needed
to reduce sulfate are provided from lactate, hydrogen, or other
compounds. Along with sodium, chloride, magnesium, calcium
and sulfate, petroleum reserves also contain hydrocarbon com-
pounds and injection waters, which provide a suitable environ-
ment for sulfate reducing bacteria to develop. Due to activity
of sulfate reducing bacteria, pitting corrosion occurs in metal
equipment; injection wells are clogged with corrosion products
such as iron sulfide, and produced biofilms lead to safety issues.

The difference between iron corrosion in the presence of bacte-
ria and without is that without bacteria, surface iron dissolves to
Fe? and electrons stay at metal surface; water is reduced to pro-
tons and protons are reduced to hydrogen gas with the present
electrons. In such conditions, corrosion is limited because cath-
ode is polarized with the hydrogen gas present at the cathode.
With sulfate reducing bacteria (SRB), however, hydrogen sul-
fate is taken away from the metal surface while being reduced,
and this leads to an increase in the anodic dissolution of the
metal and production of FeS and Fe(OH),. In systems with low
Fe concentrations, temporary and adhesive iron sulfide film
reduces the corrosion current density; however, this protective
iron sulfide film under the sulfate reducing bacteria (SRB) bio-
film does not form in systems with high Fe* concentrations.
As Fe** concentrations increase, the number of sulfate reduc-
ing bacteria (SRB) also increases, since sulfate reducing bacteria
(SRB) requires the presence of iron to reproduce, leading to an
increase in corrosion current densities and shifts in corrosion
potentials to anodic values.

Microorganisms play an important role in extracting minerals
through bioleaching; for instance, thiobacillus ferrooxidant is
a widely used organism for leaching sulfide minerals. Aerobic
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bacteria such as thiobacillusthiooxidant oxidize any sulfur com-
pound and sulfur up to sulfates, forming sulfuric acid as a result.

25+30,+2H,0 —» 2H,50, (Eq. 68)

On the contrary, anaerobic bacteria such as desulfovibrio that
live at 25 to 30°C and at a pH range of 6 to 7.5, leading to a redox
potential of about —100 mV, reduces the sulfates to sulfide ions,
which accelerate iron’s corrosion:

SO +8H'+8¢° —» S5+4HO (Eq. 69)
4 Fe —» 4Fe* + 8¢ (Eq. 70)
4Fe+50 +8H" — » 3Fe* +FeS+4H O (Eq.71)

Biocorrosion can be prevented effectively using inhibitors.
Gluteraldehyde, for instance, prevents SRB-induced corro-
sion on stainless steels, metals, plastics, and glass materials.
Gluteraldehyde interacts with the cell wall, cell membrane,
and proteins in cytoplasm of the bacteria, preventing the
exchange of materials in and outside of the cell, thus killing
them. Usually, 50 ppm to 200 ppm concentrations of gluteral-
dehyde are sufficient; however, amounts of gluteraldehyde or
formaldehyde used may need to be increased depending on the
type of bacteria and conditions of the surroundings, which may
cause problems, since environmental protection agencies allow
only up to 50 ppm gluteraldehyde to be used. Another preven-
tion method is to use inorganic chemicals, e.g., chlorine gas,
chlorine dioxide, ozone, and bromine, or to use organic com-
pounds, e.g., quaternary ammonium compounds or aldehydes
that kill SRB. Among other measures that can be taken are pH
adjustments, periodical chlorination, or use of organometallic
tin compounds. However, bacteria can adapt to such measures
in time; thus, removing the trace elements such as zinc and
vanadium that the bacteria depend on to live appears to be the
best solution.
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Thermodynamics of
Corrosion

It is common to refer to thermodynamic parameters such as
electromotor forces of common metals listed in standard emf
and galvanic series when assessing a metal’s susceptibility to
corrosion. The standard emf and galvanic series include the
list of reduction electrode potentials and are simply rankings
of metallic materials on the basis of their tendency to corrode
when coupled to other metals. For the standard emf series,
ranking is based on the magnitude of the voltage generated
when the standard cell of a metal is coupled to the standard
hydrogen electrode at 25°C (77°F). The metals and alloys near
the top of the series are cathodic, unreactive, noble, or chemi-
cally inert, e.g., gold and platinum, whereas those at the bottom
are anodic, active, and more susceptible to oxidation and corro-
sion, e.g., sodium and potassium.

It should be noted, however, that although these potentials may
be used to determine spontaneous reaction directions, they pro-
vide no information as to corrosion rates. That is, even though
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a AV potential computed for a specific corrosion situation is a
relatively large positive number, the reaction may occur at only
an insignificantly slow rate.

Additionally, emf half-cell potentials are thermodynamic param-
eters that relate to systems at equilibrium only. However, real
corroding systems are not at equilibrium; there is always a flow
of electrons from the anode to the cathode corresponding to the
short-circuiting of the electrochemical cells. Furthermore, these
half-cell potentials only represent the magnitude of a driving
force, or the tendency for the occurrence of the particular half-cell
reaction, and not the entire process. A more realistic and practical
ranking is provided by the galvanic series, which represents the
relative reactivities of a number of metals and commercial alloys,
e.g., 316 stainless steel, 304 stainless steel, inconel, monel, bronzes,
aluminum alloys, etc, in seawater with no voltages provided.

5.1 Gibbs Free Energy (AG)

Even though emf series was generated under highly idealized
conditions and has limited utility, it nevertheless indicates the
relative reactivities of the metals and Gibbs free energy, and
electromotor force formula is commonly used to assess the
spontaneity of a chemical system:

AG =—nFe (8)

where n is the number of grams or moles of electrons flowing
through the corrosion cell, F (Faraday constant) is the charge of
1 gram or mole of electron and equals to 96.494 Coulomb, and
E is the electromotor force of the corrosion cell, which can be
calculated using the Nernst equation:

_ RT,_[ activities of products

E=E°-—+In —
nE "\ activities of reactants

)

where R is gas constant that is 8.314 Joule/degree.mole, T is
temperature in Kelvin, E° is the electromotor force in standard
conditions, while activities are the effective concentrations of
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the reactants and products that is calculated via the following
formula:

a=vy.c (10)

where c is the real concentration and v is the activity coefficient.

Activity coefficient of solids, electrons, and of species whose
concentration does not change, e.g., solvents such as water, is
equal to 1. For gases, partial pressure values are used in the
place of activity coefficients, and the RT/nF is then converted
to 0.0592 L.atm/mol K at standard conditions.

For instance, in the case of galvanic corrosion, cell progresses
via the following net reaction:
Zn+Cu¥* —» Zn*+Cu (Eq.72)

Activities of the solid zinc reactant (a, ) and the solid copper
product (a.) are equal to 1. Half-cell electrode potentials are
calculated via Nernst equation:

Zn ———» Zn* + 2e (oxidation reaction) (Eq. 73)

E° of zinc’s oxidation reaction is 0.763V and number of elec-
trons exchanged is 2. Thus,

E,,=0763-0.0592/2log a;; (11)
Cu** +2e¢ —— Cu (reduction reaction) (Eq. 74)

E° of copper’s reduction reaction is 0.363V and number of elec-
trons exchanged is 2. Thus,

E.2, = 0.363-0.0592/2 log (1/aZ 1)

Consequently, the combined cell potential is as follows:

0.763 + 0.363 - 0.0592/2 log (a2 / a2)  (13)

8(Cu /Zn) = n

and if the activities of copper and zinc ions are the same,
they would cancel each other out, resulting in the last term of
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the formula 13 to be 0 and ¢, . equaling to 1.126 V, which
is a positive value, leading to a negative free energy value
when inserted into formula 8, indicating that zinc dipped
into copper sulfate solution has a tendency to corrode under

standard conditions.

5.2 Passivity

Metals such as chromium, nickel, titanium, aluminum, magne-
sium, and iron that are above hydrogen in the electrochemical
or galvanic series, and thus expected to corrode, do not, due to
the oxide layers formed on their surfaces, resulting in passivity
as observed in potential-pH diagrams. These metals automati-
cally get passivated without application of any external current
under appropriate conditions. Auto-passivation occurs when
the corrosion current (i ) is higher than the current needed to
passivate the metal. Hence, materials can be protected from cor-
rosion by using alloys that have very low passivation currents
or by adding oxidizing agents that are easily reducible, which
are also called passivators, or, more commonly, inhibitors.
Passivators or inhibitors are reduced electrochemically produc-
ing a corrosion current (i ) high enough, which surpasses the
current needed to passivate the metal and preventing corrosion.

Examples of such alloys that allow passivation are chromium or
chromium-nickel steels, nickel-chromium, copper-nickel, and
titanium alloys, while such inhibitors are chromates, nitrites,
molybdates, wolframates, ferrates, etc. In the case of using such
alloys that have very low passivation currents, it is important
to have appropriate compositions; for chromium-iron alloys,
chromium amount should not be lower than 13%, to have pas-
sivation characteristics very similar to pure chromium; for
copper-nickel alloys, alloy must be 50% to 60% nickel; and for
silica-iron alloys, silica amount should not be lower than 14.5%
for the best passivation properties.

If corrosion products form a protective film on the metal
surface, corrosion rate is reduced. Effectiveness of this film
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depends on the solubility of the corrosion products, adhesive
properties of these products on the metal surface, permeability,
electrical resistance, and mechanical strength properties of the
resulting coating. The best coatings form when the crystalline
structure of the metal and the oxide film match. Since metals
usually crystallize in cubic units, oxides, which also produce
cubic crystalline structures, such as AL O, and Fe,O,, are better.
Formation of cubic crystalline magnetite (Fe,O,), which has also
low solubility and low electrical resistance, helps prevention of

corrosion in boiler tanks.

Magnetite (Fe,O,) is the simplest of spinel oxides that have a
formula of RO.R’,0,, where +2 charged constituent R can also
be nickel or cobalt and +3 charged constituent R’ can be alu-
minum, chromium, or iron. In stainless steels, R is Fe?, while
R’ is Cr*. In the case of 300 series chromium-nickel stainless
steels, the protective oxide film consists of a spinel oxide, in
which R is a mixed constituent of both Ni** and Fe* resulting
in (NiO. FeO), while R’ is Cr*. In iron-aluminum alloy that has
18% aluminum, R is Fe**, while R’ is AI**. Although this alloy is
resistant to corrosion, it is difficult to process, and it is also very
weak at high temperatures. Single oxides may also form good
protective coatings such as Al,O, and BeO.

Since stainless steels are resistant to corrosion due to passiv-
ation, at environments where there is no oxygen, such as in
some boiler tanks and reactors, use of cheaper regular steel
alloys would be more appropriate, since stainless steels would
be more susceptible to corrosion.

When potential increases in the anodic direction, first corrosion
current density increases, resulting in ions that are corro-
sion products, which forms the protective coating oxide. The
potential when the protective anodic oxide film is formed is
called Flade potential, where the current density also decreases
promptly. To keep the material passivated, potential must
always be kept above the Flade potential; for that reason, either
the anode must be polarized back to Flade potential with an
oxidizer, or a material that has a high passivating property, such
as stainless steel, must be chosen as the structural material.
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5.3 Pourbaix Diagrams

The thermodynamic approach to corrosion process has been
improved with potential (E) vs. pH diagrams developed by
Marcel Pourbaix, which show areas similar to those in a phase
diagram, where metals, ions, and oxides are both stable and
unstable, that are separated from each other via the defining
chemical (pH) and electrochemical (V) properties. Although
they are prepared for 25°C, they can be used at higher tempera-
tures such as 150°C with very little errors. Metal ion concen-
trations of 10 mol/l or more is assumed as the initial point
of corrosion in these diagrams. Although the zones the metal
where will be stable and the zones it will corrode if corrosion
products are known via these diagrams, corrosion rate cannot
be estimated.

In Pourbaix diagrams, if a boundary is parallel to the pH axis,
it implies that the equilibrium does not involve H* or OH ions,
such as in the case of the following oxidation reaction of iron:

Fe ——» Fe* +2e" (Eq. 75)

On the other hand, boundaries parallel to the potential axis
imply that equilibriums do not involve charge separations, as
it is the case in the following reaction, where no species are oxi-
dized or reduced:

Fe,0,+6H' — » 2Fe*+3H0 (Eq. 76)

Potential-pH areas for equilibriums that involve either H* or
OH- ions and charge separation have boundaries that are nei-
ther parallel to pH or potential axes, such as:

Fe,0,+6H"+2e —» 2Fe*+3H,0 (Eq. 77)

One other piece of information that can be obtained from the
pH-potential diagrams that assists in assessing the corrosion
tendency is the solubility information. For instance, in the
Pourbaix diagram of Fe-H,O system, areas where insoluble
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corrosion products such as Fe,O, are stable indicate passiv-
ation areas, since Fe,O, may slow down corrosion by covering
the surface, while areas where corrosion products such as Fe?,
Fe**, and HFeQ, are stable as solutes define suitable conditions
for corrosion.

Potential-pH diagrams have three major zones; the first is
where iron metal remains in the metallic form not undergoing
corrosion where AG > 0, and thus corrosion cannot occur, which
is entitled as the “immunity zone.” It is also the principle of
cathodic protection technique to establish potential conditions
such that metal remains in the immunity zone. The second is
where iron metal goes under corrosion, where AG < 0, and thus
corrosion can occur, which is entitled as the “corrosion zone,”
and the third is where corrosion products of iron prevent fur-
ther corrosion, where AG < 0 and corrosion is prevented from
occurring, which is entitled “passivity zone.” Another zone that
is beyond the passive zone is sometimes referred as the “trans-
passive” zone; however, it is basically another corrosion zone.

In essence, corrosion increases with an increase in potential
from the equilibrium potential up to passivation potential,
where corrosion rate decreases to one in thousand or less with
a small increase in potential, and is called i . Passivity is bro-
ken when potential is increased in the positive direction, lead-
ing to damage in the passive protective film, resulting mostly in
pitting corrosion, and this region is called trans-passive region.
Oxygen is needed for passivation to occur; thus, in stagnant
neutral salt waters with low oxygen concentration, steel’s pas-
sivity can be broken, or in other words, metal remains in the
passive zone as long as the cathodic reaction rate is bigger than
the anodic critical current density. The passivity zone is nar-
rowed down with increasing acidity and temperature, resulting
in an increase in the i _value as well.

An iron (Fe) and water (H,O) system is a very common system
that well exemplifies Pourbaix diagrams. Ions of the Fe-H,O
system are Fe*, Fe**, and HFeO;, and solids are FeO, Fe,0O,,
Fe,O,, Fe(OH),, and Fe(OH),.

3T
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5.3.1 Immunity Region

At potentials more negative than —0.62 V, compared to stan-
dard hydrogen electrode (SHE), iron is thermodynamically
stable, and is cathodically protected from corrosion; this zone is
called as the immunity zone. Potential of -0.62 V corresponds to
-0.850 V in saturated copper/copper sulfate reference electrode
(CSE), which is the criterion reference point for cathodic protec-
tion of iron and steels.

5.3.2 Corrosion Regions

When potential is higher than —0.62 V and pH is lower than 9,
iron corrodes, forming Fe? and Fe* ions, with Fe?* ions that are
more stable at the lower regions and Fe* ijons that are more
stable at the upper regions of the corrosion zone in the diagram.
Another corrosion zone of iron in the diagram is when potential
is between -0.8 V and -1.2 V and pH is higher than 13, accord-
ing to the following reaction:

Fe +2H,O —— HFeO,; + 3H+ + 2¢” (Eq. 78)

5.3.3 Passivity Region

The region above the two corrosion zones and the immunity
zone is the passivity zone, where iron is anodically protected
due to formation of Fe,O, and Fe,O, that result in the passiv-
ation of the metal surface, and protect the metal from corrosion.

5.4 Corrosion Equilibrium and Adsorptions

The corrosion process is essentially a surface phenomenon;
thus, studying the physical chemistry of the surfaces reveals
valuable information about the interactions of the metal atoms
at the substrate surface with other molecules, e.g., the strength
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and the type of interaction with those of inhibitors. One such
piece of information can be obtained from the Arrhenius equa-
tion, which is used to measured corrosion current with respect
to temperature:

icormsian = k(eFEﬂ/RT) (l 4)

where E_ is the activation energy. Since i _ and T are measur-
able values, E, can be calculated from the slope of 1/T and
-Inl _ graph. 1f E_ is bigger in presence of the inhibitor, it would
indicate that the inhibitor molecules are physically adsorbed on
the metal surface and formed a protective layer. On the other
hand, if E is lower in presence of the inhibitor, it would indi-
cate that the inhibitor molecules are chemically adsorbed on the
metal surface.

Although adsorption is never at equilibrium on a surface that
corrodes, it could be considered at equilibrium when the corro-
sion rate is sufficiently reduced and the Gibbs free energy for
the adsorption is measured via the following formulas:

Koo = 1/55.56~AG" w/rr (15)
or
AG® .. =— RTIn (55.5K.) (16)

If AG?, comes out negative, it would mean that adsorption
is spontaneous. Additionally, if it is a high numerical value,
it would mean that there is strong interaction between the
inhibitor molecules and metal surface. On the other hand,
if the numerical value of AG?,_ is less than 40 k]J/mol, then
the adsorption is said to be physical. Additionally, adsorp-
tion enthalpy and its entropy are calculated via the following
equations:

Q

log (T _ _AHus

Q)=log A+log C-ygoster 7)

AGOads = AHads - TASads (18)
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If AH_, is negative, the adsorption is exothermic, and if AS
is positive, along with negative AG?,, then the adsorption is

spontaneous and is reaching equilibrium.

Provided that the corrosion rate is sufficiently reduced, thus
assuming that adsorption is at equilibrium, inhibitor-metal
interactions can be investigated via adsorption isotherms. For
this reason, it is necessary to know the relation between the
C, e the concentration of the inhibitor, and Q, the ratio of
the surface covered by the inhibitor, to be able to determine
the isotherm that the adsorption fits. The following relation
of C and Q, for instance, is an indication of Freundlich

inhibitor

isotherm:

ln Q = ln Kads tn ln Cinhibimr (19)
where K _,_is the equilibrium constant for the adsorption.

On the other hand,if C_ . vs.C_ ../ Q graphisalinear one,
then adsorption is said to be in correlation with the Langmuir

isotherm, which is as follows:

Cinhibitur /Q = l/Kads + Cinhibi!or (20)

If K , is sufficiently large, it would imply that the inhibitor
adsorbs on the metal surface strongly.

The potential of zero charges determined by Electrochemical
Impedance Spectroscopy (EIS) is also helpful determining the
adsorption behavior of inhibitors onto the metal surface. Charge
of the metal surface is originated from the electrical field at the
metal/solution interface, and can be measured by comparing
the corrosion potential (E__) with potential of zero charges
(E,,.). Antropov named the difference between the two the rela-
tive corrosion potential (Er), which is calculated as follows:

Er = Efurr - EPZC (21)

If E_is negative, it would indicate a negatively charged surface,
resulting in preference of adsorption of cations, and vice versa.
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5.5 Concentration Corrosion Cells

Carriers of electricity current in the corrosion cells are electrons
in the solid phase and ions in the electrolyte solution. Thus, total
resistance of the corrosion cell is the sum of the external resis-
tance of the solid phase and the internal resistance of the solu-
tion phase. Since electrons on the metal surface are connected
to each other due to metallic conductivity, external resistance
or electronic resistance is negligible. Direction of electricity
flow is from cathode to anode in the solid phase, which is the
opposite of direction of electron flow. Rate of corrosion or rate
of dissolution of the anode is proportional with the corrosion
current density based on Faraday’s second principle. However,
internal resistance sometimes becomes the primary factor pre-
venting corrosion current to flow. Flow of current within the
electrolyte requires the movement of both positively and nega-
tively charged ions. Positively charged ions move to cathode,
and negatively charged ions move to anode. Layers formed
by corrosion products may prevent the movement of ions thus
controlling the corrosion rate.

The sources of corrosion cells are the microscopic areas that
show different electrochemical characteristics for both internal
and external reasons. Examples of internal reasons are type of
the metal and its structure. In highly crystalline materials, for
instance, electrochemical properties of grain boundaries are
different than of the bulk of the grains, since grain boundar-
ies have higher energies for many reasons, such as the higher
percentages of alloying elements at grain boundaries leading
to the formation of microscopic corrosion cells, making the
grain boundaries anode, resulting in intergranular corrosion.
Examples of external reasons are different levels of oxygen con-
tact with the corrosion deposits on the surface, differences in
concentrations in general, and variations in temperature, which
also lead to the formation of microscopic corrosion cells.

In a cell like Daniel cell that consists of a zinc electrode dipped
into zinc sulfate and a copper electrode dipped into copper
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sulfate solution, the open circuit potential would equal to the
difference between the reduction potentials of the two elec-
trodes at zero current. When the electrodes are short circuited,
both electrodes polarize and reach an equilibrium potential
of E_, and the current passing the cell at E__ would be i__.
Since electrodes have low polarization values in Daniel cell,
the i is a large value. In real corrosion cells, i values are
very low compared to the batteries. Such a case occurs when
copper and steel metals are coupled in structures. For instance,
pumps made of steel to pump sea water will corrode very fast
due to the cathodic effect of bronze propellers unless propellers
are covered with tin, which is more easily polarized compared
to copper, thus leading to a reduction in corrosion potential
and also in corrosion current. Similar incidents are observed
in railways with electricity, in power lines carrying high volt-
age direct current, in the case of stray currents originated from
welding machines, and in hot water systems, where pipes with
diameters more than 50 mm are made of steel, and the ones
with diameters less than 50 mm are made of copper.

Gibbs free energy of concentration cells can be calculated simi-
larly as it is calculated for a galvanic corrosion cell in formu-
las 8 through 13. Gibbs free energy of the oxidation half-cell or
the anode, where there is dissolution of metal resulting in an
increases concentration of metal ions, is:

~AG=nFE=RT In(a/c.) (22)

and Gibbs free energy of the reduction half-cell or the cathode,
where there is reduction of oxygen in neutral and basic environ-
ments, is:

—AG = nFE = RT In(Po,/P’0,) (23)

where n is the oxidation state of the metal ions, F is the Faraday
constant that is 96500 coulomb, E is the potential difference, R is
gas constant that is 8.314 Joule/K.mol, T is absolute tempera-
ture in Kelvin, ¢, is the higher metal ion concentration, c, is the
lower metal ion concentration, Po, is the oxygen pressure at the
cathode, and P'o, is the oxygen pressure at the anode.
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Concentration cells are formed due to differences in aeration in
underground pipelines, and lead to pitting corrosion and stress
corrosion cracking. At equilibrium, current (i) is equal to both
the anodic and cathodic currents, i and i .

h=6L=1 (24)

If equilibrium potential shifts in the direction of the cathode,
the net current passing through the cell would be

o=1.—1, (25)

and if the shift is in the direction of the anode, then

i() = ia - ic (26)

Thus, if i is too large, such as in the case for platinum dipped
in aqueous solutions, then hydrogen reacts instead of platinum,
since the equilibrium current is too high for platinum and can-
not be changed much, and this cell is called standard hydro-
gen electrode (SHE) and is accepted to have a potential of 0 at
298 K. On the contrary, if the equilibrium current of a cell is not
too high, then it can be changed with the application of a small
external current, or, in other words, it can be polarized easily.
The relation with the applied external current and the potential
change it causes is given in the Bulter-Volmer equation, and is
very important to assess corrosion in corrosion studies.

i=ifexp (1 —RﬁI?Fn —exp (_Igl;,n) } (27)

5.6 Polarization

The potential difference between the cathode and anode is
the driving force of any electrochemical process. However,
the cathode’s and anode’s potentials are equalized when both
electrodes are connected and a current passes through the cell,
resulting in equalization of E_and E_ at E_, which is a steady-
state potential, where anodic current density equals to cathodic
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current density, leading to same anodic and cathodic reac-
tion rates. That steady-state potential (E_ ) is called corrosion
potential, and the corresponding current is called corrosion cur-
rent (i ). Corrosion current mainly depends on the corrosion
potential, diffusion of corrosive electrolytic species, tempera-
ture, and the ratio of anodic area to cathodic area. The diffusion
of corrosive electrolytic species is the primary requirement to
continue corrosion. The diffusion process is often slowed down
due to deposition of products at the anode and cathode plates,
and hence, corrosion rate decreases. With the increase in tem-
perature, corrosion rate increases due to increase in diffusion
rate. The corrosion current (i) is, as it is stated in formula 25,
i, =1, —1i, where, i and i_are the anodic and cathodic current
densities, respectively. Thus, if the cathodic area is larger, anodic
current density is significantly high, and hence corrosion rate
increases as i_ is much higher than i .

Cathodic protection aims to polarize the potential of the metal
to be protected to the point of the anode’s open circuit potential,
making anodic currents zero, which is achieved by applying an
external current to the metal in the cathodic direction.

Despite equilibrium potential providing good information
about how the corrosion reaction is progressing, it does not
provide any kinetic data about how fast the reaction is pro-
gressing. To measure the corrosion rate, an external current
must be applied, and the change in the electrode potential
must be measured. Polarization is the change in electrode
potential due to this externally applied current, and polariza-
tion value is the difference between the equilibrium potential
and the potential measured under the externally applied cur-
rent. Butler-Volmer equation can be simplified for polariza-
tion values that are too small or large. First, if the polarization
value (n) is bigger than 50 mV, then the second term in the
Butler-Volmer equation can be omitted.

For n >50 mV,

i=iexp (1-p)Fn _Rﬁ])F n) (28)
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forn >-50 mV,

i=ijfexpZPEN) ) (29)

and the natural logarithm of the first equation results in

Ini=Ini + (1-8)Fn (30
RT
and
— “RTInic+RTIni
n= (31)
(1-B)F

since n and i are the only variables, formula 30 yields the
following formula, which is called the Tafel equation:

n=a+blni (32)

Thus, in the case of high polarizations, the natural log of exter-
nally applied current and the polarization are directly propor-
tional with one another.

Second, if the |5 | <5 mV then based on McLaurin series, expo-
nents can be rewritten and only the first two terms can be
considered:

. (1-B)Fn BEn
leading to
. _. F
i=i, R—T'I]" (34)
and
n= lfd'-_f i (35)

Thus, polarization changes depending on the current density.
This method used for corrosion studies is called the linear polar-
ization method. Information about polarization effects gives an
idea about which reactions take place at the electrodes. There
are several types of polarization:
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5.6.1 Activation Polarization

Activation polarization occurs when corrosion reactions pro-
ceed at the metal-electrolyte interface, and the corrosion rate
can only be measured through activation polarization.

5.6.2 Concentration Polarization

Concentration polarization occurs due to the concentration
changes around the electrode in time. When current passes
through the corrosion cell, some ions are consumed and their
concentrations are reduced, leading to an increase in the elec-
trode potential. Consumed ions must be replaced with new
ions from the electrolyte, but this process is limited with dif-
fusion rate. For instance, in spring waters and in seawater, the
main cathodic corrosion reaction is oxygen reduction, and sol-
ubility of oxygen in the water is very low. Thus, in stagnant
waters, oxygen concentration around the cathode is quickly
reduced since it cannot be replenished that fast, leading to a
quick cathodic polarization.

5.6.3 Ohmic Polarization

Ohmic polarization is due to the resistance in the circuit, which
is also called IR ohmic potential reduction. Ohmic polarization
is directly proportional with the current intensity. If current is
stopped, then reduction in the potential in the amount of IR
also disappears simultaneously, while other polarization effects
decrease slowly.

5.7 Polarization Curves

When a current passes through a galvanic cell, cathodic poten-
tial shifts to more negative, while anodic potential shifts to more
positive values, eventually reaching an equilibrium potential,
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where two potentials are the same. If external current is applied
to such a corrosion cell in equilibrium, corrosion potential (E__)
shifts to negative direction and the difference in potentials
under applied current and without equals:

n=E —E, (36)

The thermodynamically determined corrosion tendency con-
cept reveals the conditions under which the metals tend to
corrode; however, it does not yield any information about
the rate of corrosion, which is more important, practically
and economically. Thermodynamically for equal activities
and under standard conditions, € cu/zm WS found as 1.126V;
thus, if these two electrodes are connected through a voltme-
ter that has a high enough internal resistance, it will read a
potential very close to 1.126V; however, if they are connected
over a limited resistance, then a certain amount of current
will pass through the corrosion cell, leading to a decrease in
the potential value, which the voltmeter reads. These alter-
nate values can be denoted with a prime as shown in the fol-
lowing equation:

g€ =1"R+r1) (37)

where R is the external and r is the internal resistance of the
solution or electrolyte, while (¢ — ') is shared by both the anode
and cathode electrode potentials, causing deviations from the
potential values obtained when measured separately, resulting
in both potential values approaching each other, thus given that
additional potentials shared by anode and cathode are denoted
with n, and n, respectively:

e=i (R+1)+n, +1n, (38)
or
e—€ =M, + N (39)

both n, and n. increase with increasing current (i), while
they disappear when there is no current. The deviation from
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the open circuit potentials of both anode and cathode is called
polarization. In the case that external resistance is taken as neg-
ligible and 0, then the current will reach to its maximum value,
while the value voltmeter will read:

g’ =1".r (40)

In real environments, during corrosion of metals in aqueous
solutions, external resistance becomes negligible, and leads to
the micro anode and cathode electrodes to be in a short circuit
situation through the metal resulting in polarization:

g =1".Tr+n, +Nn. 41)
where i” is the real corrosion current and &” (E_ ) is the cor-
rosion potential that is between the anodic (¢,.) and cathodic
(¢...) potentials, which are very close to each other numerically
due to polarization; thus, the polarization curve is linear and
+10mV within the E__, making it possible to establish linear
equations such as the Stern and Geary technique, which works
well for determination of the corrosion rate in acidic and neu-
tral environments:

i =1/23(,.B./ B,+B) (di/dE)_, (42)

corr

Thus, in the case of iron exposed to corrosion, if E__ is
shifted by 10 mV either in the anodic or cathodic direction,
resulting in a current of 0.9x10° Amp/cm? and assum-
ing that both B, and B_are 0.1, since theoretically available
B,and B_values are usually between 0.06 V and 0.12 V, then
i __is found as:

corr

i =1/23(0.1x0.1/0.1+0.1) di/dB),_, (43)

CO

and

(di/dE)_, = 0.9x10° Amp/cm? /0.01V
=0.9x10° Amp/cm?V,, (44)
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Thus, i equals to 1.956x10° Amp/cm* corresponding to
around 50 mdd (mg weight loss per dm? and per day), which
can be calculated using Faraday’s second law:

Corrosion rate (mdd)
= c (mg/coulomb) . i (Amp/dm?) .t (seconds/day) (45)

Rate of polarization is generally the most important factor deter-
mining the corrosion rate, since with increasing polarization,
corrosion rate decreases, and thus one of the corrosion preven-
tion techniques is to change the corrosive environment, increas-
ing the polarization tendency. In formula 40, (i”. r) is usually
negligible compared to (1, + 11...). Also, it is usually the cathode
among the two that shows stronger polarization tendency, and
hence determines the corrosion rate.

In real corrosion reactions, two very common cathode reac-
tions are the reductions of oxygen gas to hydroxide ions and
of hydrogen ions to hydrogen gas. For instance, hydrogen ion
reduction, which can occur for any metal dipped into an acidic
solution, is shown via the following reaction:

2H*+2e —» H, (Eq.79)

and ¢, = 0.0592pH, while n, = € — 0.0592pH, where ¢ is the
observed potential due to passed current, and 7, can be found
from Tafel equation, which is:

Ny = By log i/i (46)

where i is the electron density per unit area on hydrogen elec-
trode and of the metal, §,, is Tafel slope, and iO,H is the exchange
current density. Based on this equation, n, is highly dependent
on the type of electrode material and its chemical composition.
For instance, although the half electrode potentials of hydro-
gen potential are the same for platinum, iron, and lead, the
My values are very different. Among these metals, platinum has
limited polarization tendency due to its high catalytic activity,
while hydrogen reduction on metals that have low catalytic
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activity such as lead and mercury is very slow, and these metals
correspondingly have high n,, values. Thus, for pH < 4, where
the cathodic reaction is the reduction of hydrogen ions:

€orr = &4 + My = 0.0592pH + B, log i/, 47)

where ¢ and pH are measurable and B, and ij,, constants
are theoretically available as Volt and Amp/cm?, respectively,
leaving only i or i to be calculated as Amp/cm? as well,
which can be converted to other units such as mdd, that is, mg
weight loss per dm?® and per day using Faraday’s second law.
In the case where the cathodic reaction is the oxygen reduc-
tion reaction: :

O,+2H,0+4e —» 40H- (Eq. 80)

= -1.23 + 0.0592pH (48)

g

O
when pO, = 1 atm. and where ¢ is the observed potential due to
passed current, and

N, = £ +1.23 - 0.0592pH (49)

When both terms (E,; = 0.0592pH and E_, = ~1.23 + 0.0592pH)
are compared, it can be noticed that E is 1.23V nobler. In other
words, based on this comparison, the corrosion rate of a metal
in aerated neutral conditions is supposed to be higher than the
corrosion in de-aerated acidic environments; however, this is
not the case, for several reasons. First, polarization tendency of
oxygen is very high; secondly, dissolved oxygen concentration
is usually very small in the real environments, limiting the cor-
rosion rate; thirdly, oxygen’s diffusion rate to the metal surfaces
where corrosion reaction takes place is also very slow, and thus
since oxygen cannot diffuse to the metal surfaces in the same
rate that it is consumed, measured potentials come up very dif-
ferent from the open circuit potentials, which is referred to as
concentration polarization. Concentrations of oxygen approach-
ing to zero at the metal surface result in 1, being a lot higher,
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which is also limited by the presence of other reactions taking
place in the same environment.

IfpH=7, (E, =-1.23 +0.0592pH) becomes ~0.84 V, which is very
close to silver's reduction potential of E, = -0.80V, and thus it
may be expected that silver can be slightly affected by corrosion
in aerated conditions, while copper that has E_ = -0.337V is
affected even more, resulting in fast dissolution of copper ions.
Despite the fact that zinc’s and iron’s open circuit potentials are
different since oxygen electrode polarizes very strongly, the cor-
rosion rates of zinc and iron are very similar. Another factor
affecting corrosion rate is that if pH < 4, both hydrogen and
oxygen reduction reactions take place, increasing the overall
corrosion rate.

Corrosion rate can be measured as the weight loss due to cor-
rosion per unit area and time. The salt fog chamber test is the
a common method conducted in two different ways: static
corrosion tests are performed under constant temperature
and constant humidity, e.g., ASTM B117 and DIN 50021 tests,
while rotational corrosion tests are performed under varying
temperature, humidity and electrolyte environments for differ-
ent durations, e.g.,, ASTM G 85, ASTM B 605 and DIN 50018.
However, experiment duration is very long, and especially
when the corrosion rates are very low, results are not reliable.
Also, real conditions can never fully be replicated in laboratory
environments. Additionally, if corrosion type is not uniform
corrosion, weight loss values would be meaningless. Formation
of layers on metal surface during the experiment may lead to
similar problems in terms of reliability of weight loss tests to
determine corrosion rate. Thus, engineers that are in the process
of selecting the right materials for their project or the corrosion
prevention technique will find the weight loss test too long, and
they employ other techniques to determine the corrosion rate.
As for the traditional electrochemical techniques, problems
arise when an external current is applied to measure the corro-
sion, since this externally applied current causes a deviation in
the real corrosion potential. Techniques such as electrochemical
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noise aim to eliminate such disadvantages of both weight loss
tests and traditional electrochemical tests.

In most cases, since corrosion products cannot be carried away
from the anodes and oxygen concentration cannot be replen-
ished at the cathodes fast enough, corrosion rate does not
increase after a certain limit. Thus, in such cases, corrosion rate
can only be increased up to a certain limit with increased cur-
rent. Increased potential causes other reactions at the electrodes
as well. As a result, corrosion rate depends on the potential dif-
ference between the anode and the cathode, as well as polariza-
tion of the electrode reactions. Corrosion in electrodes that have
low equilibrium current densities, which could be polarized
easily with a low voltage, can be prevented effectively.



Cathodic Protection: Industrial Solutions for Protecting Against Corrosion.
Volkan Cicek. © 2013 Scrivener Publishing LLC.
Published 2013 by John Wiley & Sons, Inc.

Corrosion Prevention and
Protection

In general, corrosion prevention methods’ focus is the interface
of the metal surface and solution, since that is where the cor-
rosion mostly takes place. Appropriate metal selection, along
with appropriate design, prevents most of the corrosion at
metal/solution interface. If metal/solution interaction could
be cut completely, corrosion could be completely taken under
control. Major corrosion prevention methods are appropriate
design, selection of the right material and modification of the
composition of the alloy, modification of the environment into a
non-corrosive one, use of inhibitors, use of metallic, organic or
inorganic coatings, anodic and cathodic protection, etc.

Corrosion protective measures are specific to the nature of the
material, its environment, and service conditions. Stainless
steels that are perfected via lowering the carbon content are
used in medical equipment, food processing, and chemical
industries exposed to atmospheric and marine conditions.
For example, stainless steels that are perfected via lowering
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the carbon content are used in many areas such as in medical
equipments and largely in food processing and chemical indus-
tries; therefore, the coatings that are used to coat the stainless
steels and other similar materials are exposed to various atmo-
spheric and marine conditions. Among these coatings, metallic
coatings are more suitable for acidic, atmospheric, and partially
aqueous systems, while paints are preferred more in atmo-
spheric conditions and aqueous solutions. Coatings such as
epoxy, polyurethane, and chlorine-rubber polymeric paints can
last 15 to 20 years even in extremely corrosive environments.
Preparation of metal surface is the first step in the protective
coating process. In this step, the metal surface should be prop-
erly cleaned by degreasing and desealing. Degreasing is carried
out by exposure to trichloroethylene or other volatile organic
solvents. Desealing is carried out by sand blasting technique
or by acid leaching technique or by other chemical methods.
Inhibitors are especially used if replacing the metal is not fea-
sible, such as in closed cooling water systems. Anodic protec-
tion is based on passivation of a metal that can be passivated
via polarizing the metal in the anodic direction, reducing the
corrosion rate down to one in one thousand. Anodic protection
is mostly implemented in water and acidic environments, such
as in sulfuric acid tanks. Cathodic protection appears to be the
most effective and economic method to prevent corrosion in
general in underground, water, and underwater systems, and
in specific in high-pressure natural gas and oil pipeline systems,
pier bases, ships, water and petroleum storage tanks, containers
carrying chemicals, heat exchangers, reinforced concrete steels,
etc. In this chapter, several practical methods to prevent corro-
sion will be reviewed.

6.1 Proper Design

The corrosion of metals depends on the design of the equip-
ment. Geometry of the structure should not allow accumula-
tion of corrosion products. The design of a structure should be
such that retention of moisture is as low as possible, because
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corrosion occurs in the presence of moisture. Design should
allow for complete drainage in the case of a shutdown as well
as easy washing. Water accumulation at upper levels of the
structure, not being able to fully empty the lower levels espe-
cially the boilers, and uneven distribution of the potential when
cathodic protection is applied are all risk factors for corrosion,
and should be taken into consideration during the designing
stage. For example, electrical boxes exposed to the atmosphere
should be so designed that water does not collect at the top.
Tanks and other containers should be designed such that the
whole of the liquid can be drained off completely. Riveted joints
should beavoided, and welded joints should be used, which pre-
vents crevice corrosion and caustic embrittlement. Components
that are suitable for accumulation of moisture with no removal
systems other than the natural evaporation would lead to cor-
rosion. Thus, components should be made with water removal
options, and they should be placed with consideration to the
gravity in such orientations, so moisture is not accumulated.
On the other hand, even if the design does not allow water to be
accumulated, moisture can form due to condensation if warm
gases contact with cold metal surfaces. Thus, sufficient thermal
insulation and/or ventilation are also important, especially at
locations where condensation may occur. Then again, ventila-
tion differences within the structure may lead to heterogeneous
distribution of oxygen, which may lead to corrosion as well.
Joint locations, welded areas, narrow gaps, etc. also may have
insufficient ventilation, and with static liquids that are accumu-
lated at these locations, local corrosion may begin. Thus, the
design should, if possible, include provision for the exclusion
of air. Additionally, while designing materials, galvanic cou-
pling should be prevented, either by sufficiently isolating them
or by not using materials together that are galvanically very
different from one another. Another important issue to take
into consideration is that the equipment and materials used
to connect structural components, such as screws and weld-
ing components, must consist of more noble materials than of
the structural components, and should be sealed so no liquids
can pass through. Stresses caused due to high temperatures
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during welding and the prompt cooling afterwards, combined
with corrosion, result in stress corrosion cracking. To limit such
problems, reducing the time the welded location is exposed to
high temperatures is required, and that depends on the struc-
ture and composition of the components to be welded, which
can be considered during the initial design. Despite the asso-
ciated problems, welding all the sites where two metals come
into contact will reinforce the structure, along with closing the
gaps where corrosive chemicals can pass through, thus help
preventing corrosion.

Civil engineers and architects shall consider corrosion at the
designing stage, and civil engineers shall try to implement
corrosion prevention techniques, which could be much less
expensive than repainting or repairing the structure. Even if the
design is not preventative of corrosion, it is still very important
for another reason, which is that if the design is not appropri-
ate, even repairing the corrosion damage, e.g., repainting the
structure or employing surface treatment techniques, may not
be possible, and corrosion products accumulated at different
locations within the structure may cause stress and cracks. To
come up with a design that prevents corrosion, it is important
to determine the purpose the structure will be used for, the cor-
rosivity levels of the environment that the structure will be in,
the planned lifetime of the structure, and whether periodical
repairs are planned.

Simplifying the design usually helps with prevention of cor-
rosion. Simplifying the shape in general that has fewer angles,
corners, sides, and inner surfaces would help prevent corrosion
in a less expensive and easier way. Thus, a profile manufac-
tured as a single unit is better than one made with more than
one component. Also, closed surfaces and round elements are
better than sharp corners and open surfaces, namely, round
profiles instead of L, T, and U shaped profiles. Additionally,
structural design should allow the components to be reached
for repainting and repairs; the gaps and locations should be
convenient for re-treatments if necessary. Furthermore, based
on the nature of the environment, the structure’s foundation
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may be elevated by placing concrete underneath, especially if
the ground is often wet. Consequently, designs should include
the following precautions:

1. Structures should not allow accumulation of static
waters within;

2. Locations that are designed for flowing of liquids
should not have roughness and should be smooth
with no cavities;

3. Shapes and designs that would make cleaning
and painting of the surfaces difficult should be
avoided;

4. Effects of atmospheric corrosion must be taken
into account in the design, especially at sites where
there is atmospheric pollution;

5. Materials used for thermal and electrical insula-
tion should not absorb water;

6. Contact of metals and alloys must be prevented at
the design stage to prevent galvanic corrosion; and

7. Finally, the project must be designed in a way that
reduces the structural stress of the structure but
does not lead to stress corrosion cracking and other
stress related corrosion and mechanical failures.

6.2 Choice of Material

Perhaps the most common and easiest way of preventing cor-
rosion is through the judicious selection of materials once the
corrosion environment has been characterized. Here, cost may
be a significant factor. It is not always economically feasible
to employ the material that provides the optimum corrosion
resistance; sometimes, either another alloy and/or some other
measure must be used.

Materials must be chosen carefully based on the application in
which they will be used, geographical location, physical and
chemical characteristics of the environment, temperature and
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pressure conditions, other materials with which the material
will come into contact, etc. While choosing materials, their cor-
rosion resistance, easiness to produce, abundance, and expense
should be taken into account. In this regard, noble metals are
commonly used for surgical instruments and ornaments, as
they are most immune to corrosion. In terms of effect of the
environment, if the environment is dry, many metals like alu-
minum or stainless steel can be used absent any corrosion pro-
tection. On the other hand, in wet environments, inexpensive
materials like mild steel can be used, provided that they have
protective coatings. For conditions with high temperatures and
pressures, it is better to increase the corrosion resistant nature of
the metal rather than using a protective coating. Additionally,
structural and galvanic differences of different materials that
will be used in the same project are very important, since use
of a single material in structures is usually not economical. The
following factors detail the characteristics of the corrosive envi-
ronment to consider when choosing a material:

6.2.1 Purity of the Chemicals in the Environment

Chemicals must be checked for impurities, since even small
amounts of impurities may accelerate corrosion, e.g., trace
amounts of vanadium or chromium in nitric acid accelerate cor-
rosion. Sodium and vanadium often attack the protective oxide
films, giving rise to the formation of low melting compounds like
V, 0O, (600°C-900°C) and sodium sulfate, which leads to intercrys-
talline failures. Sometimes formation of carbides leads to changes
in alloy composition, rendering the crack formation within the
matrix, e.g., precipitation of chromium carbides in Ni-Cr alloys
in a redox atmosphere followed by oxidation through the chro-
mium-doped matrix, which results in “green decay” corrosion.

6.2.2 Electrolyte Concentrations

Dilute solution concentrations do not always impede cor-
rosion, e.g., 10% HZSO4 solution is more corrosive than 90%
H,SO, solution.
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6.2.3 Nature of the Electrolyte

Turbulence effects and presence of solid particles in the flow-
ing liquid and also presence of stagnant areas on the path of
the flowing liquid are among the factors to be considered when
choosing the right structural material.

6.2.4 Effect of Corrosion Products

Corrosion products must also be taken into consideration, e.g.,
copper ions may diffuse into food from copper pots and lead
ions may diffuse into water from lead pipes, which are both toxic.

6.2.5 Temperature Variations

Temperature increase in general increases corrosion, with
exceptions.

6.2.6 Presence of Oxygen

The presence and sometimes absence of oxygen causes cor-
rosion, e.g., 2% H,SO, solution cause corrosion in austenitic
stainless steels even in absence of oxygen, since in presence of
oxygen steel will be passivated; however, in the case of copper/
nickel alloys, the opposite is observed. Also, presence of oxygen
encourages the fretting corrosion that mainly arises through the
formation of oxide debris like red rust due to two closely fitting
metal surfaces subjected to vibration. Fretting corrosion can be
avoided by increasing humidity, reducing vibration and load,
or using a bonded coating of MoS,, etc.

6.2.7 Oxygen Concentration Cells

During designing stage, blind spots must be avoided so that
oxygen concentration can be same throughout the structure,
avoiding formation of corrosion cells due to concentration
difference.
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6.2.8 Interference Effects

Stray currents in the ground also cause corrosion; thus, the origin
must be investigated and preventative measures must be taken.

In the light of aforementioned parameters, there are three major
ways to employ metals in structural projects:

1. As Pure Metals

Pure metals have higher corrosion resistance. Even minute
amount of impurities may lead to severe corrosion, e.g., 0.02%
iron in aluminum decreases its corrosion resistance.

ii. As Alloys

Both corrosion resistance and strength of many metals can be
improved by alloying, e.g., stainless steels contain 12%-18%
chromium, which produces a coherent oxide film that protects
the steel from further attack, allowing it to be used in manu-
facturing several instruments and equipment including turbine
brackets, heat-resisting parts, etc. Stainless steels are suscep-
tible to corrosion in some environments, and therefore are not
always “stainless.” Other alloying elements such as Al, Ni, Tj,
Mo, etc. also form a protective oxide layer film, and tungsten
(W), tantalum (Ta), niobium (Nb), titanium (Ti), etc. form pro-
tective carbides on the metal surface, while Al, Be, Si, etc. form
stable oxides on copper surface, minimizing scaling in addi-
tion to protecting the underneath metal from corrosion. Among
other examples are 0.1% cerium (Ce) content in Ni-Cr resistance
wire, which increases its life ten times through the formation of
interlocking between the oxide and the scale; traces of beryl-
lium and calcium in Magnox alloy prevent burning; some alloy-
ing elements form low melting point oxides.

iii. By Annealing

Heat treatment like annealing helps to reduce internal stress
and reduces corrosion.



CORROSION PREVENTION AND ProTECTION 105

6.3 Protective Coatings

Physical barriers to corrosion are applied on surfaces in the form
of films and coatings. It is essential that the coating maintain a
high degree of surface adhesion, which undoubtedly requires
some pre-application surface treatment. In most cases, the coat-
ing must be virtually non-reactive in the corrosive environment
and resistant to mechanical damage that exposes the bare metal
to the corrosive environment.

Protection of the coating depends on its porosity or perme-
ability, which are inversely proportional. General methods of
coating are using organic Or inorganic paints, electrolysis, hot
dipping, passivation of the surface via formation of a protective
molecular film of anodic oxides employing inhibitors, etc.

6.3.1 Protective Oxide Films and Passivation

Application of an external current or providing an oxidizing
environment to increase the thickness of naturally occurring
oxide films is one of the major measures to produce a more cor-
rosion resistant surface, which is named “passivation.” In other
words, passivation is a phenomenon of converting an active
surface of a metal into a passive one by forming a thin, non-
porous, adherent, and highly protective film over the surface.

Some normally active metals and alloys lose their chemical
reactivity and become extremely inert under particular envi-
ronmental conditions, e.g., surfaces of aluminum, tin, chro-
mium, iron, nickel, titanium, and many of their alloys rapidly
get converted into oxides when exposed to the atmosphere or
to the oxidizing environment. The non-porous natures of these
oxide layers prevent further corrosion, and if damaged, they
normally reform very rapidly. However, a change in the char-
acter of the environment, e.g., alteration in the concentration of
the active corrosive species such as chloride and sulfate ions,
causes a passivated material to revert to an active state, accel-
erating the film breakdown process, whereas chromates and
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phosphates promote the repairing action. Subsequent dam-
age to a preexisting passive film could result in a substantial
increase in corrosion rate, by as much as 100,000 times. Oxide
films’ corrosion resistance properties depend upon the proper-
ties of the film, such as:

a) Thickness and impermeability to media

b) Adherence to the base metal

¢) Resistance to chemical attack

d) Mechanical strength

e) The ability to repair defects developed in the film

Metals that are susceptible to corrosion can be made passive by
alloying them with one or more metals that are already passive
and resist corrosion, e.g., iron is rendered passive by alloying
it with any of the transition metals such as chromium, nickel,
and molybdenum.

Dipping metals into solutions of chemicals or spraying such
chemicals onto the metal surface to form an insulating coating
as it is done with phosphates and chromates, to form chromate
conversion coatings with the latter, is a common technique of
passivation. Phosphate coatings have thicknesses that vary
from 1 pm to 10 pm; they form a good base for the paints and
reduce friction, especially during cold working. Metals such
as aluminum, zinc, cadmium, and metals or coatings such as
copper, silver, tin, or even phosphate coatings are dipped into
chromic acid or chromate solutions to be further protected
from corrosion. Chromates also form a good base for paints,
e.g., zinc, cadmium, and aluminum do not require any further
surface pre-treatment after coated with chromates. Chromate
layer is usually 0.5 pm thick and has the ability of self-healing
at damaged locations of the coating; however, it is toxic, haz-
ardous, and carcinogenic, and thus harmful to the environment
and public health.

Passivation of steel can be achieved by exposing to nitric acid;
however, addition of chromium, nickel, molybdenum would
still be needed in environments where chlorides are present,
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since these elements are resistant to the attack of chlorides.
Aluminum and its alloys can be further oxidized by treating
them as anodes in solutions of sulfuric acid, chromic acid, or
oxalic acid. The produced aluminum oxide coating can be
treated with water vapor or with boiling water or other solu-
tions to seal it off, closing the pores, making it very insulating
and protective. The thickness of this coating should be regu-
larly 10 pm inside the buildings, 20 pm in atmospheric condi-
tions, and 25 pm in corrosive atmospheric conditions, while the
thickness varies between 20 pm and 40 pm when such coatings
are colored.

6.3.2 Coatings with Metals, Alloys or Materials that
are Conductors

Metals used to coat another metal are either nobler than the
host metal or more active.

i. Use of Nobler Metals in Metal Coatings

Examples of nobler metals are gold or silver plating onto cop-
per or tin, lead, chromium, or nickel-chromium coatings onto
steel. In this type of coatings, when there is a coating failure
such as pores, cracks, etc., the host metal corrodes underneath
and may cause danger due to unnoticeable mechanical failures;
thus, coating must be continuous and of high quality.

ii. Use of More Active Metals in Metal Coatings

In the use of more active metals to coat the host metal, such fail-
ures do not cause any problems, since the metal used for coat-
ing corrodes preferentially in any case. Surfaces of more active
metals can also be oxidized to become a chromate or phosphate
layer, making the coating a double layer coating with more
resistance to corrosion.

Oxidation potential of ferrous ion to ferric ion is —0.77 V. Zinc,
aluminum, tin, and lead are placed at higher positions in the
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electrochemical series, and hence are more susceptible to being
attacked by oxygen, and act as anodes. Thus, underneath iron
remains bright at the cost of the cathodic metal film on its sur-
face. This is an example of sacrificial protection. There are sev-
eral processes of application of metal coating on steel surface:

a) Hot dipping

In this process, the base metal is dipped into the pool of molten
metal to be deposited and kept on the base metal for sufficient
time. After that, the base metal is withdrawn from the molten
metal bath and allowed to cool it to room temperature. A thin
film of protective metal is tightly adhered to the surface of the
base metal. Zn, Sn, and Pb coatings are usually carried out by
this method. The process of Zn-coating is called ”galvanizing”
and the process of Sn-coating is called “tinning.”

b) Electroplating

In this technique, the metal to be coated is dipped into the salt
solution, which contains the metal ions to be deposited. The
metal plate to be coated acts as cathode, which attracts the metal
ions of the salt solution. Usually graphite acts as anode. When
current is passed through the solution, metal ions are deposited
as metals on the cathode plate, forming a protective film on the
cathode plate. Several metals like Ni, Cd, Sn, Au, Cu, Cr, etc.
may be deposited on the base metal by this technique.

¢) Metal Spraying

In this technique, molten metal to be deposited is sprayed over
the surface of the base metal, followed by drying. Thus, a thin
film of coated metal is formed on the surface of the base metal.
One of the important advantages of this technique is that a
film of protective coating can be formed on any finished arti-
cle, or any finished article can be coated with a protective film
by this technique. Mostly Al and Zn coatings are carried out
by this technique.
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d) Metal Cladding

Sometimes the expensive metal or alloy is protected by cover-
ing it with a thick film of protective metal, either by the pressing
technique or by the hot rolling method. The thick cover is often
called clad, and the phenomenon is called cladding. The cladded
material possesses both the strength of the alloy as well as cor-
rosion resistance property of the clad. One important example
is duralumin, containing 4% Cu, 0.5% Mg, and 0.5% Mn, with a
small amount of Si and Fe. Cladding material is aluminum.

e) Cementation

In this method, base metal and powdered metal to be coated
to the base metal are heated to high temperature and kept that
temperature for long time, in order to allow the powdered metal
to diffuse into the base metal. As a result of this, an alloy layer
is formed on the base metal surface. Zn, Al, Si, Cr, etc. are fre-
quently used to form protective alloy layers on the base metal.

Aluminum coatings are mainly used for protection of steel and
duralumin in sulfurous atmospheres. In general, aluminum
coatings can protect several metals like Cu, Ni, Pb, Cr, etc., but
accelerate the corrosion of Mg. Aluminum coatings are resistant
to carbonates, chromates, acetates, nitrates, and sulfates in the
pH range of 6.4 to 7.2, but are readily attacked by dilute nitric
acid (HNQO,), sulfuric acid (H,SO,), phosphoric acid (H,PO,),
and hydrochloric acid (HCI) solutions. Aluminum alloys are
also attacked by alkalis, and thus inhibitors such as Na SiO, and
Na,Cr,O, are commonly used to protect machines and contain-
ers in the soap industry. In industrial atmospheres, the rate of
attack to aluminum is in the region of 0 to 0.5 mg/dm?/day,
e.g., in the case of food products.

Zinc coatings are widely used in protection of steels in atmospheric
conditions, against water, acids, etc. in marine boilers, propel-
lers, and rudders. The passivation of zinc usually depends on
the formation of adherent film on its surface. Mainly oxide films,
chromate films, carbonate films, and hydroxide films appear as
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protective films on the zinc surface. However, longevity of the
protective coatings mainly depends on the thickness of the film,
which decreases at a very slow rate (0.0002 inch per year).

Tin coatings have some distinct advantages over the other
metallic coatings, since they are physiologically inactive, they
are not corroded by nutritional products in the absence of oxi-
dizers, and iron is cathodic to tin under certain conditions.
Tin is moderately resistant to acid solutions in presence of air,
while in the absence of air, hydrogen, which develops on the
surface, increases the resistance to the flow of current and stops
corrosion. Tin coating is frequently used in containers carry-
ing milk, while fruit juices have a more corrosive action on tin.
Tin protects steel significantly from the attack of distilled water
and atmosphere.

Lead coatings’ corrosion resistance mainly depends on the for-
mation of a protective layer, which is effective within the pH
range of 3 to 11. Thus, lead is resistant to sulfurous, chromic,
and phosphoric acids, and to the atmosphere. However, it is
readily attacked by hydrochloric, hydrofluoric, nitric, and for-
mic acids, as well as nitrate solutions.

iti. Use of Both More Active and Nobler Metals in Metal
Coatings

An example combining both types of coatings for maximum
protection is the coating used for car bumpers, which has four
layers that are copper that is in contact with the metal surface,
semi-bright nickel, bright nickel, and micro porous chromate.
Such a coating intentionally encounters corrosion at the bright
nickel level due to the micro porous chromate layer for decora-
tive purposes.

iv. Use of Conducting Polymers in Metal Coatings

Recently, coatings of conductive polymers such as polyaniline,
polypyrrole, polythiophen, and polyacetylene are starting to
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be used for metallic corrosion protection. It is proposed that
conductive polymers provide anodic protection at the metal
surface, allowing thicker iron oxide layers to form and also
limiting the active sites for corrosion to take place via barrier
act. Conductive polymers are convenient because they are eco-
nomical, environmentally safe, their oxidized form is stable,
and they can be electrochemically synthesized, and can be thus
used for corrosion protection of iron, steel, zinc, aluminum,
and other metals that can be oxidized over corrosion protec-
tive measures based on paint coatings consisting of phosphates
and chromates. Inhibition efficiencies of conductive polymers
are not just due to the presence of m electrons they have, leading
to a strong adsorption on the metal surfaces not allowing corro-
sive chemicals to adsorb, but also their big molecular volumes
covering most of the metal surface, leading to a physical bar-
rier property. Inhibition efficiencies of these polymers are pro-
portional with the number of monomers one polymer molecule
has. Coating metal surfaces with conductive polymers is done
via electropolymerization. Potential used for electropolymer-
ization should be lower than the metal or alloy’s dissolution
potential to keep metal in the passivated zone in order to pre-
vent corrosion. Single layer coatings are effective at preventing
corrosion, while multiple layers are more effective. Polymers
that have n-bonds and conjugated bonds are more conductive.

6.3.3 Coating with Inorganic Materials that are
Insulators

Coating with inorganic materials that are insulators, e.g., con-
crete, glassy enamel, glass, or brick is another method of pro-
tective coating. Among these materials, glassy enamels are
primarily made of frit, which is a composite alkali metal alumin-
aborosilicate combination. Glassy enamels protect the metals
that they are coated with against acids, alkalis, water, abrasion,
and erosion corrosion, and also up to 500°C, and can be formu-
lated in the production stage to better resist one of these fac-
tors. However, they are not protective against hydrofluoric acid
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and sodium and potassium hydroxides that are in melted or
hot solution form. They can also crack under mechanical and
thermal stresses.

Industrial glasses containing primarily silicon dioxide are used
to coat surfaces of storage tanks, reactors, water heaters, pipe-
lines, and valves that are made of steel after their surfaces are
cleaned, and structural stress is removed at high temperatures
with thermal treatment. Glasses absorb negligible amount
of water and are resistant towards all acids except hydroflu-
oric acid and concentrated phosphoric acid. Glasses are also
resistant towards alkaline solutions at room temperature, but
become less resistant with increasing temperature. A disadvan-
tage of glass coatings is the difficulty to make repairs.

Concrete coatings passivate the metal surface due to high alka-
linity, and are not permeable to corrosive chemicals. Concrete
coat ings also help pipelines submerge under the sea and other
water bodies due to their high weights.

6.3.4 Coating with Organic Materials that are
Insulators

Coating with organic materials that are insulators in general,
such as paints, plastics, and rubbers, is a common and effec-
tive method of protective coating widely used on oil tanks,
steel structures, and pipelines. The organic coatings have
two advantages: they do not allow air or moisture to reach
the metallic surface, and the pigments present in the coating
act as inhibitor and thus prevent corrosion. Paints consist of
three major components: organic compounds that are mostly
synthetic polymers that determine the chemical and mechani-
cal properties of paint and are responsible of adherence to the
surface, pigments that provide color and corrosion resistance,
and solvents that dry up and solidify the paint. Pigments are in
three categories based on their corrosion prevention properties:
inert pigments, such as aluminum scales and micaceous iron
oxide, protect paint physically against external factors such as
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sun light or UV light, humidity, etc.; inhibiting pigments, such
as chromates and lead based pigments, passivate the metal sur-
face or increase pH of the environment or deplete oxygen; and
the most common cathodically protecting pigment is zinc dust.
It is important to select the right paint for the type of the metal
to be painted, cleaning and preparing the surface well, using
the right method to paint, and painting under the right con-
ditions such as temperature, humidity, pollution, etc., for the
painting operation to be successful.

Coating of metallic surface by paints, varnishes, enamels, or
lacquers provide a protective coating surface and protect the
metal or alloy from corrosion. However, before application of
such coatings, the surface of metal should be properly cleaned
to remove grease, dust, sand, scale, etc., as these affect adher-
ence. Additionally, the performance of paints or enamels as pro-
tective coating against corrosion depends on their application
technique. A slight negligence at any stage of paint application
can cause complete failure, as cracks may develop. The follow-
ing steps are necessary in the application of organic coatings:

i. Surface preparation
ii. Sanding

iii. Priming

iv. Finishing

v. Filling

The paint coating at the final stage should be continuous so that
no pores are formed in order to make it impervious to gas and
water, and it should be chemically stable.

In some tropical regions, such as in the Middle East and Africa
for example, high environment temperatures, as well as strong
ultraviolet (UV) radiation, may have some negative effects on
organic coatings’ construction and application process, since
solvents or other volatile components in coatings volatilize
faster than in their surroundings, which causes generation of
large numbers of bubbles on the surface and inner layers of the
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coating film, leading to a decrease in the coatings” adhesion and
physical properties shortening service life of coatings greatly.
Among these factors, UV is the most important reason for aging
of coatings, particularly due to UV-B radiation in the range of
290 nm and 320 nm wavelengths, which causes decomposi-
tion of binders in coatings. Due to this UV aging effect, espe-
cially on binders of coatings, high bond energy compounds
should be selected as coating binders to prolong the service life
of topcoats. These organic compounds are compounds with
F-C, Si-O, or H-O bonds in chain such as fluorocarbon resins,
polysiloxanes, and acrylic polyurethanes. Another technique
is to apply UV-absorbing varnish over topcoats as a thin layer
coating, preventing UV ray from penetrating into underlying
topcoats, rendering organic binders less susceptible to attack.
Light stabilizers, including UV-absorbent and radical scaven-
gers, are essential parts of UV-absorbing varnishes. Hence, a
multilayer system, such as an epoxy primer and a weatherable
acrylic polyurethane topcoat and an UV-absorbing varnish on
the top, would be more efficient at preventing the damages of
UV-radiation. Epoxy primer should be of a suitable epoxy resin
and a curing agent with the addition of a high boiling point
solvent, and using a high quality defoamer system, it can be
applied on steel surfaces at high temperatures as well, along
with a UV-absorbing varnish that is composed of hydroxyl
acrylic resin, UV absorbent, solvents, and additives, which also
prevent the UV penetration up to 95%, resulting in the coating
to pass a 2000 hours of weather aging test.

6.4 Changing the Environmental Factors that
Accelerate Corrosion

Sometimes the environment appears corrosive, and modifica-
tion of the environment may be required to protect the material,
reducing the corrosion rate. Lowering the fluid temperature
and/or velocity usually produces a reduction in the rate at
which corrosion occurs. Many times increasing or decreasing
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the concentration of some species in the solution will have a
positive effect; for example, the metal may experience passiv-
ation. The environmental conditions provide assistance to cor-
rosion, and hence, by changing these conditions, corrosion can
be controlled. For example, if temperature is decreased, like all
other chemical reactions, rate of corrosion also decrease. In few
cases, the reverse sometimes happens; for example, boiling of
fresh water or salt water decreases solubility of oxygen in it,
and hence rate of corrosion in such condition decreases. The
presence of gases like CO,, SO,, NO,, etc. in the atmosphere
also accelerates the rate of corrosion of the metals as these gases
dissolve in water to form corresponding acids. Change in pH
of the solution also affects corrosion because as pH decreases,
the evolution of hydrogen gas can replace ionization of oxygen
as the cathode reaction. Addition of corrosion inhibiting sub-
stances or retardants in small amounts also affects the rate of
corrosion. The environment can be modified via several major
ways to prevent corrosion.

6.4.1 Reducing the Corrosivity of the Solution

Chemical and electrochemical reactions taking place at the
metal/solution interface take place via the ions or molecules
adsorbed at the metal surface. These adsorbed ions or mole-
cules change the metal’s potential assisting its dissolution, thus
preventing their adsorption using inhibitors that alternatively
adsorb on the surface, or changing the metal’s potential peri-
odically, preventing the establishment of the conditions suitable
for metal’s dissolution, reduces corrosion rate. Other parame-
ters of corrosion rate are temperature, pressure, flow rate, etc.
Removal of the corrosive chemicals from the environment is
the most effective method. While anodic reaction is the disso-
lution of the metal, cathodic reaction is either one or more of
the reduction reactions of hydrogen, oxygen, and/or another
compound. Hydrogen reduction reaction can be controlled by
increasing the pH level, and if pH cannot be adjusted due to
the requirements of the system, then inhibitors that increase the



116 CATHODIC PROTECTION

potential, preventing hydrogen’s reduction, can be added to the
system. This way, H* ions reaching the surface becomes diffi-
cult, reducing the rate of the anodic reaction as well. Removal
of dissolved oxygen preventing oxygen’s reduction can be done
via heating, vacuum, using chemicals, or using catalysts lead-
ing to oxygen cleavage before entering into the system, causing
corrosion. However, it is important to note that limiting pres-
ence of oxygen will also limit passivation of metals that can
passivate. Additionally, presence of CO, also leads to corrosion
via pH reduction, due to carbonic acid formation and also via
carbonate precipitation. Prevention can be done via removal of
gaseous CO, or muddy carbonate precipitates. In both removal
of O, and CO,, use of inhibitors also increase the conductivity of
the environment, leading to corrosion thus carefully planned.
Sometimes, removal of the corrosive chemical may not be possi-
ble due to the nature of the process, such as if salt solution must
be used, then all corrosion prevention techniques must foresee
the presence of chlorides in the environment. Adjustment of
the metal/solution interface can be done by employing either
active or passive methods. Passive methods employ coating
or painting of the surface or passivating surface via forma-
tion of a thin molecular film using inhibitors, changing the
metal’s potential in the direction, making metal’s dissolution
difficult by increasing the potential required for dissolution. If
this potential change is done via employing an external current
rather than using inhibitors, then it is an active method as other
cathodic and anodic protection methods.

i. Deaeration

The presence of increased amounts of oxygen is harmful, since
it increases the corrosion rate. Deaeration aims at the removal
of dissolved oxygen. Reducing agents are frequently used to
remove oxygen from the surrounding medium, e.g., sodium
sulfite (Na,SO,), hydrazine, etc.

2Na,50,+0, —» 2Na,S0, (Eq. 81)
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NH,+O, —— N, + 2H.0O (Eq. 82)

ii. Dehumidification
In this method, moisture from air is removed by lowering the
relative humidity of surrounding air. This can be achieved by

adding silica gel, which can absorb moisture preferentially on
its surface.

iii. Removal of Acids or Salts

If the environment is sufficiently acidic, corrosion is prevented
by treating the metal surface with lime. Further, salts of sur-
rounding medium are removed by using ion-exchange resins.

6.4.2 Inhibitors

One of the ways to inhibit metal corrosion is by adding chemi-
cal inhibitors. Inhibitors are substances that, when added in
relatively low concentrations to the environment, decrease its
corrosiveness. The specific inhibitor to be used depends both on
the metal or alloy and on the corrosive environment. Inhibitors
are added to cleaning baths, steam boilers, refinery equipment,
chemical operations, steam generators, cooling systems such as
automobile radiators, etc. There are several mechanisms that
may account for the effectiveness of inhibitors. Some inhibitors
only cover the surface by attaching themselves to the corrod-
ing surface and interfering with the oxidation or the reduc-
tion reaction. In other words, they adsorb on the anodic and
cathodic sites to prevent adsorption of corrosive species and
dissolution of metal ions. Other inhibitors assist in the for-
mation of a protective film covering the surface, or they pas-
sivate the already present protective coating, and some only
reduce the activity of corrosive species at the surface by react-
ing with and virtually eliminating chemically active species in
the solution such as dissolved oxygen. Anodic inhibitors react
with the jons of the anode and produce insoluble precipitates
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assisting in the passivation process. The so formed precipi-
tate is adsorbed on the anode metal, forming a protective film,
thereby reducing corrosion. Addition of anodic inhibitors up
to a certain limit increases corrosion rate, due to increase in
conductivity of the solution, while after that limit, metal is
passivated, and thus corrosion is limited. Examples of anodic
inhibitors are alkalis, molybdates, phosphates, chromates, etc.
Cathodic inhibitors interfere with cathodic reactions, which are
of two types, depending on the environment. Hydrogen ion
reduction in the acidic solutions can be controlled by slowing
down the diffusion of H* ions through the cathode. This can
be done by adding organic inhibitors like amines and pyri-
dine. They adsorb over the cathodic metal surface and act as
a protective layer. In neutral solutions, cathodic reaction is the
formation of hydroxide ions via reduction of oxygen, which
can be prevented by eliminating oxygen from the medium by
adding some reducing agents such as Na,SO, or via deaeration.
Vapor phase inhibitors are organic inhibitors that readily sub-
lime and form a protective layer on the metal surface, such as
dicyclohexylammoniumnitrite. They are used in the protection
of machinery and sophisticated equipment that is commonly
sent by ships. The condensed inhibitor can be easily wiped off
from the metal surface.

To be successful in corrosion prevention by adding inhibitors,
especially in closed systems, attention must be paid to several
important parameters, including type of the metal used, compo-
sition of the corrosive environment, pH of the solution, whether
solution has access to air or not, presence of microorganisms,
temperature of the solution, and structural designs.

Acidic solutions are used frequently in cleaning of mild steel,
in pickling, and mild steel is used commonly in manufacturing
of storage tanks and reactions containers. Usually, there is no
oxide and hydroxide layers on metal surface in acidic condi-
tions, which assists both corrosive chemicals and inhibitors in
reaching the surface easily. Most acidic inhibitors are organic
compounds and include hetero atoms of which the inhibi-
tion efficiency increases in the ascending order of O<N<S<P.
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Depending on the electron density of the electron donating
heteroatom, aromaticity, steric effects, length of alkyl chain,
etc., inhibitors either adsorb on the surface sites where metal
atoms dissolve, or on cathodic sites, or both. In acidic media,
the inhibitor molecules are protonated, and they adsorb on the
positively charged metal surface through previously adsorbed
sulfates, for instance. The protective layer that the acidic inhibi-
tors produce helps prevent corrosive chemicals from reaching
the surface and increases the activation energy for the electro-
chemical reactions between the metal surface and the corrosive
chemicals that reach the surface. When metal is exposed to HCI
solution, there are three options:

1. If metalis relatively positively charged, then anions
such as negatively charged Cl- are adsorbed on the
surface, and inhibitor and water molecules that
are protonized in the acidic medium attach to the
metal surface through the CI- ions.

2. If metal is relatively negatively charged, then
inhibitor and water molecules that are protonized
in the acidic medium adsorb on the metal surface
directly.

3. If metal is relatively neutral, then no adsorption
occurs.

In neutral or basic environments, inhibitors adsorb on the metal
surface along with hydroxide ions. Hydroxide ions form pre-
cipitates with metal ions when solubility product of the metal
hydroxide is reached, partially covering the surface. Inhibitors
used assume a duty of filling the pores and holes of the metal
hydroxide precipitates, and thus are called oxide phase inhibi-
tors, such as phosphates that contribute to the precipitate film
via the metal phosphates they form.

Onthe other hand, someinhibitors, such as chromates or nitrates,
do not directly contribute to the precipitation film, but help the
film to be more continuous and protective. Chromates, nitrites,
benzoates, borates, and phosphates are effective inhibitors of
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corrosion of annealed steel, while chromates, nitrites, and phos-
phates are more effective of corrosion of cast iron; thus, in a
system including both annealed steel and cast iron, benzoates
and borates cannot be used.

Contaminants, oils and even protective oxide and hydroxide
films harden adsorption of inhibitors on the metal surface;
thus, surfaces must be cleaned appropriately before application
of inhibitors. Also, the presence of corrosive species is impor-
tant in determining the type of the inhibitor used. For instance,
if chlorides are present, then the inhibitors should keep the
metal’s potential in the area immune to pitting corrosion or in
the passivation area, which is usually the case, leading to such
inhibitors to be named anodic inhibitors or passivators such
as chromates and nitrites. Other ions in the environment such
as sulfates, which are very corrosive chemicals, even can help
reduce the pitting corrosion due to chlorides, when their con-
centration is twice of chlorides at pH = 2, 10 times at pH = 7,
and again twice at pH = 12. The same can be done, for instance,
at pH = 7 with chromates when their concentration is 7 times
more than chlorides, and with nitrates when their concentration
is 0.4 of chlorides, with perchlorates when their concentration is
twice of chlorides, and with chlorates when their concentration
is half of chlorides. Concentration parameter is important, such
that in acidic conditions, concentration of the organic inhibitor
is directly proportional with the surface coverage they provide,
leading to higher corrosion inhibition efficiency, while concen-
tration of the anodic inhibitors must be over a certain limit to
passivate the surface and prevent corrosion, otherwise corro-
sion rate increases.

Inhibitors are economical when they are used in limited
amounts. To keep the amount limited, it is important to pay
attention to the type of the inhibitor used as well as the way
they are implemented. It is also crucial to know the possible
corrosion mechanisms in the absence of inhibitors and the
prevention mechanisms in the presence of inhibitors for maxi-
mum efficiency. Inhibitor efficiency depends on the molecular
structure and the presence of polar groups on the molecules.
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However, efficiency of an inhibitor also depends on the char-
acteristics of the environment it is employed, type and struc-
ture of the metal, temperature, concentration of the inhibitor,
dipping time, etc. If inhibiting efficiency increases with tem-
perature, activation energy decreases in presence of inhibitors,
and vice versa. Also, independent of temperature, if activation
energy increases in presence of inhibitors, it would mean that
inhibitors are adsorbed on the surface via physisorption, while
the opposite would imply adsorption via chemisorption.

Physisorption occurs due to the electrostatic interaction
between the charged metal surface and the ions at the solu-
tion. If the metal surface is positively charged, then it would be
easier for the anions to be adsorbed. However, cations can also
attach to the surface via acid anions. On the other hand, chemi-
sorption occurs via charge transfer or charge sharing between
the metal surface and inhibitor molecules. Transfer of elec-
trons occur between transition metals of the surface that have
empty and low energy orbitals with that of organic molecules
that have atoms possessing free electrons. In this regard, if che-
misorptions resembles intra-molecular bonding such as ionic
or covalent bonding, physisorption resembles intermolecular
bonding such as dipole-dipole interactions or London forces.
Inhibitors usually retard corrosion by adsorbing onto metal
surfaces. If inhibition efficiency increases with increasing con-
centration of the inhibitor, the inhibitor is an adsorption inhibi-
tor blocking the active sites on the metal surface. Corrosion
prevention mechanisms can be studied via methods such as
potentiodynamic polarization, linear polarization, and elec-
trochemical impedance spectroscopy, which are all employed
based on inhibitor concentration. Adsorption depends on the
following criteria:

1. Nature and charged character of metal surface
2. Inhibitor's chemical structure

3. Charge distribution on the inhibitor molecule
4. Factors that cause corrosion
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One way to inhibit corrosion is by using oils that adsorb on
the metal surfaces. Such oils separate hard surfaces from one
another, prevent dissolution and heat damages due to friction,
seal surfaces off, and make power transfer easier. Adsorption
of organic or inorganic inhibitors on metal surface depends on
the functional groups on the inhibitor, steric effects, aromatic
character of the inhibitor, if any, and its electronic structure in
general. Heterocyclic organic compounds, including nitrogen
or sulfur atoms, inhibit copper corrosion by forming chelates
with copper ions or by forming a physical barrier. Inhibitors
that show aromatic character and include heteroatoms that
have free electron pairs to donate such as nitrogen, sulfur, and
oxygen are found to be effective in prevention of acidic corro-
sion. Iron tends to form coordinated covalent bonds with het-
eroatoms that have free electron pairs. The adsorption on the
metal surface occurs via the free electron pair of heteroatom,
such as nitrogen and n electrons of the aromatic group with
that of metal surface. Hence, organic inhibitors are also called
adsorption inhibitors, and are mostly used in acidic solutions.
When diamine derivatives are used as inhibitors, as length of
alkyl chain on the inhibitor increases, the inhibition efficiency
increases as well, due to the surface area that the inhibitor mol-
ecule covers and blocks. According to the generally accepted
theory, organic inhibitor molecules replace the water molecules
that are already adsorbed on the metal surface:

Org(sol) + xH,O(ads) <«—— Org(ads)
+xH,O(sol) (Eq. 83)

6.4.3 Eliminating Galvanic Action

If two metals have to be in contact, they should be selected so
that their oxidation potentials are as near as possible. Further,
the area of the cathode metal should be smaller than that of the
anode, e.g., copper nuts and bolts on large steel plate. The cor-
rosion can also be reduced by inserting an insulating material
between the two metals.
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6.5 Changing the Electrochemical
Characteristic of the Metal Surface

The electrode potential of a metal can be easily changed by
using electrochemical methods. As corrosion in aqueous con-
ditions is an electrochemical process, cathodic or anodic pro-
tection provides a method to control corrosion. Out of the two
protections, cathodic protection is more common and widely
used in preventing corrosion of water heaters, underground
tanks and pipes, and marine equipment.

6.5.1 Cathodic Protection

One of the most effective means of corrosion prevention is
cathodic protection, which protects the metallic structure by
converting it from anode to cathode externally, providing the
electrons needed for cathodic reactions. Please refer to the latter
chapters for details of cathodic protection, which is the main
theme of this book.

6.5.2 Anodic Protection

Anodic protection is similar to cathodic protection in the sense
that an external current is applied onto the metal; however, in
principle, it is very different. External current is used for passiv-
ation of the metal, and thus this method can be applied only to
metals that can passivate, of which there are only a few. Anodic
protection is based on keeping metal’s potential at anodic values
compared to the corrosion potential, reducing corrosion risk.
Thus, the metal is passivated by passing the carefully controlled
current, and then a suitable potential is maintained. Parameters
such as critical current density required for passivation, the
passivation current, and the potential required for complete
passivation need to be determined before anodic protection is
applied. Applied potential and current must be controlled very
carefully with the help of a reference electrode, since otherwise
the metal can corrode very fast.
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In practice, the positive pole of the DC current supply is con-
nected to the storage tank, to which the anodic protection is
applied, and the negative side is connected to the cathode
dipped in the solution. Externally applied current increases
metal’s potential in the anodic direction until it reaches the
passive region. To prevent the metal from moving back in the
active region, applied potential is tried to be kept a few hun-
dreds of mV above the Flade potential, that is, the minimum
potential needed for the metal to passivate (E_ ), and an ampli-
fier is added to the direct current unit, automatically maintain-
ing the current to keep the metal passive. A very small amount
of current is usually sufficient to keep a metal at the passive
region, and thus costs associated with the applied current are
very limited in anodic protection, in contrast with cathodic pro-
tection; however, cathodic protection can be applied to all met-
als. Another difference is that while anodic protection is more
appropriate for solutions that are severely corrosive, cathodic
protection is more suitable for environments and solutions that
are slightly or mildly corrosive. While the anodic protection
system’s initial establishment cost is high, the cathodic protec-
tion system’s maintenance costs are high. Potential is controlled
in anodic protection, while either current or potential can be
controlled in cathodic protection.

Anodic protection can be used for equipments made of mild
steel in sulfuric acid, of stainless steel in phosphoric acid, of
nickel in nitric acid, and of titanium in ammonia, organic acids,
and caustic solutions. Thus, if it is known that anodic protec-
tion can be applied, sulfuric acid tanks and heat exchangers
can be made of mild steel instead of stainless steels. Anodic
protection cannot be applied in solutions containing chlorides
and in hydrochloric acid solutions, since chloride ions prevent
passivation.

If no protection is administered, a mild steel sulfuric acid tank
would promptly corrode, resulting in a dissolved iron concen-
tration of 5 ppm to 20 ppm daily, depending on the temperature
of the acid and the size of the tank. If anodic protection can
be applied, dissolved iron concentration increases only 1 ppm
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daily. This way, the tank’s service life can be prolonged and the
contamination of the sulfuric acid can be avoided.

Apart from applying an external current, anodic protection
can be provided by administering a chemical method as well.
Connecting the metal to be protected with a nobler metal that
has high cathodic potential such as Pt or Pd or use of anodic
inhibitors that can move the metal to the passive region are
among such chemical methods. Trace amounts of Pt or Pd in
the stainless steels or titanium would be sufficient to keep the
substrate metal in the passive region.

The biggest problem faced in practice is the very high initial
amounts of current needed for anodic protection, which is usu-
ally 100 times more than the current needed to keep the metal in
the passive region or to maintain the system. To deal with this
problem, either the metal is moved into the passive region very
slowly, thus keeping the corrosion rate relatively very small,
reducing the needed current or reducing the temperature of
the solution, or adding an inhibitor to the solution that acceler-
ates the passivation process. For instance, stainless steel tanks
and containers are first treated with nitric acid to provide pas-
sivation, using the anodic inhibiting effect of nitrates. Another
method is to gradually fill the tank with the solution, and thus
by reducing the wet surface area in the container, gradually
passivating the inner surface of the tank.

To reduce the already low current used in anodic protection
even further, a current-cutter is used; thus, the current con-
sumed can be reduced down to 1%, e.g., current can be applied
for 6 seconds and not for the following 600 seconds. The current
provided for 6 seconds is sufficient to anodically passivate the
regions that corrode within the 600 seconds; therefore, many
pieces of equipment can be anodically protected using the same
transformer-rectifier unit.
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Cost of Corrosion

It has been estimated that between 3.5% and 5% of an industri-
alized nation’s income or its Gross National Product (GNP) is
spent on corrosion prevention and the maintenance or replace-
ment of products lost or contaminated as a result of corrosion
reactions, e.g., rusting of the automotive body panels, radia-
tor, and exhaust components. The British Hoar committee pre-
pared a corrosion cost report indicating that corrosion costs
3% of British Gross National Product (GNP), of which 23% can
be prevented. Batelle Columbus Laboratories estimated the
losses due to corrosion in U.S. equaling to 4.9%, while National
Bureau of Standards (NBS), currently National Institute of
Standard and Technology (NIST), found it as 4.2% and both
with an error margin of + 30%. Both studies revealed that a
maximum of 45%, a minimum of 10%, and an average of 15%
of the corrosion cost can be prevented. The difference between
the two studies in terms of corrosion cost that can be prevented
is 10 billion dollars, equaling to about 0.6% of the American
Gross National Product (GNP). The reason for such a differ-
ence and wide percentage ranges is because it is not clear to
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what extent the corrosion in automobiles can be prevented. The
cost of corrosion in the U.S. was considered to be about 3.5 to
4.5% of the country’s gross national product, resulting in about
70 billion dollars of loss in 1976, which increased to 126 billion
dollars in 1982 and 276 billion dollars in 1991. The percentage
losses are considered to be even higher in underdeveloped or
developing countries, where corrosion protection measures are
not sufficiently implemented. However, in practice, it is gener-
ally accepted that only up to 30% of the corrosion loss can be
prevented. Generally, costs associated by corrosion can be cat-
egorized as follows:

7.1 Corrosion Preventative Measures

Extra measures taken during designing stage of the projects,
use of thicker metals for corrosion allowance, use of more
expensive metals that are corrosion resistant, and use of paints,
coatings, inhibitors, anodic protection, and cathodic protection
are among the costs associated with corrosion.

7.2 Lost Production Due to Plants Going out
of Service or Shutdowns

The cost associated with a natural gas or a water pipeline th at is
out of service for a few days, or the cost of a one day halt in the
electricity production of a thermal power plant, can be huge.
The loss of prestige due to such interruptions should also be
considered as corrosion damage.

7.3 Product Loss Due to Leakages

Product loss due to leakage of a storage tank at a petroleum
or gas station, or the leakage of a pipeline due to corrosion, is
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considered as corrosion damage. In addition to the product
loss, environmental pollution and fire hazard are other prob-
lems associated with the leakage of the product, especially if the
product is a flammable one, as in the case of petroleum storage
tanks leakages underneath gas stations. Product loss may occur
until the corrosion damage is noticed, identified, and repaired.

7.4 Contamination of the Product

Corrosion products would lessen the quality of the products,
especially in the case of nutritional products, medicine, and cos-
metics. Also, if lead pipes are used, corrosion products of lead
intoxicate the drinking water being transported.

7.5 Maintenance Costs

High maintenance costs such as repainting and replacement of
corroded equipment are included in the corrosion costs.

7.6 Overprotective Measures

Overprotective measures to prevent corrosion are also consid-
ered as corrosion costs. An example is when an 8.2 mm thick
pipe is used instead of a 6.3 mm thick pipe in a pipeline that
is 20 cm wide and 360 km long, which causes the additional
use of 3350 tons of steel. Inner cross-sectional area decreases
with the increasing thickness of the pipe, leading to about 5%
less fuel to be transported and more energy required to pump
the fuel, which translates into higher costs per unit fuel being
transported. Additionally, sometimes too expensive materials
in excessive thickness are used as structural materials to pre-
vent corrosion, which is another sort of financial loss if, in real-
ity, such heavy corrosion is not the case.
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As a result of all the aforementioned categories and more, a
general loss of efficiency occurs, which may not have been esti-
mated leading to further problems.

As a consequence, from an engineering perspective, along with
finding a safe solution to corrosion problem, the solution must
also be economical. Therefore, sometimes cheaper metals that
have low corrosion resistances may be preferred over metals
that have high resistivity. While expensive metals such as sil-
ver, titanium, and zirconium have rates less than 75 mm cor-
rosion rate per year, moderately expensive copper, aluminum,
and stainless steels have less than 100 mm per year, and cheap
metals such as cast iron and mild steel have less than 225 mm
per year. Corrosion rate here is mm reduction in thickness per
year in ambient conditions. In corrosive conditions, these rates
may go up to less than 250, 500, and 1500 mm per year, respec-
tively; thus, metals cannot be used absent a corrosion preven-
tion method.

The method of taxation has a big effect on industrial compa-
nies, since they tend to use materials with shorter service lives
in order to be able to deduct them from taxes. Governmental
companies especially prefer the income they can get in one year
over the income they can get over the long term; thus, they do
not tend to use cathodic protection, since the financial benefit of
cathodic protection shows itself only in years.
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Cathodic Protection

One of the most effective means of corrosion prevention is
cathodic protection that can be used for all types of corrosion
and may, in some situations, completely stop corrosion. Cathodic
protection techniques are widely implemented in the industry for
metallic structures such as underground pipelines, ports, piers,
ships, petroleum storage tanks, water storage tanks, etc. that are
embedded in electrolytes such as water, soil, concrete, etc.

Cathodic protection was first tried on a military ship named
Samarang by Sir Humpry Davy in 1824. The ship’s body that
was made of copper was protected using zinc anodes; however,
as a result of a successful corrosion inhibition, copper ions have
been removed from the system, which led to living organisms
such as mosses to cover the ship’s body, which in turn gave
the impression that the cathodic protection attempt was unsuc-
cessful. Cathodic protection was also used as early as 1836, by
dipping iron sheets into molten zinc to protect war ships from
corrosion. After about a century, cathodic protection was used
again, this time for the protection of underground pipelines,
and around the 1950s, it began to be commonly used for water
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and oil storage tanks, ships, dams, pier bases, reinforced con-
crete steel bars, etc.

Cathodic protection simply involves supplying, from an exter-
nal source, electrons to the metal to be protected, making it a
cathode. Normally, electrons are produced at the anode and
flow to the cathode, where they are used at the cathodic reac-
tion. If these electrons are provided externally, then the anodic
reaction cannot produce anymore electrons, while the cathodic
reaction rate increases, and the anodic reactions do not take
place at the surface of the metal to be protected, but on the sur-
face of another anode in the cathodic protection system.

It is not required to protect an entire metallic structure such as
a long pipeline system with cathodic protection. However, for
cathodic protection to be an effective corrosion prevention mea-
sure, the corroded regions of the pipeline that are to be protected
should corrode. Whether protecting an entire metallic body or
parts of it, cathodic protection is effectively implemented in fol-
lowing conditions:

1. Resistivity of the ground in which the reinforced
concrete pipeline is embedded should be less than
1300 ohm.cm

2. Chloride content of the ground in which the rein-
forced concrete pipeline is embedded should be
more than 500 ppm

3. Areas that have characteristics similar to deserts
or swamps that have sands and silts with high
permeability

4. Areas that have stray currents

8.1 Sacrificial Anode Cathodic Protection
Systems

One cathodic protection technique is sacrificial anode cathodic
protection that employs a galvanic couple; the metal to be pro-
tected is electrically connected to another metal that is more
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reactive in the particular environment. The latter experiences
oxidation, and, upon giving up electrons, protects the first
metal from corrosion. In other words, a more active metal is
connected to the metal structure to be protected, so that all the
corrosion is concentrated at the more active metal, and thus
saving the metal structure from corrosion. For current to flow
through this new galvanic cathodic protection cell, there must
be sufficient potential difference between the anode and the
cathode to overcome the circuit resistance. Current withdrawn
from the galvanic anode depends on the anode’s open circuit
potential and the circuit resistance.

This method is used for the protection of seagoing vessels
such as ships and boats. Sheets of zinc or magnesium are hung
around the hull of the ship and, being anodic to iron, they get
corroded. Zinc and magnesium are commonly used as such,
because they lie at the anodic end of the galvanic series. Since
they are sacrificed in the process of saving iron (anode), they
are called sacrificial anodes. The corroded sacrificial anode is
replaced by a fresh one when consumed completely. Among
other important applications of sacrificial anodic protection are
protection of underground cables and pipelines from soil corro-
sion, and prevention of the formation of rust water via magne-
sium sheets that are inserted into domestic water boilers.

The process of galvanizing is simply onein whichalayerof zincis
applied to the surface of steel by hot dipping. In the atmosphere
and most aqueous environments, zinc is anodic to, and will thus
cathodically protect, the steel if there is any surface damage.
Any corrosion of the zinc coating will proceed at an extremely
slow rate, because the ratio of the anode-to-cathode surface area
is quite large. Oxidation of sacrificial galvanic anode constitutes
the anodic reaction, and mostly reduction of oxygen constitutes
the cathodic reaction. As a result of these reactions, the anodic
region may become acidic, and metal hydroxides can cover the
sacrificial anode’s surface, causing problems. Galvanic anodes’
current capacities and current efficiencies are constant. Based
on the cathodic area to be protected and the time the protec-
tion will be provided, the number of galvanic anodes and the
weights of these anodes can be determined.
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8.2 Impressed Current Cathodic Protection
Systems

In the impressed current cathodic protection, the source of elec-
trons is an impressed current from an external DC power source.
Impressed current is applied in an opposite direction to nullify
the corrosion current and to convert the corroding metal from
anode to cathode. The negative terminal of the power source is
connected to the structure to be protected. The other terminal is
joined to an inert anode, often graphite, which is buried in the soil,
and the high-conductivity backfill material provides good elec-
trical contact between the anode and surrounding soil. A current
path-exists between the cathode and anode through the interven-
ing soil, completing the electrical circuit. Since in this method cur-
rent from an external source is impressed on the system, it is called
impressed current method, and this type of protection is usually
given in the case of buried structures such as tanks and pipelines.

If alloys such as iron and aluminum alloys that are not inert are
used instead of noble platinum and palladium metals or inert
graphite, they would dissolve promptly. Thus, cathodic polar-
ization of the original anode is achieved by employing inert
anodes making up the negative pole of the cell, providing the
needed current externally to the system. This way, anodic reac-
tion is changed from dissolution of any metal to gas evolution
reactions, such as oxygen evolution in freshwaters and under-
ground leading to acidic environments, chlorine evolution in
seawater sometimes along with oxygen evolution, or carbon
monoxide and carbon dioxide evolution in the case of graphite
or coke dust anodic beds:

HO ——» %0, +2H" +2¢ (Eq. 84)

In the seawater or in waters that have high concentration of
chlorides, chlorine gas evolves at the anode, either alone or
along with evolution of oxygen:

2Cr ——— Cl, +2e" (Eq. 85)
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and chlorine reacts with water, forming hypochlorous acid,
which is a weak acid, and thus does not reduce the pH much:

Cl,+2H,0 — & 2HCIO (Eq. 86)

The fact of which of the two gases will be evolved at the anode
between chlorine and oxygen gases is based on the chloride
concentrations and over potential values of these gases at the
anode. Standard electrode potential of chlorine is —1.36V and
for oxygen it is —0.40V, while in the seawater, chlorine’s dis-
sociation potential is ~1.39V and oxygen’s is —0.81V; however,
due to oxygen’s high over potential value, which is 0.70V on
the surface of steel substrate at 1ImA /cm? current density, only
chlorine gas evolves at the anode for current densities that are
not very high.

Usually, galvanic anodes used in terrains include coke dust as
the anodic material, which oxidizes to carbon monoxide and
carbon dioxide gases at the anode. Coke dust must be wet for
the following reactions to occur, and as a result of these reac-
tions, anode becomes acidic:

C+HO —— CO+2H" +2e" (Eq. 87)
C+HO —» CO,+4H" +4e" (Eq. 88)

It is important that the anodes used for both sacrificial anode
and impressed current cathodic protection systems are econom-
ical, since almost half of the initial cost of cathodic protection
systems is spent for the anodes. Secondly, current withdrawn
from the unit surface area of the anode must be as high as pos-
sible, and the anodic resistance should not increase in time.
Weight loss for the anode per current withdrawn in a year must
be as small as possible in order for them to produce currents in
planned intensities and durations.

Consequently, service life of inert anodes in this technique is
expected to be long unless chemical reaction with other species
and polarization occurs; however, inert anodes may be subject
to weight loss due to passing current even of small amounts.
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8.3 Cathodic Protection Current Need

Estimated values for cathodic protection current needs are estab-
lished in the literature based on the type of the metal, surface area
of the metal to be protected, type and the quality of the coating,
as well as on the corrosivity of the environment that the system
is within, e.g., environment’s resistivity, pH, dissolved O,, etc.
However, usually these current values are given in a wide range,
and while the lower limit of the range may not be safe, the upper
limit of the range may not be economical as well. Secondly, coat-
ing quality is considered only based on coating resistance and
thickness, but not based on commonly encountered human errors
such as damages on the coating during transportation, storage,
installation of the pipes, and from insulating the welded regions.

Corrosivity of soils, the earth, or the terrains in general is related
to their resistivities, their pH, and redox potentials, which were
already discussed in detail in the section 4.1.3, “Underground
or Soil Corrosion.”

Theoretically, the minimum needed current to cathodically pro-
tect a metallic system is calculated from the polarization curves
of the anode and cathode reactions. For instance, steel’s corrosion
in an acidic environment consists of the cathodic hydrogen evo-
lution reaction and the anodic iron dissolution reaction produc-
ing iron cations. At equilibrium of a corroding metallic system
such as a corroding steel system, the potential would be E__ and
the corrosion rate, i, would be the point corresponding to the
intersection of the anodic and cathodic polarization curves when
graphed, e.g, E__is-250 mVandi__is 10° pA/cm? (ImA /cm?).
If cathodic current is applied to this corroding steel system, shift-
ing the potential in the negative direction down to -370 mV from
—-250 mV, the corrosion rate would be reduced down to one in
thousand of the initial value to IpnA/cm? and the current intensity
that is needed to do that would be 10* pA/cm?. In other words,
current needed to protect a bare steel surface of 1 m? in an acidic
environment would be 100 A. However, cathodic protection with
such a high current intensity would not be economical, and thus,
in acidic solutions, anodic protection is usually preferred over
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cathodic protection. However, if cathodic protection is a must,
then at least the metal surface can be well coated to reduce the
intensity of the needed current.

Regardless of the cathodic protection method used, the aim is
to keep, e.g., iron materials’ potential below -0.85V compared
to Cu/CuS0O, (CSE), and -0.55V compared to SHE. If there are
sulfate reducing bacteria (SRB) in the environment, then the
upper limit becomes -0.95V instead of -0.85V compared to
CSE. Potentials more negative than these values bring about the
problems of hydrogen damages, and are thus risky. Thus, not
to take such risks, it is sufficient to reduce the corrosion rate to
a certain level, and complete prevention is not attempted. For
example, when metal’s potential is shifted 100mV in the nega-
tive direction, corrosion rate is reduced by 90%, while a shift of
200mV leads to a 99% reduction in the corrosion rate. Generally,
there is no need to reduce the rate of corrosion more than 99%.
The current needed to provide such potential changes depends
on the characteristics of the system. For a coated pipeline that is
240 km long, the total needed current can be 2 A, compared to
a bare pipeline system of the same length that requires 1000 A.

Therefore, controlling the potential is usually the preferred
method instead of adjusting the current, since too many vari-
ables are involved. However, determination of the total cathodic
protection current is required in sacrificial anode cathodic pro-
tection systems to determine the number, mass, and the size of
the anodes that will be installed.

Based on the environment and the quality of the coating, cathodic
protection current needed per unit area usually falls into the fol-
lowing ranges in the case of cathodic protection of steel:

¢ for bare steel structures in fluidic, wavy, rough sea-
water, 100 to 160 mA /m?;

¢ for bare steel structures in stagnant seawater, 55 to
85 mA/m?

¢ for bare steel structures embedded in the seabed
mud, 20 to 30 mA/m?;
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¢ for bare steel structures in humid soils and under-
ground, 10 to 20 mA /m?

* for weakly coated steel structures in water or
underground, 1 to 2 mA/m?

e for well coated steel structures in water or under-
ground, 0.05 mA /m?

* for polyethylene coated steel structures in water or
underground, 0.005 mA /m?.

These values are the initial currents needed for cathodic protec-
tion, since after polarization of the metal surface, the needed
current decreases. However, coating resistance also decreases
in time, leading to an increase in the current need, which may
balance out the polarization effect.

8.4 Effect of Coatings on Cathodic Protection

Coating the metal that is to be cathodically protected reduces
the amount of current needed for cathodic protection. This is
possible since by coating the metal, diffusion rate of oxygen to
the cathodic regions on the metal is reduced, and thus less cur-
rent would be needed to polarize the metal cathodically. Coating
the metal reduces both the initial establishment and operational
costs of cathodic protection systems. Therefore, cathodic pro-
tection and coatings are used together.

8.5 Effect of Passivation on Cathodic
Protection

Cathode reactions take place on the replacement anodes under
the cathodic protection current in the form hydrogen and oxy-
gen evolutions. These reactions produce hydroxide ions, which
precipitate on the substrate surface along with the hardness of
water, Ca?*, and Mg?* ions. Similar to the effect of coatings on
cathodicprotection, these precipitates of calcium and magnesium
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hydroxides prevent diffusion of oxygen to the cathodic regions
on the metal, resulting in the cathodic protection to proceed,
with a smaller limit current reducing the cathodic protection
current needed to polarize the metal. This explains the cathodic
protection of the bare steel structures in seawater, since instead
of the coating, the hardness of seawater and corrosion products
form a protective layer on the metal surface, which acts similar
to a coating. Therefore, although the applied cathodic protection
current is initially very high, it decreases down to one-fourth of
the initial amount just in a few months.

8.6 Automated Cathodic Protection Systems

Varying circumstances, such as changes in the underground
water levels, changes in flow rates, etc., change the current
needed for cathodic protection, and therefore, it has to be
adjusted periodically. An automated transformer-rectifier
(T/R) unit can provide this adjustment with a reference elec-
trode placed underground along with a magnetic amplifier
unit. When the potential measured by the reference electrode
is below a certain limit, applied current is increased automati-
cally, and vice versa.

8.7 Cathodic Protection Criteria

For steel structures to be cathodically protected, their potential
must be sufficiently polarized. The following criteria are com-
monly used to check whether there is sufficient polarization:

8.7.1 -850 mV Criterion

Based on this criterion, potential of the steel structure that is
protected under the externally applied current must be at least
-850 mV or more negative compared to the potential of the
saturated copper/copper sulfate (CSE) reference electrode.
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If the terrain is anaerobic, containing sulfate reducing bacte-
ria (SRB), for instance, then this potential should be -950 mV
or less. Pipeline/ground potential must be measured at the
“oft” position after current is applied for a sufficient amount
of time that is at least four hours, and also at the “on” position
while the current is still being applied. One problem is that
reference electrode cannot be placed directly on the under-
ground pipeline systems, and thus the measured potential
must be up to 200 mV to 300 mV higher in the negative direc-
tion, especially in grounds with high resistivity, to meet the
-850 mV criterion making up for the potential difference. This
difference depends on the distance of the reference electrode
from the pipeline and the terrain’s resistivity. For instance,
for a terrain that has a resistivity (p) of 5000 ohm.cm and for
a distance of 50 cm between the reference electrode and the
pipeline, the measured potential should be -1.2 V at the sur-
face; while for a distance of 100 cm, it should be -1.5 V.

8.7.2 300 mV Potential Shift Criterion

Based on this criterion, when cathodic protection current is
applied on the steel structure to be protected, the measured poten-
tial should be shifted 300 mV in the negative direction compared
to the static potential of the system, which was measured before
the cathodic protection current was applied. However, since the
system’s potential is measured under the applied current, an
ohmic potential reduction of IR must be taken into consideration.
The difference of this criterion than the -850 mV criterion is that
potentials less than -850 mV may be acceptable if the initial static
potential was less than -550 mV, since then a 300 mV shift would
result in a potential that was less than -850 mV.

8.7.3 100 mV Polarization Shift Criterion

In addition to the 300 mV potential difference criterion between
the static potential and the potential measured under cathodic
protection current, a 100 mV polarization shift should also be
there between the initial static potential and the static potential
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measured after at least 4 hours of application of cathodic pro-
tection current and stopped for the purpose of measurement.
Since the measurements are performed both in the “off” posi-
tions when no current is applied, no ohmic potential reduction
of IR is observed, and thus, theoretically, this criterion is the
most reliable criterion.

8.7.4 Tafel Region Starting Point

Potential values where cathodic protection is realized are
graphed versus log (i), and the potential that corresponds to the
Tafel region starting point is determined. Although this crite-
rion has a very strong scientific basis, it is hard to apply in real
life conditions in the field.

8.8 Reliability of Cathodic Protection Criteria

In practice, -850 mV criterion is usually preferred, since it is
easy to perform. However, this criterion is reliable only at pH
values close to neutral pH conditions and at low temperatures,
and also IR ohmic potential reduction must be taken into con-
sideration. -100 mV polarization shift criterion is good due to
not including an ohmic IR reduction, while Tafel region starting
point criterion indicates both the minimum potential and also
the minimum needed current for cathodic protection, since E is
graphed vs. log (i).

Consequently, cathodic protection criteria are usually reliable if
the ohmic IR reduction is at reasonable values. For instance, for
a steel pipeline that has a static potential of -500 mV compared
to copper/copper sulfate (CSE) reference electrode, applied
cathodic protection current results in the pipeline/terrain poten-
tial to go down to -750 mV at first, and then down to -850 mV
after realization of the polarization meeting the first criterion.
The second criterion is also met, since the difference between
the “on” and “off” potentials is ~-850 mV ~ (~-500 mV) = 350 mV.
After the current has been interrupted, the potential is measured
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as ~700 mV, and -700 mV — (500 mV) = 200 mV, which is more
than 100 mV, and thus the third criterion that is the polariza-
tion shift criterion is also met. ~700 mV is 150 mV more than
-850 mV, and thus considering the polarization shift values, this
indicates there was about IR = 100 mV ohmic decrease in poten-
tial; therefore, as long as the IR ohmic decrease in potential can
be kept around values of 100 mV, then any of these criteria can
be reliable, with the first criterion being more preferable due to
its easiness to determine; however, for larger IR ohmic potential
reductions, 100 mV polarization shift criterion remains as the
only reliable option.

8.9 Interference Effects of Cathodic Protection
Systems

Generally, at locations around the anodic bed where the cur-
rent is applied, a positive increase in the terrain potential occurs
and other pipeline systems and metallic structures in the area
are affected. This increase depends upon the terrain resistivity,
current withdrawn from the anode, and the distance from the
anodic bed, and is calculated according to formula 49.

The main types of interference effects that cathodic protec-
tion systems impose on the foreign metallic structures that are
placed near to the cathodic protection systems are anodic and
cathodic interference effects, while interference effects that are
due to high voltage transmission lines, railway vehicles, weld-
ing operations at a ship, insulated flange interference, and
ship-pier interference are also common. Regardless of the type,
interference effects may cause severe interference corrosion due
to stray currents if preventative measures are not taken.

8.9.1 Anodic Interference

Anodic interference is caused by the stray currents originated
from the anodic bed of the cathodic protection system escap-
ing to the surrounding metallic structures, where they cause
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corrosion not at the locations they enter the metallic structures,
but at locations they leave the metallic structures, which have
the lowest resistances.

In case of underground pipeline systems, a potential gradi-
ent in the positive direction is formed around the anodic bed
when cathodic protection current is applied from an anodic bed
that is at a certain distance from the pipeline, while a reduc-
tion in the potential in the negative direction is observed in
areas nearby the pipeline. Going from the anode to cathode and
nearby the anode, the potential decrease can be between 10 V to
50V, depending on the produced current capacity of the anodic
bed, while the potential decrease is negligible in the areas in
between the anode and the cathode and farther away from both;
lastly, the potential decrease is between 1 V and 2 V just around
the cathode in a small region, depending on the quality of the
coating of the pipeline. These regions of potentials around the
anode and the cathode may cause interference on other struc-
tures that are nearby, leading to interference corrosion.

The ground’s potential is increased in the positive direction
when a high potential current is applied from the transformer-
rectifier (T/R) unit of the impressed cathodic protection system
to the anodic bed. This increase is directly proportional with
the current dispersed from the anode to the ground and also
with the ground'’s resistivity. Potential difference created at the
surface is measured via the following formula:

_ip

For instance, potential difference created at the surface, in a ter-
rain that has a resistivity (#) of 3000 ohm.cm and for a cathodic
protection current (i) of 10 Amperes, is 477 mV at a distance
of r= 100 m away from the anodic bed. Metallic structures in
the surroundings are affected by this positive potential differ-
ence, especially if they are bare or weakly coated, exposing
them to the stray currents, resulting in anodic interference cor-
rosion. The locations that the current enters the foreign metal-
lic structure become the cathode, and the locations that current
leaves the structure become the anode. If the location that the
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current leaves the structure is a narrow area, the corrosion can
be severe. Interference corrosion also depends on the location of
the anodic bed and its geometry. The following measures can be
taken to prevent anodic interference corrosion:

1. During the designing stage at the project phase,
anodic beds should be planned to be installed at
least 70 m away from the surrounding metallic
structures.

2. Parts of the foreign metallic body that remain in
the anodic interference field are coated very well.

3. If interference corrosion is encountered during
the operation stage, then galvanic anodes should
be connected to the critical locations of the foreign
metallic structure, e.g., another pipeline system,
and thus the current that enters the structure can
be discharged through these anodes.

4. Profile pipes or metal plates are placed on both
sides of the part of the foreign pipeline that remain
in the anodic interference region and are connected
to the anodic bed’s negative pole, acting as a shield
for the foreign pipeline system.

5. A deep well anodic bed can be used instead of a
shallow well anodic bed. This way, the center of
the anodic potential field would be a spherical
region that is 20 m to 30 m underground, substan-
tially reducing the interference effect on the metal-
lic structures at the surface.

8.9.2 Cathodic Interference

Cathodic interference is caused by the cylindrical negative
potential reduction around the pipeline to be protected, result-
ing in stray currents originating from the surrounding metallic
structures to enter the cathodically protected pipeline system,
resulting in severe corrosion at locations where the stray cur-
rents leave the surrounding metallic structures, especially
if these metallic structures are bare metals or weakly coated.
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Interference corrosion at the foreign metallic structure occurs
due to being in the region of negative potential decrease of the
pipeline that is cathodically protected. In other words, inter-
ference corrosion occurs at the other metallic structure, for
instance, at another pipeline that is not cathodically protected,
since it enters to a region of more negative potential than the
region it is coming from. This difference in the potentials of two
regions that the other pipeline is passing through results in the
part of the pipeline that is in the more negative potential area to
become the anode and corrode. This type of interference corro-
sion increases with increasing cathodic protection current.

The length of region that is under cathodic interference effect
is measured by potential measurements on the foreign metallic
structure, e.g., another pipeline. Measures that can be taken to
prevent cathodic interference corrosion in the foreign metallic
structure, which mainly aim to reduce the potential difference,
are as follows:

1. Pipeline that is cathodically protected and the for-
eign pipeline or metallic structure are connected
electronically via a metallic connection where they
are physically closest to one another, and thus
this way the stray currents escaping through the
terrain are carried via a conductor. Stray current
intensity must be just enough to meet the poten-
tial difference, and thus a resistance of appropriate
size is installed between the two metallic struc-
tures based on the metallic electronic connection.

2. Ametal plate or a scrap metal is placed, in between
the pipeline that is cathodically protected and the
other pipeline, at a location where they are the clos-
est to one another and connected to the other pipe-
line. Consequently, interference corrosion takes
place on this scrap, junk metal instead of the other
pipeline. Theoretically, the farther away the scrap
metal is from the other pipeline, the more it can
protect the pipeline from interference corrosion;
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however, in practice, this would also lead to an
increase in the amount of the produced cathodic
current; thus, scrap, junk metals, or metal plates
would be placed along the other pipeline and just
somewhere in between the two pipelines.

3. The parts of the other pipeline that remain in the
potential decrease region of the cathodically pro-
tected pipeline must be well coated.

4. The regions of the unprotected foreign pipeline
or metallic structure that remain in the poten-
tial decrease region of the cathodically protected
pipeline are connected to an appropriate num-
ber of galvanic anodes. This way, stray currents
enter the foreign pipeline through these galvanic
anodes. These anodes do not have to be high
potential anodes; usually, zinc anodes are suffi-
cient. Additionally, these anodes do not need to
be placed in between the two pipelines; it would
be enough to place them as near as possible to the
foreign pipeline only.

8.9.3 Specific Interference Cases

Other than anodic and cathodic interferences, there are also
other types of mixed interferences:

i. Interference Effect of Railway Vehicles

Often stray currents escape from railway vehicles that work
with direct current to the surrounding metallic structures.
Railway vehicles work with very high voltages, and currents of
thousands of amperes are withdrawn during their motion. The
positive pole of the direct current is connected to the cable feed-
ing the train, while the negative pole is connected to the rails.
As the train moves, current passes on to the rails and goes back
to the station. At the locations that the train is passing through,
terrain potential increases in the positive direction, and stray
currents escape to the terrain from the rails. These stray currents
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may go back to the station over the pipeline if a pipeline system
is present in the surroundings. As the train moves, the locations
where the stray currents enter the pipeline change. In fact, the
locations where the stray currents enter the pipeline are not
important. The location where the currents leave the pipeline
is very important, since that is where corrosion occurs. When
the train is at the station, rails and terrain have more negative
potential than normal; however, as the train gets away from the
station, both the rail’s and the terrain’s potentials increase in the
positive direction.

Currents enter the pipeline easily if the pipeline coating is dam-
aged and of low quality. The presence of insulated flanges on
the pipeline, and the fact that the path of pipeline gets away
from the train station after their intersection point, does not
reduce the corrosion intensity, but may change the location
where corrosion occurs on the pipeline. The following preven-
tion measures are common:

1. The easiest measure is to increase the quality of
pipeline coating, at least at regions where the pipe-
line goes parallel with the railway.

2. Another measure is to insulate the terrain sur-
rounding the railway, preventing the stray cur-
rents from escaping to the nearby terrains.

3. Prevention of the rail resistance at connection
points also reduces the potential of the surround-
ing terrain. Conductance of the rails is provided
via the cable connections, and loose cables increase
the potential, which leads to an increase in the
stray currents escaping to the terrain.

4. Not allowing the stray current to come out of the
pipeline, which tries to go back to the station, and
thus normally leaves the pipeline at a location
close to the station, would also prevent the corro-
sion. This can be done by placing an interference
connection between the negative pole of the trans-
former unit and the pipeline. In case the pipeline
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is not close to the transformer unit, then a metallic
connection is placed between the railway and the
pipeline, leading to stray currents go back to the
transformer via the railway. The problem here is
the determination of the resistance of these connec-
tions, since stray currents are only created when
the train moves by, and the intensity of these cur-
rents vary as the train moves. Thus, the resistance
must be automatically adjusted based on the vary-
ing current intensity; otherwise, at times when
no train moves by, unnecessary current would be
applied to the pipeline from the transformer unit.
5. If the pipeline is intersecting the railway, then the
location where the current enters the pipeline canbe
definitely known; thus, entrance of stray currents
can be prevented by applying impressed current
cathodic protection to this region of the pipeline.
Impressed current cathodic protection systems
must be established at both sides of the intersection
point, and must work only when there are trains
moving by, which can be achieved via transform-
ers that have automatic potential controls. In other
words, when pipeline/terrain potential reaches a
certain level due to the train that is passing by, the
transformer unit begins operating, and stops as
the train moves away. Pipeline/terrain potentials
are continuously measured by a fixed reference
electrode placed at the region where the interfer-
ence effect of stray currents is maximum, which is
also connected to the transformer unit, and thus
signals it to begin operating when a certain when
pipeline/terrain potential is reached.

ii. Interference Effect of High Voltage Transmission Lines

A potential field is created due to the high voltage currents car-
ried by the transmission lines leading to stray currents escaping
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to pipelines nearby from the earthed poles at the bases of the
transmission lines. Intensity of the stray currents depends on
the distance between the pipeline and the transmission line,
the distance they go parallel to one another, and the coating
quality of the pipeline. If the transmission lines were already
present before the construction of the pipeline system, then it
must be determined how much near can the pipeline system be
constructed to the transmission lines and how long they can go
parallel to one another.

Normally, the alternative current carried by the transmission
lines that are escaping to the pipelines nearby do not cause
corrosion; however, it is not the corrosion they cause here that
is the problem, it is that the pipelines are not wanted to carry
high potentials.

In the case that the transmission lines are being constructed
after the construction of the pipelines, the following measures
can be taken to prevent the harmful effects of escaping high
voltage stray currents:

1. Surge protectors are placed at the beginning and
ending points of the region of the pipeline that
intersect or that go parallel with the transmission
lines. Working potential of these surge protectors
must be at least 2.5 kV.

2. A metallic shield or an old pipe can be placed
at regions where the pipeline goes parallel with
the transmission lines and closer to the pipeline.

ifi. Insulated Flange Interference

Insulated flange interference occurs when a potential differ-
ence is created at a terminal location of a pipeline such as
at a point close to the tank, where pipeline is separated into
two via an insulating flange. Interference corrosion occurs at
areas close to the flange and at the part of the pipeline that is
cathodically protected.
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iv. Ship-Pier Interference

Interference effects are usually negligible in the sea, since
seawater is very conductive. However, application of 20 A to
cathodically protect a pier pole that is installed 100 m under
the sea results in a 100 mV/1m current gradient, and when a
ship approaches to such a pier that is cathodically protected, a
potential difference up to 2 V to 3 V can be formed, exposing
the ship to interference corrosion while the ship is at the pier.
Further, the current needed for cathodic protection of the pier
would also increase substantially.

v. Stray Currents Formed Due To Welding Operations
at a Ship

When ships are welded using a welding machine that has its
positive pole earthed at the pier, stray currents from the welding
machine would go to the sea, and from thereof enter the body
of the ship, resulting in interference corrosion at locations where
they leave the ship. However, no corrosion would take place if
the positive pole of the welding machine is earthed at the ship
via an insulated cable, since then the stray currents originated
from the welding machine that go to sea and enter the ship from
thereof would come back to the welding machine via this cable.

8.10. Criteria for Cathodic Protection Projects

The following stages must be followed in an orderly fashion
for successful installation and implementation of cathodic
protection projects:

1. Size of the structure that will be cathodically pro-
tected is determined.

2. Electrochemical characteristics of the structure’s
surroundings are determined.

3. It is determined whether sacrificial anode
cathodic protection or impressed current cathodic
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protection would be more appropriate for the
respective system.

4. Foreign metallic structures within the region of the
structure to be protected are determined.

5. Regions along the pipeline are checked for anaero-
bic environments.

6. Service life of the cathodic protection unit is
estimated.

7. Coating resistance is either theoretically estimated
or experimentally determined.

8. Total current needed for cathodic protection is
calculated.

9. Number of anodes and their locations are deter-
mined in the case of sacrificial anode cathodic pro-
tection systems.

10.In the case of impressed current cathodic protec-
tion systems, the type of the anodic bed, whether
it will be a deep well or a shallow well anodic bed,
is determined. If deep well anodic bed is preferred,
then depth of the well, type and number of the
anodes to be placed in the well are determined.

11. Anodic bed resistance is determined and service
life of the anodic bed is estimated.

12.Types of connection cables and their cross sectional
areas are determined.

13.Transformer /rectifier (T/R) unit’s direct current
potential is calculated.

14.Transformer /rectifier (T/R) unit’s capacity and
location is determined.

15.1t is determined whether the transformer/rectifier
(T/R) unit will be manual or automatic.

8.11. Cost of Cathodic Protection

Cost of cathodic protection systems consists of initial establish-
ment costs, operational costs, and maintenance and repair costs.
Initial establishment costs consist of the cost of the project and
planning phase, costs of materials and equipment, installation
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costs, and the profit of the contractor. In impressed current
cathodic protection systems, initial establishment costs are equal
to operational costs of about 10 to 15 years, and thus are higher
compared to sacrificial anode cathodic protection systems.

The major criterion determining the costs is the current needed
for cathodic protection. A low cathodic protection current
translates to low initial establishment and operational costs.
However, the relation between these variables is not linear.
Initial establishment costs per 1 Ampere current are higher for
small T/R units with low current capacities than for large T/R
units with higher current capacities. Among the items in initial
establishment costs, the cost of materials and equipment is pro-
portional with the current needed for cathodic protection, while
the others are fixed costs. Cost of unit current intensity is very
high for systems with current capacity of lower than 5 A, which
decreases with increasing current capacity up to 20 A, while not
much change in costs occur for units that have current capaci-
ties above 20 A. Costs per A.year also decrease with increasing
cathodic protection service life.

It is also important to note that the alternative current received
from the network that is converted to direct current to be used
in cathodic protection systems does not have a fixed price as
well. Cost of the alternative current received from the electric-
ity network depends on the efficiency of the T/R unit, poten-
tial of the produced direct current, and cost of electricity power
per kW.hour.

Costs can be decreased by reducing the current needed for
cathodic protection. This can be done by increasing the coating
quality, reducing the initial establishment and operation costs.
A quality coating also results in a small attenuation coefficient,
which translates to longer distances of pipeline that can be cath-
odically protected from one location, leading to a reduction in
the number of T/R units needed, reducing the initial establish-
ment costs per 1 km of pipeline. However, expenses for the coat-
ing must be balanced with the reduced costs of reduced current
intensity, since the relation is not linear. Thus, usually a medium
level coating quality would result in the most reduced costs.
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In impressed current cathodic protection systems, anodic bed
costs increase with increasing number of anodes. However,
anodic bed resistance also decreases with increasing number of
anodes, allowing the use of a lower capacity T/R unit to pro-
duce the cathodic protection current of the same intensity. Thus,
there is an optimum for the number of anodes to be installed
that accounts for the most economy, balancing out both the
costs of the anodic beds and the T/R units.

8.12. Comparison of Cathodic Protection
Systems

The major criteria to consider when choosing one of the two
cathodic protection systems are current needed for cathodic
protection and the resistivity of the terrain among other fac-
tors. Usually, if i > 1 Ampere and if p < 3000 ohm.cm, sacrificial
anode cathodic protection systems are more appropriate. Other
factors affecting the choice of cathodic protection system are:

1. Presence of electricity power: sacrificial anode
cathodic protection is usually the single option in
places where there is no electricity power, since
it does not require an external current source.
Galvanic anodes are the source of the required
currents. If impressed current cathodic protection
must be used, then power must be generated using
a generator or via solar energy obtained through
photovoltaic cells.

2. Unit cost: current produced by the sacrificial anode
cathodic protection systems is more expensive than
the current received from the network and con-
verted to direct current by the T/R unit to be used
for the impressed current cathodic protection sys-
tems. Thus, sacrificial anode cathodic protection
systems are usually preferred if the current needed
for cathodic protection is not high. Additionally,
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initial establishment costs of impressed current
cathodic protection systems are higher than the
sacrificial anode cathodic protection systems; thus,
if the planned duration of cathodic protection is
short and the current needed for cathodic protec-
tion is low, sacrificial anode cathodic protection
systems are preferred.

3. Terrainfearth/ground resistivity: circuit poten-
tial of sacrificial anode cathodic protection sys-
tems is usually low, and thus they are regularly
applied in grounds with resistivity values up
to 5000 ohm.cm, and not in fresh waters or in
grounds with high resistivities unless a galvanic
anode with a high potential is used. On the other
hand, impressed current cathodic protection sys-
tems can be employed in grounds with high resis-
tivities, which can be achieved either by reducing
the anodic bed resistance using deep well anodic
beds in dry soils or by increasing the cathodic
protection current.

4. Ease of applicability: application of sacrificial anode
cathodic protection systems is easier than appli-
cation of impressed current cathodic protection
systems. If current need increases due to unpredict-
able factors in time exceeding the capacities of the
existing anodes, then more anodes can be installed
to produce higher total current intensities, while
in impressed current cathodic protection systems
T/R units cannot be adjusted to work over capac-
ity and anodic bed resistance cannot be reduced
during operation; thus, such measures should be
taken in the beginning during the project phase.

5. Cathodic protection current adjustment: if the current
need for cathodic protection increases in sacrificial
anode cathodic protection systems, the potential of
the system to be protected decreases, leading to a
higher margin between the potentials of the anode
and the cathode, resulting in a higher current
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withdrawal from the anode, while in impressed
current cathodic protection systems, either the
T/R unit has to be adjusted manually or a refer-
ence electrode may be installed at the cathodic pro-
tection system connected to the T/R unit, leading
to the T/R unit automatically adjust the current. If
the appropriate current adjustments are not made
in a timely manner, cathodic protection may not be
provided, or overprotection may occur.

. Dissolution of the cathodically protected metallic struc-
ture: in sacrificial anode cathodic protection sys-
tems, dissolution is not observed in the pipelines,
in areas that are close to the anode due to presence
of high potentials, while dissolution is observed in
impressed current cathodic protection systems.

. Interference effects: interference effects are negligi-
ble on the nearby metallic structures in galvanic
cathodic protection systems, since anode-ground
potential is low. On the other hand, stray currents
may originate from the impressed current cathodic
protection systems, leading to interference effects;
thus, surrounding structures must be periodically
monitored and corrosion preventative measures
must be taken.

. Maintenance: periodical controls of impressed cur-
rent cathodic protection systems are easier since
T/R units are usually at easily accessible locations
and the current can be adjusted from one location;
thus, the overall system can be controlled from
one location, while in the case of sacrificial anode
cathodic protection systems, each anode must be
checked individually.

. Replacements: in sacrificial anode cathodic protec-
tion systems, when there is a problem, the anode
that has the problem is found and replaced, while
in impressed current cathodic protection systems,
when there is a problem at the anodic bed, whole
system may need to be replaced.
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10.Electrical connections: cable connections in sacri-
ficial anode cathodic protection systems are like
any other, while cables connecting T/R unit to the
anodes in impressed current cathodic protection
systems must be insulated very well, since even a
small gap may result in detachment of the connec-
tion to the anode. Besides, there is no risk of wrong
connection in galvanic anodes, while T/R unit’s
negative pole must be connected to the metallic
structure to be protected and its positive pole must
be connected to the anodic bed in impressed cur-
rent cathodic protection systems; if it is not, then
the metallic structure to be protected corrodes
away shortly.

Despite its advantages, cost per unit current is high in sacrificial
anode cathodic protection systems, and thus it is not preferred
in cases where high currents are needed. Since galvanic anodes
have low potentials, they cannot be used in electrolytes with
high resistivities, and if for any reason during operation, the
cathodic protection current intensity rises to a value exceeding
the current capacities of the galvanic anodes, new anodes must
be installed.

Besides, anodes make up half of the initial establishment cost
of cathodic protection systems, and thus feasible choice of the
anode is important. Current withdrawn from the unit area of
the anode must be as high as possible and anodic resistance
must not increase in time; also, weight loss per A.year cur-
rent withdrawn from the anode must be as small as possible.
Additionally, anodes must be durable, light, and inert to envi-
ronmental chemical factors. One also must be careful when
administering impressed current cathodic protection, since
substantial rises in potentials may lead to hydrogen evolution,
leading to hydrogen embrittlement and coating failures.
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Sacrificial Anode or
Galvanic Cathodic
Protection Systems

Cathodic protection changes the metal’s potential in cathodic
direction, preventing its dissolution. There are two methods
of changing metal’s potential in negative direction, providing
an external current with one of them being sacrificial anode,
or galvanic cathodic protection. In this method, an auxiliary
anode that is more electronegative than the metal to be pro-
tected is connected with the metal. As electrons flow from the
anode to the metal, the metal ions do not leave the metal, and
corrosion is prevented. Anode sacrifices itself for protecting
the metal, as it is used for protecting underground structures
as well as ships. To exemplify, galvanic anodes produce current
similar to a battery, which is carried to the cathode through
an external connection, providing the electrons needed for
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the cathodic reaction. If galvanic cathodic protection can-
not be efficient due to the characteristics of the environment,
impressed current cathodic protection should be preferred.
Galvanic anodes must be negative just enough to cathodically
polarize the metal to be protected.

9.1 Anodic Potentials and Anodic
Polarization

Galvanic anode’s potential must be negative enough to cath-
odically polarize the metal to be protected, since it is the poten-
tial difference between the anode and the cathode that allows
the cathodic protection current to flow. This potential differ-
ence must overcome the resistance of the cathodic protection
system. Anodes with low potentials cannot be used in ter-
rains or grounds with high resistivities. In the case of iron and
steel structures, cathodic potential must be decreased to below
-850 mV compared to copper/copper sulfate (CSE) reference
electrode. Additionally, the IR ohmic potential reduction that
is primarily due to the anodic bed resistance, resistance of the
connection cables, and the ground resistivity must be taken into
consideration when measuring the cathodic potential under
the applied current and calculating the total current needed for
cathodic protection.

Galvanic anodes must dissolve uniformly for a uniform pro-
duction of the cathodic protection current, and while this is pos-
sible in the seawater, anodes polarize promptly underground.
As a reason, metal ions formed via dissolution of the anodes
precipitate mainly as hydroxides on the anode’s surface, reduc-
ing the active surface area and increasing the anodic resistance,
leading to an increase in potential in the positive direction;
hence, produced current decreases in time. Therefore, appro-
priate anodic beds must be used to prevent such polarization
to take place.
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9.2 Galvanic Cathodic Protection
Current Need

The required current to be provided by the anode depends on
factors such as the total surface area of the metallic structure to
be protected, the quality of the surface coating of present, anodic
open circuit potential with respect to the metallic structure to
be protected, and the anodic bed’s or electrolyte’s resistivity or
impedance, as well as anode’s resistivity in the electrolyte or the
anodic bed.

If the service life of the anodes is longer than the planned dura-
tion of cathodic protection service life, then smaller anodes, or
in other words, anodes with higher length vs. diameter (L/d)
ratios, can be used, or a different type of anode such as HP
magnesium anodes can be used instead of AZ-63 magnesium
anodes, since they can produce the same amount of current
with less number of anodes for shorter durations.

On the contrary, if the service life of the anodes is shorter than
the planned duration of cathodic protection service life, then
bigger anodes, or in other words, anodes with smaller length
vs. diameter (L/d) ratios, can be used, increasing the anodic
mass but without increasing the produced current intensity.
Another way is installation of multiple anodes parallelly that
are connected from one location to the pipeline, thus increasing
the anodic bed resistance and decreasing the unit current with-
drawn from an anode.

Normally, the current withdrawn from the galvanic anodes is
decreased in time due to formation of protective layers of corro-
sion products, water hardness, etc. on the surface of the metallic
structure to be protected, leading to longer than theoretically
predicted service lives. However, it must be taken into consid-
eration that in some cases, higher cathodic protection current
needs necessitated by the damaged coating, which wears out in
time, may balance out the former effect.
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9.3 Anodic Current Capacity and Anodic
Current Efficiency

Anode current capacity is the current that 1 kg of the anode can
produce in one hour (A.hour/kg), which varies with the amount
of current withdrawn from the anode (mA /m?) and temperature:

anodic current capacity (A.hour /kg)

_ anodic current production(A.hour) 1)

anodic mass(kg)

In practice, another version of the same term that is the
amount of the anode, which can produce 1 Ampere per year
(kg/A. year), is mostly used.

The aforementioned theoretical current capacities are calcu-
lated based on the Faraday Law, while in practice, the current
capacities of the anodes are smaller. The ratio of the actual or
true current capacity to that of theoretical current capacity is
known as anodic current efficiency:

true current capacity «100 (52)

anodic current efficiency = . .
i Y™ theoretical current capacity

Anodic current efficiency depends on the type of the anode and

the current density withdrawn from the anode. Magnesium

anodes have 50% to 60% anodic current efficiencies, while zinc

and aluminum anodes have up to 90% efficiencies.

9.4 Service Life of an Anode

In practice, only a certain percentage of an anode’s mass can
be used for current production, since as the anodes are used,
their surface area gets smaller, increasing the anodic resistance,
and also due to the non-uniform consumption of anodic mass;
thus, anodes can never be fully consumed. This percentage of
anodic mass that can be used is called the usage factor. Usage
factor primarily depends on the anode’s shape, which is 85%
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for cylindrical galvanic anodes, for instance. Based on the usage
factor, anodic current capacity can be calculated via formula 50
and anodic current efficiency can be calculated via formula 51;
thus, the life an anode can be estimated, given that the cathodic
protection current need and the mass of the anode are known:

life of an anode(year)

_anodic mass(kg) X usage factor X anodic current efficiency
anodic current(A) X theoretical current capacity(kg/A.year)

9.5 Minimum Number of Galvanic Anodes

The number of anodes that will be installed must satisfy both
the total current needed for cathodic protection in terms of
Amperes and also the total anodic mass. In the first method,
number of anodes (n) is determined, dividing the total current
needed for cathodic protection (I) with the anodic current inten-
sity or the current output of each anode (i):

n=1/i (54)

Alternatively, number of anodes (n) is determined by dividing
the total required anodic mass (M) with the mass of a single
anode (m):

n=M/m 54)

and the total anodic mass is determined from the anodic life for-
mula, formula 52, since all variables are known but the anodic
mass. Consequently, out of the two calculations, the bigger
number of anodes is chosen and installed.

9.6 Commonly Used Galvanic Anodes

Galvanic anodes are chosen among metals or alloys that are
more active than the metal to be protected and are directly con-
nected to the protected metal, forming a combined potential
that is negative compared to the system’s potential. This way,
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system’s potential becomes E'__instead of E__,and i __ instead
ofi__.Since in this method, the galvanic anode corrodes instead
of the metal to be protected, it has a limited service life.

Galvanic anodes have certain current efficiencies and current
capacities. By installing sufficient quantity and number of
anodes in the cathodic protection system, a metallic structure
can be kept as the cathode for the desired amount of time, and
thus protected from corrosion. Anode quantity and size can
only be determined based on the current needed for cathodic
protection. For galvanic anodes to provide protection even in
high resistivity environments, equilibrium potential must be
very negative. The anode should not be polarized too much,
and only a little electrochemical mass loss should result in high
currents, indicating high efficiency.

Consequently, galvanic anodes’ corrosion potentials must be
sufficiently negative, their anodic capacities and anodic effi-
ciencies must be high, they should be continuously active and
not passivated, etc. If more than one anode is connected to a
pipeline at the same location, they must be connected parallel
to one another via one main cable. It is more expensive to dig
holes for each anode and connect those using different cables,
because it requires more labor, and also there may not be suffi-
cient number of suitable locations along a pipeline to separately
install the anodes.

Zn, Al, and Mg alloys are the most commonly used sacrificial
anodes. The percentage of noble metals present in these alloys
cannot be more than a certain limit, since they would passiv-
ate them, making them useless as sacrificial anodes. Al has the
highest current efficiency of 95%, leading to a theoretical current
capacity of 2830 A.hour/kg, Mg has a low current efficiency of
55%, leading to a relatively high theoretical current capacity of
1230 A hour/kg, and Zn has a high current efficiency of 95%,
leading to a low theoretical current capacity of 780 A hour/kg.
Additionally, only about 85%-90% of the theoretical current
capacities can be utilized, which is called the “usage factor.”

The anode is chosen based on the environment’s resistivity;
e.g., Zn or Mg is used in highly resistant environments, while
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Al is used in environments that have low resistivities. Thus,
zinc and magnesium alloyed anodes are preferred for cathodic
protection of the metallic structures underground such as
pipeline systems, while aluminum anodes are preferred for
cathodic protection of the metallic structures in the seawater.
Magnesium anodes and especially high potential (HP) mag-
nesium anodes are preferable in terrains with high resistivi-
ties and in fresh waters. Zinc anodes are inexpensive and have
high anodic current efficiencies; however, they can only be
used in terrains with resistivities lower than 2000 ohm.cm and
in salt waters, since their circuit potentials are low. Magnesium
anodes are not suitable for terrains with resistivities higher
than 5000 ohm.cm, while magnesium anodes can directly be
placed in the ground in terrains with resistivities lower than
500 ohm.cm. Although magnesium anodes’” anodic current effi-
ciencies are low, their anodic current capacities are higher those
of zinc anodes’ under same conditions. On the other hand, alu-
minum anodes have very high current capacities, and thus they
are the least expensive, e.g., 3.5 kg aluminum would be enough
for producing 1 A.year current, while the same 1 A.year can be
produced with 7.88 kg magnesium and 11.84 kg zinc. However,
since aluminum anodes passivate even when they are alloyed
with mercury and indium, they can only be used in seawater.

The costs of anodes are compared in terms of the costs of unit
masses along with the current capacities, which account for
the cost of production of 1 Ampere for one year. For instance,
the approximate unit price of magnesium, considering late
2012 prices, is $3.20/kg, and considering magnesium anodes’
true current capacity of 1100 A hour/kg, the cost of 1A.year is
calculated as around $23.

Current withdrawn from the galvanic anodes can be increased
depending on the potential difference between the anode and
the cathode and also on the anodic bed resistivity, which can be
achieved by increasing the surface area using smaller anodes,
such as two small anodes compared to one big anode that has
the mass of the two small anodes; thus, it is more appropriate to
use many small anodes instead of a few large anodes, especially
in grounds with high resistivities.
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Another issue is the possibility of overprotection. Zinc anodes
have low circuit potentials: the system’s potential can only
be increased up to -1.0 V using zinc anodes, and when that
potential is reached, the withdrawn current is automatically
reduced, and thus the problem of overprotection is never
encountered. In the case of magnesium anodes, however,
produced potentials may be higher than needed, resulting in
excessive currents, resulting in overprotection and the anode
to be wasted. Consequently, since zinc anodes’ service life is
longer than the service life of the magnesium anodes’ of same
size, they are preferable when the expected cathodic protec-
tion duration is long, and vice versa.

9.6.1 Magnesium Anodes

Magnesium anodes’ electrode potential is relatively less com-
pared to metals that are at the top of electrode potential series
due to magnesium’s thin protective oxide film on its surface.
Additionally, magnesium anodes form Mg(OH), in aqueous
solutions that have no chlorides or sulfates present. Mg(OH),
has very low solubility; it precipitates on the surface of the
anode and passivates it. In presence of chlorides and sulfates,
Mg(OH), film is damaged and the anode dissolves in the form
of pitting corrosion. Thus, magnesium anodes cannot be used in
their pure form. Pure magnesium’s electrode potential is 2.4 V
compared to standard hydrogen electrode, while in seawater its
potential reads —1.55 V compared to copper sulfate (CSE) ref-
erence electrode. By adding some manganese of at least 0.5%,
potential of magnesium anodes can be increased up to -1.75'V,
since manganese cancels iron’s harmful effects. Therefore, these
high potential magnesium anodes can be used in high resis-
tivity terrains and in fresh waters. Addition of aluminum and
zinc also positively affect magnesium anodes’ potentials and
current capacities, while impurities such as iron, nickel, copper,
and silicon have negative effects on magnesium anodes’ poten-
tials and current capacities. Withdrawal of high currents during
cathodic protection increases the anodic current efficiencies of
magnesium anodes.
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Magnesium anodes are usually produced in the shape of a bar

or a “D” letter, and they have a steel skeleton along their axis.
They are sold either as bare anodes or as packaged with anodic
bed materials. High potential (HP) magnesium alloy is among
the most commonly used magnesium anodes. Percentage of the
manganese in the HP alloy depends on the percentage of the alu-
minum, e.g., Galvomag high potential (HP) magnesium anode
has 1.25% manganese and 0.1% aluminum. Thus, HP alloys in
general have around 0.05% aluminum and manganese in the
amount of at least [0.5% + (0.6 x aluminum percentage)]; thus
for 0.5% aluminum, manganese needs to be 0.8%, while 0.03%
zinc, 0.05% silicon, 0.02% copper, 0.03% iron, 0.02% nickel, and
magnesium make up the remaining amount. HP alloy’s circuit
potential compared to steel is 900 mV.

Another magnesium alloy used as a galvanic anode is AZ-63
alloy, which has a density of 1.7 g/cm?® and a 700 mV circuit
potential compared to steel. Magnesium AZ-63 alloy is obtained
via addition of 5.3% to 6.7% aluminum, 2.5% to 3.5% zinc,
0.25% to 0.40% manganese, 0.3% silicon, 0.08% copper, 0.03%
iron, 0.03% nickel, and magnesium making up the remaining
amount. Adding sufficient amount of manganese to the alloys
results in high potential AZ-63 alloy anodes, which are suitable
for terrains with high resistivities. Theoretical current capac-
ity of AZ-63 magnesium alloy anode is 2200 A.hour/kg or
3.94 kg/A.year, which is higher than other anodes; however,
due to low anodic current efficiency of 50%, true current capac-
ity becomes 1100 A.hour/kg or 7.88 kg/ A.year. AZ-63 alloy has
a better current efficiency than the HP alloy. If the withdrawn
current density is less than 0.3 mA /cm? then HP magnesium
anodes’ current efficiency decreases even below 50%, while the
current efficiency for AZ-63 magnesium alloy anodes are more
than 60% at the same current density.

9.6.2 Zinc Anodes

Zinc anodes were first used in 1824 by Sir Henry Davy for the
purpose of cathodic protection of ship bodies that are made of
copper. Zinc anodes are still commonly used for the cathodic
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protection of marine structures and structures in terrains with
low resistivities. Zinc anodes have at most 0.006% lead, 0.005%
iron, 0.005% copper, 0.15% cadmium, 0.50% aluminum, and
0.125% silicon as the alloying elements, with zinc making up
the remaining amount.

Pure zinc anode’s potential in seawater is around -1.10 V com-
pared to copper sulfate (CSE) reference electrode, resulting in
a driving voltage of around 250 mV, compared to commonly
accepted protection potential of steel in an aerobic electrolyte
of nearly neutral pH, which is -850 mV, which is not sufficient
for cathodic protection in fresh waters and underground with
resistivities higher than 2000 ohm.cm. However, this potential
difference decreases if the zinc anode contains some iron impu-
rity, and thus the amount of iron in zinc anodes should be less
than 0.0014% if no aluminum is present, and less than 0.0030%
if there is about 0.1% aluminum present in the alloy, which
cancels the negative effect of iron. An example is MIL-A 18001
anode that has aluminum in the amount of 0.1% up to 0.3%,
which allows formation of alloys with iron up to 0.003%, and
thus it can be used in seawater. In any case, it is important for
the iron percentage to be under 0.005%, since higher percent-
ages of iron lead to the formation of iron oxide layer, passivat-
ing the surface of the anode. Aluminum binds the iron in the
anode, preventing it from becoming the cathode of a corrosion
cell within the anode of which zinc is the anode. In the absence
of aluminum, zinc forms primarily zinc hydroxide and other
corrosion products, which cover the surface of the anode, lead-
ing to its passivation, and thus reducing its potential.

Impurities such as lead and copper negatively affect zinc
anodes’ efficiency as iron does, while aluminum and cadmium
have positive effects. Cadmium cancels lead’s poisoning effect
as aluminum cancels iron’s. MIL-A 18001 anodes have 0.06%
cadmium, up to 0.006% lead, and 0.005%. copper.

Zinc anodes used underground do not contain aluminum and
also have less cadmium and iron, as opposed to zinc anodes
used in seawater. Zinc anodes used underground dissolve
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in time, producing zinc hydroxide, which precipitates on the
surface of the anode, leading to passivation, especially if ions
such as carbonates, phosphates, and silicates are present in the
medium, which is not the case in the seawater, since the pro-
duced corrosion products of zinc dissolve into the seawater and
do not precipitate on the surface. Thus, zinc anodes are placed
in anodic beds to be able to be used underground. Anodic bed
material contains sodium and calcium sulfates, and since zinc
sulfate dissolve easily as zinc chloride does, anodes cannot pas-
sivate. Further, zinc hydroxide forms a gel on the surface of the
anode at high temperatures, especially over 60°C.

Zinc anodes have around 820 A.hour/kg theoretical current
capacities and high anodic current efficiencies of over 90%,
leading to 738 A.hour/kg or 11.84 kg/A.year true current
capacity. Their density is 7.1 g/cm’, and the cost of 1A.year cur-
rent production comes to around $14; thus, it costs about 60%
less than magnesium. Current capacity of zinc anodes increases
with the withdrawn current; however, it decreases with increas-
ing temperatures.

9.6.3 Aluminum Anodes

Aluminum anodes are used in seawater and in other waters that
are slightly salted. Presence of copper and nickel in aluminum
anodes shift the potential of aluminum in the positive direction,
while the presence of zinc, magnesium, and cadmium decrease
the passivation and shift the potential of aluminum in the posi-
tive direction. Additionally, the presence of mercury, tin, and
indium keep aluminum anodes active at all times, leading to
uniform dissolution of the aluminum anodes.

Normally, aluminum is more active than zinc when electro-
motor force series is considered; however, due to the naturally
occurring protective oxide film on its surface, it could not be
used as an anode until the 1950s, when it had a potential of
-900 mV compared to copper sulfate (CSE) reference electrode
in seawater. After the 1960s, the addition of about 3% zinc and
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0.5% tin improved current efficiency of aluminum anodes in
seawater up to 50% and potential up to —1.3V, while alloying
elements such as Zn and Hg or Zn and In increased the current
efficiency up to 90% and the potential up to -1.05V.

Alloying elements of Hg in the amount of 0.03% to 0.05%, In in
the amount of 0.01% to 0.03%, and trace amounts of Sn prevents
passivation of aluminum. Indium alloyed anodes are preferred
over mercury and tin alloyed anodes in seawater, since both
are toxic and cause environmental pollution. Indium alloyed
aluminum anodes have 2.1-2.7% zinc, 0.003% to 0.032% cad-
mium, 0.01% to 0.15% silicon, at most 0.25% iron, and 0.017%
to 0.024% indium, with aluminum making up the remaining
amount. Indium is nobler than aluminum, and thus, it keeps
aluminum active via the following reaction:

Al+In* —» AP*+In (Eq. 89)
q

Mercury alloyed aluminum anodes have 0.35% to 0.50% zinc,
0.11% to 0.21% silicon, at most 0.25% iron, and 0.035% to 0.45%
mercury, with aluminum making up the remaining amount.
Since iron passivates aluminum anodes, its amount must not
exceed 0.1% in the alloy. Silicon cancels the negative effects of
iron, and thus a Galvalum alloy that has iron up to 0.15% could
be used as anodes with the addition of silicon.

Despite having a relatively low potential of -1.10 V in seawater
that has 25 ohm.cm resistivity at 25°C for 300 mA/m? current
density withdrawn leading to 250 mV circuit potential com-
pared to steel, aluminum anodes have 2.4 times more current
capacities than magnesium anodes and 3.6 times more current
capacities than zinc anodes, equaling to 2960 A.hour/kg theo-
retical current capacity and 2670 A.hour/kg or 3.5 kg/A.year
true current capacity, due to up to 90% current efficiencies. The
density of aluminum anodes is 2.7 g/cm?, and they are about
three times less expensive in terms of produced unit current
compared to zinc and magnesium anodes; however, alumi-
num anodes can only be used in seawater or in salt waters with
low resistivities, since resistivities higher than 50 ohm.cm for
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Al + Zn + Hg alloys and higher than 500 ohm.cm for Al + Zn +
In +5i alloys cause the potential to go below -1.0 V.

9.7 Performance Measurements of Galvanic
Anodes

Galvanic anodes’ electrochemical properties are estimated
before their installations to establish whether they can produce
the desired current capacities, current efficiencies, and poten-
tials for the planned duration of cathodic protection. These
chemical properties are as follows:

9.7.1 Chemical Composition

Anodic material must be checked for alloying elements or
impurities that negatively affect the anode’s performance.

9.7.2 Mechanical Strength

Mechanically, the weakest parts of the anodes are the cable con-
nections, which must endure a weight that is five times more
than the anode’s mass and a maximum weight of 100 kg. Under
such weight, the cable must not be damaged or broken.

9.7.3 Electrical Resistivity

A steel skeleton is present along the inner axis of the galvanic
anodes for conductance. This skeleton and the anode must be
entirely fused together not to yield any electrical resistance
inside the anode, which would otherwise lead to a reduction in
anodic current production. This electrical resistance inside the
anode is determined via applying a current of 1 A from an exter-
nal direct current source and measuring the occurring poten-
tial differences in intervals of 0.1 mV. The same measurement
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is repeated with currents of 2, 3, 4, and 5 Amperes. Electrical
resistance inside the anode should not be more than 0.01 ohm.

9.7.4 Electrochemical Experiments

Potentials of the anodes are usually measured in clean seawater
or in seawater with regards to ASTM 1141 standards at 20°C,
compared to silver/silver chloride reference electrode (SCE)
or copper/copper sulfate electrode (CSE). If measured against
CSE electrode, then -70 mV is added to the potential measured
with that of SCE. Current capacity and current efficiency mea-
surements are either done by galvanostatic method or by free
current output method.

i. Galvanostatic Method

Galvanostatic method is based on measurement of the weight
loss, which is due to withdrawal of current from the anode.
For this purpose, anode surfaces are cleaned with concen-
trated nitric acid, removing the oxide layers, and washed after-
wards with distilled water. A constant current density that is
between 0.5 and 0.7 mA /cm? is passed through the anodes for
5 to 10 days, until the past current reaches 0.1 A.hour. Then,
the anode is washed free of corrosion products and weighed
for weight loss determination. The following formula is used to
determine the true current capacity;

hour >
kg

_ current passed through the circuit(A.hour)
anodic mass loss(kg)

true current capacity(A.

(56)

and then the true current capacity value is inserted into the for-
mula 51 to determine the anodic current efficiency. For instance,
for a mass loss of 40 mg with 0.10 A.hour passed current, true
current capacity is measured as:

true current capacity (A.hour /kg) = 2'012({4—(%

= 2500 A.hour/kg
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and considering the theoretical current capacity of aluminum
anodes, which is equal to 2965 A.hour/kg, anodic current effi-
ciency is found as:

2500( A.hour /k;
anodic current efficiency (%) = 296SEA hgz:;é; x100 = 84.3%

ii. Free Current Output Method

For the free current output method, first, a cathodic protection cir-
cuit that has a cathodic area/anodic area ratio of at least 200 is
established. Mild steel is used as the cathode, and synthetic sea-
water is used as the electrolyte. Current passes through the circuit
due to the driving voltage between the anode and the cathode, and
thus application of an external current is not required. Potentials
and currents are measured and graphed vs. time for two weeks,
and weight loss is calculated. Current withdrawn during the
experiment is calculated via taking the integral of the area below
the current intensity vs. time curve using the following formula,
where i is the current, t is time, and Q is charge in Coulombs:

Q=i xt (57)

9.8 Galvanic Anodic Beds

Galvanic anodes are not directly buried in ground, but placed
in anode beds, so that the anode is uniformly dissolved, leading
to a high usage factor. Furthermore, the anode’s surroundings
constantly remain wet, leading to a decrease in anode resis-
tance, resulting in a higher current output. The conductive salts
anodic beds contain also reduce the anodic resistance, leading
to low electrical resistance, preventing anodic polarization.
Consequently, anodic beds make it possible for the anodes to be
used in terrains with high resistivities.

In areas with high resistance, anode beds are specially prepared.
Anodes should be casted and their shape must be appropriate
to the protected structure. Their connections with the system
must be such that electrical conductivity is good and mechani-
cal durability is high.
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Usually, galvanic anodes are commercially produced and
available in packages; however, if not, first, one-third of the
anodic bed filling material is placed in the anodic bed, then the
anode is placed in the middle of the dug hole, and the remain-
ing anodic bed filling material is used to surround the anode
filling the anodic bed. Prepackaged magnesium anodes are
commonly placed 1.5 to 3 meters away and 1 meter below the
pipeline or until the wet region is reached. This way, anodes are
not affected by the meteorological events and foreign construc-
tion operations in the nearby areas. Galvanic anodes are con-
nected to pipelines in a sequential manner in equal distances.
Placing the anodes into locations where the ground resistivity is
the lowest is more appropriate. If more than one anode will be
connected to the pipeline at the same location, first, anodes are
connected parallel to each another, and then they are welded
to the pipeline as a group using thermite welding. The weld-
ing location and other connections must be insulated well, and
cable cross sections must be at least 6 mm?, so that no decrease
in potential occurs.

9.8.1 Anodic Bed Filling Materials

There are usually two types of anodic bed filling materials:
type-A consists 70% to 75% gypsum (CaSO,.2H,0), 20% to 25%
bentonite, and 5% to 6% sodium sulfate, leading to a unit elec-
trical resistance of 50-100 ohm.cm, while type-B consists 40%
to 50% bentonite, 25% to 30% gypsum (CaSO,.2H,0), and 25%
to 30% sodium sulfate, leading to a unit electrical resistance of
25-50 ohm.cm. Type-A filling materials are more appropriate for
magnesium, while type-B filling materials are more appropriate
for zinc anodes. Solubility of gypsum present in the anodic bed
materials is 3 g per liter of water, and it continuously releases
sulfate ions to the substrate surface, preventing the formation
of hydroxide film for long periods of time, maintaining low
resistivity. Sodium sulfate’s solubility is very high, and its use
reduces the resistivity to below 100 ohm.cm. Besides, bentonite
can absorb high amounts of water, keeping the anodic bed wet.
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9.8.2 Anodic Bed Resistance

One of the most important parameters in the design of cathodic
protection systems is the electrical resistivity of the environ-
ment. Resistivities encountered for pipeline environments, for
instance, vary from 1 ohm cm in brackish river water to more
than 500,000 ohm cm in non-porous granite. Measurement of
the resistivity of the environment and calculation of the electri-
cal resistance between the anodes and the structure due to the
electrolyte must be made at an early stage in the design of the
scheme to ensure that adequate current output will be obtained
from the anodes over the service life of the structure. However,
exact calculation of the electrical resistances between anodes
and structure due to the electrolyte is rarely possible.

Anodic beds can be considered to lie in a semi-infinite electro-
lyte, and the resistances of electrodes to infinite earth or seawa-
ter can be calculated for a number of anode shapes. Thus, if the
anodes are remote from the structure, these anode resistances
can be used to determine current output of anodes using Ohm’s
Law along with the difference between the required protection
potential and the anode potential:

i=V/R (58)

where i is the current output of the galvanic anode in Amperes,
V is the measured potential difference in Volts, and R is the
resistance of the anode or anodes connected parallelly. If, how-
ever, the anodes are positioned close to the structure, then some
correction to the resistance is required. When current flows
from a small anode to a large metallic structure, the current
density is at a maximum near the surface of the anode. Hence,
a major portion of the potential drop between anode and struc-
ture occurs in the vicinity of the anode, which allows values of
anode resistance to infinite earth to be used reasonably success-
fully even when anode and structure are not well separated.

In practice, the distribution of current to a metallic structure
that is to be cathodically protected is difficult to control. When
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the protection of a pipeline system by an anode is considered,
for instance, it should be clear that there will be a higher current
density at the point on the pipeline nearest the anode than else-
where. Thus, it is obvious that the center of the pipe nearest the
anode will be overprotected to some degree to ensure that the
ends of the pipe are protected as well. This effect can be mini-
mized by using several anodes spaced along the pipe, which,
however, would greatly increase installation costs.

Theoretically, anodic bed resistance depends on the size of the
anode, its diameter and length, and on the resistivity of the ter-
rain. It consists of the resistance of an anode from the metal
to the anodic bed, and the resistance of the anodic bed that is
from the anodic bed to the terrain or to earth. Both resistances
are first calculated separately using the Dwight formulas, and
then are added together to find the total anodic bed resistance.
Resistance of the anode or anodes depends on the way the
anodes are placed in the dug holes, either vertically or horizon-
tally, and also on the number of the anodes that are installed
and the way they are connected to one another, while the resis-
tance from the anodic bed to the terrain or earth depends pri-
marily on the anodic bed filling materials.

i. Resistance of a Single Anode

Resistances of anodes differ based on their vertical or horizontal
placement. Resistances of the anodes that are placed vertically
are higher than those that are placed horizontally. Resistance of
a single cylindrical anode that has a length vs. diameter ratio of
higher than 5 (L/d > 5) and is entirely embedded in the ground,
either horizontally or vertically, is calculated via the following
H. B. Dwight formulas:

e = 2 (027 =1) (59)
R orizontal = .ZIT'C;L(In% - ) (60)

where single anode resistance (R) is in ohm, anodic bed resis-
tance (p) is in ohm.cm, and both anode length (L) and anode
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diameter (d) are in cm. For bar anodes that do not have circular
cross section, effective diameter must be used in the place of the
diameter in the formula 55, which can be calculated using the
following formula:

effective diameter (d) = \/ cro55 sec;zonal Aed _ [(nan)/n 61)

ii. Resistance of Multiple Anodes

Resistance of a group of anodes that are connected parallel to
one another and then as a group to the pipeline is calculated via
the following formula:

R=yb—(in8L-1+2L

= (In o = 1+ 1n0.6567 62)

N7
where n is number of the anodes and s is the distance between
the anodes in cm.

9.9 Sacrificial Anode Cathodic Protection
Projects

There are basic steps to be followed when realizing a project of
a sacrificial anode cathodic protection system:

1. First, the surface area of the metallic structure to be
cathodically protected is calculated.

2. Then, the amount of cathodic protection cur-
rent need per area is determined based on field
experiments.

3. Total current needed for cathodic protection is
obtained by multiplying the cathodic protection
current needed per area measured in step 2 and
the actual surface area measured in step 1.

4. Afterwards, it is decided whether it is more appro-
priate to use sacrificial anode cathodic protection
or impressed current cathodic protection, based on
the resistivity of the terrain and on the total current
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9.10

Sacrificial anode cathodic protection systems should be checked
once a month for the first year the system is fully operational;
afterwards they can be checked twice a year, of which one
check should be performed during the rainy season. For the
purpose of the maintenance, the following measurements and

needed for cathodic protection, which is calculated
in step 3.

If sacrificial anode cathodic protection is more
suitable, then type of the galvanic anode is chosen
based on the resistivity of the terrain.

Resistance of the anodic bed is calculated via sum
of the resistance of the anode or anodes and the
anodic bed backfill material based on formulas
58 through 61.

. Circuit potential of the anode compared to the

metallic structure to be protected is divided with
the anodic bed resistance, resulting in the anodic
current intensity that can be withdrawn from an
anode based on formula 57.

Then, the anodic current output found in step 7 is
inserted into formula 52 to find the life of an anode,
or in other words, duration of cathodic protection,
given that a certain type of galvanic anode is used.

. Nlumber of anodes is calculated via two methods

via formulas 53 and 54 and of the two numbers; the
bigger number is chosen, and that many anodes
are installed.

Maintenance of Sacrificial Anode
Cathodic Protection Systems

controls should be performed:

* Measurement of pipeline/terrain potentials at

both “on” and “off” positions,

* Measurement of anode/terrain potential at “off”

position,
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* Measurement of system potential or the driving
potential,

* Measurement of current intensity withdrawn from
the anodes,

e Control of measurement units and connections,

¢ Control of insulations of insulated flanges, and

* Control of resistances of stray current connections
if present.

The following problems are the most-encountered problems
in sacrificial anode cathodic protection systems that need to be
checked for:

9.10.1 Low Pipeline/Terrain Potential

Pipeline/terrain potentials that are not more negative than
-850 mV, despite high anodic current withdrawal, may be due
to one or more of the following reasons:

1. A new component may be added to the pipeline
system; however, it may not have been separated
using an insulated flange, and thus increased the
current need.

2. Insulated flanges may have lost their resistances,
resulting in stray currents escaping to foreign
structures.

3. A new cathodic protection system that has a more
negative potential may be established in the sur-
roundings, resulting in stray currents escaping to
this new system.

4. Pipeline coating is damaged to the extent that the
increase in the current needed for cathodic protec-
tion is at a level that was not initially predicted and
planned for.

5. Corrosive characteristics of the terrain, where the
pipeline is located, have changed and become
more corrosive due to increasing humidity levels
and/or increasing diffusion rate of oxygen.
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9.10.2 Decreases in Anodic Current Production

Normally, decreases in anodic current production occur grad-
ually due to the current being withdrawn from the anode,
leading to losses in weight and volume, and also due to the
decreasing driving voltage caused by the increase in pipe-
line/terrain potential. However, in both cases, as long as the
pipeline/terrain potential remains above the protection limit,
cathodic protection continues; but if no anodic current can be
produced and pipeline/terrain potential remains below the
protection limit, then one or more of the following circum-
stances may be the reason:

1. More than predicted current is withdrawn from
the anode, and thus the anode is detached before
its estimated service life.

2. Anode-cable connection is weakened or detached
completely; if detached completely, anode/terrain
potential cannot be measured.
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Impressed Current
Cathodic Protection
Systems

It is possible to convert the metallic structure into a cath-
ode using a direct current of right intensity and potential via
impressed current cathodic protection protecting it from cor-
rosion. Direct current used for cathodic protection is obtained
through a transformer/rectifier unit, where alternative cur-
rent is converted to direct current. The plus pole of the direct
current coming out of the T/R unit is connected to the anodic
bed and the negative pole is connected to the metallic struc-
ture, e.g., to the pipeline to be protected. Intensity of the cur-
rent and the system’s potential can be increased as much as
desired in impressed current cathodic protection systems up
to the capacity of the T/R unit, as opposed to the sacrificial
anode cathodic protection systems, which require installment
of additional anodes in case total cathodic protection current
need increases. Thus, very long pipelines can be protected

179
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using just one anodic bed in impressed current cathodic pro-
tection systems, provided that pipeline/terrain potential does
not exceed a certain limit value at the point of application, so as
not to cause overprotection that cannot be tolerated. The length
of a portion of a pipeline that can be protected using a single
anodic bed depends upon the type of the pipeline, its inner and
outer diameters, and thickness of the metallic body, as well as
on the quality of its coating if present, and on the intensity of
the produced anodic current.

In the case of overprotection, for instance, if steel’s potential
increased in the negative direction by excessive polarization in
the cathodic direction, then not only oxygen would be reduced
at the cathodes, but so is the hydrogen, via electrolysis reaction
of water. Evolved hydrogen may cause blistering and delami-
nation. Additionally, in environments suitable for stress corro-
sion, some of the hydrogen atoms produced may diffuse into
the metal’s crystalline structure, resulting in hydrogen embrit-
tlement. Also, the current used for overprotection would lead
to additional costs.

10.1 T/R Units

In impressed current cathodic protection systems, current is
withdrawn from the general electricity network in the form of
alternative current and inverted to direct current. A transformer-
rectifier (T/R) unit is used for inversion of the alternative cur-
rent (AC) to the direct current (DC). If the potential is adjusted,
any desired magnitude of direct current can be withdrawn
from a T/R unit, given that there is a fixed reference electrode
attached to the cathodic protection system. Thus, it is possible
to automatically adjust the current withdrawn from a T/R sys-
tem that consists of, e.g., one mono-phase and another tri-phase
T/R unit. Negative pole of the direct current produced by the
transformer/rectifier (T /R) system is connected to the metal to
be protected, while the positive pole is connected to the other
anode present in the cathodic protection system.
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Either silicon or selenium diodes are used in the rectifiers, which
convert the alternative current to direct current either in the
form of full or half waves. Silicon diodes are preferable, since
they are 10% more efficient than selenium diodes, and they also
take up less space.

An alternative current forms a sine wave due to oscillating
60 cycles per second, which is called a “ripple.” This fluctuat-
ing current also reveals itself in cathodic protection, but since
the variation in potential is small, e.g., between -~1200 mV and
-1400 mV, and since these fluctuations in potential occur in less
than one in hundreds of a second, the voltmeter reads only a
constant value, that is, ~1300 mV, and thus in practice it does
not cause any harm.

10.1.1 Efficiency of T/R Units

In operation, first the potential of the alternative current that is
either three-phase or single-phase obtained from the electric-
ity network is reduced down to the desired level using a trans-
former, then it is converted to direct current using a rectifier,
usually with an efficiency of 60% to 70%.

Efficiency of a T/R unit equals to the ratio of the power of the
produced direct current coming from the rectifier to the power
of the alternative current generated by the electricity network:

power of direct current(watt) = i( A) X potential(V)  (63)
and
power of alternative current(watt)
= electricity energy(kW.hour) /time(hour)  (64)
and
efficiency of the T/R unit =

power of the produced direct current

= : : : X100 (65)
power of the incomin g alternative current
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Thus, based on formulas 62 through 64, for a produced DC cur-
rent of 20 A and 15 V, the power of the DC current would be
300 Watt, and if the electricity energy spent is 0.2 kW.hour for
half an hour, the power would be equal to 400 Watt, resulting
in a 75% efficiency for the T/R unit. Efficiency of the T/R unit
increases with the potential of the withdrawn direct current.
Thus, for potentials lower than 10 V, efficiency decreases below
60%. Efficiency is higher when three-phase current is used.

10.1.2 T/R Units with Constant Potentials

In some cases, current needed for cathodic protection changes
due to appearance of stray currents due to changes in the
anodic bed resistance depending on the seasonal changes; thus,
the T/R unit automatically adjusts the current to keep the pipe-
line/terrain potential constant. For this reason, a permanent
reference electrode is installed nearby the metallic structure to
be protected, and the produced potential is used under the con-
trol of the current through a magnetic amplifier. If the potential
is higher than the needed amount, then the amplifier stops the
current for a short period of time, and if it is lower, then more
current is withdrawn from the T/R unit, and hence the pipe-
line/terrain potential is always kept constant.

10.1.3 Installation of T/R Units

T/R units are installed usually on a concrete block that is at
least 30 cm high or on a pole that is at least 130 cm high off
the ground, so that they are not affected by the environmental
factors such as rain, temperature changes, etc. Cables carrying
alternative current from the electricity network should be pro-
tected by placing them into another protective cable and then
clamping them onto the pole. There must be a connected switch
outside of the T/R box to cut off the current. The outer box must
be earthed and the cables carrying the direct current must be
labeled for their positive and negative poles.



IMPRESSED CURRENT CATHODIC PROTECTION SYSTEMS 183

For T/R units that automatically adjust the current to main-
tain constant pipeline/terrain potential, a regular cable must
be installed, connecting to the reference electrode near the
pipeline as well.

Cables are connected via thermite welding after thorough
cleaning of the pipeline surface, removing the coating until
the bare steel substrate surface is exposed. At the location
which is thoroughly cleaned, thermite dust is fired, the slags
are removed after welding, and open areas are isolated using
mastic materials.

Cables that are used to carry high intensity direct current
must have large cross sections and their connections must not
cause any high resistance areas, in order to prevent potential
reductions. If a small hole exists on any of these cables embed-
ded in the ground, stray currents will form, and the cable can
be detached due to corrosion. A stray current will also mean
that the direct current potential applied by the T/R unit to
anode will decrease.

10.1.4 Technical Properties of T/R Units

Technical properties of a T/R unit such as its capacity, its poten-
tial and the direct current output, must be determined during
the project phase based on the following criteria:

¢ Whether 220 V single-phase or 380 V three-phase
alternative current will be used.

e Whether air-cooling or oil-cooling system will be
used; T/R units with oil-cooling systems are pre-
ferred in corrosive atmospheres, while in places
where there are refineries, combustible gases and
petrochemicals, explosion proof T/R units with
air-cooling systems must be used.

¢ Whether the T/R unit will have selenium or sili-
con diodes.
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¢ Maximum operating temperature.

* Sensitivity and capacity of measurement devices
such as ampere-meter or voltmeter that are in the
T/R box.

* Where the T/R unit will be installed, whether on
a pole, on the wall, or on a concrete block at the
surface.

10.2 Types of Anodes

In impressed current cathodic protection, since energy or cur-
rent is provided externally, the reference anode does not cor-
rode instead of the metal to be protected; however, since every
metal dissolves more or less with an applied potential, even
the most durable supplementary anode will have a limited ser-
vice life. Therefore, anodes must be economical, since half of
the initial establishment expense is spent on anodes in cathodic
protection systems. Thus, mass loss per current withdrawn
(A.year) must be as small as possible. It is important that the
current withdrawn from the anode is as highest as possible and
the anode resistance does not increase in time, such as titanium
anodes that are coated with conductive metal oxides, e.g., NiO-

Fe,O,, that never passivate.

Anodes used for impressed current cathodic protection systems
are placed either vertically or horizontally in anodic beds at a
depth at least equaling to the length of the anode. Mostly coke
dust is used as the anodic bed filling material surrounding the
anode. Coke dust reduces the resistance of the anodic bed, and
prevents anodic weight loss.

Issues such as location plan of the anodes, their connec-
tions, and potential losses along the connections must be
addressed beforehand in impressed current cathodic protec-
tion systems. Locations where the potentials measurements
will be made must be carefully selected for effective moni-
toring of the system.
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10.2.1 Graphite Anodes

Graphite anodes are economical, and thus are commonly used
in seawater, freshwaters, and in the ground. Since the products
of the anodic reactions of graphite are all gases, no passive layer
is formed at the anode surface. In the freshwaters and in the
ground, oxygen and carbondioxide are produced, while in the
sea, mainly chlorine gas is formed along with oxygen, especially
at high current densities. It is suitable to withdraw 2.5-3.0 A/ m?
current from graphite anodes, leading to a weight loss of less than
0.5 kg/ A .year, while withdrawal of over 4 A/m? current in fresh-
waters, over 10 A/m? current in the ground, and over 30 A/m?
current in the sea will cause the graphite anode to break.

Graphite anodes are placed into coke dust anodic bed mate-
rial, leading to uniform withdrawal of current; however, gases
formed as a result of anodic reactions must be removed from the
environment, and using filtered coke dust helps. Additionally,
the forming acids must be neutralized, which is usually done
via addition of lime water.

An additional 1.7 V potential must be applied to cathodic pro-
tection system to make graphite the anode and to keep steel as
the cathode, since the electrode potential of the graphite anode
is 1.7 V, more positive than the steel. Thus, in the absence of
an applied current, graphite would be the cathode and steel
would be the anode.

10.2.2 Iron-Silicon Anodes

Cast iron anodes that are alloyed with 14.4% silicon are widely
used in impressed cathodic protection systems. Silicon forms a
strong silicon dioxide film on the anode surface, protecting the
anode. However, this does not increase the anodic resistance,
since the formed hydronium (H*) ions provide the conduc-
tance despite the very high resistivity of pure silicon, as long as
the surface is not entirely covered with silicon dioxide. This is
achieved by alloying iron with 14.35% of silicon.
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Sit+4H0 —» Si(OH), + 4H" (Eq. 90)

Iron-silicon anodes are very resistant and durable in fresh
waters and in the ground. Their weight loss values are around
0.5 to 0.75 kg/A.year at 20 A/m? current density. In the sea-
water, however, due to the formation of chlorine gas, passiv-
ation is ruptured, leading to pitting corrosion at the surface of
the anode. Addition of 4.5% chromium to the alloy, making it
high silicon cast iron (HSCI) alloy, prevents pitting corrosion,
and thus, the weight loss reduces to 450 g/ A.year at 500 A/m?
current density. Addition of 3% molybdenum instead of chro-
mium allows these anodes to be used at temperatures even
above 100°C.

The biggest disadvantage of iron-silicon anodes is that they are
heavy and brittle. Also, if the anodic bed dries up, the produced
current or the current efficiency is substantially reduced.

10.2.3 Silver-Lead Anodes

Lead anodes that contain 1% to 2% silver can produce currents
of 50 to 200 A/m? in the seawater. Weight loss of these anodes
is about 1 kg /A year initially, which decreases, however, down
to 30 to 50 g/A.year after about a month, due to the forma-
tion of a lead peroxide layer on the surface of the anode. The
lead peroxide layer prevents the anode from dissolution, but
does not increase the anodic resistance, since it is conductive
unless more than 400 A/m? current is withdrawn. Withdrawal
of such high currents leads to the formation of nonconductive
lead chloride and lead oxychlorides underneath the lead per-
oxide layer, increasing the anodic resistance, and thus reducing
the anodic current.

The reason for addition of silver is that if lead alloy is not alloyed
with silver, lead is passivated, forming lead chloride in the sea-
water. Silver prevents the passivation, even if sulfates are pres-
ent in the environment alongside with chlorides. Increasing the
silver percentage to 2% fastens the lead peroxide formation, or
the same can be done via coating the surface of the anode with
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coke dust. However, lead peroxide layer cannot form in fresh
waters and in terrains especially if the anode is operated at very
low current densities.

10.2.4 Titanium Anodes Coated with Platinum

Titanium or niobium anodes coated with a platinum layer of
5 to 10 pm thickness make up very efficient high performance
anodes, which produce very high currents in the seawater up
to 1000 A/m? and 100 to 300 A/m? in terrains in coke dust
anodic beds. Platinum coated titanium or niobium anodes
have very little weight losses of only about 5 to 10 mg/A.year
in the seawater.

Platinum coated titanium or niobium anodes are resistant to
the evolution of chlorine gas; however, they are expensive,
and if operated at potentials over 8 V or if there are frequency
changes or ripples at T/R units due to the alternative current
input, the platinum coating may be damaged, leading to the
passivation of the anode.

10.2.5 Titanium Anodes Coated with Metal Oxides

Titanium anodes coated with metal oxides, e.g., with
NiO+Fe,O, mixture of certain proportions, are widely used
since they never passivate, they have high current outputs,
and their resistance does not increase in time. They can pro-
duce up to 600 A/m? current in the sea and up to 100 A/m?
current in the ground in coke dust anodic bed. Coke dust sur-
rounding the anode as a backfill material in the anodic bed
decreases the resistance, thus the mass loss. Other common
backfill materials used with this type of anodes are graphite,
petroleum coke, and coke.

NiO and Fe,0O, are coated onto the surface of these anodes
via sintering so that they are not affected by the evolution of
chlorine or oxygen gases at the anode surfaces, and they are
also resistant to acids that have pH values as low as 1 even at
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very high current densities without polarization. Thus, they
are especially preferred in acids and in electrolytes containing
active chemicals.

Because of such inertness, weight loss of titanium anodes coated
with 10% NiO and 90% Fe,O, at 500 A/m?is 1.56 g/ A..year, while
it is 0.40 g/ A.year for titanium anodes coated with 40% NiO
and 60% Fe,0, at 500 A /m? compared to 0.01 g/ A.year weight
loss of platinum coated titanium anode, 30 g/A.year weight
loss of silver-lead anode, 200 g/ A.year weight loss of graphite
anode, and 450 g/ A.year weight loss of iron-chromium-silicon
anodes under the same conditions at 500 A/m? current density
in the seawater.

Advantage of these anodes over platinum coated anodes is that
these anodes’ over potential does not rise too much due to oxy-
gen and chlorine gas evolutions at high current densities such
as at 500 A /m?, since both chlorine’s and oxygen’s dissociation
potentials are low for metal oxide coated titanium anodes. In
both platinum and metal oxide coated anodes, first chlorine gas
is evolved at the anodic surface; however, at high current den-
sities such as 500 A/m?, oxygen gas evolution occurs at plati-
num coated titanium anodes. Dissociation potentials vary very
slightly with varying current densities for metal oxide coated
titanium anodes. This allows high currents to be withdrawn
from the titanium anodes without increasing the potential of
the applied current, and as a result, making it possible to use
smaller anodes, reducing the size of the anodic bed.

10.3 Anodic Bed Resistance

Anodic bed resistance depends on the length of the active region
of the well, on the diameter of the well, on the quantity and
type of the anode, on the resistivity of the terrain, and on the
anodic bed filling material. The length of the inactive region of
the well does not affect the anodic bed resistance. The inactive
region in deep well anodic beds is the region where no anode
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is placed, and thus it is filled with clean gravels, which allows
easy removal of the gases produced by anodic reactions that
substantially increase the anodic bed resistance if not discarded.

In cathodic protection systems, resistance of the anodic bed is
intended to be reduced as much as possible, since high resis-
tances require anodic currents of higher potentials, also leading
to higher costs. However, at first, current needed for cathodic
protection is determined, because if a current of low intensity
is going to be sufficient for the cathodic protection, anodic bed
resistance may not need to be reduced, which would otherwise
increase the costs. Nevertheless, if the determined current inten-
sity requires the reduction of anodic bed resistance so that the
potential of the applied current can be reduced, also reducing
the overall costs, then the following measures can be taken to
reduce the anodic bed resistance without reducing the cathodic
protection service life:

* Coke dust is used as anodic bed filling material,
increasing the effective size of the anodes.

* Anodic bed is prepared in grounds with low
resistivities.

e Number of anodes is increased, which, however,
will also increase the overall costs.

¢ Distance between the anodes that are connected
parallel to one another is increased.

* A higher number of smaller anodes of the same
total mass are used instead of a few big anodes.

* Anodes that have higher length/diameter (L/d)
ratios are preferred.

Dwight formulas are used to measure the resistance of a single
anode that has a length /diameter ratio bigger than 5 ((L/d > 5),
which has a bar shape or is cylindrical. First, half diameters of
anodes that do not have circular cross sections are calculated
based on formula 60. Then, a version of Dwight formula is used
to calculate the anodic bed resistance of a number of anodes that
are connected parallel to one another according to formula 61.



190 CaTtHODIC PROTECTION

However, if the distance between the anodes is too long, such
as s > 10 m, then the third ratio within the parentheses can be
considered as zero, and omitted, resulting in

R= o f(in%-1) (66)

which can be rewritten as
R=R,/n (67)

where n is the number of anodes, since resistance of a single
anode that is vertically placed in an anodic bed, as stated in
formula 58, is

= (8 1)

In practice, having an “s” value longer than 5 m is not preferred,
since it increases the costs due to more cables and excavations.

/4
S

10.4 Types of Anodic Beds

There are two types of anodic beds used in impressed current
cathodic protection systems: one is shallow well anodic bed, and
the other is deep well anodic bed. In shallow well anodic beds,
the anode s placed into the well either vertically or horizontally
at a depth of about 2 meters then covered with coke dust, while
in the case of deep well anodic beds, anodes are placed verti-
cally at a depth of least at 15 meters into the deep well anodic
bed that has a diameter of at least 20 cm, since less of a diameter
would cause difficulty installing the anode. A depth of at least
15 meters is needed, since only then the increase in potential
they cause at the surface would be less than 200 mV, thus not
causing interference. After the anode is released into the deep
well, the remaining of the well around and below the anode is
filled with coke dust, while the part of the well above the level
of the anode is filled with clean gravel to allow the evolved
gases to escape. On the other hand, shallow well anodic beds
may cause high potential changes up to 5 V at the surface.
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Regularly, Werner's four electrode method is used to mea-
sure the resistivity of a soil layer at the surface of the earth.
However, in the case of deep well anodic beds, the anodic bed’s
surroundings usually consists of many geological layers and
not just soil; thus, the ground resistivity cannot be measured
unless the well is opened.

Potential difference created by the anodic beds at the surface of
the earth is measured by formula 49, that is:

AE=1ip/2nr

where i is the current withdrawn from the anode in Amperes,
p is the ground resistivity in ohm.cm, r is the distance to the
anodic bed’s axis, and AE is the potential difference in terms of
Volt at a distance ¥ of from the anodic bed’s axis at the surface.

Potential gradient created at the surface of the earth is in a shape
of sphere, and thus lesser potential difference is created at the
surface in the case of a deeper anodic bed.

Although shallow well anodic beds are less expensive and eas-
ier to install, for reasons stated below, deep well anodic beds are
preferred in many cases:

1. A large surface area is needed for shallow anodic
beds, which may not be possible to find, especially
at urban locations or at other locations that are
inconvenient, such as mountainous areas.

2. If ground resistivity is too high, use of deep well
anodic beds may be of help reducing the anodic
bed resistance.

3. Deep well anodic beds are not affected by seasonal
climate changes or other changes happening close
to the surface, such as agricultural activities or
construction projects taking place at nearby areas.

4. Deep well anodic beds allow more uniform current
distribution, thus creating less potential difference
at the surface while not causing any interference on
the surrounding metallic structures. Interference
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effects of deep well anodic beds depend on the
length of the anode and on the length of the inac-
tive or inert region that is filled with gravel.

Disadvantages of the deep well anodic beds are:

1. Deep well anodic beds are about 20-25% more
expensive than the shallow well anodic beds that
produce equivalent currents. This cost differ-
ence decreases with increasing resistivity of the
ground, and as the current withdrawn from the
anode increases.

2. Anodes that wear out cannot be replaced with new
ones in deep well anodic beds.

3. Itis difficult to fill the deep well anodic beds entirely
with coke dust, leaving holes and pores behind,
which increase the anodic bed resistance. Therefore,
first, the waterinside the wellis completely removed,
before filling the well with the coke dust from bot-
tom up. Additionally, coke dust backfill material is
made more fluidic by adding about 0.5 kg of deter-
gent to every 90 kg of coke dust, then preparing a
100 L coke dust mixture with water, which is then
used to fill the well starting from the bottom of the
well and up to the level of the anode.

4. Gases evolved due to the anodic reactions accu-
mulate inside the well and cannot be easily
removed; thus, a ventilation pipe is installed for
their removal. This ventilation pipe must be large
enough to discharge the gases and also small
enough not to get clogged by the anodic bed filling
material, which usually translates to a diameter
size of 2 to 3 cm. Clogging in the well can be fixed
by pumping pressurized air into the well using a
hose placed through the ventilation. However, in
time, a certain amount of the evolved gases will
still accumulate, starting from the bottom of the
well, increasing the anodic resistance, and thus
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leading to a reduction in the produced anodic cur-
rent. If none of the cited prevention measures are
of any help, current provided to the anodic bed
is cut off and anodic reactions are stopped. Thus,
if the problem was due to an increase in pressure
because of the evolved gases, a few days of wait
would allow them to be discharged, resulting in a
decrease in the pressure back to normal values, and
if that is the case, then the anodic bed is put back
into operation, this time at a lower potential for
the same problem not to repeat itself. Ventilation
pipe can also be used as an anode carrier used to
place the anode in the center of the anodic bed.
Additionally, if there is chlorine evolution as a
result of the anodic reactions, connection cables
of the anode must be coated with high molecular
weight polyethylene (HMWPE) or ethylenechloro-
triflouroethylene (ECTFE).

5. In time, anodic bed filling materials start to dry
from top down, leading to a decrease in the anodic
bed’s permeability, increasing the anodic resis-
tance, and thus reducing the produced anodic
current. Injection of water to inside the deep well
anodic bed using a hose placed through the ven-
tilation pipe can wet the anodic bed if done in a
timely manner.

10.5 Cable Cross-Sections

Resistances of anode connection cables must be below a certain
value to prevent a decrease in the cathodic protection poten-
tial. The following formula is used to calculate the resistance
of copper cables:

L
R=001754 (68)

R is the resistance of the copper cable in ohms, L is the length
of the cable in meters, and A is the cross-sectional area of the
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cable in mm? L and A are adjusted based on the intensity of
the carried current, and also on the expected cathodic protec-
tion service life.

10.6 Impressed Current Cathodic Protection
Projects

There are a number of steps to be followed when realizing a
project of an impressed current cathodic protection system:

1. There are several criteria to be determined before
beginning to realize an impressed current cathodic
protection project, which are:

diameter of the pipeline, e.g., 40 cm

thickness of the pipeline metal, e.g., 7 mm
length of the pipeline, e.g., 10 km

. coating of the pipeline, e.g., asphalt

planned service life for the cathodic protection
system, e.g., 20 years

terrain resistivity, e.g., 3000 ohm.cm

g. current density based on the field experiments,
e.g., 0.5 mA/m’

2. Then based on these criteria, the total surface area
to be protected and thereof the total current needed
are calculated.

3. Consecutively, it is determined whether sacrificial
anode or impressed current cathodic protection
will be applied based on the total current needed
and the terrain resistivity.

4. From the data available in the literature, steel
pipe’s inner electrical resistance per meter
length is calculated given the diameter of the
pipeline and the thickness of the pipeline metal
from step 1.

o o0 o

-
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5. Afterwards, coating resistance is calculated given
the current density needed for the cathodic protec-
tion system from step 1.

6. Attenuation coefficient is calculated based on for-
mula 68 given the steel pipe’s inner electrical resis-
tance from step 4 and given the coating resistance

from step 5:
a=/% (69)

where r is the steel pipe’s inner electrical resistance
per meter length, and Ris the coating resistance per
meter length, and a is the attenuation coefficient.

7. Maximum length of pipeline that is insulated on
both ends is determined given the attenuation
coefficient from step 6 and given the potential volt-
ages at both insulated sides.

8. Then, maximum allowed anodic bed resistance is
calculated based on the literature data given the
total current needed for cathodic protection from
step 2. Since literature values are usually for ter-
rains of 10000 ohm.cm, the corresponding value
from the literature is multiplied with the factor
obtained via formula 69:

_ I8
F=./70000 (70)

where r is the resistivity of the actual terrain in
ohm.cm.

9. Consecutively, the minimum number of anodes
that is required to be installed is calculated given
the terrain’s resistivity from step 1 and the total
current needed for cathodic protection from step 2.

10.Then the required anodic mass is calculated based
on formula 70, which is a revised version of for-
mula 52, given that the service life of the anode
should be at least as long as the planned cathodic
protection service life from step 1, while other
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parameters are based on the choice of the anode,
which are available in the literature:

anodic mass(kg)

k
life of the anode(years)xanodic current( A) xanodic weight loss(%.year) P

anodic current efficiency

11.Resistance of the anodes is calculated based on the
number of the anodes that are connected paral-
lel to one another to the cathodic protection sys-
tem, and also on the distance of the anodes from
one another according to the respective Dwight
formulas.

12.Anodic bed resistance is calculated depending on
the resistance of the anodes and on the type of the
anodic bed used, that is, whether shallow well or
deep well anodic bed.

13.Then, it is determined whether smaller or bigger
anodes will be installed based on the anodic bed
resistance from step 11, on the minimum number
of anodes needed from step 9, and on the required
anodic mass from step 10.

14.Cross-sectional area of the connection cables is
calculated based on the total current needed from
step 2 and on the planned service life of the cathodic
protection system from step 1.

15.Resistance of the cables is calculated based on
formula 67 given the cross-sectional area of the
cables from step 14 and the length of the cables
from step 1.

16.Consecutively, voltage of the direct current pro-
duced by the transformer/rectifier unit is calcu-
lated using the following formula 71, given the
total current needed for cathodic protection from
step 2, resistances of the cathode from step 4 and
step 5, resistance of the anode from step 12 and
resistance of the cable from step 15:

E = i(erade + Rcathode + Rcable) + 17 (72)

where i is the total current needed for cathodic
protection.
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17.Finally, the interference effect of the cathodic pro-
tection system on surrounding metallic structures
is calculated based on the voltage of the direct
current produced by the transformer/rectifier
unit obtained from step 16 and on the length of
the anodic bed, which depends on the type of the
anodic bed used, whether deep well or shallow
well, obtained from step 12.

10.7 Maintenance of Impressed Current
Cathodic Protection Systems

Impressed current cathodic protection systems should be
checked once a month for the first year the system is fully oper-
ational, then every three months afterwards.

10.7.1 Periodical Measurements and Controls of the
Entire System

For the purpose of the maintenance, the following measure-
ments and controls should be performed:

* Measurement of pipeline/terrain potentials at
both “on” and “off” positions,

* Measurement of the direct current produced by the
T/R unit,

* Measurement of potential of the direct current pro-
duced by the T/R unit,

e Measurement of the anodic bed resistance,

* Measurement of the foreign pipeline potential at
both “on” and “off” positions at intersections with
the pipeline that is cathodically protected,

¢ Control of the T/R unit in general, whether the
fuses, cable connections, measurement devices,
etc. are fully operational and calibrated,

* Control of insulations of insulated flanges, and

¢ Control of resistances of stray current connections
if present.
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10.7.2 Periodical Measurements and Controls of the
T/R Unit

Apart from the periodical checks of the impressed current
cathodic protection systems, T/R units must also be checked
thoroughly once a year for the following issues:

* Working T/R units should make a working sound.

* T/R units are visually checked for presence of
corrosion, for paint quality, and whether there is
excessive heating. Corroded parts are recorded
and then repainted.

¢ Inside of the unit is checked for presence of insects,
lizards and snakes.

* Voltmeter and ampere meters are read.

* Impressed current power switch is turned off, and
then all components of T/R unit are checked for
presence of heat, since presence of a cold compo-
nent may indicate that it is not working. Extremely
hot components are also recorded.

* Measurement devices are calibrated.

* If present, air cooling ventilator and all other con-
nections are cleaned.

* Level of the oil is checked in T/R units with oil
cooling systems, and if the transformer oil color is
not clear, and if it is of light color but cloudy and
dark, then it is replaced.

* Cables that have broken or burnt insulations are
replaced.

* Current cutters and buttons are checked and are
replaced if broken and damaged.

* Impressed current power switch is turned back on
and the efficiency of the T/R unit is checked via
formula 64. Efficiency of the T/R unit should be
around 50% to 60%, which decreases in time, and
when the efficiency is lower than 25%, the entire
unit must be replaced.
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10.7.3 Commonly Encountered Problems

The following problems are the mostly encountered problems
in impressed current cathodic protection systems that need to
be checked for:

i. Low Pipeline/Terrain Potential

Presence of low pipeline/terrain potentials, despite the fact that
the intensity and potential of the direct current originated from
the T/R unit is sufficient, may be due to one or more of the fol-
lowing reasons:

1. Terrain may have become much more corrosive
due to increases in underground water levels or
increase in oxygen diffusion rates.

2. Insulated flanges that are used for insulating the
pipes may have lost their resistance.

3. A new component may be added to the pipeline
system, increasing the current needed for cathodic
protection.

4. A new pipeline system may be established nearby
the already existing one.

5. Pipeline coating may be damaged, leading to an
increase in the cathodic protection current.

ii. Very High Pipeline/Terrain Potentials

Presence of either highly negative or highly positive pipe-
line/terrain potentials compared to the static potential, given
that the intensity and potential of the direct current originated
from the T/R unit is normal, may be due to one or more of the
following reasons:

1. A highly negative pipeline/terrain potential may
imply the presence of stray currents, originating
from surrounding cathodic protection systems
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or direct current sources, escaping to the metallic
structure to be cathodically protected.

2. A potential more positive than the static potential
may imply the presence of wrong connections,
since normally the positive pole of the direct cur-
rent source must be connected to the anode and the
negative pole of the direct current source must be
connected to the cathode, and when the cathodic
protection current is applied, potential must
increase in the negative direction; otherwise, as in
the case of wrong connections, potential increase
in the positive direction, and the pipeline becomes
the anode and corrodes.
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Corrosion and Corrosion
Prevention of Concrete
Structures

Concrete has unique properties; it can be shaped, and its com-
position, and thus its mechanical properties, can be engineered
as wished, which is why concrete is the most important build-
ing material in civil engineering projects. In time, concrete’s
relatively low tensile strength is improved substantially using
steelsin general, and even steel and carbon fibers in recent years;
thus, strengths that were once a dream, such as 1000 kg/cm?, are
among the ordinary characteristics of today’s regular concretes.
Consequently, especially in developed countries, concrete struc-
tures are estimated to have 100 to 150 years service lives, while
corrosion of the steels in the reinforced concrete remains as one
of the biggest challenges against ensuring such long service
lives. Corrosion of concrete steels occurs mostly due to highly
permeable concretes that are of low strength as well as exceed-
ing amounts of chlorides, low pH, and high humidity.

201
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In the 1950s, steel inside concrete was not predicted to cor-
rode. As a composite material, concrete will still have some
pores, even it is produced using the best production method
and application. Additionally, there is always some amount
of water in concrete, even at the driest conditions; thus, it
is always considered an electrolytic medium, even though
its conductivity is very low. Thus, corrosion of reinforced
steels still occurs, causing cracks in the concrete, leading to
mechanical failures in aggressive media such as in marine
environments, in factories where chlorides are used, and
in environmentally polluted areas, in bridges and viaducts
where salts are used to prevent icing, since concentrated salt
solutions are formed as the ice melts, resulting in chlorides
reaching the steel surface. Thus, in the 1970s, reinforced steels
began to be coated with 1.5 to 2 cm. concrete, which prevents
corrosion by not allowing corrosive species to reach the metal
surface, due to the fact that concrete has low permeability and
also by maintaining a basic medium, keeping the steel surface
passivated. In the 1990s, the thickness of this concrete coat-
ing increased to 4 to 5 cm in Germany, for instance. Today, a
corrosion allowance of at least 5 cm from the surface is imple-
mented so that the start of corrosion is delayed as much as
possible; however, it is usually not practical to increase the
corrosion allowance too much.

11.1 Concrete’s Chemical Composition

Concrete is not a natural material. It isa composite material mixed
of cement, aggregates, and water. Cement is essentially made
of lime, clay, silica, and iron oxide, and can interact with water
when directly exposed to water environments or atmosphere.
Once these materials are mixed in certain proportions, they are
exposed to high temperatures, leading to the formation of clin-
ker compounds, and complete placement of concrete is realized
via vibrations while concrete molds are being filled. Major clin-
ker compounds are 5iO,, AL,O,, and Fe O,, which are obtained
from clay’s most important mineral, that is, kaolinite and lime-
stone. Kaolinite’s formula is [ALSi,O.,(OH) ] or, alternatively, in
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terms of oxides it is 25i0,.A1,0,.2H,0, as it is referred in ceram-
ics applications, while limestone is CaO, and it is obtained via
the following reaction of calcium carbonate at 900°C:

CaCO, — » CaO+CO, (Eq. 91)

Other clinker compounds that are formed from the aforemen-
tioned reagents are as follows:

. CaO.AlZOl Ca0.5i0,, and in lesser amounts, CaO.
Fe,O, at 700°C to 900°C

5Ca0.3A1,0, at 900°C to 950°C

2Ca0.5i0, at 940°C to 1200°C

3Ca0.Al1,0, and 4Ca0.Fe O, at 1200°C to 1300°C
3Ca0.5i0, at 1200°C to 1450°C

For convenience of the practitioners of the matter, these com-
pounds are commonly symbolized with capital letters corre-
sponding to the first letters of the first atom in the formula:

CaO=C,
ALO,=A,
Si0, =S,
Fe,O,=F and
H,O=H

Thus, for instance, the phases within Portland cement are
defined as follows:

3Ca0.8i0, as C,S,
Ca0.6i0,as CS,
3Ca0.AL,0, as C/A, and
4Ca0. A1,0,.Fe,0, as C AF

Consequently, Portland type 42.5 cement has the following
composition of minerals: 20.04% SiO,, 5.61% Al,O,, 3.27% Fe,O,,
63.01% CaO, 2.49% MgO, 2.26% SO,, 0.006% Cl, 1.64% heating
loss, and 1.68% undefined.
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11.2 Corrosion Reactions of Concrete

Corrosion of the reinforced steel bar is at its maximum in the first
several days of construction, while it decreases in the amount
of 90% in just one month. Major corrosion reactions of steel cor-
rosion are the corrosion reactions of iron at neutral and basic
environments, since concrete provides a basic medium, which
are discussed in detail in section 1.3.1, entitled “Iron, Steel and
Stainless Steels,” and are as follows:

Anodic reactions are:
Fe ———» Fe?" +2e (Eq. 92)
Fe? + 2HO ——» Fe(OH), + 2H* (Eq. 93)

cathodic reaction is:

% 0,+H0O+2e —» 20H" (Eq. 94)

and thus the net reaction is:

2Fe+%0,+HO —» Fe(OH), (Eq. 95)

which becomes rust in presence of sufficient oxygen:

2Fe(OH),+%0,+HO0 — » 2Fe(OH), (Eq. 96)

under convenient conditions, Fe(OH)3 may adhere to the
surface in the form of y-Fe,O, and passivate it unless there
are chloride ions, which react with Fe* ions forming iron
(I) chloride, dissolving iron from the surface into the solu-
tion, which then forms iron (II) hydroxide in the alkaline
environments:

Fe* +2CI° ——» Fe(l, (Eq. 97)
FeCl,+2H,0 ——» Fe(OH),+2HCl (Eq. 98)

HCI acidifies the anodic environment, further accelerating the
COTrosion process.
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11.3 Factors Affecting Corrosion Rate in
Reinforced Concrete Structures

There are many factors affecting the rate of corrosion reactions
taking place inside the concrete such as pH, cement type, chlo-
rides, temperature, and other corrosive species and gases such
as sulfur dioxide.

11.3.1 Effect of Concrete Composition

Factors such as water/cement ratio used to make the concrete,
concrete’s permeability against corrosive chemicals, and its
porosity are important parameters determining the corrosion
rate. For example, an increase in the water/cement ratio from
0.40 to 0.60 results in approximately twofold higher diffusion
rate of oxygen. Additionally, water/cement ratio should not be
more than 0.45 in concretes exposed to seawater, considering
the combined negative effects of chlorides along with oxygen
on corrosion. Concrete can be made less permeable to corro-
sive chemicals by adding fine minerals to its mixing water. It
can also be made less porous by adjusting the water/cement
ratio and adjusting other factors associated with its prepara-
tion and curing stages.

Generally, corrosion of concrete steels for a concrete that has a
corrosion allowance of 50 mm depth and a water/cement ratio
of 0.60 when fully submerged in water begins in 80 days, while
it begins in 380 days for a concrete that has a corrosion allow-
ance of 75 mm depth under the same conditions. On the other
hand, corrosion of concrete steels for a concrete that has a cor-
rosion allowance of 50 mm depth and a water/cement ratio of
0.40 when fully submerged in water begins in 800 days. For
concretes that are periodically exposed to wet and dry cycles,
the corrosion process can start earlier.

In theory, the minimum water percentage required for hydra-
tation reactions of cement to take place is 30%; however, for
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economical reasons, the ratio is kept between 40% and 50% in
practice, which leads to a more porous concrete due to higher
water content. Air-entraining-admixtures (AEA) can be added
to the concrete mixture for the concrete to have isolated pores
that are not in interaction with one another, leading to a more
impermeable concrete. Another reason for the porous structure
of the concrete is insufficient curing of the concrete. Fresh con-
cretes that are not cured well and are exposed to hot and dry
atmospheres cannot crystallize appropriately, and thus attain
a porous structure.

11.3.2 Effect of Oxygen

The only possible cathodic reaction at high pH values provided
by the basic concrete water is the reduction of oxygen, which has
to be carried to the surface of the steel embedded inside the con-
crete from concrete’s surface along with water. However, if the
concrete pores are filled with water, such as in structures fully
submerged in water, oxygen must be carried via this concrete
water, and solubility of oxygen in water is very low, approxi-
mately 10-13 mg/cm?.s. As a result, corrosion is the highest in
concretes that are exposed to periodic wet and dry cycles, due
to faster ingress of oxygen as well as of chlorides. Concretes
exposed to wet and dry cycles also result in regions with differ-
ent humidity levels within the concrete, leading to wet regions
acting as anode and dry regions, those having abundant oxy-
gen, acting as the cathode.

Furthermore, the already low diffusion rate of oxygen in water
decreases even further with increasing salt content in water,
which is why corrosion rate does not increase any further over
a certain percentage of salt content in aqueous solutions.

11.3.3 Effect of Humidity

Water is both needed as a reagent and as an electrolyte for cor-
rosion reactions to occur. Thus, it needs to reach the surface of
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the steel bars embedded inside the concrete medium, which
is highly possible when the concrete structure is submerged
in water or when it is exposed to periodic wet and dry cycles.
However, corrosion is not likely to occur in the former case,
when the concrete structure is fully submerged in water, since
diffusion rate of oxygen through water is very slow, and both
need to be present at the steel surface to initiate corrosion.

When relative humidity exceeds 70% or critical relative
humidity level is reached in polluted air, a thin liquid layer
is formed on the surface of the reinforced concrete steel.
Especially bridges and their foundations must be isolated
well from ground humidity, so that they are not affected by
deicing salts as well.

Additionally, the relative humidity levels of the environment
where the concrete is cured for a few days after being casted in
the mold are very important, since dry and hot climate condi-
tions will not allow appropriate crystallization of the concrete,
resulting in high amounts of pores.

If only Friedel’s salt is included as the clinker compound in
cement with no limestone, the hydratation reaction would be
very fast. Limestone reacts with Friedel's salt (C,A), forming
tricalciumsulfoaluminate via the following reaction:

3Ca0.AL O, +3CaSO,+ 32H,0
— » 3Ca0.AL0,3CaS0,32H,0 (Eq. 99)

Tricalciumsulfoaluminate or Candlot’s salt formed via this
reaction is an insoluble compound, which precipitates over the
clinker particles, forming an impermeable layer, slowing down
the hydratation reaction of cement. Calcium chloride present in
the concrete reacts similar to the calcium sulfate with Friedel’s
salt (C,A), also forming an insoluble compound, although the
formation is slower, and thus hydrolysis reaction of cement
is not slowed down as much. Another result of the reaction
between calcium chloride and Friedel’s salt, other than slowing
down the hydrolysis reaction of cement, is that concentration of
the free chloride ions that were initially present in the concrete
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mix could be reduced. However, chlorides that enter the con-
crete externally after completion of the hydratation reactions
later cannot be bound by the C,A compound.

Concrete’s Electrical Resistivity

Another factor of corrosion, the conductivity of the concrete
medium as an electrolyte, also depends on the humidity
levels. Concrete’s electrical resistivity is generally between
7000 ohm.cm and 100000 ohm.cm, which decreases as the
concrete gets saturated with water. While resistivity of a con-
crete saturated with humidity is 7000 ohm.cm, it is 10°chm.
cm for a dry one. This reduction in resistivity can be up to
hundred fold with increasing saturation levels from 20% to
80%, which is more apparent in concretes that have higher
water/cement ratios. For resistivities more than 50000 ohm.
cm, corrosion is usually negligible in practice, even if chlo-
rides are present in the concrete.

11.3.4 Effect of Temperature

The already low diffusion rate of oxygen in water decreases
even further with increasing temperatures. Further, corro-
sion initiation and continuation also depends on the season
when it starts. Decreasing temperatures result in reducing the
corrosion reaction rates, as is commonly the case for chemi-
cal reactions; however, if the temperature is below freezing
point, corrosion rate theoretically becomes zero, since elec-
trochemical reactions of corrosion require liquid water to be
present as the electrolyte, which is why some cars that are left
outside in icy and snowy conditions corrode less than cars
left in private garages that are not aerated well. Additionally,
the temperature levels of the environment where the concrete
is cured for a few days after being casted in the mold is very
important, since dry and hot climate conditions will not allow
appropriate crystallization of the concrete, resulting in high
amounts of pores.
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11.3.5 Effect of pH

High pH levels provided by the concrete water that is basic in
character give concrete one of its unique properties, that is, pro-
viding an appropriate environment for the steel bars embedded
within so that they can passivate and remain passivated. Such
basic character of the concrete water comes from the hydrolysis
or hydration or hydratation reactions of the clinker compounds
within the cement. Clinker compounds within the Portland
cement hydrolyze during the making of cement based on the
following reactions:

2 (3Ca0Si0) + 6 H,O —» 3Ca0.25i0,3H,0
+3Ca(OH), (Eq.100)

2 (2Ca0Si0) +4HO ——» 3Ca0.28i0,3H,0
+Ca(OH), (Eq.101)

Produced calcium hydroxide dissolves in the concrete pore
water and forms a saturated solution, increasing the pH of the
concrete up to 12. Furthermore, pH of the concrete can get up to
13.2 with the hydrolysis of other alkali oxides such as Na,O and
K,O that are present in the concrete in relatively low amounts.
Since calcium hydroxide solution is saturated, variations in the
concrete humidity do not affect the pH; however, pH decreases
in time due to carbonation and alkali oxides getting washed
away out of the concrete. The effect of washing away of other
alkali oxides is limited to reducing the pH down to 11, which is
not a sufficient factor alone to start corrosion, since iron passiv-
ates at these pH values based on Pourbaix diagrams, forming
y-Fe,O, at the substrate surface; thus, materials made of iron
and alloys embedded in concrete are passivated promptly.

i. Effect of Carbondioxide (CO,) or Carbonation

On the other hand, the effect of carbonation has a larger impact
on the pH, which can result in pH getting down to 9, which is
then sufficient to inhibit passivation. Carbonation is the reac-
tion of lime water that is present in the pores of concrete with
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atmospheric gases also caused by pollution such as CO,, SO, or
NO, via the following reaction:

CO, +Ca(OH), —» CaCO,+H,0  (Eq.102)

When carbonation reaches the concrete coating around the rein-
forced steel surface, corrosion begins with diffusion of required
humidity and oxygen to the steel surface, and it accelerates
with diffusion of corrosive chemicals such as chlorides and car-
bon dioxide, leading to cracks in the concrete coating, since cor-
rosion products are up to 10 times more voluminous than the
steel alloy. However, since carbonation begins at the surface,
and at the worst, 1 mm concrete/year gets carbonated, and the
least corrosion allowance for reinforced concrete steel bars is
commonly kept 5 cm deep from the surface, it usually does not
cause any problem.

ii. Effect of Other Acidic Oxides

Another reason for corrosion is if acid anhydride gases such
as CO,, SO, or NO, initially exist in the mixing water, aggre-
gate, or cement, or even if they permeate the concrete after the
concrete has hardened, they may reach the metal surface and
initiate corrosion and especially pitting corrosion. Hence, per-
meability level of the concrete plays an important role, as it also
does in the case of oxygen diffusion, since oxygen is needed
at the surface to sustain the corrosion. As a result, more volu-
minous corrosion products of the acids produced by their acid
anhydrides lead to increases in volume, producing structural
stresses, and thus steel deteriorates and cracks occur.

Corrosive SO, gas is usually not more than 100 mg/L in most
natural waters such as lakes and rivers and in waste waters;
however, it may be substantially more in underground waters.
In waters that have little salt concentrations, sulfates usually
exist in the form of plasters, while in salty waters they exist in
the form of magnesium, sodium, or potassium sulfates. Solid
sulfate salts have no effect on concrete; however, when they are
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in aqueous solutions, they react with CaCO, and Ca(HCO,),,
producing limestone first, and then react with tricalciumalu-
minate, producing ettringite salt. Ettringite salt is also called
Candelot salt; it is a white salt and has a needle-like crystalline
structure. One mol of ettringite salt has 32 moles of hydrated
H,O in its crystalline structure, and thus large increases in its
volume are observed, leading to large cracks and tears in the
concrete structure. Sulfates that react with tricalciumaluminate
and lead to this result are usually calcium, magnesium, and
ammonium sulfates.

iti. pH Measurement

The pH of the concrete is the pH of the concrete pore water,
which is regularly saturated calcium hydroxide solution. Thus,
pH measurement of a concrete is performed by a pH meter via
measuring the pH of a sample that is drilled out of the concrete
and grinded, which is then mixed with distilled water until
attaining a muddy character, as it is the case inside the concrete.

11.3.6 Effect of Chlorides

Chloride ion has high electronegativity, and thus is better
absorbed than hydroxide ions and oxygen, leading to the for-
mation of iron chloride, preventing formation of iron hydrox-
ides, which normally passivate the surface. Chlorides can break
down the passive layer present on the steel surface as acids do,
even at pH values over 11.5, because chloride corrosion in rein-
forced concretes is not dependent on pH, unlike carbonation.
Iron chloride reacts with oxygen and water, regenerating the
chloride ion that acts similar to a catalyst, resulting in an auto-
catalytic process via the following reaction:

3FeCl,+%0,+3H,0 — —» FeO,+6H"+Cl (Eq.103)

Pitting corrosion occurs when these reactions occur in a narrow
area. Adsorption of chloride ions also increase the potential of
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the steel in the negative direction, causing the steel bars that are
placed close to the concrete surface to become the anode, while
the steel bars that are away from the reach of chlorides become
the cathode, resulting in an electron flow from the anodic
regions to the cathodic regions. Reinforced concrete steels pas-
sivate at around -300 mV when standard hydrogen electrode
(SHE) is taken as the reference electrode, and remain passive
until 500 mV potential. However, if there is 3.5% of chloride
present in concrete, then passivation of steel starts at =300 mV,
but remains passive only until -100 mV.

Concrete steels are better protected from corrosion, as the corro-
sion allowance over the concrete steels is greater, usually between
5 cm and 7.5 cm. For concrete structures fully submerged in
water, chloride concentration decreases going deep inside the
concrete, while if the concrete is exposed to atmospheric air only,
then the chloride concentration at the surface of the concrete will
be lowest due to being washed away by rain waters.

There are two primary sources of chlorides in concrete; first is
the aggregate composition or the concrete mix used in mak-
ing of the concrete, and second is via diffusion from external
sources such as caused by sea winds carrying chloride ions or
salts used to prevent icing on the roads. Concrete that is pre-
pared with clean and high quality materials will have chloride
content to some extent, but chloride ingress causing danger is
mostly due to chlorides that penetrate the concrete structure
afterwards, such as salts that are used to prevent icing at high-
ways, bridges, and viaducts, which penetrate into concrete
structures, leaving chlorides behind after evaporation of water.
Chlorides that originate from the concrete mix are less danger-
ous since some react with hydrated cement products such as
tricalciumaluminate (C,A), forming insoluble calcium chloro-
aluminates such as tricalciumaluminochloride compound,
which is also called the Friedel’s salt (3Ca0.AlO,.CaCl,.nH,0),
while some are absorbed by these hydrated cement products
and the rest of the chlorides remain free. Chemically bound
chlorides do not take place in corrosion processes. Only the
remaining free chlorides and chlorides that enter the concrete
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structure after hardening of the concrete from external sources
cause corrosion damage in reinforced steel.

Diffusion of chlorides to the reinforced steel surface is assisted
by the cations present in the concrete structure. Diffusion coeffi-
cient of chlorides combining with cations of (+2) charge is higher
than with cations of (+1) charge, e.g., MgCl, is more harmful
than NaCl. Additionally, diffusion of chlorides depends on the
water/cement ratio and the porosity of the concrete. An increase
in the water/cement ratio from 0.40 to 0.60 increases the diffu-
sion rate of chlorides many folds from 0.01% up to 0.10%.

Especially in low pH values, fewer amounts of chlorides are suf-
ficient to start corrosion. Thus, since harmful effects of chlorides
increase with decreasing pH, [C1"]/[OH] ratio is commonly used
instead of the allowed maximum chloride content. For instance,
for [Cl-]/[OH-] > 5 corresponding to 3.6 kg CI"/m?, or in other
words, %0.16 kg Cl-/kg concrete at pH = 12.4, corrosion rate
increases rapidly. [Cl]/[OH"] ratio is 3 when chlorides diffuse
from external sources, and 0.6 when chlorides initially existed
in the concrete mix. It is accepted that corrosion of reinforced
steel begins when these ratios are exceeded. Alternatively, it is
proposed that if there is more than 0.4% by weight of chlorides
in the concrete structure, the service life of concrete is reduced
by 80%. Supporting this claim, concrete structures in corrosive
environments failed in less than 20 years.

Homogeneity of chlorides throughout the concr ete struc-
ture, and whether there are large concentration differences
as well as presence of other ions such as sulfates, are among
the other criteria affecting corrosion of reinforced concrete
steels due to chlorides.

i. Chloride Content Measurement

Due to presence of both chemically bound and free chlorides
within the concrete, concrete’s chloride concentration is mea-
sured in two forms, chloride content that is soluble in acids and
chloride content that is soluble in water.
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The depth of the concrete where the sample is drilled makes
a difference in the chloride content that will be measured.
Grinded concrete sample is dissolved in acid and the chlo-
ride ions are titrated with silver nitrate solution, leading to the
determination of the total chloride content of the concrete that
can be dissolved in acid.

In the other method, to determine the amount of chlorides
soluble in water, grinded concrete sample is kept in water for
24 hours, and the chloride ions that are ionized during this
period are titrated with silver nitrate in a neutral medium.

ii. Limit of Allowed Chlorides in Concrete

The U.S. Highway Administration determined the limit of
the total chlorides that can be allowed in regular concretes to
avoid corrosion of the reinforced concrete steels as 0.20% by
wt. or 4.5 kg chloride/1 m? which is the limit of the chloride
content soluble in acids, of which 75% is the chlorides that can
be dissolved in water, corresponding to a limit of 0.15% by wt.
or 3.5 kg chloride/1 m® Corresponding limit values for pre-
stressed concrete steels are less, with 0.08% by wt. as the limit
of the chloride content soluble in acids and 0.06% by wt. as the
limit of the chloride content soluble in water.

iii. Remouval of the Concrete Chloride

It is possible to remove some of the chlorides present in the
concrete by washing the concrete with pressurized water that
has a pressure of 10 MPa. Another method of chloride removal
from concrete is via electrochemical ion exchange. In this
method, free chloride ions in the concrete can be collected at
an anode via application of an external potential. For this rea-
son, wet sponges are attached onto both sides of the concrete,
a metal plate is attached in between, and a high density cur-
rent is passed such as 1-2 A/m? from this metal plate for sev-
eral weeks. Chloride ions migrate towards the sponge that is
used as the anode. Although this method is very effective in
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removal of the chloride ions, it is likely that it causes a reduc-
tion of the adhesion of the reinforced concrete steels.

11.3.7 Effect of Magnesium Ions

The type of the cation that the chloride ion is combined with
is an important factor affecting the corrosion rate. In stan-
dards stating the corrosive chemical amounts for concrete
such as BS 3148 and TS 3440, it is stated that magnesium ion
concentrations between 100 to 300 mg/L would cause weak
corrosion, while concentrations between 300 and 1500 mg/L
cause strong corrosion, and over 1500 mg/L, very strong cor-
rosion occurs. The pH values lower than 6.5 increases the
corrosive effect of magnesium ions, while pH lower than 4.5
increases the corrosive effect of magnesium jons even more.
Additionally, among magnesium salts, magnesium sulfate is
more dangerous, since Mg?* can replace the Ca* jons in cal-
cium silica hydrates, damaging structure of the concrete via
the following reactions:

MgCl, + Ca(OH), — Ca(l,
+Mg(OH), (Eq.104)
MgSO, + Ca(OH), + 2H O —— CaSO,.2H,0
+Mg(OH), (Eq.105)

Calcium silica hydrates are essential compounds in concrete,
giving its capacity to carry high loads.

Additionally, Mg(OH), has very low solubility, which may lead
to magnesium inflatio n in concrete over long durations. Under
certain circumstances, magnesium sulfate may be more corro-
sive than other sulfates:

3Ca0.5i0, + MgSO,.7H,0

— »(CaSO,2H,0 + Mg(OH), +SiO,  (Eq. 106)
3(CaS0,.2H,0) + 3Ca0.ALO, + 26H,0

— " » 3Ca0.Al0,.CaS0O,32H,0 (Eq. 107)
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Formation of this large salt leads to expansions and inflation
in concrete, causing the structure to crack. Due to more than
wanted permeability levels, concrete becomes carbonated and
loses its basicity, which would lead to steel losing its passivity,
exposing it to corrosion.

11.4 Corrosion Measurements in Reinforced
Concrete Structures

11.4.1 Observational Methods

Observation of stains and cracks may imply the presence of cer-
tain types of corrosion, and can be promptly interpreted; how-
ever, at this stage, the corrosion may already have propagated
too much. Thus, especially for structures in seawater, observa-
tion of the first crack due to corrosion is a critical turning point
and requires prompt repair. A corrosion rate of 10p to 30p per
year would result in the concrete coating to crack within 1 to
3 years. Such a relation is simply formulated as follows:

time passed until first crack

_ loss in reinforced steel bar diameter
corrosion rate(mm/year)

(73)

11.4.2 Weight Loss Measurements

Samples of the metal are exposed to very corrosive environ-
ments for accelerated corrosion to take place for certain periods
of time, and after the produced corrosion products are removed
using a cleaning solution such as Clarke’s solution that consists
of 1000 g HCl, 24 g Sb,0,, and 71.3 g SnCl,.2H,O, weight loss is
determined. As a result, corrosion rate is measured as the yearly
penetration distance into the metal surface in terms of cm/year
via the following formula:

year )

Corrosion rate( year

24 X 365hours
_ year 74)
metal density(g/cm®) X metal surface exposed to corrosion{cm?) X H experiment time in hours)

weight loss(g) X
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Corrosion rate is also expressed in terms of mpy or mil/year,
that is, 25.4p/year, or in terms of percentage of weight loss
in comparison to the initial weight, or as surface area loss in
terms of microns. Among them, mpy is the most commonly
used unit, since it takes both time and surface area into the
consideration.

Corrosion rate (mpy)

_ weight loss(g) X 3.4510°
metal density(g/cm’) X metal surface exposed to corrosion(cm®) X t(experiment time in hours)

(75)

Weight loss experiments reveal that the weight losses endured
during the tests for durations of even 300 days at various chlo-
ride concentrations are negligible; however, weight loss is usu-
ally associated with uniform corrosion, and concrete may still
crack due to other forms of corrosion, even if there is negligible
weight loss. Thus, for a more accurate assessment, complimen-
tary electrochemical techniques should be used.

11.4.3 Potential Diagrams

Determination of the chloride content of the concrete as well
as determination of its potential usually based on ASTM
C-876 regulations; using a copper/copper sulfate refer-
ence electrode is among the two major ways to determine
the extent of corrosion of a concrete sample. In this method,
corrosion potential (E_ ) is measured by employing a refer-
ence electrode that is in contact with concrete surface and
the potential difference between the embedded steel com-
ponent and of the reference electrode is measured using a
voltmeter of high impedance. Copper/copper sulfate (CSE),
Hg/Hg,Cl, calomel (SCE), or Ag/AgCl electrode can be used
as reference electrode; however, CSE electrode is unstable
in solutions similar to concrete pore solutions, such as in
sodium hydroxide solution, leading to potential variations
of up to 150 mV in seawater, and thus the other two elec-
trodes, and among the two, mostly saturated calomel elec-
trode (E=0.2425V) is used.
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Potential measurement is simply done via a wetted sponge that
is attached to the surface that is subject to the contact, with the
reference electrode right above the reinforced concrete steel.
Readings obtained from the voltmeter should not fluctuate
more than 20 mV both in the positive and negative directions
for at least five minutes so that the readings can be taken into
consideration; otherwise, the concrete surface must be wetted
again and measurements must be repeated.

Based on ASTM C 876 criteria, if the measured corrosion poten-
tial or reinforced steel’s half reaction potential is more negative or
less than -500 mV compared to CSE electrode, or more negative or
less than —-350 mV compared to SCE electrode, then it is severely
exposed to corrosion. If the potential is more negative or less than
-350 mV compared to CSE electrode, or more negative or less than
—270 mV compared to SCE electrode, then it is 90% susceptible to
corrosion. Additionally, if the potential is between -350mV and
—200 mV compared to SCE electrode, or between —270mV and
—~120mV compared to CSE electrode, then it is not certain whether
there is corrosion or not. Further, if the potential is more positive
than —200 mV compared to CSE electrode, or more positive than
-120mV compared to SCE electrode, then it can be said with 90%
reliability that the reinforced concrete steels are passivated, or
there is no corrosion taking place. Lastly, if corrosion potential or
reinforced steel’s half reaction potential is measured more posi-
tive than CSE reference electrode, then either the concrete is dry,
or the cable connection to steel is not done well, or there are stray
currents originated from the surroundings. Corrosion potentials
reveal qualitative information about whether corrosion will take
place or not, while corrosion current densities (i ) can be mea-
sured to obtain quantitative information.

11.4.4 Polarization Curves

Polarization curves show the relation between the current
density and the potential developed due to the polarization of
anodic and cathodic corrosion reactions, revealing the corro-
sion current (i ) as a result. Since concrete’s resistance is very
high, measurements done using direct and alternative currents
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reveal errors, and thus methods such as electrochemical imped-
ance spectroscopy (EIS), electrochemical noise, etc. are used,
which assist the linear polarization method. Ifi__is found to be
less than 0.21 mA /cm?, then no corrosion is expected, while for
i _values between 0.21 and 1.07 mA /cm?, corrosion can be pre-
dicted to occur within 10 up to 15 years; for i values between
1.07 and 10.7 mA/cm?, corrosion is predicted to occur within
2 to 10 years, and for i__values more than 10.7 mA /cm?, corro-

sion damage in the structure is expected within the next 2 years.

Studies relating weight loss test results with that of i _ values
obtained from polarization curves reveal that i _ equaling to
1 A/m? corresponds to 1.16 mm/year penetration. Passivated
steel has 0.111/year corrosion rate and 10* A/m?i__, while under
the influence of chloride ions, these values are 0.1 mm/year and
10" A/m?, respectively. i values between 0.1 and 0.8 pA/cm?
are considered as negligible corrosion currents for steel compo-
nents of reinforced concretes, and thus corrosion can be assumed
as not occurring.

11.5 Corrosion Prevention of Reinforced
Concrete

Among the primary methods to prevent corrosion of reinforced
concrete are coating of reinforced steel with epoxies or with other
protective coatings, using concretes that have low water-cement
ratios, use of cathodic protection, and use of inhibitors. However,
specific measures can be taken based on whether the protection is
a permanent or a temporary one, and whether the building to be
protected from corrosion is a new or an old one. Thus, permanent
corrosion protection measures for concrete structures in general are:

* Appropriate material and design selection depend-
ing on the environment

* Use of metallic coating such as with chromates
or zinc

* Use of polymeric coatings such as paints and plas-
tic coatings
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Temporary corrosion protection measures in general are:

¢ Use of removable oils such as paraffin preventing
contact of metal surface primarily with humidity

¢ Use of humidity removers such as silica gel

¢ Use of volatile corrosion inhibitors

Consequently, to prevent corrosion in new buildings, the fol-
lowing specific measures are appropriate:

¢ Sufficient concrete coating thickness has to be
planned in the projects

¢ Concretes of high quality that have low permeabil-
ity and free of cracks must be used
Inhibitors and curing agents must be used

* Reinforced steel must be protected via epoxy coat-
ings and cathodic protection

¢ Concrete should be coated providing insulation
from the corrosive environment.

To prevent corrosion in old buildings, the following specific
measures are the most appropriate:

* Repairs must be performed with high quality
alkali repair plasters for concretes that are cracked
due to carbonation

¢ Use of inhibitors

¢ Electrochemical methods such as cathodic protec-
tion and chloride cleaning must be implemented,
along with repairs and protective coatings.

11.5.1 Via Coatings

After hardening of the concrete, it can be coated with a mono-
mer, which can polymerize on the concrete, resulting in an
impermeable layer. Water and water vapor should be removed
from the concrete pores before the application of the monomer
for better adhesion of the polymer via vacuum.



CoORROSION AND CORROSION PREVENTION 221

Corrosion prevention for pre-stressed steel bars is done via
external coating, preventing corrosive species such as oxygen,
sulfate, and humidity from reaching the steel surface. Commonly
applied coatings, especially for underground concrete struc-
tures, are coal tar epoxy coatings with thicknesses of 400 to
750 microns, polyurethane coatings with thicknesses of
500 to 1000 microns, and plastic coatings with thicknesses of
1000 to 2000 microns.

Coating of the hardened concrete with an admixture of Portland
cement is another method of reducing the chloride ingress,
although such a coating is not completely impermeable.

11.5.2 Via Inhibitors

There are no adverse effects of inhibitors with regard to concrete
hardening. Among organic inhibitors, the ones that include sul-
fur, especially [-C=S(NH,)] functional group, are found to be
more effective with reinforced concretes. Inhibitors inhibit rein-
forced concrete corrosion via precipitation on corrosion sites,
forming complex compounds or competitive adsorption on
metal surfaces.

11.5.3 Via Cathodic Protection

Pre-stressed steel bars are also commonly protected from cor-
rosion by impressed current cathodic protection; however, in
the case of overprotection and heterogeneous distribution of
the current, hydrogen gas evolves at the cathode, sometimes
leading to hydrogen embrittlement due to hydrogen atoms dif-
fusing into the metal.
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Cathodic Protection of
Reinforced Concrete Steels

Cathodic protection is the most effective method among cor-
rosion preventative measures used for reinforced concretes.
However, there are some problems associated with the appli-
cation of cathodic protection. The most important difficulty is
related to placing anodes in the concrete. Also, it is very dif-
ficult to maintain a uniform cathodic protection current, since
concrete is a very low conducting electrolyte, especially when
concrete is dry. Additionally, reinforced concrete steel bars are
usually attached manually and not by welding, and such weak
connections make it difficult for the low potential cathodic
protection current to flow through; thus, some regions may be
overprotected, while some regions may not receive sufficient
current needed for cathodic protection.

Despite all of the difficulties, cathodic protection is still the
most effective method to prevent corrosion in structures such as
bridges, viaducts, piers, parking lots, pools, pre-stressed steel

223
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pipes, etc. Regardless of the chloride content of the concrete,
corrosion of the reinforced concrete steels that are underground,
in the water, or exposed to atmosphere can be prevented via
cathodic protection. Differences between the cathodic protec-
tion that is applied to pipelines and to the reinforced concrete
steels are as follows:

1. If the connections of concrete steels are not
welded during casting in molds, resistances may
be formed, which cause problems in carrying
low voltage currents needed for cathodic protec-
tion. Thus, electrical connections must be checked
beforehand experimentally as to whether they are
appropriate for cathodic protection. This can be
done either by directly measuring the resistance or
by measuring the potential from the concrete sur-
face. If the difference between the potential values
of two different concrete steels measured from the
same location is not more than 5 mV, it is assumed
that the electrical connections are sufficient.

2. Resistivity of the concrete is very high when dry.
Parts of concretes that are in the atmosphere can be
especially dry, while other parts can be sufficiently
humid. Such variations make it difficult to deter-
mine the current needed for cathodic protection.
Inaccurate determination of cathodic current can
also lead to overprotection.

3. Overprotection value of normal reinforced con-
crete steels compared to saturated copper/copper
sulfate reference electrode is ~1150 mV, while it is
—-950 mV in the case of pre-stressed concrete steels,
which is why only a narrow area can be protected
with one anode. Thus, many anodes need to be
used, which may lead to overprotection, causing
hydrogen evolution at the cathode, which in turn
can cause hydrogen embrittlement.
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4. As the current passes through the cathodic protec-
tion cell, hydroxide ions increase at the cathodic
regions, increasing the pH and thus assisting with
the passivation of the steel; however, increas e of
hydroxy ions may also lead to reactions between
the alkalis and aggregates, resulting in loss of
adhesion between the concrete and steel.

5. While anodes used for cathodic protection of con-
cretes can be placed outside of the concrete struc-
ture both when the structure is underground or in
water, anodes that are used for cathodic protection
of concretes exposed to the atmosphere must be
placed inside the concrete structure, which causes
problems in practice.

12.1 Current Needed for Cathodic Protection
of Steel Structures

Both sacrificial anode and impressed current cathodic pro-
tection systems can be applied to concrete structures; how-
ever, since concretes have very high resistivities, between
3000 ohm.cm and 20000 ohm.cm, impressed current cathodic
protection systems must be applied especially to concretes
that are in atmospheric conditions. Current needed for
cathodic protection depends on the oxygen reduction rate at
the cathode, and the amount of needed current can be reduced
by painting the concrete surface, for instance, preventing
oxygen diffusion. Presence of chlorides does not cause any
problem for implementation of cathodic protection; however,
they increase the current needed for cathodic protection,
since they prevent repassivation of steel surfaces. Chloride
ions migrate towards the anode in time and are adsorbed.
Since diffusion of oxygen is very slow for concretes that are
underground or in water, 1 to 2 mA/m? current is sufficient
for cathodic protection.
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12.2 Cathodic Protection Criteria

12.2.1 -770 mV Potential Criterion

Generally accepted cathodic protection potential criterion, that
is, -850 mV based on copper/copper sulfate (CSE) reference elec-
trode, is taken as —770 mV for protection of reinforced concrete
steels. In other words, if potential of concrete steels are brought
to -770 mV or more negative compared to copper/copper sulfate
reference electrode, corrosion can be prevented. On the contrary,
if the potential is more negative than —1150 mV, overprotection
occurs, and hydrogen evolution begins at the cathode.

Due to the fact that potential measurements are conducted
under the applied current and since the resistivity of concretes
is very high, IR ohmic potential reduction must be taken into
account. IR potential decrease in concretes is about 2 mV for
every mm depth; thus, for concrete steels that are 5 cm deep, it
comes up to about 100 mV. In other words, measured potentials
are about 100 mV more negative than the real potentials.

12.2.2 300 mV Potential Shift

This is the difference between the potentials measured both
at “on” and “off” positions. IR ohmic potential reduction
must be taken into consideration for the potential measured
at “on” position.

12.2.3 100 mV Polarization Shift

Based on this criterion, concrete steels must be cathodically
polarized for at least 100 mV in the negative direction. In other
words, the difference between the equilibrium potential and the
potential measured right after the current is cut off should be at
least 100 mV. Since both potential measurements are performed
when no current is applied, IR ohmic potential reduction does
not affect the results. Measurements can be performed quickly
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for cathodic protection systems that have been running for long
periods of time, and thus the “off” potential value is read right
after current is cut off, while for newly running systems, cur-
rent has to be applied for at least four hours before a measure-
ment can be conducted, since cathodic polarization can occur
only after at least four hours of current application. If high rela-
tive humidity and high amounts of chlorides are present in the
concrete, 100 mV polarization shift is not sufficient, and at least
150 mV polarization shift should be obtained. On the contrary,
if the amount of chlorides is less than 1.2 kg Cl-/ m?, then 60 mV
polarization shift is sufficient.

12.3 Determination of Protection Potential

In potential vs. log i graph, the region where the cathodic polar-
ization curve becomes linear yields the potential, which also
yields current needed for cathodic protection. However, for the
linear region to be determined accurately, external currents that
have at least one hundred times higher intensity than the cor-
rosion current must be applied, so that at least three measure-
ments can be performed in the Tafel region. Application of such
high intensity currents causes problems in practice.

12.4 Cathodic Protection Methods for
Reinforced Concrete Steels

Cathodic protection of concrete steels is similar to that of pipe-
lines, albeit with some differences. The following are among the
commonly implemented techniques:

12.4.1 Via Iron-Silicon Anodes

Iron-silicon anodes have 10 to 20 years of service life, and
are commonly used for cathodic protection of bridges. They
are installed inside a 50 mm thick conductive coke/asphalt
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mixture covering the concrete surface, and there is 7.5 meters
of distance between each anode. Also, some sand is included
in this mixture to increase the mechanical strength, since
otherwise the coating is damaged very easily. Iron-silicon
anodes can only be used for cathodic protection of concretes
that lay horizontally.

12.4.2 Via Conductive Polymeric Cage Anodes

Conductive polymeric cage anodes can be used for cathodic
protection of concretes that lay both vertically and horizontally.
Initially, cages made of niobium coated with platinum were
used, and the upper regions of the cage were coated with mor-
tar. The biggest problem faced in this technique was that the
acids formed around the anode damaged the mortar.

Conductive polymeric anodes that have the shape of a wire
cage and a size of 500 mm x 250 mm can produce 80 mA/m?
cathodic protection current for 25 to 35 years.

12.4.3 Via Titanium Sieve Anodes Coated with Oxides

Oxide coated titanium anodes of sieve shape are made of 1 mm
thick wires and have openings of 100 mm x 50 mm. It is possible
to withdraw 20 mA current from 1 m? of sieve anode.

12.4.4 Via Conducting Paints

Conducting paints are commonly used as anodes, especially
for concrete structures that are in the sea, and specifically for
concrete pier poles that are at the splash zone. Conducting
paints are produced by adding coke dust into acrylic poly-
mers. This paint is soluble in water, but produces a strong
coating after hardening. The thickness of this paint coating is
around 400pm, and the anodes are placed over it with a dis-
tance of 3 to 5 meters between the anodes.
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12.5 Cathodic Protection of Pre-stressed Steel
Concrete Pipes

Pre-stressed steel concrete pipes are produced by coating the
external surfaces of a cylindrical steel sheet with mortar of a
certain thickness. After the steam curing of the concrete, exter-
nal surfaces are first covered with pre-stressed steel wires, and
then with mortar again on the outside. The difference between
pre-stressed concretes and regular reinforced concretes is that
in the case of pre-stressed concretes, the steel wires are under
constant tensile stress, which results in stress corrosion, which
is why pre-stressed concretes are more sensitive to chlorides.

Steel body in the inner region of the concrete is usually passiv-
ated, and thus is not affected by corrosion. Mostly, pre-stressed
wires that are close to the outer regions of the concrete are
affected by corrosion, and thus a good coating prevents the cor-
rosion to a certain extent; however, it is not sufficient in terrains
with low resistivities that have high salt content.

Extra care must be taken when performing impressed current
cathodic protection systems, since the overprotection limit
potential value for pre-stressed concrete steels is ~1150 mV
based on copper/copper sulfate electrode; otherwise, both
stress corrosion and hydrogen embrittlement due to evolution
of hydrogen gas at the cathode may occur.

Additionally, attenuation constants of bare steel wires inside
the concrete are too high, and thus only a short length of pipe-
line can be protected from one point, which is why even the use
of high potential anodes, such as magnesium or especially HP
magnesium anodes, may cause overprotection at regions close
to the anode; thus, in the case of sacrificial anode cathodic pro-
tection, zinc anodes are more suitable, since they have a maxi-
mum potential of -1100 mV.
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Corrosion in Petroleum
Industry

Closed systems in the petrochemical industry are exposed to
corrosion in general due to dissolved corrosive gases such as
oxygen, carbon dioxide, and hydrogen sulfide, and also due
to chloride containing aqueous phases in petroleum. A par-
tially protective calcium carbonate layer that originated from
the hardness in water and carbon dioxide does not form on the
surfaces of cathodically protected metallic structures used in
the petroleum industry, in contrast with other environments,
where it does form due to the presence of dissolved corrosive
species such as oxygen, carbon dioxide, chlorides, and hydro-
gen sulfide, which prevent polarization at anodic locations, thus
accelerating corrosion. Instead, calcium carbonate colloidal
aggregates are carried over at certain sites and precipitate,
forming a non-continuous and porous structure that is not pro-
tective, even leading to galvanic cells with their surroundings
causing crevice corrosion underneath the precipitates, resulting
in pipeline failures.
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Petroleum refineries convert crude oil into more than
2500 products, such as liquefied petroleum gas (LPG), gaso-
line, kerosene, jet fuel, diesel fuel, greasing oils, and raw
materials used in the petrochemicals industry. During these
processes, the temperature of liquid petroleum is increased up
to 510°C at the heaters, and thus the relevant chemical reac-
tions and refining processes can take place.

Corrosion gets more complex in the petroleum refining indus-
try due to new chemicals used in modern processes, which
is also reflected in petroleum prices. Various chemicals are
responsible of corrosion in different stages and parts of the
petroleum refining process:

* Instorage tanks: H,S, dissolved O,, and H,O.

* In pre-heating heat transfer units: HC] and sulfur
compounds.

* In the tower flash zone: H.S, sulfur compounds,

and organic acids.

In the tower middle zone: H,S.

In the tower top zone: HCl and H,O.

In the tower: H,5, HCl and H,O.

In the vacuum oven: H,S, sulfur compounds, and

organic acids.

* At all stages and components: NH,Cl and sulfurs
if humidified with water.

* Additionally, in boiler pipes, where there is water-
steam cycle and the highest amount of heat trans-
fer associated with boiling, many corrosion types
take place:

* pitting corrosion due to dissolved O,,

* caustic embrittlement due to high pH and high
NaOH concentrations,

* uniform corrosion due low pH, and

¢ hydrogen embrittlement, abrasion, and erosion
corrosion at joints and welding points.
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13.1 Hydrochloric Acid (HCl) and Chlorides

Petroleum always has saltwater to some extent. Chlorides can
also originate from the ovens in the petroleum refining unit,
and also from the decomposition of organic chlorides that were
initially added to hydrogenize the petroleum, which should be
neutralized afterwards in order to not cause corrosion in the
following stages. All chlorides are determined and reported
in terms of liters of sodium chloride (NaCl) per thousand bar-
rels, despite the fact that many other types of chlorides other
than sodium chloride (NaCl) exist in petroleum. In this regard,
in terms of types of chlorides and their amounts, petroleum
is similar to seawater. For instance, magnesium and calcium
chlorides that also exist in seawater dissolve in petroleum
water, and when heated up to 149°C and 204°C (300°F—400°F),
respectively, they form hydrochloric acid (HCI), which is very
corrosive in aqueous solutions. Such corrosion is called low
temperature corrosion, where water is in its liquid form. HCl
goes through the following corrosion reactions with iron in
presence of H.S, which is commonly found in petroleum:

Fe +2HCl ——————» FeCl,+H, (Eq. 108)
FeCl,+ HS ——» 2HCI+FeS (Eq. 109)

In modern refineries, petroleum first goes to chloride removal
units that reduce the chloride content down to between
2.85 g/m3and 28.5 g/m? (1 to 10 1b. in 1000 barrels), but even
at such concentrations, HCI corrosion still remains as an issue.
Over pH 5, however, this corrosion is considered negligible.
Additionally, if pH can be kept below 8, then heat transfer
units and condensation pipes made of copper alloys can also
be prevented from stress corrosion cracking and fatigue cor-
rosion, especially if there is no oxygen in the environment. In
other words, neutral environments that have pH in the range
of 5 to 8 seem to be the most appropriate conditions for corro-
sion events not to occur.
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High temperature corrosion in petrol refineries mainly reveals
itself in the form of oxidation of steel equipments. Among the
major alloying elements of steel, Al, Cr and Si provide some
resistance to steel against oxidation corrosion at high tempe-
ratures, given that their percentage in the alloy is sufficient,
since if their amount is little, the protection they provide is also
insignificant. Other alloying elements of steel, Cu, Ni, and Sn,
usually accumulate between the oxide layer and the steel sur-
face, and thus they do not have any preventative effect on the
oxidation corrosion of steel. Additionally, steels that have high
C content as the alloying element undergo decarburization.

At high temperatures, atmosphere that oxidizes steel includes
gases such as N,, HO, CO,, H,, and SO,, along with O,
Proportions and amounts of these gases depend on air/fuel
ratio, fuel composition, and temperature. N, is not involved in
the oxidation process, but acts only as a diluter, diluting the
atmosphere with respect to oxidizing gases. H,O and CO, are
involved in the oxidation process of steel at high temperatures
via the following reactions:

Fe+HO —— FeO, FeO,Fe,O,+H, (Eq.110)

273

Fe+CO, ——— Fe O, FeO,Fe,0,+CO (Eq.111)

23

Furthermore, produced H, and CO gases reduce the iron oxides.

When iron atoms are oxidized from the metal to the iron oxide
layer at the surface, they leave pits behind, which are lessened if
oxidation occurs only in presence of the noble gases along with
pure oxygen or dry oxygen, compared to oxidation in presence
of H,O and CO,. A reason for this proposed by Rahmel and
Tobolski is that HO and CO, carry the oxygen ions from the
oxide layer to the metal surface and then decompose, which
results in the adsorption of these oxygen ions at the surface
reacting with the metal as follows:

HZO HZ + Oadsorbed

CO, —» CO+O

(Eq. 112)
(Eq. 113)

adsorbed
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Produced H, and CO gases penetrate into the oxide layer and
reduce iron oxides, producing Fe ions and also H,O and CO,
gases, releasing them to the oxide-atmosphere interface, where
the oxidizing reaction takes place.

13.2 Hydrogen (H,) Gas

Hydrogen atoms produced by the corrosion reactions are
absorbed in the metal, which then combine and form hydro-
gen gas in the metallic structure that does not move but accu-
mulates with other hydrogen molecules, causing an increase
in pressure, resulting in mechanical failure and cracks. This is
called hydrogen embrittlement, and is discussed in detail in
section 4.2.12. Hydrogen atoms leading to hydrogen embrittle-
ment are mainly produced by the following corrosion reaction,
in the case of corrosion of steel in the absence of the protective
magnetite layer:

3Fe+4HO —» Fe3O4 + 8H (Eq. 114)

In slightly basic conditions, however, these hydrogen atoms
cannot reach the metal surface. Additionally, these hydrogen
atoms also react with the carbon atoms in carbon steel alloy via
the following reaction, which is called decarburization:

4H+C ——» CH, (Eq. 115)

Methane gas, similar to H, gas in hydrogen embrittlement,
is accumulated at grain boundaries of the metallic alloy, and
causes internal pressure.

Furthermore, steels with free carbon content that have not
reacted with carburization compounds are susceptible to
intergranular corrosion. This occurs when chromium carbide
(C,,C) precipitates at the grain boundaries between 500°C
and 800°C, leading to reduction of chromium concentra-

tion at locations close to the precipitation sites, reducing the



236 CATHODIC PROTECTION

percentage of chromium in the alloy below the critical concen-
tration level of 13%, which is required for steel to maintain its
passivation properties. Austenitic chromium-nickel steels can
absorb more carbon with temperature, while at temperatures
less than 500°C, these alloys can only dissolve a little carbon,
which could lead to a carbon percentage of at most 0.02% in
the steel alloy. Preventing intergranular corrosion depends on
prevention of chromium carbide formation, which can either be
achieved by decreasing the amount of carbon in the alloy or by
adding molybdenum to the alloy, which extends the duration of
thermal processing. Another prevention method involves dis-
solving the formed carbides at high temperatures first, followed
by a rapid cooling, so that they cannot reform. Furthermore, it
is also common to add other alloying elements such as titanium
and niobium to the alloy, which are better carbide formers, and
thus react with the free carbon content instead of the chromium,
so that the chromium percentage in the alloy does not go below
the critical percentage of 13%.

13.3 Hydrogen Sulfide (H,S) and Other Sulfur
Compounds

H.S causes corrosion when present along with water, produc-
ing iron sulfide scales on heated metal surfaces. If HCl is also
present in the environment, then these scales are dissolved,
generating H,S back. However, H,S corrosion is still very weak
compared to HCL

Pumps, oven tubes, containers, heat transfer units, towers, and
components of towers are susceptible to H,S corrosion. High
temperatures increase H,S corrosion substantially, especially
over 232°C (450°F), because other sulfur compounds decom-
pose to H_S at that temperature, increasing the amount of H.S.
If the petroleum has high sulfur content, carbon steel ovens
are exposed to high corrosion rates, such as 12.5 mm (0.5 inch)
thinning per year. At 482°C, however, H.S corrosion decreases,
since the metal surface is coated with a coke layer.
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Other than direct corrosion, H,S also causes hydrogen embrit-
tlement, especially in catalytic decomposer and compressor
units. Hydrogen embrittlement is also an issue in refining
units dealing with phenol, sulfuric acid, hydrofluoric acid, and
hydrocarbon mixtures.

13.4 Sulfuric Acid (H,SO,)

H,SO, is used in alkylation units in concentrations of 85% to 95%.
After being used, H,SO, is either extracted with water or neu-
tralized with caustic soda or sodium hydroxide, and sometimes
both. The low initial concentration of H,SO, due to the forma-
tion of esters is reversed when these esters decompose and form
H,SO, back. In low H,SO, concentrations, corrosion is usually
due to uniform and severe pitting corrosions.

Additionally, severe neutralization corrosion may occur at cer-
tain locations due to the elevated temperatures caused by the
neutralization reactions of sulfuric acid, which can damage
expensive alloys, such as Hastelloy B alloy, that has 25% to 28%
molybdenum, some iron and other trace elements, with nickel
making up the rest, in short periods of time. Thus, to resist
such cases, and sulfuric acid corrosion in general, a special
alloy, that is, alloy 20, made of 20% Cr, 30% Ni, some Cu and
Mo, with stainless steel making up the rest, is developed to
resist primarily for pumps and valve components. Another less
expensive solution is using cast iron, which has high silica or
carbon content.

Furthermore, H,SO, is used in units separating olefins, where
its concentration varies between 45% and 98%, and the tempe-
rature is between the room temperature and 121°C (250°F).
H,SO, absorbs olefins during the separation process, which
are hydrolyzed afterwards, causing even more corrosion in
equipments made of carbon steel, especially at welding points.
Copper alloys severely corrode, as well turning into sponge-
like structures.
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After H,SO, is used in such processes, unused sulfuric acid
is obtained back in low concentrations. To recycle and reuse
H,SO,, its concentration is increased, usually from 45% to 95%,
by evaporating the water, which makes it very corrosive. Thus,
carbon steel components used in the units where this concen-
tration process is performed are coated with lead, which is also
covered with bricks. Bricks are very resistant to hot acids, and
have long service lives if they are well attached and if the tem-
perature does not get over 177°C (350°F). The evaporation unit
itself is made of cast iron or tantalum. Afterward, recycled con-
centrated H,SO, is carried to the cooling units, and from there, it
is carried to various units, where it will be reused. Carbon steel
pipes that are coated with lead or carbon are used for transpor-
tation of this recycled H,SO,.

13.5 Hydrogen Fluoride (HF)

Some alkylation units use HF instead of H,SO,, which is more
corrosive for steel when it is in concentrations of less than
65%. Monel alloy, which contains about 66 percent nickel and
31.5 percent copper, with small amounts of iron, manganese,
carbon, and silicon making up the rest, is resistant to HF in
the absence of water for a wide range of HF concentrations
and temperatures.

13.6 Carbon Dioxide (CO)

CO, causes corrosion when present along with water. CO,
either originates from the decomposition of bicarbonates that
existed in petroleum or from the vapor used to ease the refin-
ing process. In some cases, it is also added artificially. CO, cor-
rosion is very weak compared to both corrosions of H,S and
HCI due to the weakness of acids with which it is associated,
e.g., carbonic acid and bicarbonates. In condensation systems
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containing water vapor, CO, corrosion can be prevented sim-
ply by adding corrosion inhibitors.

13.7 Dissolved Oxygen (O,) and Water (H,O)

Both O, and H,O are carried into storage tanks via petroleum,
while the carried amount may increase due to temperature
changes and pumping. Dissolved O, delays cathodic polariza-
tion and humidity is usually concentrated at the ceiling and
side walls, leading to corrosion. Corrosion is observed at low
levels and at the ground level as well if the petroleum water
contains other corrosive chemicals. If the stored product in the
storage tank is a light one such as gasoline, then corrosion is
usually observed in the form of pitting corrosion, and above
the storage level, that is, from the mid-level of the tank and up,
where wet and dry cycles are more frequent.

Oxygen corrosion may be observed in acidic, basic, and neutral
environments, and severity of the oxygen corrosion increases,
especially if there is flow of water at pH over 8. Oxygen induced
corrosion does not depend on pH between pH 5 and 8.

Units dealing with water-steam cycles are usually made of
alloys of iron, copper, chromium, nickel, aluminum, and steel.
When these units are in service, corrosion is commonly due to
the deposits of corrosion products containing phosphates that
are carried into different units, leading to crevice corrosion.
Copper alloys used in these units corrode due to dissolved
oxygen, ammonia, high pH, and in high pressure environ-
ments of over 40 atm, while iron alloys used in these units
corrode due to dissolved oxygen, carbon dioxide, low pH,
corrosion deposits, and also in high pressure environments of
over 40 atm. Thus, to prevent corrosion of both sorts, oxygen
and carbon dioxide should be removed, pH should be kept
at 8.8 to 9.2 range, dissolved oxygen concentration should be
kept less than 5 ppm in the feeding water, and pressure is to be
kept lower than 40 atm. Thus, hydrazine (N,H,) is commonly
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used in amounts of 50 to 200 pm, especially in turbines and in
the absence of copper alloys. It is used as an oxygen scavenger
to reduce the oxygen concentration, and also to maintain the
pH at 10.5 together with ammonia or other ammines:

NH,+0, —— N,+2H,0O (Eq. 116)

Additionally, inner surfaces of equipments and pipes made of iron
and copper alloys are coated with black magnetite (Fe,O,) and
copper(oxide (Cu,0), respectively. Magnetite protects the steel
surface underneath; however, if oxygen is abundant, then it reacts
with oxygen to produce iron (III) oxide, which is not protective.

2Fe0,+%0, —» 3Fe0, (Eq. 117)

Coating of copper(I)oxide (Cu,0O) can be achieved via the reac-
tion of hydrazine with copper (II) oxide (CuO) as well:

4CuO+NH, —» 2Cu,0+N,+2H0 (Eq. 118)

Apart from the use of hydrazine and coatings of iron and cop-
per oxides, prevention of corrosion in water-steam cycle units
and in boiler tank pipelines is commonly done via addition of
inhibitors. Among the widely used inhibitors are Na,PO, and
NaOH that form protective layers, NaNO, that forms passiv-
ated layers, and K,CrO, and K Cr,O, that form both protective
and passivated layers on the steel surface.

Corrosion inhibitors can be employed continuously or discon-
tinuously, depending on the production capacity of an oil well,
for instance. The practice is administration of 1 to 2 gallons of
inhibitor once per week, corresponding to 25 to 50 ppm inhibi-
tor concentration for a well that has a capacity of 100 barrels of
oil production per day and especially in the beginning stages of
oil extraction, while 1 to 2 gallons of inhibitor is administered
twice a week, corresponding up to 100 ppm inhibitor concen-
tration for a well that has a capacity of 200 barrels of oil pro-
duction per day. Finally, for a well that has a capacity of over
300 barrels of oil production per day, continuous employment
of inhibitors is more economical.
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Corrosion associated with O, and H,O also takes place when
the units are out of service due to repairs. The extent of corro-
sion taking place is different when the duration that the unit
is out of service is very short, that is, up to 3 days, or short,
that is, up to 3 weeks, or long, that is, more than 3 weeks. The
primary corrosion reaction encountered in these cases is the
dissolved oxygen corrosion producing green-black, brown,
and red colored corrosion products of iron, with brown-red
rust being the most common, depending on the length of the
duration period.

Regularly, layers of corrosion products of iron, when it is
exposed to atmosphere, consist of iron (II) oxide (FeO) on the
inside followed by black magnetite (Fe,O,) and green magne-
tite hydrate (Fe,O,.3H,0), respectively, with brown-red iron
(IIT) oxide on the outside. Corrosion of iron when the units are
out of service also takes place in a similar way; an air bubble
attached to the iron surface enriches that part in terms of oxy-
gen, and thus acts as the cathode, while surrounding parts on
the surface act as the anode, leading to the forming iron (III)
oxide to leave pits behind, causing pitting corrosion since
anodic areas are larger compared to the cathode, as shown in
equations 6 through 9 in section 1.3.1, “Iron, Steel and Stainless
Steels.” However, if there is not enough oxygen in the environ-
ment, e.g., in the storage tank, then the following partial oxida-
tion to magnetite takes place:

3Fe(OH),+1% 0, —» Fe,0,3H,0 (Eq. 119)
Fe,0,3H,0 —  » Fe0,+3H0  (Eq.120)

To prevent out of service corrosions, humidity is removed by
drying the unit with pressurized hot air as well as by placing
water dehumidifier chemicals such as silica gel and CaCl, at
certain locations. In systems that cannot be dried or emptied
completely, the system is pumped with NH, gas, with the con-
dition that system does not include components made of cop-
per or nickel alloys. As a third option, nitrogen gas is used for
drying, especially at pipelines exposed to high temperatures.
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13.8 Organic Acids

Organic acids do not cause corrosion at low temperatures;
however, they are very corrosive at temperatures close to their
boiling points, which may results in thinning of up to 9 mm
(0.35 inch) per year, but this is reduced down to 0.6 mm
(0.025 inch) per year when the temperature is reduced just
11°C (20°F) below their boiling points. In the case of aluminum,
acetic, propionic, palmitic, stearic, and oleic acids cause only
slight corrosion under 93.3°C (200°F), but corrosion increases
substantially independent of presence of oxygen over 299°C
(570°F). However, if there is oxygen present in the environ-
ment, even in the amount of 0.05% of the atmosphere, a protec-
tive aluminum oxide film can form and prevent corrosion.

13.9 Nitrogen (N,) Compounds and
Ammonia (NH,)

Nitrogen compounds present in petroleum do not cause direct
corrosion. Ammonia and cyanides formed due to catalytic
decomposition reactions increase the pH of the environment,
dissolving the protective polysulfur layer on steel surface,
exposing it to corrosion, albeit in an indirect manner. However,
the exception here is the copper alloys, for which ammonia
causes direct uniform corrosion and stress corrosion cracking at
pH levels over 8, and also at lower pH levels if dissolved oxy-
gen is present. Uniform corrosion reveals itself with blue corro-
sion products of copper, which may lead to formation of mud
and pollution. Although oxygen is not directly involved in the
reactions, it reduces hydrogen tension on copper and maintains
corrosion, and thus should be removed. Certain cyclic amines
are used as buffers, and hydrazine is used to remove oxygen
lower than pressures of 60 atm, at which these compounds
decompose. Coating of copper alloys with copper(I)oxide
(Cu,0O) helps prevention of corrosion due to ammonia as it does
with prevention of corrosion due to dissolved oxygen, as stated
in section 13.7, “Dissolved Oxygen (O,) and Water (H,0).”
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NH, is used as a coolant and as a neutralization agent in the
petroleum refining industry. Ammonia forms complexes with
copper alloys at pH levels over 9.7 and concentrations of over
0.4 ppm via the following reactions:

2Cu+4NH,+2H,0 —» 2Cu(NH);+H,
Y20H" (Eq.121)

Cu+4NH,+2H0 —» Cu(NH)?+H,
+20H- (Eq. 122)

Ammonia can also react with H,S, forming ammonium hydro-
sulfide via the following reaction:

NH,+HS — = NHHS (Eq. 123)

Ammonium hydrosulfide causes corrosion, especially at tem-
peratures very close to the boiling point of water. Some of the
nitrogen that exists in the burning air is converted to nitrogen
oxides due to high temperatures, and may become very corro-
sive when combined with humidity.

13.10 Phenols

Phenols are used in production of aromatic hydrocarbons and
greasing oils. It is sufficient to use components made of carbon
steel in units dealing with phenols, where products are exposed
with phenols first, and then the oil-phenol mixture is sepa-
rated, and lastly, phenols are recycled in various units. Phenol
induced corrosion of carbon steel increase over 204°C (400°F).
Copper alloys are more resistant to phenol induced corrosion
than carbon steels.

13.11 Phosphoric Acid (H,PO))

Phosphoric acid (H,PO,) is commonly used in polymerization
units and causes severe corrosion on carbon steels if combined
with water in the form of uniform and pitting corrosion, the
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severity of which further increases with increasing tempera-
ture, in static solutions, and in presence of chlorides. Likewise,
corrosion due to phosphates also increases in presence of chlo-
rides as well as in presence of phosphoric acid. Phosphoric acid
corrosion is the most severe during cleaning steps with water.
In conditions when high water content is present, steel tubes
that have diameters of 6.3 mm (% inch) can be punctured in as
short as 8 hours. Copper alloys and Hastelloy B alloy are resis-
tant to H,PO, corrosion.

13.12 Caustic Soda (NaOH)

Caustic soda, or, in other words, sodium hydroxide (NaOH)), is
used to neutralize acids and also for the production of greasing
oils. Carbon steels are resistant to caustic corrosion at room tem-
peratures; however, steel components that are relieved of struc-
tural stress are susceptible to stress corrosion cracking in the
form of caustic embrittlement at high temperatures. This critical
temperature level can be measured using the following formula:

T (°F) = 170 — density of aqueous caustic solution (Baume) (76)

Caustic corrosion of carbon steel begins usually over 93.3°C
(200°F), and 18% Cr + 8% Ni stainless steel is susceptible to
stress corrosion cracking at over 204°C (400°F). High NaOH
concentrations lead to the following reaction dissolving protec-
tive Fe,O, layer:

Fe3O ,+6NaOH ———— 3Na,FeO, + 3H,0
+% 0O, (Eq. 124)

When magnetite is removed, bare iron is exposed to corrosion
via the following reactions:

3Fe + 4H,0 »Fe O, + 4H, (Eq. 125)

3Na,FeO, +4HO ——»Fe O, + 6NaOH
+H, (Eq.126)
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3NaFeO, +4H0+% 0, —— Fe,O, + 6NaOH
+H,0 (Eq. 127)

Magnetite that is reproduced as a result of reactions 126 and
127 is not adherent to the surface, and thus is not protective as
the original magnetite layer.

13.13 Mercury (Hg)

Mercury is commonly used in measurement devices and in
petroleum refining units. It may diffuse into different loca-
tions when equipment containing mercury is broken, leading
to stress corrosion cracking in monel alloy and other copper
alloys. Mercury is also very corrosive for aluminum.

13.14 Aluminum Chloride (AICL)

Aluminum chloride is used in isomerization units. Corrosion
due to AICI, is negligible in the absence of water. With water,
however, it hydrolyzes, forming hydrochloric acid (HCl), which
is very corrosive, leading to pitting corrosion even in austenitic
steels. Melted AICl, in isomerization units is the most corrosive,
which may lead up to 1.25 mm (0.05 inch) thinning in equip-
ment made of nickel.

13.15 Sulfate Reducing Bacteria (SRB)

Sulfate reducing bacteria live in anaerobic environments and
reduce sulfate anions with the acetic acid they produce to
hydrogen sulfide, which in turn reacts with iron. Metals that are
placed closely and have potential difference more than 50 mV
are the most susceptible to biocorrosion due to SRB, and they
corrode severely.
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14

Corrosion in Pipeline
Systems

Use of pipelines date back to the second century B.C., when
Chinese used hollowed sugar canes for water transportation,
adding them end to end, while it began to be widely used only
in the 1860s for crude oil transportation in the U.S. Essentially,
pipelines can be defined as a system of equipments that can
mobilize its contents and transport them. Pipelines mobilize the
materials they carry via use of pumps if they are liquid and
via use of compressors if they are gaseous and direct and pro-
tect the transportation via use of valves. Additionally, pipelines
have control systems that measure the physical properties of
the materials being carried, such as their flow, pressure, tem-
perature, etc. Furthermore, pipelines have corrosion protec-
tion measures in place, protecting the pipeline from corrosion
that can be caused by the environmental factors or the material
that is being carried. Among other systems pipelines include
are effective electromechanical scada systems that control the
movement of the contents of the pipeline, which produce alarms

247
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in the case that the contents such as hydrocarbons are leaking.
Scada (supervisory control and data acquisition) systems are a
type of industrial control system (ICS). Overall, pipelines are
decorated with high technology automation and telecommuni-
cation systems that use the power very effectively, and thus a
pipeline system is a capital-high and an energy-high method of
transportation. Pipelines are usually categorized based on the

following criteria:

14.1

Pipelines are made of different materials; cast iron pipes were
used since 1815 and steel pipes were used until 1900s for water
transportation. At first, none of these pipes had protective coat-
ings on them, but their thicknesses were increased in time due

The chemical composition of the pipeline and the
way it is manufactured, e.g., whether from steel in
API standards, from high density polyethylene, or
from polyester with fiberglass, etc.

Materials that are carried that is the contents of
the pipeline, e.g., whether gaseous, liquid, or solid
phase matters are carried.

Nature of the contents, e.g., commercial end prod-
ucts, raw materials, or chemicals, etc.

Objectives of the pipeline, e.g., whether connect-
ing to another pipeline, used for transportation,
used for distribution, etc.

Location of the pipeline, e.g., whether it is a domes-
tic or an international pipeline.

The geography the pipeline is passing through,
e.g., land, sea, rugged terrains, water passages, etc.
The environment the pipeline is installed in, e.g.,
in corrosive soil, high resistivity terrains, etc.

The standards to be abided with, e.g., API, BS, or
ASTM standards.

Pipes Made of Iron and Its Alloys
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to corrosion deposits. Some of these very first pipelines that
were installed in dry terrains remain today. Since cast iron is
more brittle and less strong compared to steel, thicker cast iron
pipes were used in these pipelines. In time, this practice gave
rise to the false impression that cast iron is more resistant to cor-
rosion, while in reality all cast iron, ductile cast iron, and steel
pipes have similar corrosion resistances. Essentially, different
aerated terrains, presence of a coating, and the coating qual-
ity are the reasons for different corrosion resistances of pipes
made of the aforementioned structural materials. Another false
impression, especially among engineers, is that the cathodic
protection can only be applied to steel pipelines and not to
cast iron and ductile cast iron pipelines. Normally, there is no
difference between these materials in terms of cathodic protec-
tion applicability; the difference is that cast iron pipes cannot
be welded together, and thus usually are connected using plas-
tic or rubber gaskets, resulting in a discontinuity in the applied
cathodic protection; therefore, it is not preferred corrosion pre-
vention technique for cast iron pipes.

14.1.1 Cast Iron Pipes

Cast iron pipes are manufactured from gray cast iron through
centrifuging. Gray cast iron has about 3.5% to 5% carbon in the
form of graphite, which is the reason why cast iron pipes are
relatively more brittle. In terms of corrosion, graphite is nobler
than iron, and thus it becomes the anode and iron becomes
the cathode, resulting in a type of galvanic corrosion, which is
specifically called graphitization. Due to accumulation of cor-
rosion products around the graphite sheets and fibers in the
structure, corrosion takes places in large areas, resulting in cor-
rosion similar to uniform corrosion, and thus is slowed down.
Thus, the fact that corrosion is slowed down in time and that
it proceeds similar to uniform corrosion rather than the more
dangerous unpredictable pitting corrosion makes cast iron
more preferable compared to ductile cast iron and steel pipes
in terms of corrosion.



250 CaTtHODIC PROTECTION

14.1.2 Ductile Cast Iron Pipes

Ductile cast iron pipes have the same composition as cast iron
pipes except for the presence of magnesium in the former.
Magnesium causes the graphite in the alloy to be distributed
in the form of spherical lumps, and thus the brittleness of cast
iron is reduced, and its ductility is increased to levels close
to the steel’s.

14.1.3 Steel Pipes

Mild steel has around 0.1% carbon that is usually in the form of
iron carbide. Steel’s mechanical properties are better than those
of cast iron and ductile cast iron, since silicon is also removed
during the manufacturing of steel, along with the extra carbon,
which is why steel can be welded and shaped easily.

Pipeline systems mainly transport hydrocarbons and water,
and as such, they are categorized in the following sections:

14.2 Petroleum or Crude Oil Pipeline Systems

Pipeline systems carry hydrocarbons, primarily crude oil,
usually from a well or a storage tank at a refinery to another
storage tank, a pressure lowering station, or a measuring-
control station. The most important issues associated especially
with crude oil pipelines are fire hazard, occupational safety
and health, environmental safety, and corrosion. Petroleum
carried by the pipelines contain water, which includes cor-
rosive chemicals such as dissolved oxygen, chlorides, bisul-
fate, organic acids, e.g., naphthenic acid, bacteria, e.g., sulfate
reducing bacteria (SRB), and organic compounds that contain
sulfur. Dissolved oxygen even in the amounts of 20 part per
billion (ppb) can cause pitting corrosion in pipelines, which is
also caused by dissolved CO, and H,S acting as weak acids. A
petroleum pipeline system is a complete system of consecutive
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processes; thus, it should be considered as a whole primarily
consisting of the following components:

e Initial injection stations: also known as supply or
inlet stations, where usually storage facilities are
located as well.

e Compressor/pump stations: the locations of these
stations are based on the topography of the terrain
and the type of the product being transported.

e Partial delivery stations or intermediate stations:
where part of the product is separated and allowed
to be transported elsewhere.

* Block valve stations: can isolate any segment of the
pipeline for maintenance work or isolate a rupture
or leak. Block valve stations are usually located
every 20 to 30 miles (48 km), depending on the
type of pipeline. The locations of block valve sta-
tions depend on the nature of the product being
transported and the trajectory of the pipeline.

* Pig-launching stations: where various mainte-
nance operations such as cleaning and inspecting
of the pipeline are performed without stopping the
flow of the product.

* Regular stations: where some of the pressure can
be released. Regular stations are usually located at
the downhill side of a peak.

* Final delivery stations: also known as outlet sta-
tions or terminals, where the product is distrib-
uted to the consumer. Final delivery stations could
be the tank terminals for liquid pipelines or con-
nection to a distribution network in the case of gas
pipelines.

Recycling units.

Storage units.

Refining units.

Loading units, etc.
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14.3 Water Pipeline Systems

The very first water pipelines used in the Middle Ages were
made of ceramics, while the second generation of pipelines was
of lead at first, but was replaced, however, with galvanized
pipelines due to the lead being hazardous. In the last decades,
galvanized pipelines are also being replaced mostly with copper
pipelines, which are also susceptible to corrosion. Thus, plastic
pipelines that are increasingly being used are considered as the
third generation of pipelines, coming after pipelines based on
ceramics and metals.

Water pipelines embedded in walls or underground cannot
get passivated when they are not fully covered, and thus act
as anodes in presence of a little amount of humidity, leading
to corrosion. Corrosion increases with the increasing ratios of
cathodic surface areas to anodic surface areas. Corrosive spe-
cies such as chlorides, ammonia, sulfates, and nitrates exist
in concrete aggregates, alums, plasters, and wood preserving
paints. Humidity exists in thermal isolation systems, such as in
pores of mineral wool and foam, eventually reaching pipelines.

14.3.1 Water Pipelines Made of Iron and Steel

Stainless steel pipelines are also used in water systems, espe-
cially in boilers and heating bars, where other materials can-
not be used. The best stainless steels with regards to corrosion
resistance used in pipelines contain at least 16% chromium,
9% nickel, and also some molybdenum. However, DIN 50930
guidelines state that pipelines made of iron and alloys of iron
are not suitable to be used as structural materials in water pipe-
lines due to their high corrosion susceptibilities, and also due to
their corrosion products mixing into water.

14.3.2 Galvanized Water Pipelines

Galvanized pipelines are preferred over iron and steel pipelines
for transportation of water. In galvanized pipelines, zinc mixes
into water, and in time, as the protective zinc layer corrodes
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away, iron and alloys underneath are exposed, which then also
results in formation of rust and lime deposits. Thus, galvanized
pipelines should not be used in following conditions:

1. In waters rich in carbon dioxide, that thus have pH
values lower than 7.3.

2. After copper and copper alloys are used, since dis-
solved copper ions possess high corrosion risks.
If galvanized pipelines must be used after cop-
per alloys, they should be installed in the flow
direction. However, partial replacement of copper
pipelines with those of galvanized ones leads to
galvanic corrosion as well.

3. Over 60°C, because over 60°C, potential of gal-
vanize exceeds that of iron’s, reversing the zinc’s
protective effect, making iron, the anode, and zinc
that is in galvanized coating, the cathode. Further,
today, galvanized pipelines cannot be used for hot
water transportation anymore, because cleaning
of the legion microbe, which causes legion disease,
requires temperatures of over 60°C.

However, if galvanized pipelines are produced and installed
according to DIN 50930 norms, their service life extend to
50 years.

14.3.3 Water Pipelines Made of Copper

Pipelines of copper and alloys are resistant to corrosion if
a protective copper oxide layer can form that contains green
colored copper stone (malachite) or basic copper carbonate,
Cu,CO,(OH),. Copper mixing into water is not harmful, as long
as pH is over 7. Copper pipelines are susceptible to pitting cor-
rosion, both in hot and cold water systems. In cold waters in
less than 40°C, pitting corrosion is detectable due to more than
usual green malachite formation, while in hot waters, there is
no such outcome of pitting corrosion. Pitting corrosion in cold
waters are observed more in underground systems than in
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others, possibly due to the presence of organic species inhib-
iting corrosion to some extent. Even chemical conditioning of
water with inhibitors such as phosphates and silicates can-
not sufficiently prevent corrosion of copper pipelines in cold
waters. On the other hand, pitting corrosion of copper pipelines
in hot waters, which is mostly seen in waters with high carbon
dioxide content, can be prevented by chemical conditioning
with alkali phosphates and silicates. Another type of corrosion
seen in copper pipelines is erosion corrosion, occurring mostly
in parts of the pipeline directly exposed to water, since the pro-
tective copper oxide layer is removed by the fast flowing water.

14.3.4 Water Pipelines Made of Brass

In brass pipelines, the amount of zinc decreases with increasing
corrosion or in other words, dezincification, as the yellow color
of zinc exposes red colored copper. Dezinfication occurs in both
hot and soft waters that have pH over 8.3 and also chlorides.
Chemical conditioning of water does not prevent corrosion of
brass; instead, brass should be rich in copper in amounts of
more than 65% in order not to undergo corrosion.
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Cathodic Protection of
Pipeline Systems

Cathodic protection of pipelines was first realized in 1928 for
a crude oil pipeline system by R. J. Kuhn in the United States.
Before cathodic protection is administered to a crude oil pipe-
line system, some previous exploration work must be done,
including determination of passages through water bodies,
neighboring railway systems that work with direct current,
high voltage transmission lines, and other pipeline systems
in the surroundings. If such other structures are present,
then specific measures must be taken beforehand to prevent
interference corrosion. Besides, the type and the resistivity
of the terrain the pipeline will pass through, underground
water levels, pH levels, and redox potentials that indicate the
corrosivity of the terrain are among other criteria to be deter-
mined beforehand.

255
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15.1 Measurement of Terrain’s Resistivity

Resistivity of the terrain where the pipeline passes through is
measured in every 100 to 200 meters of the pipeline. This range
can be increased to 500 to 1000 meters if the terrain is known
to be same throughout that distance. If the difference in the
consecutive measurements comes out very large such as twice
as much or less, then more measurements must be conducted
within that distance. Resistivity of the terrain is measured
directly via Werner's four electrode method in the field. In this
method, four electrodes are installed in the terrain equally apart
from one another. Afterwards, alternative current is applied to
the terrain via the two electrodes that are the most apart from
each another. The potential difference that the applied alterna-
tive current produces in the terrain is measured by the other
two electrodes that are on the inside, while resistance is mea-
sured via Ohm’s law. Consequently, resistivity is calculated
using the following formula:

P =2nraR (77)

where P is in ohm.cm, a is the distance between the two inner
electrodes in cm, and R is the resistance read from the device in
ohms. Resistivity measurements are usually performed at spe-
cific locations of the terrain that remain right above the pipe-
line and close to the surface. In practice, this distance is usually
150 to 200 cm. Thus, if “a” is taken as 160 cm, for instance, in
the formula, “2ma” term would be approximately 1000, and
1000 times the read resistance would be equal to the terrain’s
resistivity, as it is commonly expressed by practitioners of dif-
ferent backgrounds work in the field:

P ~ 1000R (78)

Terrain resistivity measurements are also performed in the
laboratories using the method of rectangular prism boxes by
performing tests on different samples taken from the terrain;
however, errors should be expected, since there are usually
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other factors in the natural environment that are not taken into
account in laboratories. The following formula is used when
rectangular prism boxes are used to determine the resistivities:

P=R5* (79)
where P is terrain’s resistivity in ohm.cm, R is the measured
resistance of the terrain sample in ohms, D is the distance in

cm between the points where the samples are taken from, and
W and D are the width and length of the rectangle, respectively.

Terrain resistivity increases substantially when humidity levels
drop below 5% and decreases substantially when the humidity
level reaches 20%.

Additionally, terrain resistivity increases in general with
decreasing temperatures and increases substantially below 0°C,
since water freezes. Thus, temperatures must be recorded dur-
ing terrain resistivity measurements. The following formula is
used to calculate the changes in terrain resistivity with respect
to the changes in the temperature:

PT1 PT; 5 + 'I; ( )
where P;, is the terrain resistivity in ohm.cm at temperature T,
and Pr, is the terrain resistivity in ohm.cm at temperature T,.

15.2 Potential Measurements

15.2.1 Redox Potential of the Terrain

Redox potential indicates whether the terrain is corrosive and
whether there is the danger of microbial corrosion. Potentials
less than 100 mV indicate the possibility of severe corrosion,
potentials between 100 and 200 mV indicate the possibility of
high corrosion, potentials between 200 and 400 mV indicate the
possibility of moderate corrosion, and potentials higher than
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400 mV indicate the possibility of mild corrosion. Redox poten-
tial of a terrain increases with increasing amounts of oxidiz-
ing agents such as the dissolved oxygen in the terrain. Redox
potentials are measured via the following formula:

Eredox = Ep + Ergf + 60 (pH - 7) (81)

E ... is the terrain’s redox potential in mV, E_ is the measured
potential of platinum electrode installed in the terrain in mV,
and E__ is the potential of the reference electrode compared to
standard hydrogen electrode (SHE) in mV, e.g., for saturated
Cu/CuSO, (CSE) electrode, this potential difference is 316 mV.

15.2.2 Static Potential & On-Off Potentials

Static potential (E) is the potential of the pipeline system mea-
sured before cathodic protection is administered, while on
potential (E_) is the potential measured under the cathodic
protection current, and off potential (E ) is the potential mea-
sured about 5 seconds after stopping the cathodic protec-
tion current. Measurements of these potentials are crucial to
see whether the criteria mentioned in section 8.7, “Cathodic
Protection Criteria,” are satisfied, which establish whether
there is sufficient polarization. Potential of the steel structure
must be sufficiently polarized so that it can be cathodically
protected. The following formulas are used to calculate E_ E_,
and E_, potentials.

Evn = Es + Ep + EIR (82)
and

Ey=E.+E, (83)

E ; becomes zero during the measurement of E_ potential due
to cessation of the applied cathodic protection current, while
another potential value originated by the cathodic protection
current that is the polarization potential (E ) does not become
zero, and decreases gradually after the cessation of the cur-
rent, and thus can be measured. Based on the measured
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values of static potential (E)), on potential (E_) and off poten-
tial (E_ ), potential shift, and the polarization shift are also
calculated as follows:

potential shift = E,,— E, (84)

and
polarization shift = Ez—E, (85)

15.2.3 Measurement of Pipeline/Terrain Potential

Potential of the pipeline/terrain system is measured using a
voltmeter or a potentiometer of a high resistance. The nega-
tive pole of the voltmeter is connected to the pipeline and the
positive pole is connected to the reference electrode. Optimum
measurement can be done by welding or soldering the cable to
the pipeline, which is not usually practical in the field; instead,
first, the rust layer is removed from the surface of the pipeline
where the measurement will be conducted, and secondly, the
experiment is performed by pressing the sharp metal tip of the
connection cable onto the cleaned surface. The reference elec-
trode must also be very close to the pipeline surface to prevent
the IR ohmic reduction in potential, which is also not practical
to achieve in the field, since the pipeline is underground, and
thus usually the reference electrode is placed right above the
pipeline at a hole dug at the surface. Furthermore, if the ter-
rain is dry, it is wetted to reduce the resistance.

15.3 Determination of Coating Failures Based
on Potential Measurements

15.3.1 Determination of Coating Failures Based on the
Measured Pipeline/Terrain Potentials

Pipeline metal is negatively charged and the terrain is positively
charged when the pipeline/terrain system is considered. As
the pipeline passes through different terrains, pipeline/terrain
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potential varies depending on the type of the terrain and its
structure. Locations where pipeline/terrain potentials are more
negative become the anode and locations where pipeline/ter-
rain potentials are more positive become the cathode, resulting
in the current to flow from the anode to the cathode. Locations
where there are coating failures would have more negative
potentials, and thus, by measuring the pipeline/terrain poten-
tials along the pipeline, corrosion zones can be determined.

Pipeline/terrain potentials of the locations where there are
coating failures on the pipeline increase in the positive direc-
tion after cathodic protection is applied. For this reason, current
produced by the anodic bed of the cathodic protection system
enters the pipeline from the locations where there are coating
failures, thus decreasing the potential.

15.3.2 Determination of Coating Failures Based on the
Pearson Method

The Pearson method is commonly used to automatically deter-
mine the coating failures on a pipeline system. The Pearson
method is based on monitoring the potential variations that
occur due to coating failures when a high voltage alternative
current is applied to the pipeline system.

The Pearson method can also be applied to pipelines that are
under the cathodic protection current with the conditions that
direct current, instead of alternative current, and also a different
amplifier must be used. Furthermore, today, motored devices
have been developed that move alongside the pipeline and
detect the signals.

154 Measuring Potential along the Pipeline

15.4.1 Long Cable Method

Potential can be measured in equal distances along the pipe-
line via the long cable method, using a sufficiently long cable
that has a thick cross-section. The cable’s resistance can be
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neglected when realizing the long cable method. Potential of
up to a 1 km portion of the pipeline can be measured via this
method, if there are no structures within that distance that may
be of any interruption.

15.4.2 Double Electrode Method

Another method used to measure the potential along a pipeline
is the double electrode method, since it is usually not possible
to install a cable of sufficient length along the pipeline, due to
the presence of various structures in the path; thus, potential
differences are measured alongside the pipeline using two ref-
erence electrodes.

15.5 Maintenance of Pipeline Cathodic
Protection Systems

Cathodic protection systems used for protection of pipeline sys-
tems from corrosion are usually predicted to have a service life
of 10 to 15 years. Cathodic protection systems must be checked
at least once a year even if there is no failure or a breakdown for
the following issues:

* Pipeline/terrain potential must be checked in
every measurement station along the pipeline.

* In areas where there is suspicion of corrosion,
additional potential measurements should be per-
formed via double electrode or long cable method.

* Coating resistance must be checked along the
pipeline, and at locations where there is coating
damage, additional measures must be taken.

* Current efficiencies of T/R units must be checked.
In the case of impressed current cathodic pro-
tection systems, anodic bed resistances must be
checked.

* In the case of sacrificial anode cathodic protec-
tion systems, anodic potentials and the intensities
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of currents withdrawn from the anodes must be
checked.

¢ At locations where two pipelines meet, current
intensity measurements must be performed both
at “on” and “off” positions, under the applied
cathodic protection current and when it is stopped,
respectively.

¢ At locations where there are profile pipes pass-
ing by, the profile pipes” and pipeline’s potentials
should be checked, and it has to be determined
whether there is contact between these metallic
structures or not.

¢ Parts of the protected pipeline and the foreign
pipeline or another metallic structure that have
interference effects must be checked.

¢ Insulation quality of the insulated flanges must be
checked via measuring their resistance.

¢ Surroundings of the pipeline should be checked
for structures that were not initially present such
as high voltage transmission lines, railway sys-
tems that work with direct current, and other for-
eign metallic structures.

15.6 Measurement Stations

Regardless of the type of the cathodic protection system used,
pipeline systems must have measurement stations alongside
the pipeline. These measurement stations must be installed
in a way so they are easily accessible, easily turned on and
off, and resistant against external factors. An altitude of
1 meter high over the ground is appropriate for their instal-
lation, which may not always be possible to realize, how-
ever, at urban locations; thus then they are either installed
on a concrete block, or they are embedded in the ground.
Measurement stations primarily determine pipeline/ter-
rain potential, stray currents, and corrosion due to coating
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failures, and they consist of sub-units that deal with the fol-
lowing measurements and controls:

1. Measurement of the regular pipeline/terrain
potentials via STP units

2. Measurement of the current intensity flowing over
the pipeline via ATP units

3. Measurement of the current and potential at gal-
vanic anodic connections via SATP units

4. Control of the insulated flange insulations via
SIF units

5. Control of the stray currents at intersections via
EPC units

6. Control of the contacts at profile pipes passing by
via CTP units

15.6.1 STP Regular Measurement Units

STP regular measurement units are installed at periodical inter-
vals alongside the pipeline, which are connected to the pipeline
via two cables that are side by side. Although it is possible to
measure the pipeline/terrain potential using only one of the
cables, the second cable is installed; hence, if current needs to
be applied through one of the cables, then the other can be used
to measure the pipeline/terrain potential.

15.6.2 ATP Current Measurement Units

ATP units measure the current intensity flowing over the pipe-
line. For this reason, two cable connections are made to the
pipeline, which are 30 meters apart. Two more cable connec-
tions are made that are 10 cm away each from the two previous
locations, to apply current. One of the cables is chosen in black
color and the other is chosen in white color so that current flow
direction can be determined.
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15.6.3 SATP Galvanic Anode Measurement Units

Galvanic anodes are not directly connected to the pipeline sys-
tem, but over a (SATP) galvanic anode measurement unit that
has two cables that are connected to the pipeline. One of these
cables is connected to the cable coming from the anode and
when needed, a resistance may be placed in between, and the
current withdrawn from the anode can be adjusted, while the
other cable is used to measure the pipeline/terrain potential at
both “on” and “off” positions, when the anodes are operational
and when they are not, respectively.

15.6.4 SIF Insulated Flange Measurement Units

SIF insulated flange measurement units check the insulation of the
flanges, and thus are installed at locations where there are insu-
lated flanges. For this reason, two sets of two cables are connected
to both sides of the flange in 10 cm distances, with one set having
white and the other set having black color. When the resistance
of the insulated flange is measured, out of the four cables, two
cables that are on the outside are used to apply the current, and
the inner two cables are used to measure the potential difference.

15.6.5 EPC Equivalent Potential Measurement Units

EPC equivalent potential measurement units control the stray
currents at intersection points of two different pipeline systems.
Two sets of two cables are connected to each pipeline system
with each set having a different color, of which two are used
to measure the potential difference, while the other two, which
have thicker cross-sections than the ones used for potential
measurements, are used to place an interference connection
resistance between the pipelines to control the stray currents.

15.6.6 CTP Measurement Units

(CTP) measurement units measure whether there are contacts
with the profile pipes that are in the surroundings and are
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passing by. For this reason, two cables are connected to the
pipeline and one to the profile pipe.

15.7 Static Electricity and Its Prevention

In addition to the interference effects of pipeline cathodic
protection systems that are discussed in detail in section 8.9,
“Interference Effects of Cathodic Protection Systems,” there is
also the issue of static electricity, which needs to be prevented.
Static electricity occurs when materials that have very low con-
ductance such as petroleum derivatives and hydrocarbons are
carried via pipelines. Static electricity may get accumulated on
the pipeline metal, and may rise up to thousands of volts and
a few miliamperes based on the flow rate. This static charge is
spontaneously, but very slowly, discharged to the atmosphere
and to the earth.

For the static charge to become practically harmful, turbu-
lence must be present, and the flow rate and the amount of
fluids carried must be over a limit. Additionally, the contact
surface of the fluid and the inner surface of pipeline metal
must be sufficiently large. Resistivity of the fluid is another
important criterion, since if it is higher than 5.10" ohm.cm,
the rate of discharge of the static electricity would be slower
than its rate of getting accumulated on the pipeline; thus, a
substantial amount of static electricity may get accumulated.
Light petroleum derivatives have resistivities of around
10" ohm.cm, resulting in static electricity being accumulated
in less than 1 second.

As the fluids are entering the pipeline, they have equal num-
ber of positive and negative charges; however, in case of high
flow rates, the negative charges of the fluid are absorbed by
the more conductive metal ions of the pipeline, resulting in the
fluid to attain plus charges and the pipeline to attain negative
charges. If the coating of the pipeline is not good, then since
the accumulated electricity would be discharged into the earth,
potential of the static electricity on the pipeline cannot be over a
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certain value, and below 1500 Volts, discharges do not occur in
the form of sparks. However, at higher potentials, sparks may
occur with a risk of fire, and the pipe can be punctured. The
static electricity may reach the tank if no insulated flange exists
between the location where the static electricity gets accumu-
lated and the storage tank. On the other hand, an explosion-
proof surge protector is added to the location where there is
insulated flange.

Especially in stations where storage tanks on land are loaded
with petroleum products from ships, and also in pipeline sys-
tems carrying petroleum products, flow rate must not be over
0.9 m/s, and thus a pipeline that has a diameter of 10 cm can
carry at most 2.27 m®/min. fluids. Static electricity can get accu-
mulated on petroleum derivates while being carried in ships
due to vibrations and shaking as well. Static electricity must be
earthed when the petroleum derivates are being unloaded from
ships so that it is not carried over to the storage tank, which can
be achieved via an insulating flange that is placed on the pipe,
connecting the ship to the storage tank.

15.8 Cathodic Protection of Airport Fuel
Distribution Lines

Sacrificial anode cathodic protection is theoretically appropri-
ate for cathodic protection of airport fuel distribution lines for
both economical and technical reasons; however, the following
problems are commonly encountered in practice:

e It is very difficult to find available places at air-
ports to install galvanic anodes.

* Measurement units for anodes cannot be installed.

¢ It is very difficult to manage maintenance opera-
tions, especially during a failure.
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Therefore, despite the fact that it is less economical, deep well
anodic beds are used, and impressed current cathodic protec-
tion systems are preferred in general.

15.9 Cathodic Protection of Water Pipelines

To prevent corrosion in water pipelines using cathodic pro-
tection, direct current is applied to pipelines with sufficient
magnitude and potential. Sufficient pipeline-ground potential
difference is -850mV at the minimum, while it is -1200 mV at
the maximum in the case of polyethylene (PE) and polyvinyl-
chloride (PVC) coated pipelines, and it is -2500mV for pipelines
coated with bitumen compared to copper/copper sulfate (CSE)
electrode at every point of the pipeline. However, if pipeline is
not buried in the ground, pipeline-ground potential measure-
ments may be inaccurate, and thus should not be measured and
relied on unless there is a need. If applied current becomes a
stray current, for instance, due to the anode bed being placed
close to a railway, then cathodic protection may become ineffec-
tive. To prevent such a problem, the location of the anode bed
may be changed, or its type may be changed from a horizontal
anode bed to a vertical anode bed. Additionally, anodes of more
resistant alloys, such as titanium anodes coated with composite
metal oxides, can be used.
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16

Corrosion and Cathodic
Protection of Crude Oil or
Petroleum Storage Tanks

Petroleum storage tanks carry heavy loads and store very high
volumes of petroleum. They are exposed to humidity and cor-
rosive chemicals, especially when they are located nearby the
sea, resulting in corrosion. Corrosion in petroleum storage
tanks occasionally lead to leakages, resulting in loss of petro-
leum products, especially in underground tanks that are older
than 10 years and have no corrosion protection measures. In
new tanks, pitting corrosion is the more commonly observed
types of corrosion, compared to other types, while in older
tanks, uniform corrosion is the major corrosion type, since, in
time, anodic and cathodic areas get close to each other in terms
of areas they cover inside the tanks.

Petroleum storage tanks are exposed to corrosion either from
underneath, where it is in contact with the accumulated rain
and with ground waters, or from within the tank, especially
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due to the seawater present inside the tank transported, along
with the material being stored such as petroleum. Corrosion
of petroleum storage tanks from underneath due to contact
with the accumulated rain and with ground waters is com-
monly prevented via impressed current cathodic protection,
which does not work in the case of iron sheets that compose the
lower portion of the tank, since they are not in contact with the
ground; thus, when the tank is either entirely full or empty, iron
sheets elastically deform, resulting in gaps between the stor-
age tank and the ground. Corrosion of petroleum storage tanks
from underneath due to contact with the accumulated rain and
with ground waters is also prevented using coatings; however,
they degrade in time, leading to accelerated corrosion from the
locations, where there are coating failures, which occur com-
monly due to variations in tank loads. Thus, even if one or more
corrosion prevention techniques are employed, corrosion of
petroleum storage tanks has to be still monitored.

Secondly, the liquids stored inside the storage tanks, such as
petroleum, also cause corrosion. When the most commonly
stored liquids in petroleum storage tanks are compared in
terms of corrosivity, diesel fuel is the most corrosive, followed
by radiator fuel, unleaded gasoline, fuel oil, regular gasoline,
jet fuel, premium gasoline, and kerosene, in descending order.
However, slight differences between these different liquids in
terms of induced corrosion imply that the majority of the cor-
rosion is caused by the seawater and dissolved salts such as
chlorides, because despite stored petroleum liquids having dif-
ferent corrosivities, none can cause significant corrosion alone,
since they are not good electrolytes.

16.1 Cathodic Protection of Inner Surfaces of
Crude Oil Storage Tanks

Overground tanks made of cylindrical steels are commonly
used for storage of crude oil in the industry. Lower surfaces
of these tanks are coated with a proper coating during the
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manufacturing stage for corrosion prevention; however, cor-
rosion still occurs in oil storage tanks due to corrosive liquids
accumulating at the lower phase, which contain concentrated
dissolved salts and organic acids, along with the humidity of
the tank leading to leakages and holes in time at the base of
the tank, which can go out of control. Corrosion occurs mostly
in the form of pitting corrosion due to heavy loads, due to ten-
sions caused by the alternating cycles of loading and emptying
processes, and also due to deformations occurring commonly at
the bases of these tanks in 5 to 10 years.

For the damaged coating to be repaired, crude oil storage tanks
are emptied every 5 to 10 years to undergo maintenance, where
the damaged paint and the coating are removed, which all cause
difficulties, resulting in the tank being out of service for long
periods of time. Further, during maintenance, leakages and
punctures due to corrosion are repaired, and corrosion deposits
are cleaned. Old paint is removed using sand spray, since the
surfaces must be cleaned near white level (SP-10) so that the
coating of a new paint or fiberglass reinforced plastic (FRP) coat-
ing can be durable. The process of renovation of the storage tank
coating, especially in the old, deformed crude oil storage tanks,
costs a great deal of hard work and money. Hence, cathodic pro-
tection can be more economical than recoating of the paint.

16.1.1 Corrosion Prevention

The base that the tank is placed over is specially prepared for
better protection, using crushed stones at the bottom that are
squeezed with clean sand and with concrete asphalt on top. Even
very strong coatings of fiberglass plastics are not the best solu-
tions, since they require very thorough cleaning of the surface,
which requires the tank to be out of service for very long peri-
ods of time during maintenance. Therefore, along with a proper
coating, sacrificial anode cathodic protection is the best corrosion
prevention method for crude oil storage tanks. Impressed current
cathodic protection is usually not preferred due to fire hazard
risks and also due to overprotection resulting in coating damages.
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16.1.2 Sacrificial Anode Cathodic Protection

Indium alloyed aluminum anodes are preferred for galvanic
anode cathodic protection of petroleum storage tanks. The big-
gest obstacle against the use of cathodic protection technique as
a corrosion prevention method is the oxide layer covering the
tank’s surface, which has to be removed using a high poten-
tial anode. Thus, a dual sacrificial anode system using magne-
sium and aluminum is appropriate. In this method, anodes are
installed parallel to one another, and magnesium anode that has
the higher potential starts working soon after the application of
cathodic protection current, promptly polarizing the inner bot-
tom surface of the tank cathodically, which is covered by oxide.
Thus, most of the applied cathodic protection current is used to
reduce the y-Fe O, layer present at the inner surface of the tank.
After the magnesium anode goes flat, reducing the oxide layer,
aluminum anodes come into place, providing the current needed
to maintain the potential of the cathodically polarized surfaces.

In dual galvanic anode systems, a combined potential is formed
soon after cathodic protection current is applied, with around
—800 mV coming from magnesium anodes and —70 mA from
aluminum anodes, totaling to -870 mV. The magnitude of this
combined potential depends on the following oxidation and
reduction reactions of the anode and cathode:

Anodic reactions:

Mg —» Mg +2e” (Eq. 128)
Al ——» AP +3e (Eq. 129)

Cathodic reactions that are also stated in Eq. 29 and Eq.77

2H* + 2e" — H,
Fe,O, + 6H" +2e- ——» 2Fe** +3H,0

At the anode, first magnesium anode is oxidized since it has
a higher negative potential, and at the cathode, first Fe,O, is
reduced, since it requires a higher positive potential. After
Fe,O, layer is removed, hydrogen evolution becomes the only
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cathodic reaction leading to a negative change in the com-
bined potential. Consecutively, after the magnesium anode
is consumed, a positive change of about 50 mV occurs in the
combined potential. However, even when the increase of 50 mV
is considered, the combined potential remains more negative
than the -780 mV potential of SCE, which is increased to that
value from the initial value of -380 mV soon after the applica-
tion of cathodic protection current.

16.1.3 Sacrificial Anode Cathodic Protection
Current Need

For tanks with surfaces that have corrosion deposits and no
coating, an average cathodic protection current of 40 mA/m?
is initially needed, which is then reduced down to 15 mA/m?
after about 2 months. Thus, in average, 20 mA/m? is deemed
sufficient to provide cathodic protection for a period of 10 years
until the next maintenance takes place, which can be provided
by a certain quantity of aluminum anodes.

On the other hand, quantity and number of magnesium anodes
depend primarily on the thickness of the rust layer that ini-
tially needs to be removed. Usually a current between 80 to
120 A/m? per hour is applied, while 50 A/m? per hour is con-
sidered the minimum current for removal of the oxide layer. A
reference electrode, such as SCE, which is specially designed
not to be damaged by the crude oil inside the tank, is installed
in the tank to control the current supplied by the anodes and to
control the tank-electrolyte potential.

Due to the salty nature of the corrosive liquid accumulated at
the lower phase of the stored crude oil in the storage tank, all
magnesium, zinc, and aluminum anodes can be used.

i. Magnesium Anodes

Potential difference between the magnesium anodes and the
steel is about 650 to 700 mV, resulting in polarization of steel in
a short period, which is why magnesium anodes can be used in
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high resistivity waters as well. However, magnesium anodes’
current efficiency is around 50%. Their current capacities are
also lower compared to other anodes; therefore, cathodic pro-
tection service life with magnesium anodes is considerably
shorter, and as such they are not used for protection of crude oil
tanks, since maintenance of crude oil tanks is performed every
5 to 10 years, which is a lot longer than the duration that mag-
nesium anodes can provide cathodic protection.

1. Zinc Anodes

Current efficiency of zinc anodes is more than 90%; however,
since the potential difference between zinc and steel is only
250 mV, it is difficult to withdraw currents of desired amounts.
Thus, zinc anodes are commonly used at the beginning stages
to polarize storage tank bases. As the steel polarizes, potential
difference between the anode and the cathode is lessened, and
thus the current withdrawn is automatically adjusted.

i11. Aluminum Anodes

Indium alloyed aluminum anodes are the most appropriate
anodes for cathodic protection of inner surfaces of crude oil
storage tanks. Potential difference between the aluminum
anodes and steel is also 250 mV; however, their current effi-
ciency is 90% and they have 3.5 kg/A.year current capaci-
ties, translating into more economy, which allows them to be
used for long durations, such as 5 to 10 years. 1 kg of indium
alloyed aluminum anode can protect 1.5 m? surface area of the
tank for 10 years.

iv. Mg + Al Dual Anodes

When magnesium and aluminum dual anode systems are
used, first, magnesium anodes that have more negative poten-
tials act with their high potentials, polarizing the steel, and in
the meantime, aluminum does not corrode, since they act as the
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cathode compared to the magnesium anodes. After the com-
plete consumption of magnesium anodes, this time aluminum
anodes become anodes and begin protecting the tanks from
corrosion for long periods, given their high current capacities.
It is possible to have a cathodic protection service life of up
to 10 years, provided that respective masses of both types of
anodes are calculated accurately.

Magnesium and aluminum dual anode systems are espe-
cially suitable for tanks with no coating, since magnesium
anodes provide the high potential needed to remove the cor-
rosion layer formed on the surface, which requires about 70 to
120 A.hour/m? current primarily for the reduction of iron (III)
oxide film to iron (II) cations. As the oxide layer is removed,
the required current is also reduced, and the system potential
increases in the negative direction until the magnesium anodes
are completely out of service. Afterwards, the system’s poten-
tial begin to increase in the positive direction, and at that point,
aluminum anodes begin operating, keeping the potential over
the protection potential criterion of -0.850 V, providing the
desired service life with their high current capacities.

16.1.4 Problems with Cathodic Protection of
Storage Tanks

The biggest problem faced with implementation of cathodic
protection is not being able to provide a uniformly distributed
cathodic protection current at the tank base, resulting in a con-
siderable potential difference, especially in very large tanks
between the center of the tank and its periphery. As a result,
difficulties occur, since potential of the center of the tank must
be brought to the potential required by the protection criteria.

Additionally, it is not possible to accurately measure the poten-
tial of the center of the tank with reference electrodes, since they
are installed outside of the tank. It is required to place the ref-
erence electrodes as much as near to the surface of which the
potential will be measured; therefore, during the manufacturing



276 CATHODIC PROTECTION

and installation stages of the tanks, a reference electrode must
be installed in a perforated tube underneath the center of the
lower surface of the tank. Then, both the tank and the reference
electrode are connected externally to the measurement unit.

For tanks that do not have a reference electrode installed under-
neath the center of the lower surface of the tank, it is not pos-
sible to measure the potential of the center of the tank; thus, the
IR ohmic potential reduction from the periphery to the center of
the tank must be calculated using the following formula:

AE=pXL (86)

where AE is the change in potential at a distance of r from the
periphery of the tank, i is the cathodic protection current den-
sity in A/cm?, and p is the terrain resistivity in ohm.cm.

As the cathodic protection current density and terrain resistiv-
ity increase, the potential difference between the periphery and
the center of the tank increases as well. As an example, for a
tank that has a diameter of 72 m and for a cathodic protection
current of 10 mA/cm? in a terrain of 5000 ohm.cm resistivity,

AE= 5000(0.0001x3600)/2 = 900 mV

thus for -850 mV criterion to be satisfied at the center of the
tank, potential must reach -850 mV + (=900 mV) = -1.750 V.
However, in practice, potentials higher than 1.5 V based on CSE
electrode are not wanted, to avoid overprotection. The follow-
ing solutions are implemented to overcome this problem:

1. Anodes are placed around the tank’s periphery
equally apart from each other and 1.5 to 2 meters
away from the tank’s base and at least 1.5 meters
vertically inside the ground. Anode cables are
attached to the T/R unit’s positive pole using a
ring coil.
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2. In the second method, anodes are placed under-
neath the tank horizontally and at equal distances
from each other. However, this method can be
applied only to new tanks.

3. In the third solution, uniform distribution of
potential is achieved using an anodic bed that is
100 to 300 meters away from the tank. This solu-
tion would be economical if many tanks are cath-
odically protected, such as in a tank farm.

4. In another solution, if there is only one tank that
needs to be cathodically protected, then anodes
can be installed with an angle of 45 degrees to the
tank’s base, leading to a uniform current distribu-
tion at the tank’s base, and also resulting in the
potential at the center of the tank to rise up to the
desired value. The depth of the anodic beds where
the inclined anodes are placed can be between
7 to 10 meters, based on the size of the tank, so that
the distance of the anode both to the center and to
the periphery of the tank is at an optimum one.
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Corrosion and Cathodic
Protection of Metallic
Structures in Seawater

High conductivity of seawater makes it highly corrosive for
metallic structures. The fact that chlorides prevent passivation
is another factor increasing corrosion. Other major factors are
temperature, pH, dissolved oxygen concentration, and fluidic
rate. Additionally, whether the metallic structure is embedded
in the seabed via poles or whether it is floating, e.g., ships or
under the sea pipelines, or whether they are used for transpor-
tation, e.g., storage tanks, is also of utmost importance.

Salt level of the seawater is defined as the dissolved salt amount
in 1 kg of seawater. In natural seawater, salt levels are propor-
tional with the chloride concentration based on the following
formula, which is stated in equation 4 discussed in section 4.1.2,
“Corrosion in Seawater and in Fresh Waters”:

salt level(g/kg) = 1.80655 X chloride concentration(g/kg)
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Salt level of the sea also increases with increasing sea depth,
with an increase of about 0.5 g/kg for every 100 meters of depth.

17.1 Factors Affecting Corrosion Rate of
Metallic Structures in Seawater

There are many factors affecting the rate of corrosion reactions
taking place in seawater such as conductivity or resistivity of
the water, pH, temperature, dissolved oxygen concentration,
fluidic rates, etc.:

17.1.1 Effect of Resistivity on Corrosion in Seawater

The most important aspect of seawater in terms of corro-
sion is its resistivity, since it is low, around 16 to 40 ohm.cm,
leading to severe corrosion to take place. Resistivity is the
opposite of conductivity (ohm/cm), and thus their relation is
inversely proportional. As the salt content increases, conduc-
tivity increases, and thus conductivity of seawater is about
250 times more than fresh water. Rising temperatures also
increase the conductivity.

Resistivity of seawater can also be found based on the den-
sity, which is usually the preferred method, since it is easier to
determine the density than to determine the salt concentration.
However, since density changes with temperature, measure-
ment temperature must also be noted.

17.1.2 Effect of pH on Corrosion in Seawater

Regularly, pH of the sea is between 8.1 and 8.3 due to the equi-
librium between the bicarbonate ions present in the seawater
and the carbon dioxide gas present in the atmosphere. Carbon
dioxide that is dissolved in the seawater is used for photosyn-
thesis by the plants living in the sea. Since sunlight is abundant
close to the sea surface, photosynthesis occurs more commonly
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at the sea surface, consuming the carbon dioxide, and thus
resulting in an increase in pH. On the other hand, a reduc-
tion of pH occurs as the sea depth increases due to the carbon
dioxide and hydrogen sulfide that are produced by the rotten
organic materials. Anaerobic decomposition processes produce
hydrogen sulfide of up to 50 ppm, making the environment
very suitable for microbial corrosion. Thus, pH levels of 8.2 at
the surface of the sea reduce to pH 7.6 at around 100 meters
below the surface.

Due to high pH levels, cathodic reaction of corrosion process is
the oxygen reduction reaction, and above ph 8, corrosion prod-
ucts precipitate at the metal surfaces in the form of carbonates
and hydroxides, with cations present in the seawater such as
calcium and magnesium cations leading to the formation of a
shell over the metal surface, preventing further corrosion from
taking place. The chemical and physical composition of this
shell also depends on the cathodic protection current inten-
sity. At high current intensities, the shell is formed faster and
includes more magnesium, resulting in a softer, spongy shell.
Formation of the shell prevents corrosion by slowing down
the diffusion of oxygen to the metal surface and by increasing
the electrical resistivity. Therefore, current intensity needed for
impressed current cathodic protection decreases to one-third
after a few months.

17.1.3 Effect of Temperature on Corrosion in Seawater

Regularly, increasing temperatures increase corrosion rate as
well. However, increasing temperatures reduce the solubility
of oxygen in seawater. Furthermore, high seawater tempera-
tures also provide a suitable habitat for living organisms, thus
increasing their quantities. These living organisms produce a
shell over the metal surface due to fouling effect, which reduces
the diffusion of oxygen to the metal surface, similar to the shell
formed by the carbonates and hydroxides. Consequently, the
corrosion rate increases with temperature up to a certain limit,
and decreases thereafter.
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Based the seasons and on the geographical regions, the tem-
perature of the sea varies, usually between 5°C and 25°C.
However, seasonal changes are effective only down to a certain
depth. Beyond 50 meters of depth, meteorological events are
no longer effective, and temperature of the seawater remains
constant at 4°C to 5°C.

17.1.4 Effect of Dissolved Oxygen Concentration

Dissolved oxygen concentrations in the seawater decrease with
increasing temperatures, and also with increasing salt contents.
7 ml/L solubility at 5°C decreases to 4.7 ml/L at 25°C; while the
same solubility values in distilled water are 8.9 and 5.8 ml/L,
respectively. Dissolved oxygen concentration also decreases
with increasing depth, which becomes half of what it is at the
surface at about a 300 meter depth. As a reason, dissolved oxy-
gen concentration at areas close to the sea surface is at equilib-
rium with the atmospheric oxygen; therefore, it is the highest at
the sea surface. Diffusion of oxygen in water is very slow to the
depths of the sea. Another factor resulting in relatively higher
dissolved oxygen concentrations at the sea surface is the pro-
duction of oxygen via photosynthesis realized by living organ-
isms that live at levels close to the sea surface due to presence
of abundant sunlight and carbon dioxide.

Rotten organic materials, as well as nitrates and phosphates,
reduce the amount of oxygen since it is consumed by asso-
ciated chemical processes; however, this does not reduce the
corrosion rate, since, in contrast with the impeded corrosion
processed caused by the reduction in the amount of oxygen,
a very suitable environment for anaerobic microbial corrosion
is established.

The fact that corrosion rate mainly depends on the dissolved
oxygen concentration reveals itself in structures that are embed-
ded in the seabed, since corrosion rate for such metallic struc-
tures is higher at sea surface and lower at the seabed. This type
of corrosion that is specifically based on oxygen concentration is
named “Waterline Corrosion” and is discussed in section 4.2.16.
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Therefore, for metallic structures that are in seawater environ-
ments, the following cases occur:

¢ Above the sea surface, where metallic structures
cannot be wetted by the seawater, there is a very
high corrosion rate due to a humid atmosphere
having high salt contents.

¢ At the sea surface, which is also specifically called
the “splash zone,” metal surfaces getin cycles of wet
and dry, getting wet and then consecutively drying
up; thus, the highest corrosion rate occurs at this
level, since all reactants of corrosion reactions are
abundantly present, and also the protective shells
cannot form since it is continuously being washed.

¢ At the level just below the sea surface, the corro-
sion rate is a lot lower, and only second to the sea-
bed, since surfaces of the metallic structure remain
either dry or wet based on the time of the tides for
long periods of time, not getting into cycles of wet
and dry, which allows the formation of protective
shells over the metal surfaces, which is also the
reason why corrosion rate of steel structures in the
sea is the highest within the first month, while it
decreases gradually thereafter.

¢ The level that is just below the tide region always
remains inside the sea, and thus it is wet, and it
also has a very high corrosion rate, primarily since
there is very high dissolved oxygen concentrations
at this level due to being close to the sea surface,
while deeper than 2-3 meters below the sea sur-
face, oxygen concentration decreases, and the cor-
rosion rate remains constant thereafter.

¢ The last region is the region where the metallic
structure is embedded in the seabed. There, the
metallic structure is covered by the seabed mud,
and thus that part of the metallic structure nor-
mally has the lowest corrosion rate, unless there is
high anaerobic corrosion taking place.
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17.1.5 Effect of Fluid Rate

Fluid rate affects corrosion, since a fast flowing fluid increases
the amount of oxygen reaching the metal surface, prevent-
ing the formation of a protective shell. In stagnant conditions,
corrosion rate is in general 0.013 mm/year, which increases
to 0.050 mm/year for fluids moving with a fluidic rate of
1.5 mm/second, to 0.074 mm/year for fluids moving with a rate
of 3.0 mm/second, to 0.084 mm/year for fluids moving with a
rate of 4.5 mm/second, and to 0.089 mm/year for fluids mov-
ing with a rate of 5.0 mm/second.

This situation reveals itself during the cathodic protection of
ships, since the current intensity needed for cathodic protec-
tion increases twofold while the ship is in motion.

17.2 Cathodic Protection of Metallic
Structures in the Sea

Due to high corrosivity of the seawater, it is not possible to pre-
vent corrosion of metallic structures in the sea by only apply-
ing paint coatings. Although in theory, metallic structures can
be repainted, as in the example of ships, this is not possible
when considering the metallic structures that are fixed in the
seabed. Thus, the most effective corrosion prevention method
that stands out is cathodic protection. Since resistivity of the
sea water is low, both sacrificial anode and impressed current
cathodic protection systems are suitable.

17.2.1 Cathodic Protection Current Need

For steels dipped in stagnant seawaters, cathodic protection
current need is around 150 mA /m?, which rises to 300 mA/m?
and up to 350 mA/m? in wavy seas and at levels close to the
sea surface. However, due to polarization and formation of
protective shells, after a while, the cathodic protection cur-
rent intensity is reduced down to one-third of the initially
required magnitudes.
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Cathodic protection current needs vary up to tenfold between
different ships depending upon the type of the ship, quality of the
paint, loads and speeds of the ships, and upon the salt level and
the temperature of the sea that the ships are cruising or sailing
within. The total current needed for cathodic protection of ship
over a year also depends on the time that the ship is anchored at
a port, which changes the cathodic protection current need from
10 mA /m? up to 60 mA /m?. Specifically, current intensity needed
for cathodic protection of propellers and the wheel can be around
500 mA /m?, since they are bare metallic components, and pres-
ence of turbulence effects around these compounds results in
maximum access of oxygen. Further, turbulence also results in
cavitation corrosion. Furthermore, propellers and wheels made
of bronze are susceptible to galvanic corrosion, which also causes
an increase in the current needed for cathodic protection.

17.2.2 Cathodic Protection Criteria

General -850 mV protection criteria is appropriate for protection
of metallic structures in the seawater, especially since the resis-
tivity of the sea water is low, and thus ohmic potential reduction
can be omitted. However, use of copper/copper sulfate elec-
trode as the reference electrode is not appropriate due to chloride
contamination. Instead, silver/silver chloride electrode or pure
zinc electrodes are used. Steel structures’ protection potential in
seawater compared to silver/silver chloride reference electrode
is =0.760 V; however, if the reference electrode is used directly,
then the protection potential must be taken as —0.800 V. Pure
zinc’s potential in the seawater does not change with variations
in salt content or flow rates. Zinc electrode’s potential in the sea-
water compared to saturated copper/copper sulfate electrode is
-1.100 V, and thus the protection potential occurs as 0.25 V.

17.3 Cathodic Protection of Ships

Due to the aggressive nature of the seawater and also due to
fouling effect caused by the organisms that live close to the
sea surface, even the most durable paints can last only a few
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months; thus, cathodic protection is administered along with
painting of the ships for maximum corrosion protection, and
while doing that, corrosion rates are not estimated beforehand,
since there is a tendency to employ both measures anyway.
Consequently, corrosion of ships depends on different factors:

¢ Cleanliness of the metal surface before the paint is

applied;

Type of the paint used on the body of the ship;

Thickness of the paint and its durability;

Type of the ship, its speed and weight;

The durations the ship is anchored at a port and

durations that it is in motion; and

* Salt content and the temperature of the seawater
ship is cruising or sailing.

Since it is difficult to determine all of these factors, ships are
protected from corrosion usually by both application of paint
and cathodic protection without making estimation about the
corrosion rate.

17.3.1 Painting the Ships

Different paints must be used when painting a ship, since there
are differences between different parts of the metallic body of
the ship in terms of the level of being exposed to the seawater.
The regions of the ship that are in contact with seawater must
not be painted with paints that can saponify, since sea water
has an alkaline character. Further, the top coat of the paint
must contain poisons to prevent a fouling effect. Additionally,
quickly drying paints should be used so that the waiting time
of the ship at the dry pool is lessened.

Another use of the painting application is to reduce the fric-
tional forces due to the presence of the corrosion products,
shell formation, and living organisms, leading to millions of
dollars of savings.
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17.3.2 Sacrificial Anode Cathodic Protection of Ships

Ships were initially protected only via sacrificial anode cathodic
protection systems that employ magnesium anodes, but due to
thelow current efficiencies and capacities of magnesium anodes,
sacrificial anode cathodic protection systems can only be used
for short durations. Another problem faced with the use of mag-
nesium anodes is that their potentials are high, leading to over-
protection, and thus damaging the paint coating. Hence, zinc
and aluminum anodes are preferred over magnesium anodes.
Potential difference between the zinc and aluminum anodes
and with that of the steel structure to be protected in seawater
is 0.250 V, which decreases with increasing cathode potential.
Potential of the ship can rise up to 0.95 V at most, compared
to Ag/AgCl electrode. As the ship’s potential reaches the opti-
mum value needed for cathodic protection, current withdrawn
from galvanic anodes begins to decrease. On the contrary, if the
ship’s potential is low, then the potential difference between the
anode and the cathode increases, and thus the amount of cur-
rent withdrawn from the anodes increase as well. As such, the
current withdrawn from the anodes is automatically adjusted.

i. Number of Anodes and Anodic Mass

Calculation of the total current needed for cathodic protection
of a ship is done when the ship is fully loaded, so that total
area of surfaces that get wet can be accurately calculated before-
hand. Currents needed for cathodic protection of the wheel and
the propeller are also separately added. Cathodic protection
service life is determined based on the ship’s re-entry time to
the dry pool, which usually takes around 1.5 to 2 years. Thus,
the anodic mass needed for cathodic protection, during this ser-
vice life of 1.5 to 2 years, is calculated as follows:

Anodic mass

_ anode life(years)xcurrent withdrawn(A)xanodic capacity(kg/A.year)

e (87)
anodic efficiencyxusage factor
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Usage factor depends on the shape of the anode; for instance,
if the anode is of cylindrical shape, the usage factor is 0.90, if
it is rectangular, then the usage factor is 0.85, and if it is trap-
ezoid, then the usage factor is 0.80. Consequently, the number of
anodes needed for cathodic protection can be found by dividing
the total anodic mass needed for cathodic protection with that of
the mass of one anode given its current efficiency, capacity, and
usage factor, along with the cathodic protection current need.

ii. Resistances of Anodes

Resistances of anodes, which are installed on bases that are more
than 30 cm high and used for cathodic protection of metallic
structures stationed in sea, are calculated as follows, given that
they have more than 10 times lengths of their effective radii:

R =2%(1n%- 1) (88)

where p is the resistivity of seawater in ohm.cm, L is the length
of the anode in cm, and r is the effective radius in cm. In anodes
of rectangular shape, effective radius is calculated as follows:

r=J2% (89)

where a is the anode’s cross-sectional area. Cross-sectional area
of the anode is reduced as it is used, and calculation of effective
radius to determine the anodic resistance is revised, assuming
that the cross-sectional area of the anode can be reduced down
to 60% of the original area:

_ [ax0.60
r= /—Nn (90)

Resistances of anodes that have trapezoid shape are calculated
using the following formula:

_ p
R=2¥p+e O

where p is the resistivity of seawater in ohm.cm and a, b, and ¢
are the dimensions of the anode.
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iti. Anodic Current Capacity

After the resistances of anodes are calculated, the maximum
current that can be withdrawn from a single anode is calculated
using the following formula:

i=4F (92)
where AE is taken as 0.250 V in the case of zinc and aluminum
anodes. Consequently, in addition to the calculation of the min-
imum number of anodes needed for cathodic protection using
the total anodic mass from formula 84 and the mass of a single
anode, it can also be calculated via dividing the total current
needed for cathodic protection with the maximum current that
can be withdrawn from a single anode:

# of galvanic anodes needed = i / Tsingic anote (93)

iv. Anode Distribution

Anodes are usually welded onto the two sides of the ship sym-
metrically and about 1 meter under the water level. The side
of the anode that is in contact with the ship’s body is painted
with a thick coating. It is not possible to protect a large area of
the ship with a single anode due to the low resistivity of the
seawater, which results in a reduction in the potential of the
current withdrawn from the anode, even in short distances.
Thus, usually only one anode is installed for a wet surface area
of 10 m? and another is installed at every 7 or 8 meter dis-
tances, which are in addition to the anodes that are used for
the wheel and the propeller.

17.3.3 Impressed Current Cathodic Protection of Ships

Impressed current cathodic protection is economically more
feasible for cathodic protection of relatively bigger ships.
Additionally, it allows automatic and simultaneous adjustment
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of the current, as the cathodic protection current need frequently
varies due to factors such as:

¢ Total wet surface area of the ships varies substan-
tially, up to 50% based on their loads.

¢ Cathodic protection current need is the lowest
when ships are sitting at the dock, which increases
when they are in motion.

¢ Ships with bad paint qualities in particular may
require 2 to 3 times more cathodic protection
current.

* Cathodic protection current need increases with
increasing temperatures as well. For instance, cur-
rent needed for cathodic protection is 20% to 25%
more in tropical waters than in cold waters.

Most commonly, silver/lead and platinum coated titanium
anodes are used for impressed current cathodic protection of
ships. These anodes are installed in a special way on the ship’s
body so that frictional losses are reduced as much as pos-
sible. Additionally, the surrounding areas where the anodes
are installed must be insulated using a thick paint coating or
fiberglass to prevent the damages caused by the high potentials
applied from the anodes. The radius of the area that must be
insulated is calculated via the following formula:

_pl
AE=on (54)
where AE is the potential change at a distance of r (cm), p is the
resistivity of seawater in ohm.cm, and i is the current intensity
withdrawn from the anode in Amperes.

It must be ensured that each and every point on the ship’s body
has a potential of more than -0.760 V in the negative direction
compared to silver/silver chloride electrode for the cathodic
protection to occur. On the other hand, if the potentials are kept
too high, then the coating may be damaged as well, and thus
difference in potentials (AE) should not be over than 1.0 V.
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17.3.4 General Guidelines about Cathodic Protection
of the Ships

1. Cathodic protection of ships begins even before
the ships start to be used.

2. Cathodic protection duration is usually calcu-
lated based on the next renovation stage, which
is usually in about 1.5 to 2 years.

3. Both sacrificial anode and impressed current
cathodic protection methods are applicable to
ships. Choice of cathodic protection is based on
economical factors; however, commonly, sacrificial
anode cathodic protection is administered to small
ships, and impressed current cathodic protection
is administered to big ships.

4. In both cathodic protection systems, anodes
are attached to the ship’s body; however, these
attached anodes negatively affect the ship’s speed,
due to frictional forces they cause, leading to more
oil consumption, which is estimated around 1% of
the total consumption. Thus, anodes of different
shapes such as of trapezoid shape are developed
to reduce such frictional forces.

5. Although ships’ propellers are in contact with the
body of the ship, due to presence of oils, electri-
cal resistances are formed in between the pro-
peller and the ship. Since the resistance must be
reduced below 0.0001 ohm for cathodic protection,
a bronze brush is attached, forming an electrical
bond between the two parts.

6. More often in impressed current cathodic protec-
tion systems, high potentials occur at areas close
to where the anodes are installed, damaging the
paint layer.

7. Cathodic protection current needs of ships vary over
time, primarily due to paint that is wearing out.
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17.4 Cathodic Protection of Pier Poles with
Galvanic Anodes

The best method to prevent corrosion of pier poles in seawater
is cathodic protection; however, it is not possible to cathodically
protect the splash zone regions; thus, these regions are usually
coated with cement or another appropriate material for corro-
sion prevention.

It is very important to determine the right amount of cathodic
protection current, since corrosion rate is very different at dif-
ferent levels of the pole. Thus, when surfaces of bare steel poles
are considered:

* In wavy and rough seas, at first, the cathodic
protection current need is 350 mA/m? and later,
after polarization takes place, it is reduced down
to 100 mA /m?.

* In stagnant seawaters, at first, the cathodic pro-
tection current need is 250 mA/m? and later,
after polarization takes place, it is reduced down
to 70 mA /m>2

¢ At seabed in mud, at first, the cathodic protection
current need is 50 mA /m? and later, after polariza-
tion takes place, it is reduced down to 15 mA /m?.

In the case of coated steel pile surfaces:

* In wavy and rough seas, at first, the cathodic
protection current need is 50 mA/m? and later,
after polarization takes place, it is reduced down
to 15 mA /m?.

* In stagnant seawaters, at first, the cathodic pro-
tection current need is 30 mA/m? and later,
after polarization takes place, it is reduced down
to 10 mA /m?.
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¢ At seabed in mud, at first, the cathodic protection
current need is 10 mA /m?, and later, after polariza-
tion takes place, it is reduced down to 5 mA /m>

It is also important to note that coating of the parts of the pile
that lay at lower levels of the sea can be damaged up to 40 to
50% during the installation of the metallic structure in the sea-
bed, while at other regions, an estimated damage of 5 to 10%
damage is considered normal.
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18

Cathodic Protection of the
Potable Water Tanks

Resistivities of potable waters are very high, and thus inner sur-
faces of the potable water tanks made of steel can be protected
from corrosion for long durations by painting them with a suit-
able paint. However, if chlorine is used as disinfectant, pitting
corrosion occurs, necessitating the application of cathodic pro-
tection along with paint applications.

Two things need attention in cathodic protection of potable
water tanks; first is not using anodes that can release harm-
ful ions into the potable water, and second, tanks must not
be entered for reasons such as measurement, maintenance, or
repairs. Controls must be performed externally, and service life
of cathodic protection must be adjusted aslong as possible. Since
potable waters have high resistivities, in theory, impressed cur-
rent cathodic protection systems seem more reasonable; how-
ever, the current needed for cathodic protection of a well-coated

295
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water tank is very low, and thus sacrificial anode cathodic pro-
tection is more economical, along with other advantages cited
below:

* There is no need for installation of an additional
cable system to provide electricity.

* Thereis no need for maintenance and adjustments.

* Overprotection and related peeling off of the coat-
ing does not occur.

* Magnesium cations produced by the dissolution
of magnesium anodes do not cause any problems;
thus, HP magnesium anodes can be used in waters
up to 10000 ohm.cm.
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Corrosion and Corrosion
Prevention in Boilers

Boilers are equipment where fuels are converted to heat to
obtain steam out of water. Corrosion types encountered in
boilers in water treatment technology are oxygen corrosion,
carbon dioxide corrosion, caustic corrosion, acidic corrosion,
hydrogen embrittlement, and crevice corrosion. The primary
reasons for corrosion in boiler tank systems are low pH and
dissolved corrosive gases such as oxygen and carbon dioxide.
Low pH corrosion results in thinning of the boiler pipes, while
dissolved oxygen leads to pitting corrosion. Another corrosion
type is caustic corrosion leading to caustic cracking. Nowadays,
caustic corrosion is rarely encountered in modern tanks, since
now they are all welded. In hydrogen embrittlement, hydrogen
originated from corrosion reactions diffuse into metal at high
temperatures, reacting with the carbon in boiler steel, resulting
in decarburization due to formation of methane, which leads
to an increase in pressure, resulting in intergranular corrosion
and cracks.

297
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19.1 Corrosion in Boilers

Corrosion in boiler tanks is generally due to gases, alkali bases,
acids, and galvanic effects. Consequently, dissolution of the
boiler metal is directly proportional with dissolved oxygen and
carbon dioxide concentrations, temperature, and flow rate of
water, while it is inversely proportional with the alkalinity of
the environment, hardness of the water, and pH. Galvanic cor-
rosion occurs when different metals or alloys come into contact,
while acidic and basic corrosion are due to the increasing con-
ductivity of the electrolytes; thus, pH has to be kept over a mini-
mum level for the formation of corrosion-preventative calcium
phosphate precipitates. On the other hand, if the pH is too high,
caustic corrosion may occur. The major corrosion processes that
occur in boiler systems are summarized as follows:

i. Acidic Corrosion

First, HCI is formed, reacting with iron afterwards, leading
to its dissolution from the bulk into the solution phase in the
form of chlorides:

MgCl, +2H,0 —A » Mg(OH),+2HCl  (Eq.130)
Fe + 2HCl ——— Fe(Cl,+H, (Eq. 131)

ii. Caustic (Basic) Corrosion

Soft water is used in boilers. For that reason, sodium carbonate
is used in the softening (lime soda) process. Failure of boiler
may occur due to lime soda process when Na,CO, dissociates
into caustic soda and carbon dioxide at high pressures accord-
ing to the following reaction:

Na,CO, ——— 2NaOH +CQO, (Eq. 132)

Hence, concentration of caustic soda increases and ultimately
attacks the boiler to dissolve out iron as sodium ferrate, as
shown in reactions 133 through 136. This causes embrittlement
of boiler walls, leading to failure of the boiler.
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2Fe +2NaOH +2H,0 —» 2NaFeO, + 3H, (Eq.133)

Fe,O, —» FeO,+FeO  (Eq.134)
Fe,0O, + 2NaOH —— 2NaFeO, + H,O (Eq. 135)
FeO +2NaOH —— > NaFeO,+ H,0O (Eq. 136)

iii. Gas Corrosion

Bicarbonates and carbonates in the feeding water decompose
at high temperatures and pressures produce carbonic acid in
the steam-condensation units. Produced carbonic acids are
neutralized with ammines, of which some have high molecular
weights, and thus are able to form a protective layer on the sur-
face of the metal. Further, when the system is out of service,
oxygen corrosion and sometimes low pH corrosion become
important. The following reactions summarize the major corro-
sion reactions due to gases taking place in boilers:

2HCO; —A ., CO2+CO,+HO  (Eq.137)
CO2+HO0 —A » 20H +CO, (Eq. 138)

Carbon dioxide, formed by decomposition of bicarbonates and
of carbonates, reacts with water, yielding carbonic acid:

CO,+H0 —» H,CO, (Eq. 139)

Produced carbonic acid reacts with the iron, forming iron bicar-
bonate in reaction 140:

Fe+2H,CO, — » Fe(HCO,),+H" (Eq. 140)

Iron bicarbonates can react with dissolved oxygen, form-
ing oxides, as seen in reaction 84, while in the absence of the
dissolved oxygen, they can also react with water, producing
hydroxides, as seen in reaction 85:

4Fe(HCO,),+O, —» 2Fe,0, +8CO,
+4HO (Eq.141)

FeHCO,+2HO —» Fe(OH),+H,CO, (Eq.142)
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Corrosion reactions of the boiler metal due to dissolved oxygen
first yield iron (II) cations, as shown in reaction 143, and then
iron (III) cations, as shown in reaction 144.

2Fe+0O,+4H" —» 2Fe* +2HO (Eq. 143)
4Fe* + O, +4H' —— » 4Fe* +2HO (Eq. 144)

iv. Corrosion due to Boiler Water Hardness

Boilers are exposed to corrosion as well as deposits because of
the hardness of water. Hardness in water is either temporary
hardness or permanent hardness, while total hardness includes
both. Temporary (alkaline) hardness is originated from the
calcium and magnesium bicarbonates present in water. When
water is heated, chemicals that cause temporary hardness
decompose, leading to the formation of carbon dioxide, calcium
carbonate, and magnesium hydroxide:

Ca(HCO,), —» CaCO,+HO+CO, (Eq. 145)
Mg(HCO,, —» Mg(OH), +2CO, (Eq. 146)

Compounds that cause permanent hardness are magnesium
and calcium sulfates, silicates, chlorides, nitrates, and vari-
ous iron oxide compounds. These compounds are neutral, and
they do not decompose with heat. They cause hard and soft
deposits on surfaces that transfer heat. Hard deposits are scales
and soft deposits are sludge. Both deposits lead to crevice cor-
rosion, heat loss, and increase in temperature of boiler pipes.
Eventually, pipes of the boiler tank system get blocked due to
lessened circulation of boiler system water.

HCI and H,SO, are used to clean the deposits, and inhibitors
are used to prevent corrosion of steel equipment after getting
cleaned with strong acids.

v. Corrosion due to Impurities in Boiler Water

Another problem in boiler systems is carryover that is caused
by chemicals that are dissolved or insoluble in boiler water,
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which are carried to vapor phase via water vapor. These par-
ticles that are carried over form deposits at locations such as
valves and condensation conversion systems. Boiler tank sys-
tems, those having pressures over 40 bar, cause silicates to
become volatile, resulting in carryover occurring, leading to
formation of deposits at turbines.

19.2 Corrosion Prevention in Boilers

Prevention of corrosion in boilers is important since components
of boilers, which are economizers, steamers, and heaters, are all
made of steel alloys and are susceptible to corrosion. Corrosion
prevention is primarily done by increasing the pH of the boiler
feeding water, removal of dissolved gases such as oxygen and
carbon dioxide, passivation of metal surface with a magnetic
layer, limiting and monitoring the free hydroxide, silica, and
chloride ion concentrations, and lastly, via preventing the
deposit formation by employing periodic cleaning procedures.
For that reason, boiler waters must be cleaned at the source and
before they are in the system. Methods such as filtration, use of
cation resins, demineralization, and reverse osmosis are among
common employed techniques to clean boiler waters. Secondly,
protective chemicals such as phosphates must be used when
water is in the boiler tank system. Phosphates form muddy
compounds with calcium salts in alkaline media, which can be
removed later via bluffing, which is the removal of contami-
nated portion of the water. Other protective chemicals prevent-
ing corrosion of boiler systems include organic polymers or
chelating agents such as EDTA, oxygen scavengers, and amines
to neutralize carbon dioxide. Removal of dissolved gases is
commonly performed either via degassing or via chemical con-
ditioning, such as use of scavengers.

19.2.1 Degassing

Gas corrosion that is due to the dissolved corrosive gases in
the boiler feeding water is prevented with degassers and by
chemical conditioning. However, it is important to note that



302 CATHODIC PROTECTION

even if degassing process is very efficient, 15% to 20% of the
oxygen still remains in the system. Additionally, if the recom-
mended temperature range of 102°C-105°C cannot be reached
during the process, oxygen may be dissolved in the feeding
water even more.

19.2.2 Chemical Conditioning

Chemical conditioning is done via chemicals such as sodium
sulfite, hydrazine, morpholine, volatile ammines, etc. Volatile
ammines are oxygen scavengers that form protective layers,
absorb corrosive gases, and also neutralize acids. Another
chemical conditioner, hydrazine, is carcinogenic, and also
causes corrosion of copper and copper alloys. On the other
hand, reactions of sodium sulfite are very slow at low tem-
peratures; thus, copper salts are added to the mix to acceler-
ate its reactions. Additionally, due to formation of corrosive
SO, and H,S gases, the maximum allowed sodium sulfite
use as a chemical conditioner is 60 kg/cm? Among the sul-
fites used are sodium sulfite, sodium bisulfate, and sodium
metabisulfite; while the first is basic, with pH values of 8§ to 9,
the remaining two are weakly acidic. Common oxygen scav-
engers are:

i. Sodium Sulfite (Na,S0,)

Sodium sulfite reacts promptly with oxygen; however, since the
produced sulfate increases the conductivity of the boiler water,
process must be performed carefully:

Na,SO,+%0, ——» NaSO, (Eq. 147)
4NaSO,+2H0 —» 3NaSO, + 2NaOH
+HS (Eq.148)

NaSO,+2HO - » 2NaOH +HSO,2H,0
+S0, (Eq.149)
NaSO,+HO ——» SO,+2NaOH (Eq. 150)
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ii. Hydrazine (N,H)

Hydrazine is commonly used as a oxygen scavenger in high
pressurized boilers since it is a very effective scavenger, and
its reactions with oxygen do not lead to an increase in the salt
amount of the water, and thus do not increase the conductivity
of the water. However, it is carcinogenic.

NH, +0, ——— 2H,O+N, (Eq. 151)
NH,+O, — N,+2HO (Eq. 152)

Hydrazine also assists the passivation process of the metal:

NH, +6Fe,0, —» 4Fe0,+2H,0+N, (Eq.153)

On the other hand, hydrazine causes corrosion of copper and
its alloys reacting with copper (I) oxide formed via oxidation
of elemental copper and copper (I) oxide:

Cu+%0, — CuO (Eq. 154)
2Cu,0+0, —— 4CuO (Eq. 155)
4CuO+NH —» 2Cu0O+2H,0+N, (Eq.156)

Copper (II) oxide also reacts with ammonia and ammonium
hydroxide forming complexes:

CuO +4NH,+HO —» Cu(NH,)* (Eq. 157)

CuO+4NHOH ——» Cu(NH,)(OH),
+3H,0 (Eq.158)

iii. Diethylhydroxylammine (DEHA)

Use of diethylhydroxylammine (DEHA) has become more
common, since use of sodium sulfite as an oxygen scaven-
ger increases the conductivity of the solution, while hydra-
zine is carcinogenic. Diethylhydroxylammine (DEHA) is a
volatile compound with corrosion protective effects in steam-
condensation units. For every 1 ppm of oxygen, 3 ppm of
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DEHA is used. Over temperatures of 288°C, diethylhydroxyl-
ammine (DEHA) decomposes into ammonia.

iv. Hydroquinones

Hydroquinones have the highest reaction speed, and are also
passivators. They do not decompose up to 304°C, and thus
do not lead to an increase in the conductivity of the solution.
For every 1 ppm of oxygen, 12 ppm of hydroquinone is used.
Hydroquinones are volatile compounds, as is diethylhydroxyl-
ammine (DEHA); thus, they have corrosion protective effects in
steam-condensation units.

v. Carbohydrazides

Carbohydrazides are derivatives of hydrazine; thus, they are con-
verted into hydrazine in boiler conditions as a result of remov-
ing oxygen. Use of carbohydrazides prevents its handlers from
being exposed to the hydrazine’s carcinogenic effect. It should
be used with catalysts, due to its slowly proceeding reaction. For
every 1 ppm of oxygen, 1.4 ppm of carbohydrazides is used.

vi. Isoascorbic Acid

Isoascorbic acid (vitamin C) is used in chemical conditioning
of boiler water along with ammonia or ammines. It has a good
reaction speed, and for every 1 ppm of oxygen, 11 ppm iso-
ascorbic acid must be used. Isoascorbic acid is not volatile; thus,
it does not have any protective effect in steam-condensation
units.

vii. Methylethylketoxine

Methylethylketoxine can react with O, at every pH level. It acts
as a passivator as well. Additionally, methylethylketoxine is
volatile; thus, it prevents corrosion at the steam-condensation
process line. For every 1 ppm oxygen, 5.4 ppm of methylethyl-
ketoxine is needed.



Cathodic Protection: Industrial Solutions for Protecting Against Corrosion.
Volkan Cicek. © 2013 Scrivener Publishing LLC.
Published 2013 by John Wiley & Sons, Inc.

20

Corrosion and Corrosion
Prevention in Geothermal
Systems

20.1 Corrosion in Geothermal Systems

Systems using geothermal fluids for heating and other purposes
are also susceptible to corrosion depending on the chemical
composition of the fluids. Geothermal fluids commonly have
dissolved oxygen and ions such as H*, CI, H S, CO,, NH,, SOZ-,
Na*, HCO;, COZ, Ca*, and Mg*, which all contribute to con-
ductivity, and thus lead to corrosion. CI, for instance, causes
pitting corrosion, while all Cl-, SOZ, Ca*, and Mg* salts cause
permanent hardness, leading to deposits, resulting in prob-
lems in geothermal systems, as it is the case in o0il production
equipment.

305
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High pH values increase carbonate concentrations, and thus
increase calcium carbonate deposits. On the other hand, dis-
solved CO, leads to carbonic acid formation, which lowers pH
and decreases calcium carbonate deposits; thus, adjusting the
pressure to prevent CO, evolution limits calcium carbonate
deposition.

At low temperatures, and for CI concentrations close to
100 ppm, corrosion is directly proportional with the square
root of Cl- concentration, while over 50°C, Cl- concentrations
of around 5 to 10 ppm are sufficient to initiate stress corrosion
cracking for stainless steels. Sulfate reducing bacteria is another
primary inducer of corrosion in geothermal systems. Sulfate
reducing bacteria operate via the following reactions:

2CH,0 + SO ——— H,5+2HCO; (Eq. 159)
Me*+HS  ———» MeS+2H*, Me = Metal (Eq. 160)

20.2 Corrosion Prevention in Geothermal
Systems

In prevention of corrosion of underground steel pipelines car-
rying geothermal heating water, cathodic protection is widely
implemented, provided that the following criteria are taken
into account:

1. In sacrificial anode cathodic protection systems,
cost of the applied current is higher than it is in the
impressed current cathodic protection systems.
Thus, especially in geothermal systems where high
currents are needed, impressed current cathodic
protection systems are more economical.

2. Additionally, it may not be possible to withdraw
sufficient amounts of current from galvanic anodes
at grounds with high resistivities if galvanic anodes
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that have very low potentials compared to steel are
used. Hence, among the metallic components in
the system, the ones that have low potentials, pos-
sibly due to the differences in their coatings, are
first associated with the galvanic anodes, increas-
ing their low potentials above a certain limit so they
can remain protected from corrosion. This way, the
potential difference between the different metallic
structures in the system becomes very small, and
thus even if the impressed current cathodic pro-
tection system goes out of service, no interference
occurs between underground steel pipelines carry-
ing geothermal heating water.



Cathodic Protection: Industrial Solutions for Protecting Against Corrosion.
Volkan Cicek. © 2013 Scrivener Publishing LLC.
Published 2013 by John Wiley & Sons, Inc.
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