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Preface

This book was written and published as a reference for engi-
neers and a textbook for students, due to the necessity of such
a book in the area of corrosion chemistry and corrosion science
in general.

Corrosion is, in essence, a chemical process, and it is crucial
to understand the dynamics from a chemical perspective
before proceeding with analyses, designs and solutions from
engineering aspect. The opposite is also true in the sense that
scientists should take into consideration the contemporary
aspects of the issue as it relates to the daily life before proceed-
ing with specifically designed theoretical solutions. Thus, this
book is advised to both theoreticians and practitioners of cor-
rosion alike.

Corrosion costs billions of dollars to each and every single
economy in the world however is only taught in the form of a
single semester elective course and that is sometimes at under-
graduate level since most probably it is a joint discipline that
is associated with many others, thus does not belong to any
major science altogether. Corrosion is associated primarily
with major engineering sciences such as chemical engineer-
ing, civil engineering, petroleum engineering, mechanical
engineering, metallurgical engineering, mining engineering
among others and major fundamental sciences such as sub-
disciplines of physical, inorganic and analytical chemistry
as well as physics and biology, e.g., electrochemistry, surface
chemistry and physics, solution chemistry, crystalline and
amorphous structures and solid state chemistry and physics
in general, microbiology, etc.

Hence, a reference book that summarizes the process with
its contemporary aspects with respect to both scientific and

xiii



xiv  PREFACE

engineering aspects was needed. Additionally, being such a
joint discipline such a book should not overwhelm the reader
with too much detail but only enough to understand the pro-
cess as this was aimed in this book.

In addition to be used as a reference, this book could be used
as a textbook most conveniently for a single semester elective
course; however, the period of the course could be adjusted
to fit into a long or a short summer term as well as a complete
year depending on the course. In the case that this book is
used as a textbook for a full year course, using supplementary
resources may be beneficial especially in the case of engineer-
ing sciences.
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Corrosion and Its
Definition

According to American Society for Testing and Materials” cor-
rosion glossary, corrosion is defined as “the chemical or elec-
trochemical reaction between a material, usually a metal, and
its environment that produces a deterioration of the material

1

and its properties”.

Other definitions include Fontana’s description that corro-
sion is the extractive metallurgy in reverse,” which is expected
since metals thermodynamically are less stable in their ele-
mental forms than in their compound forms as ores. Fontana
states that it is not possible to reverse fundamental laws of
thermodynamics to avoid corrosion process; however, he also
states that much can be done to reduce its rate to acceptable
levels as long as it is done in an environmentally safe and
cost-effective manner.

In today’s world, a stronger demand for corrosion knowledge
arises due to several reasons. Among them, the application
of new materials requires extensive information concerning

1



2 CoORROSION CHEMISTRY

corrosion behavior of these particular materials. Also the corro-
sivity of water and atmosphere have increased due to pollution
and acidification caused by industrial production. The trend in
technology to produce stronger materials with decreasing size
makes it relatively more expensive to add a corrosion allow-
ance to thickness. Particularly in applications where accurate
dimensions are required, widespread use of welding due to
developing construction sector has increased the number of
corrosion problems.* Developments in other sectors such as
offshore oil and gas extraction, nuclear power production and
medicinal health have also required stricter rules and control.
More specifically, reduced allowance of chromate-based corro-
sion inhibitors due to their toxicity constitutes one of the major
motivations to replace chromate inhibitors with environmen-
tally benign and efficient ones.
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The Corrosion Process and
Affecting Factors

There are four basic requirements for corrosion to occur. Among
them is the anode, where dissolution of metal occurs, generat-
ing metal ions and electrons. These electrons generated at the
anode travel to the cathode via an electronic path through the
metal, and eventually they are used up at the cathode for the
reduction of positively charged ions. These positively charged
ions move from the anode to the cathode by an ionic current
path. Thus, the current flows from the anode to the cathode
by an ionic current path and from the cathode to the anode by
an electronic path, thereby completing the associated electri-
cal circuit. Anode and cathode reactions occur simultaneously
and at the same rate for this electrical circuit to function.* The
rate of anode and cathode reactions (that is the corrosion rate),
is defined by American Society for Testing and Materials as
material loss per area unit and time unit.

In addition to the four essentials for corrosion to occur, there
are secondary factors affecting the outcome of the corrosion

3



4  CoRROSION CHEMISTRY

reaction. Among them there are temperature, pH, associated
fluid dynamics, concentrations of dissolved oxygen and dis-
solved salt. Based on pH of the media, for instance, several
different cathodic reactions are possible. The most common
ones are:

Hydrogen evolution in acid solutions,
2H'2e- — >H, 2.1)
Oxygen reduction in acid solutions,

0, +4H"4e- ——2H,0 2.2)

Hydrogen evolution in neutral or basic solutions,

2H,0+2e- ——>H, +20H (2.3)

Oxygen reduction in neutral or basic solutions,

O, +2H,0+4e- ——40H (2.4)

The metal oxidation is also a complex process and includes
hydration of resulted metal cations among other subsequent
reactions.

M’ — 5M™ +ne-, (2.5)

In terms of pH conditions, this book has emphasized near
neutral conditions as the media leading to less emphasis on
hydrogen evolution and oxygen reduction reactions, since
both hydrogen evolution and oxygen reduction reactions that
take place in acidic conditions are less common.

Among cathode reactions in neutral or basic solutions, oxygen
reduction is the primary cathodic reaction due to the difference
in electrode potentials. Thus, oxygen supply to the system, in
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which corrosion takes place, is of utmost importance for the
outcome of corrosion reaction. Inhibitors are commonly tested
in stagnant solutions for the purpose of weight-loss tests, thus
ruling out the effects of varying fluid dynamics on corrosion.
Weight-loss tests are performed at ambient conditions, thus
effects of temperature and dissolved oxygen amounts are not
tested as well, while for salt fog chamber tests, temperature is
varied for accelerated corrosion testing. For both weight loss
tests and salt fog chamber tests, however, dissolved salt con-
centrations are commonly kept high for accelerated testing to
be possible.

When corrosion products such as hydroxides are deposited on
a metal surface, a reduction in oxygen supply occurs, since the
oxygen has to diffuse through deposits. Since the rate of metal
dissolution is equal to the rate of oxygen reduction, a limited
supply and limited reduction rate of oxygen will also reduce
the corrosion rate. In this case the corrosion is said to be under
cathodic control.” In other cases corrosion products form a
dense and continuous surface film of oxide closely related to
the crystalline structure of metal. Films of this type prevent
primarily the conduction of metal ions from metal-oxide
interface to the oxide-liquid interface, resulting in a corrosion
reaction that is under anodic control.® When this happens,
passivation occurs and metal is referred as a passivated metal.
Passivation is typical for stainless steels and aluminum.
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Corrosion Types Based
on Mechanism

Brief definitions of major types of corrosion will be given in
this section in the order of commonalities and importance of
these corrosion types for the metal alloys, which are mild steel,
and Aluminum 2024, 6061 and 7075 alloys.

3.1 Uniform Corrosion

Uniform corrosion occurs when corrosion is quite evenly
distributed over the surface, leading to a relatively uniform
thickness reduction.®” Metals without significant passivation
tendencies in the actual environment, such as iron, are liable to
this form. Uniform corrosion is assumed to be the most com-
mon form of corrosion and responsible for most of the material
loss.® However, it is not a dangerous form of corrosion because
prediction of thickness reduction rate can be done by means
of simple tests.” Therefore, corresponding corrosion allowance

7



8 CoRrOSION CHEMISTRY

can be added, taking into account strength requirements and
lifetime.

3.2 Pitting Corrosion

Pitting corrosion is one of the most observed corrosion types
for aluminum and steel, and it is the most troublesome one in
near neutral pH conditions with corrosive anions, such as CI
or SO4* present in the media.*"" It is characterized by narrow
pits with a radius of equal or lesser magnitude than the depth.
Pitting is initiated by adsorption of aggressive anions, such as
halides and sulfates, which penetrate through the passive film
at irregularities in the oxide structure to the metal-oxide inter-
face. It is not clear why the breakdown event occurs locally.’
In the highly disordered structure of a metal surface, aggres-
sive anions enhance dissolution of the passivating oxide. Also,
adsorption of halide ions causes a strong increase of ion con-
ductivity in the oxide film so that the metal ions from the metal
surface can migrate through the film.

Thus, locally high concentrations of aggressive anions along
with low solution pH values strongly favor the process of pit-
ting initiation. In time, local thinning of the passive layer leads
to its complete breakdown, which results in the formation of
a pit. Pits can grow from a few nanometers to the microm-
eter range. In the propagation stage, metal cations from the
dissolution reaction diffuse toward the mouth of the pit or
crevice (in the case of crevice corrosion), where they react with
OH- ions produced by the cathodic reaction, forming metal
hydroxide deposits that may cover the pit to a varying extent.
Corrosion products covering the pits facilitate faster corrosion
because they prevent exchange of the interior and the exterior
electrolytes, leading to very acidic and aggressive conditions
in the pit.*" Stainless steels have high resistance to initiation
of pitting. Therefore, rather few pits are formed, but when a pit
has been formed, it may grow very fast due to large cathodic
areas and a thin oxide film that has considerable electrical
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conductance.”” Conversely for several aluminum alloys, pit
initiation can be accepted under many circumstances. This is
so because numerous pits are formed, and the oxide is insulat-
ing and has, therefore, low cathodic activity. Thus, corrosion
rate is under cathodic control. However, if the cathodic reac-
tion can occur on a different metal because of galvanic connec-
tion as for deposition of Cu on the aluminum surface, pitting
rate may be very high. Therefore, the nature of alloying ele-
ments is very important.”

3.3 Crevice Corrosion

Crevice corrosion occurs underneath deposits and in narrow
crevices that obstruct oxygen supply.'*'® This oxygen is ini-
tially required for the formation of the passive film and later
for repassivation and repair. Crevice corrosion is a localized
corrosion concentrated in crevices in which the gap is wide
enough for liquid to penetrate into the crevice but too narrow
for the liquid to flow. A special form of crevice corrosion that
occurs on steel and aluminum beneath a protecting film of
metal or phosphate, such as in cans exposed to atmosphere, is
called filiform corrosion." Provided that crevice is sufficiently
narrow and deep, oxygen is more slowly transported into
the crevice than it is consumed inside it. When oxygen has
been completely consumed, OH- can no longer be produced
there. Conversely, dissolution of the metal inside the crevice
continues, driven by the oxygen reduction outside of the crev-
ice. Thus, the concentration of metal ions increases and, with
missing OH~ production in the crevice, electrical neutrality is
maintained by migration of negative ions, such as CI', into the
crevice.”” This way, an increasing amount of metal chlorides or
other metal salts are produced in the crevice. Metal salts react
with water and form metal hydroxides, which are deposited,
and acids such as hydrochloric acid, which cause a gradual
reduction of pH down to values between 0 and 4 in the crevice,
while outside of crevice it is 9 to 10, where oxygen reduction
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takes place. This autocatalytic process leads to a critical cor-
rosion state. Thus reduction of hydronium ions takes place
in very acidic conditions in addition to the primary cathodic
reaction that is reduction of oxygen'®

2H* +2e- —H, 3.1)

0, +2H,0 +4e ——40H 3.2)

3.4 Galvanic Corrosion

Galvanic corrosion occurs when a metallic contact is made
between a more noble metal and a less noble one.”"* A nec-
essary condition is that there is also an electrolytic condition
between the metals, so that a closed circuit is established. The
area ratio between cathode and anode is very important. For
instance, if the more noble cathodic metal has a large surface
area and the less noble metal has a relatively small area, a large
cathodic reaction must be balanced by a correspondingly large
anodic reaction concentrated in a small area, resulting in a
higher anodic reaction rate."” This leads to a higher metal dis-
solution rate or corrosion rate. Therefore, the ratio of cathodic
to anodic area should be kept as low as possible. Galvanic
corrosion is one of the major practical corrosion problems of
aluminum and aluminum alloys,” since aluminum is ther-
modynamically more active than most of the other common
structural materials and the passive oxide, which protects alu-
minum, may easily be broken down locally when the potential
is raised due to contact with a more noble material. This is par-
ticularly the case when aluminum and its alloys are exposed in
waters containing chlorides or other aggressive species."

The series of standard reduction potentials of various metals
can be used to explain the risk of galvanic corrosion; however,
these potentials express thermodynamic properties, which do
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not take into account the kinetic aspects.?’ Also, if the poten-
tial difference between two metals in a galvanic couple is too
large, the more noble metal does not take part in the corro-
sion process with its own ions. Thus, under this condition, the
reduction potential of the more noble metal does not play any
role. Therefore, establishing a galvanic series for specific con-
ditions becomes crucial. For example, a new galvanic series of
different materials in seawater at 10°C and at 40°C has been
established by University of Delaware Sea Grant Advisory
Grant Program,'® and a more detailed one by the Army Missile
Command.” According to these galvanic series, Aluminum
6061-T6 alloy is more active than 7075-T6 alloy, which is more
active than 2024-T4 alloy. In this scheme, mild steel ranks
lower than the aluminum alloys. This order may be opposite
to the order of corrosion affinity in different circumstances,
such as in the case for aircrafts.”

3.5 Intergranular Corrosion

Intergranular corrosion is the localized attack with propaga-
tion into the material structure with no major corrosion on
other parts of the surface.®*>* The main cause of this type of
corrosion is the presence of galvanic elements due to differ-
ences in concentration of impurities or alloying elements.® In
most cases, there is a zone of less noble metal at or in the grain
boundaries, which acts as an anode, while other parts of the
surface form the cathode.”” The area ratio between the cathode
and anode is very large and, therefore, the corrosion rate can be
high. The most familiar example of intergranular corrosion is
associated with austenitic steels.”® A special form of intergran-
ular corrosion in aluminum alloys is exfoliation corrosion.? It
is most common in AlICuMg alloys, but it is also observed in
other aluminum alloys with no copper present. Both exfolia-
tion corrosion and other types of intergranular corrosion are
efficiently prevented with a coating of a more resistant alu-
minum alloy, such as an alclad alloy or commercially pure
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aluminum, which is the reason alclad 2024-T3 alloy is used in
most modern aircrafts.”

3.6 Selective Corrosion

Selective corrosion or selective leaching occurs in alloys in
which one element is clearly less noble than the others.”* As a
result of this form of corrosion; the less noble metal is removed
from the material, leading to a porous material with very low
strength and ductility. However, regions that are selectively
corroded are sometimes covered with corrosion products or
other deposits. Thus, the component keeps exactly the same
shape, making the corrosion difficult to discover.?

3.7 Erosion or Abrasion Corrosion

Erosion or abrasion corrosion occurs when there is a relative
movement between a corrosive fluid and a metallic mate-
rial immersed in it.%¥ In such cases, the material surface is
exposed to mechanical wear, leading to metallically clean
surfaces, which results in a more active metal. Most sensitive
materials are those normally protected by passive oxide layers
with inferior strength and adhesion to the substrate, such as
lead, copper, steel and some aluminum alloys. When wearing
particles move parallel to the material surface, the corrosion
is called abrasion corrosion. On the other hand, erosion corro-
sion occurs when the wearing particles move with an angle to
the substrate surface.”

3.8 Cavitation Corrosion

Cavitation corrosion occurs at fluid dynamic conditions, caus-
ing large pressure variations due to high velocities, as often is
the case for water turbines, propellers, pump rotors and external
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surfaces of wet cylinder linings in diesel engines.®*%* While
erosion corrosion has a pattern reflecting flow direction, cavita-
tion attacks are deep pits grown perpendicularly to the surface.
Pits are often localized close to each other or grown together
over smaller or larger areas, making a rough, spongy surface.”

3.9 Fretting Corrosion

Fretting corrosion occurs at the interface between two closely
fitting components when they are subjected to repeated
slight relative motion.*?® The relative motion may vary from
less than a nanometer to several micrometers in amplitude.
Vulnerable objects are fits, bolted joints and other assemblies
where the interface is under load.?

3.10 Stress Corrosion Cracking

Stress Corrosion Cracking is defined as crack formation due
simultaneous effects of static tensile strength and corrosion.”*
Tensile stress may originate from an external load, centrifugal
forces, temperature changes or internal stress induced by cold
working, welding or heat treatment. The cracks are generally
formed in planes normal to the tensile stress, and they propa-
gate intergranularly or transgranularly and may be branched.”

Corrosion fatigue is crack formation due to varying stresses com-
bined with corrosion.”?* This is different from stress corrosion
cracking because stress corrosion cracking develops under static
stress while corrosion fatigue develops under varying stresses.*

3.11 Microbial Corrosion
Another type of corrosion occurs when organisms produce an

electron flow, resulting in modification of the local environ-
ment to a corrosive one.
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An example is when microbial deposits accumulate on the
surface of a metal. They can be regarded as inert deposits on
the surface, shielding the area below from the corrosive elec-
trolyte. The area directly under the colony will become the
anode, and the metallic surface just outside the contact area
will support the reduction of oxygen reaction and become
the cathode. Metal dissolution will occur under the microbial
deposit and, in that regard, would resemble to pits, but the
density of local dissolution areas should match closely with
the colony density.

Another case is when microbial deposits produce components,
such as inorganic and organic acids, that will change the local
environment and thereby induce corrosion. Specifically, the
production of inorganic acids leads to hydrogen ion produc-
tion, which may contribute to hydrogen embrittlement of the
colonized metal.

In anaerobic conditions, some bacteria can reduce the sulfate
ion to produce oxygen and the sulfide ion. The sulfide ion
then combines with ferrous ions to form iron sulfide, leading
to the dissolution of the metal surface. Some other bacteria
can directly reduce metal atoms to ions. Impedance spectros-
copy is one test technique that is applicable to biocorrosion.
Potentiodynamic scans may be used to determine the effect of
biofilms in both anodic and cathodic behavior.*®
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Corrosion Types of Based
on the Media

Corrosion types can also be categorized based on what type
of environment they take place. Accordingly, major corrosion
types are atmospheric corrosion, corrosion in fresh water, cor-
rosion in seawater, corrosion in soils, corrosion in concrete and
corrosion in the petroleum industry.

4.1 Atmospheric Corrosion

In general for atmospheric corrosion, dusts and solid
precipitates are hygroscopic and attract moisture from air. Salts
can cause high conductivity, and carbon particles can lead to
a large number of small galvanic elements since they act as
efficient cathodes after deposition on the surface.?>* The most
significant pollutant is SO,, which forms H SO, with water.>**
Water that is present as humidity bonds in molecular form to
even the cleanest and well-characterized metal surfaces.®™

15
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Through the oxygen atom it bonds to the metal surface or to
metal clusters and acts as a Lewis base by adsorbing on electron
deficient adsorption sites. Water may also bond in dissociated
form, in which case the driving force is the formation of metal-
oxygen or metal-hydroxyl bonds. The end products resulting
from water adsorption are then hydroxyl and atomic hydro-
gen groups adsorbed on the substrate surface.*® Atmospheric
corrosion rate is influenced by the formation and protective
ability of the corrosion products formed. The composition of
corrosion products depends on participating dissolved metal
ions and anions dissolved in the aqueous layer. According to
the hard and soft acids and bases theory, hard metal ions such
as AP* and Fe** prefer H,O, OH-, 0% SO,?, NO,, CO,” while
intermediate metals such as Fe?*, Zn*, N12+ Cu2+ b2+ prefer
softer bases, such as SO or NO,- and soft metals such as Cu*
or Ag* prefer soft bases as RS, RSH or RS~

In the specific case of iron or steel exposed to dry or humid air,
a very thin oxide film composed of an inner layer of magnetite
(Fe,O,) forms, covered by an outer layer of FeOOH (rust).”-
Atmospheric corrosion rates for iron are relatively high and
exceed those of other structural metals. They range (in pm/
year) from 4 to 65 in rural, 26 to 104 in marine, 23 to 71 in
urban and 26 to 175 in industrial areas.”

In the case of aluminum, the metal initially forms a few nm
thick layer of aluminum oxide, y- AlLQO,, which in humidified air
is covered by aluminum oxyhydroxide, y-AIOOH, eventually
resulting in a double-layer structure.**** The probable compo-
sition of the outer layer is a mixture of ALO, and hydrated
AlZOg, mostly in the form of AI(OH).. However the inner layer
is mostly composed of Al,O, and small amounts of hydrated
aluminum oxide mostly in the form of AIOOH.** This oxide
layer is insoluble in the pH interval of 4 to 9.* Lower pH
values results in the dissolution of AI’*. Rates of atmospheric
corrosion of aluminum outdoors (in pm/year) are substan-
tially lower than for most other structural metals and are from
0.0 to 0.1 in rural, from 0.4 to 0.6 in marine, and ~1 in urban

areas. -8
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In general, anodic passivity of metals, regardless of type of
corrosion, is associated with the formation of a thin oxide film,
which isolates the metal surface from the corrosive environ-
ment. Films with semiconducting properties, such as Fe, Ni,
Cu oxides, provide inferior protection compared to metals as
Al, which has an insulating oxide layer.*’

An alternative explanation of differences between oxide films
of different metals based on their conducting properties is the
networkforming oxide theory, in which covalent bonds con-
nect the atoms in a three-dimensional structure. Due to nature
of covalent bonding, there is short-range order on the atomic
scale, but no long-range order. These networks of oxides can be
broken up by the introduction of a network modifier.*® When
a network modifier is added to a networkforming oxide, they
break the covalent bonds in the network, introducing ionic
bonds, which can change the properties of mixed oxides, such
as Cu/Cu,0 or Al/ Al,O,, where rate of diffusion of Cu in Cu,O
is 10,000 tlmes larger than Alin ALO,.”" Depending on smgle
oxide bond strengths, metal oxides can be classified as net-
work formers, intermediates or modifiers. Network formers
tend to have single oxide strengths greater than 75 kcal/mol,
intermediates lie between 75 and 50 and modifiers lie below
this value.”>™ Iron is covered by a thin film of cubic oxide of
¥-Fe,0,/Fe,O, in the passive region. The consensus is that the
¥-Fe,0, layer, as a network former, is responsible for passiv-
ity, while Fe,O,, as a network modifier, provides the basis for
formation of higher oxidation states but does not directly con-
tribute toward passivity.” The most probable reason for iron
being more difficult to passivate is that it is not possible to go
directly to the passivating spec1es of YFe,O,. Instead, a lower
oxidation state film of Fe,O, is required, and this film | is highly
susceptible to chemical dlssolutlon Until the conditions are
established whereby the Fe,O, phase can exist on the sur-
face for a reasonable period of time, the y-Fe,O, layer will not
form and iron dissolution will continue.® Impurities such
as water also modify the structure of oxide films. Water acts
as a modifying oxide when added to network-forming oxides
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and thus weakens the structure.”*® In conclusion, metals,
which fall into network-forming or intermediate classes, tend
to grow protective oxides, such as Al or Zn. Network formers
are non-crystalline, while the intermediates tend to be micro-
crystalline at low temperatures. The metals, which are in the
modifier class, have been observed to grow crystalline oxides,
which are thicker and less protective.”® A partial solution is to
alloy the metal with one that forms a network-forming oxide,
in which the alloying metal tends to oxidize preferentially and
segregates to the surface as a glassy oxide film.® This protects
the alloy from corrosion. For example, the addition of chro-
mium to iron causes the oxide film to change from polycrystal-
line to non-crystalline as the amount of chromium increases,
making it possible to produce stainless steel.*'

Alloying is important such that pure Al has a high resistance
to atmospheric uniform corrosion, while the aerospace alloy
Al2024, containing 5 percent Cu, among others, is very sensi-
tive to selective aluminum leaching in aqueous environments.
It is, on the other hand, less sensitive to pitting. In the case of
steel, the addition of chromium as an alloying element sub-
stantially decreases the amount of pitting corrosion in addi-
tion to other corrosion types.*

4.2 Corrosion in Water

Second to atmospheric corrosion is corrosion in water. The rate
of attack is greatest if water is soft and acidic and the corrosion
products form bulky mounds on the surface as in the case of
iron.? The areas where localized attack is occurring can seri-
ously reduce the carrying capacity of pipes. In severe cases iron
oxide can cause contamination, leading to complaints of “red
water”.® In seawater the bulk pH is 8 to 8.3; however, due to
cathodic production of OH" the pH value at the metal surface
increases sufficiently for deposition of CaCO, and a small extent
of Mg(OH), together with iron hydroxides. These deposits form
a surface layer that reduces oxygen diffusion. Due to this and
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other corrosion inhibiting compounds, such as phosphates,
boric acid, organic salts, that are present, the average corro-
sion rate in seawater is usually less than that of soft fresh water.
However, the rate is higher than it is for hard waters due their
higher Ca and Mg content.®® An exception occurs when a mate-
rial is in the splash zone in seawater, where a thin water film
that frequently washes away the layer of corrosion deposits
exists on the surface a majority of the time, resulting in the high-
est oxygen supply and leading to the highest corrosion rate.® In
slowly flowing seawater, the corrosion rate of aluminum is 1 to
5 pm/year, whereas for carbon steel it is 100 to 160 pm/year.
Additionally, even when the oxygen supply is limited, corro-
sion can occur in waters where SRB (sulfate-reducing bacteria)
are active.® Other surface contamination, such as oil, mill scale
(a surface layer of ferrous oxides of FeO and Fe,O, that forms on
steel or iron during hot rolling)® or deposits, may not increase
the overall rate of corrosion, but it can lead to pitting and pin-
hole corrosion in the presence of aggressive anions.”’!

421 Cooling Water Systems

Cooling water systems are employed to expel heat from an
extensive variety of applications, ranging from large power sta-
tions down to small air conditioning units associated with hos-
pitals and office blocks.® Corrosion inhibitors extend the life of
these systems by minimizing corrosion of heat exchange, receiv-
ing vessels and pipework that would otherwise possess a safety
risk, reducing plant life and impairing process efficiency.® Based
on the type of system present, that is, either open or closed,
once-through or recirculated systems, different amounts and
types of corrosion inhibitors are employed. In potable waters,
for example, since the systems are non-recirculating, use of cor-
rosion inhibitors is limited by toxicity and cost. The inhibitors
used must be inexpensive and still can only be added in low
quantities. Calcium carbonate, silicates, polyphosphates, phos-
phate and zinc salts are commonly used inhibitors in potable
water. Once-through cooling waters have the similar limitation
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of cost. Inhibitors with sulfate, silicate, nitrite and molybdate
are often used in the closed-water systems, such as steam boiler
systems. However, the hardness in the system may precipitate
the molybdate, thus, resulting in increased inhibitor demand
and corrosion of the iron material in the system.®

4.2.2 Oil/Petroleum Industry

In the oil/petroleum industry, corrosion of steel and other
metals is a common problem in gas and oil well equipment, in
refining operations and in pipeline and storage equipment.”*”
Production tubing that carries oil/gas up from the well has
the most corrosion.” Petroleum has water and CO, in water
forms carbonic acid, which in turn forms FeCO,. Deposits of
FeCO, are cathodic relative to steel, leading to galvanic and
pitting corrosion.” Besides water content, the salt content is
also similar to seawater, and with pressures bigger than 2 bars,
oil and gasses become corrosive.®” High flow rates, high flow
temperatures and the H.,S ratio in petroleum are other major
factors causing corrosion.®!

4.2.3 Mine Waters

Mine waters occupy a special place in corrosion studies
considering their widely varying composition from mine to
mine. Because of its low cost, availability and ease of fabri-
cation, mild steel is widely used as a structural material in
mining equipment, although it can experience rapid and cata-
strophic corrosion failure when in contact with polluted acid
mine waters. Specifically in coal mines, corrosion is known to
be a serious problem.®

4.3 Corrosion in Soil

Particle size of soils is an important factor on corrosion in
addition to the apparent effect of acidity levels. Gravel contains



CoRrrosION TYPES OF BASED ON THE Mep1a 21

the coarsest and clay contains the finest particles, with a 2 mm.
diameter for the former and a 0.002 mm. diameter for the lat-
ter. Sizes of sand and silt are in between gravel and clay. While
clay prevents the supply of oxygen but not water, gravels
allow oxygen supply as well.”?

In concrete, carbonation reduces the pH of solution and leads
to general breakdown of passivity.*!
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Nature of Protective Metal
Oxide Films

Regardless of the corrosion type, the major product of iron and
steel corrosion is FeOOH, which is referred to as rust.?” Rust
can occur in 4 different crystalline modifications based on the
type of corrosion and the environment that the corrosion takes
place: a-FeOOH (goethite), B-FeOOH (akaganeite), y-FeOOH
(lepidocrocite), and 8-FeOOH (feroxyhite).®*

o-FeOOH seems to be the most stable modification of the
ferric oxide hydroxides. Solubility of a-FeOOH is approxi-
mately 10° times lower than that of y-FeOOH. The relative
amounts of a-FeOOH and y-FeOOH depend on the type of
atmosphere and the length of exposure.® In freshly formed
rust in SO, polluted atmospheres y-FeOOH is usually slightly
dominant. On prolonged exposure the ratio of y-FeOOH to
o-FeOOH decreases.” Also in weakly acidic conditions in
general y-FeOOH is transformed into a-FeOOH depend-
ing on the sulfate concentration and temperature.”® In
marine atmospheres, where the surface electrolyte contains

23
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chlorides, B-FeOOH is found. B-FeOOH has been shown to
contain up to 5% chloride ions by weight in marine loca-
tions.”? §-FeOOH has not been reported in rust created under
atmospheric conditions on carbon steel.” Magnetite, Fe,O,,
may form by oxidation of Fe(OH), or intermediate ferrous-
ferric species such as green-rust.” It may also be formed by
reduction of FeOOH in the presence of a limited oxygen
supply according to®

8FeOOH + Fe——>3Fe,0, +4H,0 (5.1)

The rust layer formed on unalloyed steel generally consists of
two regions: an inner region, next to the steel/rust interface
often consisting primarily of dense, amorphous FeOOH with
some crystalline Fe,O,; and an outer region consisting of loose
crystalline o-FeOOH and y-FeOOH.¥-3 %

Aluminum initially forms a few nm thick layer of aluminum
oxide, mainly y-AlL,O, (boehmite), which in humidified air is
covered by aluminum oxyhydroxide, y-AIOOH due to hydro-
lysis, resulting in a double-layer structure.***? Related reac-
tions that occur within the passive film when in contact with
humidity or water are as follows;

Al* +30H —— AIOOH +H,0 (5.2)
AL O, +H,0——2A100H (5.3)
AIOOH +H,0—— AI(OH), (5.4)

The probable composition of the outer layer is a mixture of
ALQ, and hydrated Al,O,, mostly in the form of amorphous
Al(OH) or 0-Al(OH), (bayerlte) This outer coating of AIOOH-
Al(OH) is colloidal and porous with poor corrosion resistance
and coheswe properties. The inner layer on the other hand
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is mostly composed of Al,O, and small amounts of hydrated
aluminum oxide mostly in the form of AIOOH. This inner
coating of ALO,-AIOOH is continuous, resistant to corrosion
and is a good base for paints and lacquers.*** Altogether, this
passive layer is insoluble in the pH interval of 4 to 9.* Lower
pH values results in the dissolution of Al**.*”
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Effect of Aggressive
Anions on Corrosion

Both weight loss and salt-fog chamber tests are commonly
performed under circumstances where high salt concentrations
are present. For weight loss tests, high salt concentrations are
applied for accelerated corrosion testing purposes in addition
to simulating the actual highly corrosive environments, such
as marine environments, seawater and industrial areas. In the
case of salt-fog chamber tests, chemical stress in accelerated
testing primarily refers to chloride containing salts in solution
because airborne contaminants are believed to play a very
minor role in paint aging.*' Other chemical stress factors, such
as UV effects, are not of focus here since any coating, such as a
sol-gel coating, can be protected from UV exposure by simply
painting over it with a paint that does not transmit light.

Many mechanisms have been proposed for the suppression
or acceleration of metallic dissolution by the action of aggres-
sive anions in general.*>** The simple most common theory
on the accelerated corrosion due to aggressive anions is the

27
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concept of competitive adsorption. Aggressive anions, such
as CI, compete with adsorption of OH" or the inhibitor ion
depending on pH. Thus, aggressive anions increase the con-
centrations of inhibitors required to prevent corrosion. This
must be taken into account; since the application of less than
the adequate inhibitor concentration leads to pitting corro-
sion.?’ Competitive adsorption of aggressive anions can lead
to corrosion in two different ways. CI, for instance, may either
cause the initial local breakdown of the passive oxide film or
simply interfere with the repassivation process after the film
has been broken down locally. In one study, no indication was
found that CI" is incorporated into the anodic film on iron
when the passive oxide film was initially formed in a Cl" con-
taining solution suggesting that CI" ions cause local film thin-
ning by interfering with the film repair.*+4¢

In the case of aluminum adsorbed aggressive anions such as
chloride can undergo a chemical reaction with the passive film
and produce soluble transient compounds such as AI(OH),Cl,
AIOHCL,, and AlIOC], which are easily dissolved into the solu-
tion once they are formed." Similarly, soluble FeSO, complex
forms in presence of another aggressive anion, that is SO>."
Thus as a result of these adsorption-dissolution processes, the
protective oxide film is thinned locally, small pits are made
and the corrosion rate of aluminum is greatly enhanced.*%®

When aggressive anions have to be compared with one another,
the stability of the intermediate complexes of substrate metal
and aggressive anions must be considered. In the specific case
of steel corrosion, if an anion, X, is first adsorbed on the steel
surface, a surface complex forms in the anodic process, and
then the complex is desorbed from the surface.! %’

Fe+X ™ «—(Fe X ), (6.1)

(FeX ), «—(Fe X), +e" (6.2)
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(FeX), —FeX" +e (6.3)

FeX' e— > Fe* + X (6.4)

s represents jon or compound at the surface. In general, if the
adsorbed anion or the surface complex is stable, the corrosion
of steel is suppressed. Therefore, the order of tested anions in
terms of the stability of the surface complex based on the cor-
rosion rates would be Cl1O,” > SO,> > CI-.*7

Due to the stability of intermediate complexes between the
metal substrate and the aggressive anions, pitting corrosion
does not occur for chromium metal. Stability constants of
CrX* complexes are smaller than 1, for instance it is 1 when X
is CI" and 10 when it is I".? In addition, exchange of CI- and
H.,O ligands between the inner and outer sphere of chromium
halide complexes is extremely slow.® Together these factors
causes insolubility of CrCl, in cold water due to very low dis-
solution rate of Cr*. Therefore the presence of a Cr-Cl complex
at the surface will not increase the dissolution rate because
it will dissolve very slowly by itself. In the case of Fe* this
exchange is very rapid. Similarly Fe-Cr alloys are more resis-
tant to pitting in Cl solution than is pure Fe.
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Corrosion Prevention
Methods

With such variety in types of corrosion come many different
prevention methods. Among these is selecting a material
which does not corrode in the actual environment. When
changing the material is not possible, changing the environ-
ment to prevent transport of essential reactants of corrosion
often using corrosion inhibitors seems to be the second most
reasonable prevention method. Using chemical inhibitors to
lower molecular oxygen activity at the metal surface is one
example of this type of prevention technique. Also, applying
coatings on the metal surface in the form of paint, providing a
barrier between the metal surface and the corrosive environ-
ment, is another very commonly used prevention technique.
Other prevention techniques include, but are not limited to,
using special designs to prevent water accumulation on the
metal surfaces or changing the potential, which results in a
more negative metal and thus prevents transfer of positive
metal ions from the metal to the environment.'”
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Development of novel chemical inhibitors for mild steel and
aluminum alloys constitutes the major part of research on
chromate replacements. Mild steel alloy finds extensive use
in various structural applications due to its physical charac-
teristics, such as stiffness and high strength-to weight-ratios,
while aluminum and aluminum alloys are widely used in
engineering applications because of their combination of
lightness with strength, high corrosion resistance, thermal
and electrical conductivity, heat and light reflectivity and
hygienic and non—toxic qualities.'® In addition to its mechani-
cal properties, the low residual radioactivity is another unique
property of aluminum, leading to its use as the first wall in
thermonuclear reactors. However, the long and safe exploita-
tion of aluminum alloys in nuclear power production greatly
depends on its corrosion stability, which is why the type of the
alloy and corrosion protection measures are important.'®
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Commonly Used Alloys
and their Properties

The composition of alloying elements of mild steel is com-
monly 0.02 to 0.03 percent sulfur, 0.03 to 0.08 percent phos-
phorus, 0.4 to 0.5 percent manganese, and 0.1 to 0.2 percent
carbon.

The aluminum alloys are usually divided into two major
groups: cast alloys and wrought alloys. While the term
“wrought aluminum” may not be as familiar as wrought
iron, it basically refers to aluminum material that is con-
structed using wrought iron techniques. Essentially, this
means that the aluminum is "shaped" to produce the desired
material. The term "wrought iron" is slightly ambiguous, as
it refers not only to the method of construction but also to the
type of metal used. In other words, wrought iron is a specific
type of iron and also a style of metal work, while wrought
aluminum simply refers to the metalworking method, not
the type of aluminum. Cast aluminum, on the other hand,
is made from literally pouring molten aluminum into a cast
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and allowing it to harden. Each wrought and cast aluminum
alloy is designated by a four-digit number by the Aluminum
Association of the United States'®'™ with slight differences
between wrought and cast alloys (See Table 8.1). The first
digit indicates the alloy group according to the major alloy-
ing element. The second digit indicates the modification of
the alloy or impurity limits. Original (basic) alloy is desig-
nated by “0” as the second digit. Numbers 1 through 9 indi-
cate various alloy modifications with slight differences in the
compositions.

The last two digits identify the aluminum alloy or indicate the
alloy purity. In the alloys of the 1xxx series, the last two digits

Table 8.1 Designations for Alloyed Wrought and Cast Aluminum

Alloys.
Wrought Alloy Cast Alloy
Name Major Alloying Name Major Alloying
Element Element
Txxx More than 99% Txx.x More than 99%
pure Al pure Al
2XXX Cu, small amount | 2xx.x Cu
of Mg
3xxx Mn 3xx.x Si with Cu and/
or Mg
4xxx Si 4xx.x Si
Sxxx Mg 5xx.x Mg
6XXX Mg, Si 6XxX.X Unused
7XXX Zn, small amount 7XX.X Zn with Cu and/
of Cu, Mg, Cr, Zr or Mg
8xxx Other elements 8xx.x Sn
(Li, Ni)
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indicate the level of purity of the alloy: 1070 or 1170 means
minimum 99.70 percent of aluminum in the alloys, 1050 or
1250 means 99.50 percent of aluminum in the alloys, 1100 or
1200 means a minimum 99.00 percent of aluminum in the
alloys. In all other groups of aluminum alloys (2xxx through
8xxx) the last two digits signify different alloys in the group.

8.1 Aluminum 2024 Alloy

The 2xxx (aluminum-copper) alloy series started to be used
frequently with the development of 24S (2024) in 1933 for
maximum solubility of alloying elements in the solid phase.
Due to their high strength, toughness and fatigue resistance,
modifications of 245 are widely used today for aircraft appli-
cations.'” However, the alloys of these series, in which the
copper is major alloying element, are less corrosion-resistant
than the alloys of other series. Copper increases the efficiency
of the cathodic counter reaction of the corrosion, such as O,
and H*, reduction reaction and, thus, the presence of copper
increases the corrosion rate.'”

Despite its inferior corrosion resistant properties, Al 2024 is
substantially used due to the fact that it is a peculiar alloy used
in the fuselage structures of aircrafts, where the corrosion resis-
tance properties are compromised for the sake of mechanical
strength also due to the characteristics of its potential environ-
mentally friendly binders, for instance sol-gel coating.

The nominal composition of Al 2024-T3 alloy is 4.4 percent Cu,
1.5 percent Mg, 0.6 percent Mn, and lesser amounts of Fe, Si and
impurity element allowable.'® """ The “T3” designation indi-
cates that the alloy was solution-annealed, quenched and aged
at ambient temperatures to a substantially stable condition.”?

It is important to recognize that in most modern aircraft an
“alclad” variant of the 2024-T3 is used. Alclad 2024-T3 has
a thin layer of commercially pure Al applied to enhance
corrosion resistance.”
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However, alclad layer is easily removed, exposing the underly-
ing 2024T3 core in maintenance operations where the grinding
out of cosmetic corrosion surfaces is routine. Thus, corrosion
protection of the Al 2024T3 core then becomes an issue, espe-
cially for older aircraft that have experienced many depot
maintenance cycles.'?

8.2 Aluminum 7075 Alloy

Alloy 755 (7075), developed during World War II, provided
the high-strength capability not available with aluminum-
magnesium-copper alloys. This type of alloy contains major
additions of Zn, along with Mg or both Mg and Cu. The Cu
containing alloys have the highest strength and, therefore,
have been used as construction materials, especially in aircraft
applications. The Cu-free alloys, which have good workabil-
ity, weldability as well as moderate strength, have increased in
their applications in automotive industry.'” The first commer-
cial aluminum-magnesium-silicon alloy (515) was developed
and brought to market by 1921.

8.3 Aluminum 6061 Alloy

The introduction of alloy 615 (6061) in 1935 filled the need
for medium-strength, heat-treatable products with good cor-
rosion resistance that could be welded or anodized. The corro-
sion resistance of alloy 6061 even after welding made it popular
in early railroad and marine applications. Alloy (625) 6062, a
low-chromium version of similar magnesium and silicon, was
introduced in 1947 to provide finer grain size in some cold-
worked products. Unlike the harder aluminum-copper alloys,
this 615 and 625 alloy series of Al-Mg-5i could be easily fabri-
cated by extrusion, rolling or forging. These alloys’ mechani-
cal properties were adequate (mid-4045 ksi range) even with a
less-than-optimum quench, enabling them to replace mild steel
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in many markets. The moderate high strength and very good
corrosion-resistant properties of this alloy series of Al-Mg-Si
make it highly suitable in various structural building, marine
and machinery applications. The ease of hot working and
low-quench sensitivity are advantages in forged automotive
and truck wheels. Also made from alloy 6061 are structural
sheet and tooling plate produced for the flat-rolled products
market, extruded structural shapes, rod and bar, tubing and
automotive drive shafts.!®

Detailed composition of certain aluminum alloys is given in
Table 8.2;

Table 8.2 Chemical Composition of Aluminum Alloys.

Alloying 2024 6061 7075
Element

Al 91.5-92.8 96.8-97.2 86.85-89.55
Cu 3.8-49 0.15-0.4 1.2-2.0
Mg 1.2-1.8 0812 2.1-29
Mn 0.3-0.9 <0.15 <0.30
Fe <0.50 <07 =<0.50
Si <0.50 0.4-0.8 <040
Zn < 0.25 <0.25 5.1-6.1
Zr+Ti <0.20 - <025
Ti <0.15 <0.15 =0.20
Cr =0.10 0.04-0.35 0.18-0.28
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Cost of Corrosion and Use
of Corrosion Inhibitors

In a study entitled “Corrosion Costs and Preventive Strategies
in the United States,” conducted from 1999 to 2001 by CC
Technologies Laboratories, the total annual estimated direct
cost of corrosion in the United States was estimated a stagger-
ing $276 billion equaling to approximately 3.1 percent of the
nation’s Gross Domestic Product (GDP)."* This cost includes
the application of protective coatings (paint, surface treatment,
etc.), inspection and repair of corroded surfaces and structures
and disposal of hazardous waste materials. The study reveals
that, although corrosion management has improved over the
past several decades, the United States must find more and
better ways to encourage support and implement optimal cor-
rosion control practices. Due to reasons such as economics and
ease of application, corrosion inhibitors continue to be the most
common corrosion prevention technique. Compared to other
techniques, corrosion inhibitors are very convenient since they
can be employed alone or within a protective coating, such as
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paint. Also, among many developed corrosion inhibitors, it is
possible to find a working one for any specific demand."?

The definition of corrosion inhibitor favored by the National
Association of Corrosion Engineers (NACE) is “a substance
which retards corrosion when added to an environment
in small concentrations.”’¢ Alternatively, according to the
American Society for Testing and Materials’ corrosion glos-
sary, a corrosion inhibitor is defined as a chemical substance
or combination of substances that, when present in the proper
concentration and forms in the environment, prevents or
reduces corrosion.!

Available references in corrosion phenomena in the technical
literature appeared by the end of the 18" century. The first
patent in corrosion inhibition was given to Baldwin, British
patent 232717

Corrosion inhibition is reversible, and a minimum
concentration of the inhibiting compound must be present
to maintain the inhibiting surface film. Good circulation and
the absence of any stagnant areas are necessary to maintain
inhibitor concentration.!®

Inhibitors function in one or more ways to control corrosion,
namely by adsorption of a thin film onto the surface of a cor-
roding material, by inducing the formation of a thick corrosion
product or by changing the characteristics of the environment,
resulting in reduced aggressiveness. Some remove oxygen in
the aqueous media to reduce the cathodic reaction. Though
there are many chemicals that can function as inhibitors, some
may be too expensive and not economical. Chemicals that are
toxic or not environmentally friendly are also of limited use.
Moreover, inhibitors for one metal may or may not work for
another or even may cause corrosion. In addition, the effec-
tiveness of inhibitors is affected by the pH, temperature and
water chemistry of the system."’

Generally, inhibitors efficient in acid solutions have little or no
effect in near-neutral aqueous solutions, since in acidic media
the main cathodic process is hydrogen evolution and inhibitor
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action is due to adsorption on oxide-free metal surfaces.'® In
alkaline conditions, most metals are inclined to be passive
and are protected from most of the corrosion damage.'”! In
near-neutral solutions, in which the cathodic half-reaction is
oxygen reduction, corrosion processes result in the formation
of sparingly soluble surface products, such as oxides, hydrox-
ides and salts. Therefore, the inhibitor action must be exerted
on the oxide-covered surface by increasing or maintaining
the protective characteristics of the oxide or surface layers in
aggressive solutions.'? '
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Types of Corrosion
Inhibitors

While there are various inhibitor classifications listed in the
literature, there is no completely satisfactory way to categorize.
One of the common ways is to classify them according to their
reaction at the metal surface.'"*** Based on this criterion:

1. Anodic inhibitors are compounds that reduce the
actual rates of the metal dissolution that is the
anodic reaction.

2. Cathodic inhibitors are compounds that reduce
the rates of the cathodic reactions, such as
the hydrogen evolution or oxygen reduction
reactions.

3. Mixed inhibitors are compounds that retard
the anodic and cathodic corrosion processes
simultaneously by general adsorption covering
the entire surface, sometimes with a polymer.
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10.1 Anodic Inhibitors

Anodic or passivating inhibitors slow down corrosion by
either stabilizing or repassivating the damaged passive film by
forming insoluble compounds or by preventing adsorption of
aggressive anions via competitive adsorption. They are used
in the neutral pH range to treat cooling water systems, cooling
system metals, and steel-concrete composites.'” Passivating
inhibitors can be further divided into two types: direct passiv-
ating inhibitors, which are oxidizers themselves, and indirect
passivating inhibitors, which are nonoxidizers and require the
presence of oxygen.'*® Direct passivating inhibitors react with
metals directly and become incorporated into the passive film
to strengthen it, complete it and repair it.'"” Chromate (CrO,>)
and nitrites (NO,") are the best oxidizers that can passivate steel
in deaerated solutions; however, both inhibitors have limited
uses due to toxicity."® In open systems, oxygen is abundant
enough, while in closed systems the addition of oxidizing salts
is needed for indirect passivating inhibitiors (e.g. molybdates,
or other analogues of chromates) to function.’** Indirect pas-
sivators may develop a protective film in the form of a salt. It is
proposed, for example, that ferrous ions at the solution/metal
interface react with molybdate ions to form a complex which
is further oxidized to an insulative ferric-molybdate and cov-
ers the metal surface with a thin, adherent protective film.'*'-2

10.2 Cathodic Inhdibitors

Cathodic Inhibitors slow down corrosion by reducing the rate
of the cathodic reaction in the corrosion system. They may
form precipitates in the cathodic locations to limit access of
the cathodic reaction species, and they are also called precipi-
tation inhibitors.!® Zinc salts are cathodic inhibitors that form
precipitates of zinc hydroxide at the cathode.’ Magnesium
salts also work in a similar way.” Bicarbonate (HCO,") forms
insoluble metal carbonates in alkaline solution.'* Phosphates,



Typres oF CORROSION INHIBITORS 45

the most widely used corrosion inhibitors of steel, precipitate
as ferrous and ferric phosphates on the substrate surface.'”
Oxygen scavengers react with the dissolved oxygen to limit
the supply of oxygen for the cathodic reaction. Sodium sulfite
is an oxygen scavenger commonly used at room temperatures.
It reacts with oxygen to form sulfate. However, since oxygen
scavengers remove oxygen only, they are not effective in acidic
media."® Cathodic poisons make discharges of hydrogen gas
difficult.” Cathodic inhibitors are generally not as effective as
anodic inhibitors (passivators), but, on the other hand, they
are not likely to cause pitting.'*

As for organic inhibitors, chelating agents, which contain at
least two functional polar groups, such as acidic -COOH,
-SH or basic -NH, groups, those able to form coordinate
bonds with metal cations are good examples.'*! Gluconate is
a complexing agent with two carboxylic groups.
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Chromates: Best Corrosion
Inhibitors to Date

Overall, chromates as inhibitors and in chromate conversion
coatings as protective coatings continue to be the most effi-
cient corrosion prevention methods for the most commonly
used metals, such as steel, aluminum, zinc and magnesium
among others.'? The term conversion coating here refers to the
traditional surface passivation treatment for steel and alumi-
num, which produces a layer of corrosion product by means
of dissolution of the base metal through reaction with the pas-
sivating solution and precipitation of insoluble compounds,
capable of resisting further chemical attack."*'* Chromate
conversion coatings used for aluminum, typically generated
from mixtures of soluble hexavalent chromium salts and chro-
mic acid, participate in oxidation-reduction reactions with
aluminum surfaces,'* precipitating a continuous layer of
insoluble trivalent compounds.'® The use of chromate conver-
sion coatings to increase the corrosion resistance and paint-
ability of aluminum alloys can be traced to the early part of
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the 20" century.'* The protection of many aluminum alloys,
such as those used in aerospace components, depends heav-
ily on chromates. Of particular interest to the Navy is the use
of chromate conversion coatings on aircraft aluminum alloys,
owing to excellent corrosion resistance and the ability to serve
as an effective base for paint.""%

Only films formed in chromate solutions meet the stringent
corrosion resistance requirements of the military specifica-
tions MILC81706." It is estimated that about 100,000 tonnes of
aluminum per year in the U.K. are chromate treated. An anod-
ized film may be substituted for chromate conversion coatings
on certain aluminum products but only at greater operating
and capital costs.”

Among advantages of the chromate conversion coatings are
good paint adhesion, low cost, quick and simple application
process by immersion, spray, rolling, the capability to resist
forming operations and excellent corrosion resistance, includ-
ing a self-healing ability."!

Results from exposure corrosion testing show that aluminum
surfaces prepared with a chromate conversion coating and a
chromate-free primer perform much better than a chromate-
free sol-gel type of conversion coating with the same chro-
mate-free primer,"* leading to the necessity for enriching the
sol-gel coating with efficient inhibitors.

11.1 Limitations on the Use of Chromates due
to Toxicity

The mobility of aqueous Cré* within biological systems and
its reactivity with biochemical oxidation mediators make it
highly toxic, carcinogenic and generally regarded as a very
hazardous soil and groundwater pollutant.!0> 143 133-136

More rigid environmental regulations have been introduced
about the use of chromates, mandating the elimination of
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hexavalent chromium as the active ingredient in corrosion
inhibition packages for the protection of aluminum-skinned
aircraft.'”*® The harmful effects of chromates on human tis-
sue have been well documented. Dermatitis and skin cancer
have been reported among workers merely handling com-
ponents protected by a chromate film.”” Many reviews in the
literature points out to toxicity of chromates, such an associ-
ation of Cr® with lung cancer. Although there is no general
agreement on the details for the Cr® induced damage to DNA
resulting in cancers, it is clear that Cr® is highly water solu-
ble and it passes through cell membranes, and highly reac-
tive intermediates such as Cr’* stabilized by alpha hydroxyl
carboxylates and Cr** are genotoxic and react either directly
or through free radical intermediates to damage DNA.!¥-164
Also, adverse toxicity of chromates to aquatic life has always
been a problem. Chromate is quoted on the EU Red List of
the EU Dangerous Substances Directive No 76/464/EEC and
Groundwater Directive No 80/68/EEC.®

National Primary Drinking Water Regulations prepared by
EPA (Environmental Protection Agency) states that chromium
is a naturally occurring element found as chrome iron ore,
primarily as chromite (FeO.Cr,O,), in rocks, animals, plants,
soil, and in volcanic dust and gases.'™'%8 In air, chromium
compounds are present mostly as fine dust particles, which
eventually settle over land and water. Chromium can strongly
attach to soil and only a small amount can dissolve in water
and move deeper in the soil to underground water. There is
also a high potential for accumulation of chromium in aquatic
life'165,l67

Chromium is present in the environment in several different
forms. The most common forms are Cr(0), Cr(IlI) and Cr(VI).
No taste or odor is associated with chromium compounds.
Cr(IIl) occurs naturally in the environment and is an essential
nutrient. Cr(VI) and Cr(0) are generally produced by indus-
trial processes. The metal chromium, which is the Cr(0) form,
is used for making steel. Cr(VI) and Cr(Ill) are used for chrome
plating, dyes and pigments, leather tanning by means of
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chromic sulfate, wood preserving by means of copper dichro-
mate, treating cooling tower water, magnetic tapes, cement,
paper, rubber, composition floor covering, automobile brake
lining and catalytic converters and other materials. Smaller
amounts are used in drilling muds, textiles and toner for copy-
ing machines.'s>1% Production of the most water-soluble forms
of chromium, the chromate and dichromates, was in the range
of 250,000 tons in 1992.1%%1% The two largest sources of chro-
mium emission in the atmosphere are from the chemical man-
ufacturing industry and combustion of natural gas, oil and
coal. The following treatment methods have been approved
by the EPA for removing chromium: coagulation/filtration,
ion exchange, reverse osmosis and lime softening.'® From
1987 to 1993, according to the Toxics Release Inventory, chro-
mium compound releases to land and water totaled nearly 200
million pounds. These releases were primarily from industrial
organic chemical industries. The largest releases occurred in
Texas and North Carolina. The largest direct releases to water
occurred in Georgia and Pennsylvania. In 1974, Congress
passed the Safe Drinking Water Act Law, which requires the
EPA to determine safe levels of chemicals in drinking water
that do or may cause health problems.'®>'” The Maximum
Contaminant Level Goal (MCLG) for chromium has been set
at 0.1 parts per million (ppm), because the EPA believes this
level of protection would not cause any of the potential health
problems described below. Based on this MCLG, the EPA has
set an enforceable standard called a Maximum Contaminant
Level (MCL). MCLs are set as close to the MCLGs as possi-
ble, considering the ability of public water systems to detect
and remove contaminants using suitable treatment technolo-
gies. The MCL has also been set at 0.1 ppm because the EPA
believes, given present technology and resources, this is the
lowest level to which water systems can reasonably be required
to remove this contaminant should it occur in drinking water.
The Reference Concentration (RfC) for Cr(VI) (particulates) is
0.0001 mg/m? based on respiratory effects in rats. The RfC for
Cr(VI) (chromic acid mists and dissolved Cr(VI) aerosols) is
0.000008 mg/m3 based on respiratory effects in humans. The
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EPA has not established an RfC for Cr(Ill). The RfD for Cr(III)
is 1.5mg/kg/d based on the exposure level at which no effects
were observed in rats exposed to Cr(IIl) in the diet.'®>1%

The general population is exposed to chromate by eating food,
drinking water and inhaling air that contains the chemical.
The average daily intake of chromium, generally in the form
of Cr(IIl), from air, water, and food is estimated to be less than
0.2 to 0.4 micrograms (pg) from air, 2.0 pg from water, and 60
pg from food, respectively.!66168

The EPA reports hexavalent chromium to cause shortness of
breath, coughing, wheezing (mostly with inhalation of chro-
mium trioxide) and skin irritation or ulceration, when people
are exposed to it at levels above the MCL for relatively short
periods of time, while damage to circulatory and nerve tis-
sues, stomach upsets and ulcers, convulsions, kidney and
liver damage, perforations and ulcerations of the septum,
bronchitis, asthma, decreased pulmonary function, pneumo-
nia, skin irritation and even death are potential results of a
long-term or a lifetime exposure. Some people are extremely
sensitive to Cr(VI) or Cr(IIl). Allergic reactions consisting
of severe redness and swelling of the skin have been noted.
Long-term exposure to Cr(VI) has been associated with lung
cancer, as in the case of workers exposed to levels in air that
were 100 to 1,000 times higher than those found in the natu-
ral environment. Lung cancer may occur long after exposure
to chromium has ended. Limited information on the repro-
ductive effects of Cr(VI) in humans exposed by inhalation
suggest that exposure to Cr(VI) may result in complications
during pregnancy and childbirth.'6*1¢”

On the contrary, Cr(Ill) is an essential nutrient, with a daily
intake of 50 to 200 pg recommended for adults. This ion helps
the body use sugar, protein, and fat. Without Cr(IIl) in the diet,
the body loses its ability to use sugars, proteins and fat prop-
erly, which may result in weight loss or decreased growth,
improper function of the nervous system and a diabetic-like
condition. With too much intake, Cr(IIl) can also cause health
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problems, but it is considered about 100 to 1,000 times less
toxic than Cr(VI). Although each form can be converted to the
other form under certain conditions, Cr(IIl) is not oxidized to
Cr(VI) in the natural soil environment.!%16

Cr(II) compounds are one of the major candidates to replace
Cr(VI), based corrosion inhibitors and protective coatings
if the required corrosion resistance and adhesion of organic
coatings can be obtained.'"® Thus, Cr(Ill) compounds were
investigated in this project as chromate replacements. Cr(IIl)
is not an oxidizing agent, but it will form the mixed oxides/
hydroxides with the substrate in the presence of a primary
passivator/oxidizing agent, such as dissolved oxygen. When
a primary oxidizing agent is present, the substrate can oxidize
to its higher oxidation state cations, producing hydroxide, and
the existing Cr(II) ions can react with the produced hydrox-
ides to form a conversion coating composed of mixed oxides/
hydroxides of the substrate and Cr(IlI).”

The metal Cr(0) is less common and does not occur naturally.
It is not clear how much it affects health, but it is not currently
believed to cause a serious health risk.'®

The International Agency for Research on Cancer (IARC) has
determined that Cr(VI) is carcinogenic to humans. IARC has
also determined that Cr(0) and Cr(III) compounds are not clas-
sifiable as to their carcinogenicity to humans.””'”' The World
Health Organization (WHO) has determined that Cr(VI) is a
human carcinogen.'”! The Department of Health and Human
Services (DHHS) has determined that certain Cr(VI) com-
pounds (calcium chromate, chromium trioxide, lead chro-
mate, strontium chromate, and zinc chromate) are known
human carcinogens.'” Finally, the EPA has classified Cr(VI) as
a Group A, known human carcinogen by the inhalation route
Of exposure.1657168,173—176

In the light of given negative effects of hexavalent chro-
mium compounds, stricter environmental regulations have
already mandated their removal from water and general
waste effluents and have mandated their near-term removal
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from corrosion inhibiting packages used for the protection of
aluminum-skinned aircraft.!4%1%.177-180

Strict regulations already exist for chromate residues that
require the use of expensive effluent treatments to achieve the
desired residual concentrations by precipitating hexavalent
chromium compounds.”"®! Despite their negative aspects, to
date, no replacements exist in the market for carcinogenic chro-
mates with the same efficiency for a range of aluminum alloys
and steel, neither as pigment nor as a metal pretreatment.""'®

For perhaps the last 20 years or more, a considerable effort
has focused on discovering nonchromate corrosion-inhibiting
compounds for protection of aluminum alloys. A number of
reviews focusing on this subject alone have been written in the
past several years. 8184185

Given the toxicity and carcinogenicity of chromates, the
purpose shall not be only to synthesize efficient corrosion
inhibitors for certain alloys of certain metals to be applied
in different environments, but also to find environmentally
friendly corrosion inhibitors for successful chromate replace-
ments. In this regard, the standard for an environmentally
friendly inhibitor is considered as having acceptable or no tox-
icity compared to chromate inhibitors. Studying the reasons
underlying the success of chromate inhibitors seems to be the
first reasonable approach one might take before formulating
chromate replacements.

11.2 Corrosion Inhibition Mechanism of
Chromates

Chromates are very effective inhibitors of Fe, Al, Cu, Zn
corrosion. The unique chemical and electronic properties of
the oxo-compounds of chromium give rise to a unique abil-
ity to inhibit corrosion in ferrous and nonferrous materials.®
They are both anodic and cathodic inhibitors due to their
abilities to form precipitates with the dissolving metal ions
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such as iron, aluminum, and zinc ions, at anodic sites and by
reducing to trivalent chromium to form composite inert com-
pounds at cathodic sites.'”” The tetrahedral, d°, hexavalent
Cr® oxoanion compounds of chromium, which are chromate,
dichromate, bichromate, and chromic acid, dissolve as stable
and mobile complexes in water. Thus, they are easily trans-
ported to sites of localized corrosion where they are reduced
to very stable, kinetically inert refractory oxide compounds of
Cr**.% These octahedral, trivalent, d°, compounds of Cr** are
irreversibly adsorb at metal and metal oxide surfaces to form
a protective film of a near monolayer thickness.'® As one of
these irreversibly adsorbed compounds, Cr(OH), provides a
good, hydrophobic barrier with good adhesion properties.'®
The concentration of the transported or leached chromate
is sufficient to be active as an inhibitor for the metal under
the paint, at defects or at cut edges. These hexavalent oxoan-
ion compounds of chromium also have optimum solubili-
ties enabling them to be used as efficient paint pigments, in
which blistering of the paint does not occur.'” Also, possibly
the most crucial property of the barrier film of trivalent chro-
mium compounds is its ability to store Cr®* oxoanions that can
be slowly released into a solution when attacked by aggres-
sive anions. These released Cr®* oxoanions can migrate to and
interact at defects to interrupt corrosion, which gives rise to
the unique “self-healing” ability of chromate conversion coat-
ings in general. There is a good agreement that chromate con-
version coatings not only contain but also release hexavalent
chromium to repair defects and damage of the conversion
coating.'*'%

Specifically for aluminum corrosion; released Cr®* oxoanions
inhibit pit initiation by adsorbing onto aluminum oxides,
thereby discouraging adsorption of anions such as chloride
and sulfate, which promote dissolution and destabilization
of the protective oxides.??" Thus, competitive adsorption of
chromates with regard to aggressive anions such as chloride
and sulfate appears as another major property of chromate
conversion coatings.?®
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Along with nitrites, chromates passivate independent of
dissolved oxygen in contrast to molybdates and vanadates,

which require the presence of dissolved oxygen as a primary
passivator.”®

In general, following steps of reactions occur:**

Cr — Cr** + 3H,0 — Cr(OH), +3H'— Cr,0,3H,0 (11.1)

The hydrolysis reactions generate H*, which are consumed by
redox reactions. In alkaline conditions,?®

CrO,* +4H,0 + 3e —» Cr(OH), + 50H" (11.2)

In case of iron corrosion in near neutral conditions,?*

6FeO + 2CrO,> + 2H,0—» Cr,0, + 2Fe O, + 4OH-  (11.3)

Mixed chromium/iron hydroxides also form such as,?”

3Fe* + HCrO* + 8H,0 —» Fe,Cr(OH),, + 5SH*  (11.4)
In contrast to nitrites, molybdates, vanadates and other
inhibitors, chromates are also effective in moderately acidic

conditions. In an acidic medium, CrO* converts to Cr,0,>,
which is a very strong oxidant, according to

Cr,0," + 14H* + 6e-—> 2Cr** + 7H,0,28 (11.5)

The following reaction takes place with the metal substrates®®

6/nM? + Cr,O.> + 7TH* —» 6/n M™ + 2Cr* + 7HO  (11.6)

where M? can be Al, Fe, Zn.

For the specific case of chromium conversion coating formation
on Al, the following overall formation reactions are given;?% 2"
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Cr,0* + 2Al + 2H* + H,O—» CrOOH + 2AIO0OH  (11.7)

0r212

Cr,0,~ + 2Al + 2H* + 2H,O —» 2Cr(OH), + ALO,  (11.8)

The chromate conversion coating process is aided by fluoride,
which prevents rapid passivation of the Al surface, thus allow-
ing Cr® to Cr** reduction and is also aided by ferricyanide,
which functions as a mediator between Al oxidation and chro-
mate reduction and accelerates the redox reaction.””

As a result of these multiple redox reactions, while hexavalent
Cr(VD is reduced to its lower oxidation state oxides and
hydroxides, the substrate metal is oxidized to its oxides
and hydroxides. The pH also rises to the point where triva-
lent chromium and other oxide/hydroxide compounds are
insoluble.?* Consequently, a protective conversion coating of
adherent composite oxide/hydroxides?” form with the gen-
eral formula of M,O,/Cr,O, and/or M(OH),/Cr(OH)?, where
M" = Fe, AL%

Another reason for protective ability of chromium oxide
and hydroxide film over aluminum surfaces is their stability
over a wider range of pH. Based on Pourbaix-diagrams, the
approximate stability limit of the Al oxide is at pH 9, while it
is up to pH 15 for Cr(III) oxide.?”
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Chromate Inhibitor
Replacements: Current and
Potential Applications

Given some basic information about the corrosion inhibition
mechanisms of chromates, many studies have been conducted
for chromate replacements. For effective replacement of
hexavalent Cr, however, an inhibitor has to inhibit the oxygen
reduction reaction as well as anodic dissolution/pitting, and
several studies indicate that hybrid formulations seem to be the
best way to do just that. Typically, in these hybrid formulations
an organic oxygen reduction reaction inhibitor is included with
environmentally benign anodic inhibiting anions.

12.1 Nitrites

Other commonly used inhibitors that passivate independent
of dissolved oxygen are nitrites. Nitrites are the established
inhibitors for rusting machinery tooling and workpieces, and

57
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they are often used with alkanolamines. However, like chro-
mates, they are also being replaced because of the risk of carci-
nogenic nitrosamine formation.?’®

Nitrites” Maximum Contaminant Level (MCL) and Maximum
Contaminant Level Goal (MCLG) limits have been determined
as 1 mg/L each by the Environmental Protection Agency
(EPA). Infants below the age of six who drink water contain-
ing nitrite in excess of the MCL could become seriously ill and,
if untreated, may die. Symptoms include shortness of breath
and blue baby syndrome.

Maijor nitrite sources are listed as runoffs from fertilizer uses,
leaches from septic tanks and sewages.?"’

12.2 Trivalent Chromium Compounds

Cr(IlI) compounds arise as one of the potential replacements
for Cr(VI) compounds given its much lower toxicity. Cr(IIl)
is not an oxidizing agent but it will form the mixed oxides/
hydroxides with the substrate. Therefore, in the presence of
a primary passivator/oxidizing agent, such as dissolved oxy-
gen, the substrate can oxidize to its higher oxidation state cat-
ions, producing hydroxide and the existing Cr(IIl) ions would
react with the produced hydroxides to form a conversion coat-
ing composed of mixed oxides/hydroxides of the substrate
and Cr(III).'**#022! Despite this, there are limited successful
applications of trivalent chromium coatings. The corrosion
resistance of trivalent chromium coatings was found consider-
ably less effective than that of hexavalent Cr conversion coat-
ings, as significant concentrations of localized pitting were
observed after a 168 hr. salt spray test.””” Thus, rather than
using trivalent Cr coatings alone, incorporation of corrosion
inhibitors based on trivalent Cr compounds into coatings that
have better mechanical properties seems to be a more reason-
able prevention method.

Formation of trivalent Cr hydroxides is based on their ability
to form coordination compounds of coordination number six.
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The hydrolysis of coordination complexes is accelerated by

addition of alkali and the hydroxides may form successively
in the following:**

[Cr(H,0),ICl, — [CrOH)(H,0),ICL, + HCl  (12.1)
[Cr(OH)(H,0),IC1, — [Cr(OH),(H,0),IC1 + HCl (12.2)

[Cr(OH),(H,0),ICl — [Cr(OH),(H,0),] + HCl  (12.3)

These species can polymerize as shown in eq. 12.4

H
/ O\
Z[CY(OH)(Hzo)glclz L [(H20)4Cr Cr(H20)4]Cl4 + 2H20
H (12.4)

One concern is that Cr(Ill) and AI(III) compounds are both
capable of forming octahedral complexes, and the introduc-
tion of these ions into an aqueous electrolyte will interfere
with conversion of the hydrous alumina into the aluminum
hydroxide film by bonding to the active film sites. Therefore,
similar to their application in hexavalent chromate conversion
coatings, fluoride ions are used to remove aluminum oxide
and hydroxide films on the substrate surface before forming
trivalent chromium conversion coatings.??

ALO, + 12F + 3H,0 —» 2AIF6* + 60H" (12.5)

12.3 Oxyanions Analogous to Chromate

Other likely candidates to replace chromates are reducible
hypervalent transition metals similar to chromium, which are
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compounds of Mo, V, Mn, and Tc. The high-valent oxoanions
of these elements exist in aqueous solution, and they reduce to
form insoluble oxides, which exhibit high resistance to disso-
lution in an alkaline environment in the same way as Cr.?**’
Other anodic inhibitors might include oxo-compounds of P
and B as well”® Among these analogous metals, however,
the oxoanion of hypervalent Mn, permanganate, is thermo-
dynamically unstable with respect to the oxidation of water
unless the solution is sufficiently alkaline and all technecium
isotopes are radioactive.”* Vanadium oxide is relatively
more stable toward high pH and Mo oxide is stable toward
lower pH values.?! Solely as oxides, the elements of Mo and
V will never give the same stability as seen in analogous Cr**
oxide.*? On the other hand, the oxo-compounds of these ele-
ments can form very stable polyoxometallates with each other,
or phosphates and tungstates, providing significant inhibition
for aluminum corrosion, particularly when combined with
other compounds.?**

The inhibition mechanism of aluminum corrosion by
molybdates, vanadates and similar oxyanions is primar-
ily due to the competitive adsorption of these anions with
aggressive anions, such as chloride and sulfate anions. As a
result of adsorption of oxyanions in the place of aggressive
anions, oxygen bridged complexes with the metal substrates
form. Such complexes were found in catalyst systems such
as MoO,+A1,0, and WO,+A10,**** These compounds are
expected to have a low solublhty in the electrolyte hindering
the dissolution of the passive film and retarding pit initiation
and propagation of pitting corrosion.

Oxides of heavier elements, such as Nb, Hf, Ti, Zr, and Ta are
very stable in their highest oxidation state. The mechanism for
rare-earth inhibition seems to originate from the alkaline pre-
cipitation of protective oxide films at active cathodes. However,
soluble and mobile precursors of these oxides remain difficult
to stabilize in aqueous solution with the slight exception of
Ce, which is the only lanthanide element that exhibits a tetra-
valent oxidation state that is stable as a complex in aqueous
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solution.?>33¢ Ce** behaves somewhat like Cr®*. The reduction
product, Ce*, however, is not nearly as stable as compared to
CI&+‘337

12.3.1 Molybdates

The molybdates have been the most investigated metal
oxyanion analogues. Although Molybdenum (Mo) com-
pounds are not totally harmless, they are rapidly excreted by
the body.?** Unlike many other transition metals, molybde-
num has been described as having an extremely low or even
negligible toxicity.®*! In a review it is stated that, in spite of
considerable use of molybdenum in industry, no incidences
have been reported yet due to industrial poisoning by Mo.**
Molybdenum compounds are listed in the lowest potentially
carcinogenic category.?*2¥

The most recent Threshold Limit Value (TLV) published by the
American Conference of Government Industrial Hygienists
1984-1985 show the time-weighted average TLV for soluble
molybdenum particulates to be 5 mg/m* and for insoluble
particulates to be 10 mg/m’. For comparison, the TLV for
total particulates in the nuisance dust category is 10 mg/m?*.>
Molybdenum has long been identified as a micronutrient
essential to plant life,?”* and as playing a major biochemi-
cal role in animal health as a constituent of several important
enzyme systems.?*’?** Several studies have indicated that
molybdenum-deficient diets may be associated with the inci-
dence of various forms of cancer.'=%

From an environmental perspective, five statutes, and their
associated regulations, governthe useand disposal of chemicals
within the United States. These are Safe Drinking Water Act,>¢
the Resource Conservation and Recovery Act (RCRA),*’ the
Clean Water Act (CWA),*® the Comprehensive Environmental
Response Liability Act,”* and the Toxic Substances Control Act
(TSCA).*" Molydenum is not a regulated parameter under any
of these statutes. The TSCA requires all existing chemical sub-
stances be registered. Sodium molybdate has been assigned the
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Chemical Abstract Service number of 7631-95-0, for instance,
but has not been selected for toxicity testing. Under RCRA,
Mo is neither listed as a hazardous waste nor a hazardous con-
stituent. Section 311 of the CWA lists 299 substances as hazard-
ous if spilled in waterways; no Mo compound is included. In
summary, sodium molybdate and other molybdates are free
of accompanying toxic elements or compounds and exhibit
an environmental compatibility within the framework of their
commercial utilization as a corrosion inhibitor.

Furthermore, molybdate inhibitors are recommended by the
UK. Health and Safety Executive Guideline (HSG70) as part of
a complete water treatment program designed to minimize the
risk of infecting cooling systems with the pathogen Legionella
Pneumophila.®

Molybdenum occurs naturally in various ores; the principal
source being molybdenite (MoS,). Molybdenum compounds are
used primarily in the production of metal alloys. Molybdenum
is also considered an essential trace element with the provi-
sional recommended dietary intake of 75-250 ng/day for adults
and older children.”' There is no information available on the
acute or subchronic oral toxicity of molybdenum in humans.
Subchronic and chronic Reference Concentrations (RfC) for
Mo are not available. Information on the inhalation toxicity
of Mo in humans following acute and subchronic exposures
is also not available. The chronic oral Reference Dose (RfD)
for Mo and Mo compounds is 0.005 mg/kg/day, based on bio-
chemical indices in humans. The subchronic RfD is also 0.005
mg/kg/day. Mo is placed in EPA Group D, not classifiable as to
carcinogenicity in humans.*!

Corrosion-inhibiting behavior was first attributed to the
molybdates in 1939.% First they were used as pigments;*3 and in
a wide variety of applications as corrosion inhibitors,264-275.285-2%
Specifically, they have been utilized in alcohol-water antifreezes
to protect automobile cooling systems from corrosion since
1939.283-28¢ Molybdate allows the partial”**®, or in complex for-
mulations, the complete replacement of nitrite.”*! In addition
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to being efficient, molybdate inhibitior replacements for nitrites
and others were found to be cost-effective.” Typically, a Mo
concentration of 50-150 ppm is maintained in the closed cool-
ing water systems and the pH level is maintained within the
range of 9.0-10.5.°-32 Even with concentrations insufficient to
produce a layer, Mo(V]) is effective in improving the barrier
properties of oxide or other films.'%-3%

In addition to the general competitive adsorption of oxyanion
analogues with those of aggressive anions, as in the case of
chromates, the protective effect for steel by MoO4* may also
be due to oxygen atoms produced via the reduction of the Mo**
to Mo* (or MoQ,) during film formation,

MoO,> —— MoO, + 20- (12.6)

These oxygen atoms interfere with the ability of CI- like anions
to reach the metal/film interface. The formation of MoQO, in
neutral medium is predicted by the Pourbaix diagram for
Mo.** Also, the inhibitive nature of molybdate anions may be
due to the formation of a thin film of molybdate in a range
of reducible valency states, resulting in a passivating effect
at anodic sites on the metal surface like other oxyanion ana-
logues of chromate.*®

In the case of molydate assisted inhibition of aluminum
corrosion, it is believed that a layer of boehmite, A1,O, H,O,
is formed on the surface of the aluminum specimen accom-
panied by a closure of the cavities with the alkali molybdate
that is adsorbed on the surface. The oxidation state of Mo on
the aluminum surface greatly depends on the type of molyb-
date that is used. It is Mo** when simple MoO,* is used, and
it is Mo™ when polymolybdates are used.*® Other theories on
molybdate inhibition in the literature are widely available.’”3!

12.3.2 Vanadates

Vanadium is a metallic element that occurs in six oxidation
states and numerous inorganic compounds. Some of the
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more important compounds are vanadium pentoxide (V,0,),
sodium metavanadate (NaVO,), sodium orthovanadate
(Na,VO,), vanadyl sulfate (VOSO,), and ammonium vana-
date (NH,VO,). Vanadium is used primarily as an alloying
agent in steels and non-ferrous metals.** Vanadium com-
pounds are also used as catalysts and in chemical, ceramic
or specialty applications. An inhalation reference concentra-
tion has not been derived for vanadium or its compounds.*
There is no information available on the acute or subchronic
oral toxicity of vanadium in humans. Subchronic and
chronic Reference Concentrations (RfC) for vanadium are
not available. Reference Doses (RfD) for chronic oral expo-
sures are: 0.007 mg/kg/day for vanadium; 0.009 mg/kg/
day for vanadium pentoxide; 0.02 mg/kg/day for vanadyl
sulfate; and 0.001 mg/kg/day for sodium metavanadate.
The subchronic RfDs for these compounds are the same as
the chronic RfDs, except for sodium metavanadate, which is
0.01 mg/kg/day. There is little evidence that vanadium or
vanadium compounds are reproductive toxins or teratogens.
There is also no evidence that any vanadium compound is
carcinogenic; however, very few adequate studies are avail-
able for evaluation. Vanadium has not been classified as to
carcinogenicity by the U.S. EPA.%*

Like molybdates and other oxyanion analogues of chromates,
the inhibitive action of monovanadate anions are attributed to
their competitive adsorption on the metal surface, the forma-
tion of an adsorbed layer on the oxide film and the formation
of a highly insoluble salt with dissolved metal ions, which pre-
vents the penetration of Cl” ions and consequently decreases
the rate of corrosion.?!

It is proposed that vanadates undergo a reduction to a
four-valent state upon incorporation into the surface coat-
ing of aluminum similar to MnO,, and MoO,.** Therefore,
the protective ability of the four-valent oxides is a pure bar-
rier protection, while hexavalent state compounds work as
passivators.
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12.3.3 Salts of Polyhydroxycarboxylic Acids

Nontoxic organic chemicals that are efficient as corrosion
inhibitors include sodium, calcium and zinc salts of polyhy-
droxycarboxylic acids. The gluconic acid derivatives were
found to hinder general corrosion of carbon steel in near-
neutral media.”®® Many studies have been carried out on the
use and the mechanism of action of sodium, calcium, zinc and
borogluconates as corrosion inhibitors for metals, particularly
for carbon steel in the neutral environment.****¥ In other stud-
ies gluconate salts were tested as nontoxic, environmentally
friendly inhibitors to replace the currently used inhibitors in
cooling water systems.*®3%2 There are other applications of
gluconates in addition to cooling waters, such as their use
to improve the corrosion resistance of medical instruments
in sterilizing solutions®® and structures in marine environ-
ments.® Calcium and zinc gluconates are used as dietary
supplements and as first-aid treatments, while iron gluco-
nate is used for the treatment of iron deficiencies. However,
zinc appears on the list of EPA as a pollutant, but the permis-
sible content in potable water, declared by the World Health
Organization (WHO) is 5.0 mg/L as opposed to 0.1 mg/L of
hexavalent chromium.¢

Since it is listed as a secondary pollutant of drinking water,
some basic information about its uses and toxicity levels are
produced herein. Zinc is used primarily in galvanized metals
and metal alloys, but zinc compounds also have wide com-
mercial applications as chemical intermediates, catalysts, pig-
ments, vulcanization activators and accelerators in the rubber
industry, UV stabilizers and supplements in animal feeds and
fertilizers. They are also used in rayon manufacturing, smoke
bombs, soldering fluxes, mordants for printing and dyeing,
wood preservatives, mildew inhibitors, deodorants, antisep-
tics, astringents and as rodenticides.®” Zinc is an essential
element with recommended daily allowances ranging from
5 mg for infants to 15 mg for adult males. In some medical
treatment it is recommended 50 mg of zinc to be taken per
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day as zinc gluconate.’” The upper limit of zinc in drinking
waters is given as 5 mg/L. An inhalation reference concentra-
tion has not been derived for zinc or zinc compounds. There
is no information available on the acute or subchronic oral
toxicity of zinc in humans. Subchronic and chronic Reference
Concentrations (RfC) for zinc are not available. The currently
accepted Reference Doses (RfD) for both subchronic and
chronic exposures is 0.2 mg/kg/day based on clinical data
demonstrating zinc-induced copper deficiency and anemia in
patients taking zinc sulfate for the treatment of sickle cell ane-
mia. No case studies or epidemiologic evidence has been pre-
sented to suggest that zinc is carcinogenic in humans by the
oral or inhalation route. Zinc is placed in weight-of-evidence
Group D, not classifiable as to human carcinogenicity due to
inadequate evidence in humans and animals.*”

12.4 Synergistic Use of Oxyanions Analogues
of Chromate

Despite many similarities, oxyanion analogues of chromate
are not strong oxidants like chromate, and only in the presence
of a primary passivator can they inhibit corrosion as anodic
inhibitors. Therefore, their combined use with those of syn-
ergistic constituents in formulations seems to be a reasonable
approach for obtaining sufficient efficiency for replacement
of chromates.*¥3"! Among synergistic constituents, cathodic
inhibitors are synergists of molybdate inhibition.*' In neutral
or alkaline solutions, these cations can interrupt the cathodic
reaction of the corrosion process by forming an adherent, insol-
uble oxide, hydroxide or carbonate film, which is not provided
by the oxyanion analogues of chromate. Zn?* most efficiently
synergizes molybdate inhibition of steel in aerated, neutral
and alkaline cooling tower water®? Ca?, another cathodic
inhibitor usually present as hardness in cooling water, sig-
nificantly increased the corrosion protection of steel already
synergistically inhibited with MoO,*~Zn?"3"?3 An amount of
10 percent of calcium or zinc gluconate was found to reduce
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considerably the amount of molybdate required for the same
inhibition effect as observed in molybdate alone." In a com-
parative study it was found that permanganate increased the
corrosion resistance more than molybdate and molybdate
more than cerium(Ill) nitrate for 6061-T6. However, the order
was opposite for 2024-T3.3%%% Many examples of inhibitors
that are synergistic with oxyanion analogues of chromate for
the protection of ferrous and nonferrous metals are available
in the literature.?*3%
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Sol-Gels (Ormosils):
Properties and Uses

Conversion coatings are applied to metal surfaces to promote
both adhesions of organic finishes such as paints and for cor-
rosion protection of the metal substrate. As an alternative to
chromate conversion coatings, sol-gel processing grew out of
the ceramics field. In this method, soluble metal salts and/or
metal organic materials are used to produce a wide variety of
mixed metal oxide and metal-oxide-organic composites.*?7
It is proposed that the only universal processes for treating
several Al alloys that are effective in various corrosion envi-
ronments and are environmentally compliant are coatings
consisting of organofunctional and non-organofunctional
silanes.!”17376382 These coatings are a promising solution for
the corrosion protection of aluminum alloys, which is a key
requirement for aircraft as the U.S. Air Force extends the life-
time of its fleet.*®* The downside of epoxy silicate sol-gel coat-
ings when compared to chromate conversion coatings is that
the sol-gel films cannot passivate a damaged area.’”®

69
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In 1985, Wilkes et al.®* first reported successful preparation of
a new type of organic-inorganic hybrid material by the reac-
tion of tetraethyl ortho-silicate (TEOS) and polydimethyl silox-
ane (PDMS), which he named “ceramers”. At approximately
the same time, Schmidt independently reported the success-
ful preparation of new organic-inorganic hybrid materials,
which he termed “ormosils” (organically bonded or modified
silicates).® Ormosils are hybrid organic-inorganic materials
formed through the hydrolysis and condensation of organi-
cally modified silanes with traditional alkoxide precursors.*¢3¥7
Later on, after other oxides such as ZrO, were also bonded to
organic groups, Schmidt has also used the term “ormocers” 3%

The sol-gel process, which is mainly based on inorganic
polymerization reactions, is a chemical synthesis method ini-
tially used for the preparation of inorganic materials, such as
glasses and ceramics. Instead of using metal alkoxides as the
precursor for the sol-gel reaction, alkoxysilanes are used as the
only or one of the precursors, and the organic groups are intro-
duced into the inorganic network through the silicon-carbon
bond in an alkoxysilane.®! 424 43¢

One of the attractive features of the sol-gel process is that it
enables the preparation of numerous types of new organic-
inorganic materials with improved thermal, mechanical, opti-
cal and electrical properties, such as host oxide materials,
which are either impossible or extremely difficult to synthe-
size by any other process.?+837.389-31 The numerous applica-
tions of these materials include scratch and abrasive-resistant
hard coatings and special coatings for polymeric materials,
metal and glass surfaces.* Specifically for mild steel*® and
aluminum 2024 alloys®’#* widespread uses of these ormosil
materials have been reported.

13.1 Types of Sol-Gels

Silanes used for ormosil manufacture are a family of
organo-silicon monomers with the general formula R-Si(OR’),,
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where R is an organofunctional group and R’ is usually a
methyl or ethyl group. In an aqueous environment, the alkoxy
group hydrolyzes to form a silanol R-Si(OH),, which in turn
forms a chemical bond with the hydrated oxide film.*®4!> The
other functional group on the silane molecule, R, may bond
strongly with the polymer resin base of the paint coating.
Introduction of these covalently bonded RSi groups allows
chemical modification of the resulting material’s properties.
The inorganic components tend to impart durability, scratch
resistance, and improved adhesion to the metal substrates,
while the organic components contribute to increased flexibil-
ity, density and functional compatibility with organic polymer
paint systems.’”

Precursors, which generally are di- and trifunctional silanes,
span a wide range of sizes, chemical reactivities and function-
alities. The use of precursors containing non-hydrolyzable SiC
bonds, such as bifunctional or/and trifunctional alkoxysilanes
(R’ Si(OR), , n=1to 3, R = alkyl, R" = organic group), allows
introduction of organic groups directly bonded to the poly-
merlike silica network.? 404 41419 Trifunctional alkoxysilanes
are more commonly used as precursors than other alkoxysi-
lane precursors because a variety of such silanes are com-
mercially available, while bifunctional alkoxysilanes have to
be used in the presence of higher functionality precursors in
order to form a three-dimensional network.*'#%

Ormosils can be divided into three categories based on their
preparation methods. In type A, the organic, such as a dye, is
mixed into the sol-gel liquid solution, such as triethanolamine
(TEOA), in alcohol. On gelation, the organic is trapped in the
porous silica matrix. It is assumed that no chemical reactions
have occurred between the two constituents.***?! In type B,
a porous oxide gel is first formed in which the porosity and
pore size is controlled by heating. An organic solution is then
impregnated into the pores of the gel. The organic phase is
then solidified via polymerization, and a nanocomposite, such
as paramethoxymethamphetamine (PMMA), is formed in sil-
ica. Still, no chemical bonds usually exist between the organic
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and inorganic phases.***? In type C, the organic solution is
added to the oxide gel liquid solution, but unlike type A, a
chemical bond is formed between two phases or the inor-
ganic oxide precursor may already have a chemically bonded
organic group, such as CH,Si(OCH,), prior to the reaction.
Types A, B, and C can further be mlxed The most common
system in this class of hybrids is that of polydimethylsiloxan
(PDMS) and tetraethoxysilane (TEOS). Together, these vari-
ous types of ormosils offer a very wide spectrum of chemistry,
structures and applications.*?4*

13.2 Corrosion Inhibition Mechanism of
Sol-Gel Coatings

Other than versatile coating formulations and ease of
application under normal conditions, ormosil coatings exhibit
increased thickness as compared to their inorganic counter-
parts.*>** Thus, sol-gel derived coatings provide good cor-
rosion protection for various metal substrates, such as Fe, Al,
and Zn, due to their ability to form a dense barrier to the pen-
etration of water and corrosion initiators to go along with their
good adhesion properties and chemical inertness.*” It should
be noted, however, when adsorbed initially, the silane actu-
ally is highly hydrophilic. It becomes hydrophobic by loss of
water molecules only after the cure of the paint. This hydro-
philicity /hydrophobocity dual nature is a unique property
of silanes not shown by any other existing interface modifi-
ers. Interfaces modified by silane perform well even under
paints that are poor in terms of permeability, porosity or bar-
rier properties, since the hydrophobic nature of organofunc-
tional groups limits the degree of hydration and reduces the
degree of adhesion loss.*® The reduction in adhesion of paints
on nonsilane-treated aluminum surfaces after exposure to
an aqueous environment is associated with the transforma-
tion of the aluminum oxide film beneath the paint coating to
a hydrated oxide, which adheres poorly to the aluminum.*®
Thus, the silane processes do not require the same high-cost



SoL-GEeLs (ORMOSILS): PROPERTIES AND Uses 73

paint systems as chromates do, which is another advantage of
these novel treatments.*!%4!

Another important aspect of corrosion protective coatings is
that they should be barriers between the coatings and their
environment, but no known coating system stops completely
the transport of oxygen, water and corrosive ions to the coat-
ings/metal interface.*'***¢*>* Therefore, most corrosion control
coating systems are at least two-coat systems, sometimes even
three-coat systems, so that the top-coat layer with its hydro-
phobic polymer composition has the greatest resistance to
UV, and the primer and mid-coat adhere to the substrate and
each other due to the high crosslink density and wet adhesion
properties of the polymers that exist therein. However, the
main reason for multiple-layer coating systems overall is the
substantial decline in the probability of one defect area over-
lying another, thus preventing localized corrosion. Therefore,
the same final thickness of coating applied by multiple lay-
ers will give a significantly better performance than that of a
single layer of this thickness.*® '

Despite the fact that sol-gel coatings do not have the self-healing
ability of chromate conversion coatings, they still effectively
inhibit certain types of corrosion, such as uniform corrosion,
provided there is no coating failure, since coating failures may
lead to excessive pitting corrosion for aluminum alloys in par-
ticular.’®? Corrosion resistance behavior of sol-gels is related
to the crosslinking of the polysiloxane to the metal alkoxide
with the formation of MOSi bridges and to the formation of
polymetallosiloxane-Al interfacial chemical bonds.**? Thus, it
is desirable to improve the chemical interaction between the
first monolayer of the coating and the substrate such that elec-
trochemical reactions like the reduction of oxygen are inhib-
ited and bonds may withstand the attack of water and other
aggressive species like OH.**4%

The adsorption of organic compounds on metal substrates
is generally achieved by two ways. Organic compounds are
either adsorbed from the electrolyte similar to other con-
ventional inhibitors, or adsorbed onto the metal surface by
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condensation from the vapor phase similar to that of volatile
corrosion inhibitors, such as morpholine, hydrazine or hex-
ylamine salts. With no significant electron transfer between
the substrate and the adsorbed molecule, this pure electro-
static adsorption process is called physisorption, which is fast
and reversible due to low activation energy.*”#?® However,
provided that electron transfer occurs due to orbital overlap
between a single pair of electrons of the adsorbed molecule
and empty bonds of the solid, physisorption becomes chemi-
sorption, which is highly irreversible. Chemisorption is slower
than physisorption and it requires higher activation energy. In
contrast to physisorption, it is specific for certain metals. On
the other hand, the inhibitor should have free single e pairs,
or n-electrons for chemisorptions to occur. Based on the Lewis
acid-base concept, higher polarizability of the involved het-
eroatom leads to stronger chemisorption. The inhibitor is then
electron donor and the metal is electron acceptor in agreement
with the soft and hard acid and base theory (HSAB).***!

Silane coupling is adherence of the organosiloxane-modified
natural polymer to the aluminum surface in the form of chemi-
sorption. As a result of this coupling, sol-gel derived thin films
highly adhere to metal surfaces, which is confirmed by bond
strength measurements in the literature.'” Chemisorption of
silanes is provided by their hydrolysis in humid atmospheres
to silanols R -nSi(OH) . Following hydrolysis, condensation
occurs through reactions between ~-OH or -COOH groups on
the polymer precursor, the silanol groups from organosiloxane
side-chains and hydroxyl species present on the aluminum
surface. The hydrolysis of the silane is expected to be the rate-
determining step and polymerization begins when hydroly-
sis is nearly finished.*?> The commonly used silane coupling
agents have the structure X;Si(CH,) Y, where X represents a
group that can hydrolyze, such as methoxy or ethoxy, and Y
an organofunctional group such as chlorine, amine, epoxy, or
mercaptosubstituted alkyl groups. Nonfunctional silanes are
very similar to functional silanes in their structure, except that
they have hydrolyzable SiOC bonds on both ends and are bet-
ter known as crosslinking agents.!?
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13.3 Synthesis of Sol-Gels

Synthesis is typically described by two steps: first hydrolysis
of metal alkoxides to produce hydroxyl groups, followed by
polycondensation of the hydroxyl groups and residual alkoxyl
groups to form a three-dimensional network. These reactions
are as follows: 4+

Hydrolysis Reactions

Si(OR), + H,0 ¢— (HO)Si(OR), + ROH (13.1)
(OH)Si(OR), + H,0 ¢—> (HO),Si(OR), + ROH ~ (13.2)
(HO) Si(OR), + H,0 +— (HO).Si(OR) + ROH  (13.3)

(HO),Si(OR) + H,0 ¢— Si(OH), + ROH (13.4)

General Hydrolysis Reaction:

M(OR)_+ xH,0 ¢— M(OH)_+ xROH (13.5)

Alcohol Condensation (Alcoxolation)

=5i-OR + HO-Si= ¢—» =5i-O-5i= + ROH (13.6)

Water Condensation (Oxolation)

=5i-OH + HO-Si= ¢—» =5j-O-S5i= + HOH (13.7)

General Condensation Reaction:

2M(OH) — (OH)_M-O-M(OH) , +H,0  (13.8)

2
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The hydrolysis rate is high under an acidic environment
relative to that of condensation, and acid catalysts promote the
development of more linear or polymer-like molecules in the
initial stages. In addition to the pH of the reaction, the concen-
tration of reagents and the size of the alkoxy group can also
influence the hydrolysis and condensation reactions through a
steric or leaving-group stability effect. As a result, species such
as tetramethoxysilane (TMOS) tends to be more reactive than
tetraethoxysilane (TEOS).%723%

13.3.1 Gelation

The condensation reaction leads to the formation of a sol,
which can be cast into films, fibers or blocks and then gelled
through continued condensation. The gel phase in sol-gel
processing is defined and characterized as a three-dimen-
sional solid “skeleton” enclosing a liquid phase. Both liquid
and solid phases are continuous and of colloidal dimensions.
The solid phase is typically a condensed polymeric sol where
the particles have cross-linked between themselves to form a
three-dimensional network.*®

13.3.2 Drying

When the gelled materials dry, capillary forces cause shrinkage
of the flexible skeleton. The skeleton stiffens as it shrinks until
the gel can withstand capillary pressures at which point the
pores empty, leaving a microporous solid xerogel. Gel films
can be formed on a substrate by two methods, immersion and
non-immersion (spray, dip, spinon, etc.) Sol-gel based coatings
must be designed to contain and deliver soluble non-chrome
inhibitors at a rate to maintain effective concentrations in the
coating system.*

Highly organic films do not adhere to the metal surface well,
presumably due to the low inorganic content and insuf-
ficient concentrations of SiOH groups to produce covalent
SiOAl bonds with the underlying metal surface. In addition,
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high viscosity ormosils produced using low hydrolysis water
content do not flow evenly over the substrate surface, produc-
ing differences in texture at regions where gelation occurred.
On the other hand, ormosils prepared from high water con-
tent do not wet the aluminum surface well due to high sur-
face tension of the mainly aqueous sol, resulting in very thin,
unevenly coated films. Therefore, appropriate inorganic/
organic ratio and water content are very important for the for-
mation of good quality, corrosion-resistant barrier films highly
adherent to the underlying metal substrate.***

13.4 Incorporation of Corrosion Inhibitive
Pigments into Sol-Gel Coatings

The main protection mechanisms of coatings in general are:***

1. Creating a path of extremely high electrical resis-
tance, thus inhibiting anode-cathode reactions.

2. Creating an effective barrier against the corrosion
reactants, primarily water and oxygen.

3. Providing an alternative anode for the dissolu-
tion process.

4. Passivating the metal surface with soluble
pigments.

The first corrosion protection mechanism of organic coatings,
that is to create a path of extremely high electrical resistance
between anodes and cathodes, is probably the most important
one also.** This electrical resistance reduces the flow of cur-
rent available for anode-cathode corrosion reactions. One way
to achieve this is to incorporate corrosion protective pigments
into the coatings. Inhibitor pigments can increase the electrical
resistance in the coating due to their unique physical proper-
ties or due to the physical properties of their products they
form in the coating.
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In addition to the inhibitive pigments, which contain the
anodic, cathodic and mixed inhibitor types, those described
earlier, there are two more classes of inhibitors commonly
incorporated into protective coatings. These two inhibitor pig-
ment types are barrier and sacrificial pigments.

13.4.1 Barrier Pigments

Barrier pigments are chemically inert, flake or plate-like
shaped particles, such as micaeous iron oxide (MIO) parti-
cles.*® The term micaceous refers to its particle shape, which is
flake-like or lamellar-shaped. In addition to providing a bar-
rier against diffusion of aggressive species through the coat-
ing, barrier pigments also provide mechanical reinforcement
to the paint film and, when present in the top-coat, they can
also block ultraviolet light, thus shielding the binder from this
destructive form of radiation.*>***°

As a result, barrier pigments can be incorporated into primer,
intermediate coat, or top-coat since they are chemically inert
and do not react with the metal, unlike inhibitive or sacrificial
pigments.**

13.4.2 Sacrificial Pigments

Sacrificial pigments usually contain zinc in the form of zinc
dust in large amounts. When in electrical contact with the steel
surface, the zinc film acts as the anode of a large corrosion cell
and protects the steel cathode. In other words, zinc sacrificially
corrodes instead of steel.** In addition to sacrificially corrod-
ing, zinc dust also provides barrier action due to formation of
its insoluble corrosion products.*7*¥

13.4.3 Inhibitive Pigments

Inhibitive pigments are soluble species, such as molybdates or
phosphates, which are carried to the metal surface, where they
inhibit corrosion by passivating the substrate surface mostly
by forming protective films.** Solubility and reactivity are
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critical parameters for inhibitive pigments. With too much of
both parameters, coating degradation occur due to blistering
and delamination.

A successful sol-gel coating application for Al 2024-T3 alloy
has been developed in a recent study.** Enhancement of the
corrosion inhibitive properties of this particular sol-gel coating
by incorporating inhibitor pigments into its structure remains
a challenge, although there have been some recent develop-
ments in some recent studies in which this author was associ-
ated. In these aforementioned recent studies, only inhibitive
pigments were put into test for the purpose of the research,
although it is known that inhibitive pigments or their reaction
products can act like barrier or sacrificial pigments as well.
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Corrosion in Engineering
Materials

14.1 Introduction

The engineering community is interested in many materials,
but the most important and widely used are the structural
steel and reinforced concrete. The civil engineer is required to
check that these materials withstand not only the tensile and
compressive stresses, but also the effects of various complex
stress systems and corrosion.

Corrosion of steel is known by engineers as the result of electro-
chemical reaction when different potentials are developed by
electrically connected metal parts in contact with a solution con-
taining free ions. The so-called electrode potential is dependent on
the particular metal and the nature of the solution. Comparative
values of electrode potentials may be measured against a stan-
dard electrode-electrolyte system. For example, if hydrogen is
considered of zero V electrode potential, then lead, iron, zinc and
aluminum potentials are 0.13, 0.44, 0.75 and 1.66 V, respectively.

81
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When a metal is placed in an electrolyte and different electrode
potentials are generated, current flows through the system, caus-
ing attack on the more anodic metal (i.e., the metal with the more
negative electrode potential). The cathodic metal (i.e., the metal
with the more positive electrode potential) remains unattacked.
The reaction on the cathodic metal may be deposition of metal,
liberation of hydrogen or formation of OH- hydroxyl ions.

Corrosion may also occur without the presence of different
electrode potentials if there is an applied electrical current due to
the pickup of stray electrical currents from electrical conductors
and equipment or the incidence of induced electrical currents.

14.2 Steel Structures

14.2.1 Corrosive Environments

Steel structures may be exposed to a variety of corrosive
elements:

1. Water, moisture and humidity
2. Salt-laden air and rain
3. Chemicals from the atmosphere, splashes or spills

14.2.2 The Corrosion Process in Steel Structures

A clear understanding of the corrosion process is essential
to understand the steps to inhibit corrosion with protective
coatings.

Oxygen combines with iron, the major element in steel, to
form rust. This electrochemical process returns the iron metal
to the state that it existed in nature-iron oxide. The most com-
mon form of iron oxide or iron ore found in nature is hematite
(Fe,0,), which is equivalent to what we call rust. Iron in iron ore
is separated from the oxide to yield usable forms of iron, steel
and various other alloys through rigorous electrochemical
reduction processes.



CORROSION IN ENGINEERING MATERIALS 83

The process of combining iron and oxygen, called oxidation,
is accompanied by the production of a measurable quantity of
electrical current, which is why this is called an electrochemi-
cal reaction. For the reaction to proceed, an anode, a cathode
and an electrolyte must be present. This is termed a corrosion
cell. In a corrosion cell, the anode is the negative electrode
where corrosion occurs (oxidation), the cathode is the posi-
tive electrode end and the electrolyte is the medium through
which an electrical current flows.

14.2.3 Protection Against Corrosion in Steel
Structures

Steel members' deterioration may appear either in external
corrosion, which would be visible upon inspection, or in unde-
tected changes that reduce its strength.

Recognition of these problems includes factoring a specific
amount of tolerance for damage in the design or providing
adequate protection system (for example coating and cathodic
protection) and/or planned maintenance programs so that
such problems do not occur.*”

Because the interior of a hollow steel section (HSS) is difficult
to inspect, some concern has been expressed regarding inter-
nal corrosion. In a sealed HSS, internal corrosion cannot prog-
ress beyond the point where the oxygen or chemical oxidation
is consumed. If fine openings exist at connections, moisture
and air can enter the HSS through capillary action or by aspi-
ration due to the partial vacuum that is created if the HSS is
cooled rapidly.

Situations where conservative practice would recommend an
internal protective coating include: *¢

1. Open HSS where changes in the air volume by
ventilation or direct flow of water is possible, and

2. Open HSS subject to a temperature gradient that
would cause condensation.
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An HSS that is filled or partially filled with concrete should
not be sealed. In the event of fire, water in the concrete will
vaporize and may create pressure sufficient to burst a sealed
HSS. Care should be taken to keep water from remaining in
the HSS during or after construction, since the expansion
caused by freezing can create pressure that is sufficient to
burst an HSS.

14.2.4 Coatings as a Corrosion Control

A coating may be defined as a material which is applied to
a surface as a fluid and which forms, by chemical and/or
physical processes, a solid continuous film bonded to the
surface.

Eliminating any of the reactants in the process can inter-
rupt corrosion. If a barrier is put onto the iron that prevents
oxygen and/or water from coming in contact with steel,
the corrosion process can be prevented. Steel is not the
only surface protected by such barriers. Other alloys and
metals such as stainless steel, brass, aluminum and other
materials such as concrete, wood, paper, and plastic are also
protected from the environment with coatings. Protective
coatings that serve as barriers are the principal means of
protecting structures.

14.2.5 Corrosion Protection/Surface Protection

Surface protection of steel falls into two categories:

1. corrosion protection; paint, galvanizing, etc. and
2. fire protection.

This discussion is devoted to corrosion protection. The
designer should ensure that the corrosion protection system
is compatible with other paint and fire protection systems to
be used. Several types of paint and methods of application are
suitable for shop use. Contact surfaces for nonslip connections
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or any surfaces to be welded on site must be clearly identified
by the designer so that they remain unpainted by the fabrica-
tor. Site painting is used for touching up areas damaged dur-
ing transportation or erection, or to cover site welds or other
such details. Whilst the designer may have little influence over
the extent of damage, he can reduce the number of site welds,
etc., requiring painting. Site painting is time consuming and,
therefore, expensive, and it can look unsightly.*°Paint should
be protected during transportation and erection to minimize
damage.

The specification of hard, two-pack chemical resistant paint
reduces the likely extent of damage, but it is initially more
expensive, more difficult to touch up and takes longer to cure.
When additional coats of paint are required for decorative
purposes, they will generally need to be applied on site, and
for convenience damaged paint can be touched up as part of
this operation.

Controlling temperature and humidity, and keeping surfaces
clean between the applications of coats may prove difficult on
site unless the building envelope is sealed before touching up,
or the application of additional coats, commences. Site welds
should be minimized because they require careful cleaning
and degreasing before paint is applied.

14.3 Concrete Structures

The corrosion of metals, especially steel, in concrete has
received increasing attention in recent years because of its
widespread occurrence in certain types of structures and the
high cost of repairs. The corrosion of steel reinforcement is
observed in marine structures and chemical manufacturing
plants. Also, bridge decks, parking structures and other struc-
tures exposed to chlorides have made the problem particularly
prominent. The consequent extensive research on factors con-
tributing to steel corrosion has increased our understanding of
corrosion, especially concerning the role of chloride ions.
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14.3.1. Corrosion of Reinforcements in Concrete
Members

Concrete normally provides reinforcing steel with excellent
corrosion protection. The high alkaline environment in con-
crete results in the formation of a tightly adhering film, which
passivates the steel and protects it from corrosion. In addi-
tion, concrete can be proportioned to have a low permeability,
which minimizes the penetration of corrosion-inducing sub-
stances. Low permeability also increases the electrical resis-
tivity of concrete, which impedes the flow of electrochemical
corrosion currents. Because of these inherent protective attri-
butes, corrosion of steel does not occur in the majority of con-
crete elements or structures. Corrosion of steel, however, can
occur if the concrete is not of adequate quality, the structure
was not properly designed for the service environment, the
environment was not as anticipated or changes during the ser-
vice life of the concrete.’”’ The corrosion of steel reinforcement,
therefore, is of the greatest concern.

Chloride ions are considered to be the major cause of prema-
ture corrosion of steel reinforcement. Chloride ions are com-
mon in nature and small amounts are usually unintentionally
contained in the mix ingredients of concrete.

Chloride ions also may be intentionally added, most often as
a constituent of accelerating admixtures. Dissolved chloride
ions also may penetrate unprotected hardened concrete in
structures exposed to marine environments or to deicing salts.

14.3.2 Rate of Corrosion

The corrosion rate of steel reinforcement embedded in con-
crete is strongly influenced by environmental factors. Both
oxygen and moisture must be present if electrochemical cor-
rosion is to occur.

Reinforced concrete with significant gradients in chloride ion
content is vulnerable to macrocell corrosion, especially if sub-
jected to cycles of wetting and drying.
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Other factors that affect the rate and level of corrosion are
heterogeneities in the concrete and the steel, pH of the con-
crete pore water, carbonation of the Portland cement paste,
cracks in the concrete, stray currents and galvanic effects due
to contact between dissimilar metals.

Design features also play an important role in the corrosion
of embedded steel. Mix proportions, depth of cover over the
steel, crack control measures and implementation of measures
designed specifically for corrosion protection are some of the
factors that control the onset and rate of corrosion.

Deterioration of concrete due to corrosion results because the
products of corrosion (rust) occupy a greater volume than
the steel and exert substantial stresses on the surrounding
concrete. The outward manifestations of the rusting include
staining, cracking and spalling of the concrete. Concurrently,
the cross section of the steel is reduced. With time, structural
distress may occur either by loss of bond between the steel
and concrete due to cracking and spalling or as a result of the
reduced steel cross-sectional area. This latter effect can be of
special concern in structures containing high strength pre-
stressing steel in which a small amount of metal loss could
possibly induce tendon failure.

Corrosion Rate and pH

The corrosion rate of iron is reduced as the pH increases. Since
concrete has a pH higher than 12.5, it is usually an excellent
medium for protecting steel from corrosion. Only under con-
ditions where salts are present or the concrete cover has car-
bonated does the steel become vulnerable to corrosion.

14.3.3 Measures to Withstand Corrosion

The research on corrosion to date has not produced a steel
or other type of reinforcement that will not corrode when
used in concrete and that is both economical and technically
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feasible. However, research has pointed to the need for the
following:

quality concrete,

careful design,

good construction practices,

reasonable limits on the amount of chloride in the
concrete mix ingredients,

use of corrosion inhibitors,

6. use of protective coatings on the steel and

7. use of cathodic protection.

BN

o

14.3.4 The Importance of Chloride Ions

Concrete can form an efficient corrosion-preventive environment
for embedded steel. However, the intrusion of chloride ions in
reinforced concrete can cause steel corrosion if oxygen and mois-
ture are also available to sustain the reaction.

Chloride ions may be introduced into concrete in a variety of
ways. Some are intentional inclusion as an accelerating admix-
ture, accidental inclusion as contaminants on aggregates or
penetration by deicing salts, industrial brines, marine spray,
fog or mist.

Incorporation of Chloride Ions in Concrete during Mixing

One of the best known accelerators of the hydration of Portland
cement is calcium chloride. Generally, up to 2 percent solid
calcium chloride dihydrate based on the weight of cement is
added. Chlorides may be contained in other admixtures such
as some water-reducing admixtures where small amounts of
chloride are sometimes added to offset the set-retarding effect
of the water reducer.

In some cases, where potable water is not available, seawater
or water with high chloride content is used as the mixing
water. In some areas of the world, aggregates exposed to sea-
water (or that were soaked in seawater at one time) can con-
tain a considerable quantity of chloride salts. Aggregates that
are porous can contain larger amounts of chloride.
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Chlorides can permeate through sound concrete (i.e., cracks
are not necessary for chlorides to enter the concrete).*”!472

Electrochemical Role of Free Chloride lons

There are three modern theories to explain the effects of

chloride ions on steel corrosion:*"!

(a) The Oxide Film Theory

Some investigators believe that an oxide film on a metal surface
is responsible for passivity and, thus, protection against corro-
sion. This theory postulates that chloride ions penetrate the
oxide film on steel through pores or defects in the film easier
than do other ions (e.g., SO,*). Alternatively, the chloride ions
may colloidally disperse the oxide film, thereby making it eas-
ier to penetrate.

(b) The Adsorption Theory

Chloride ions are adsorbed on the metal surface in competition
with dissolved O, or hydroxyl ions. The chloride ion promotes
the hydration of the metal ions and, thus, facilitates the disso-
lution of the metal ions.

(c) The Transitory Complex Theory

According to this theory, chloride ions compete with hydroxyl
ions for the ferrous ions produced by corrosion. A soluble com-
plex of iron chloride forms. This complex can diffuse away from
the anode, destroying the protective layer of Fe(OH),and permit-
ting corrosion to continue. Some distance from the electrode, the
complex breaks down, iron hydroxide precipitates and the chlo-
ride ion is free to transport more ferrous ions from the anode.*”

Evidence for this process can be observed when concrete with
active corrosion is broken open. A light green semisolid reac-
tion product is often found near the steel, which, on exposure
to air, turns black and subsequently rust red in color.

Corrosion process continues, with more iron ions entering into
the concrete and reacting with oxygen to form higher oxides
that result in a fourfold volume increase. The expansion of
iron oxides produces internal stress, which eventually cracks
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the concrete. Formation of iron chloride complexes may also
lead to disruptive forces.

14.3.5 Types of Corrosion Controlling Mechanisms

It is necessary to have both a cathodic and an anodic reaction
for a corrosion process to occur. If the cathodic process is
the slower process (the one with the larger polarization), the
corrosion rate is considered to be cathodically controlled.
Conversely, if the anodic process is slower, the corrosion rate
is said to be anodically controlled.

In concrete, one or two types of corrosion rate-controlling
mechanisms normally dominate. One is cathodic diffusion,
where the rate of oxygen diffusion through the concrete deter-
mines the rate of corrosion.

The other type of controlling mechanism involves the
development of a high resistance path. When steel corrodes in
concrete, anodic and cathodic areas may be as much as several
feet apart; therefore, the resistance of the concrete may be of
great importance.

Cathodic Protection

The principle of cathodic protection is to change the potential
of a metal to reduce the current flow and thereby the rate of
corrosion. This is accomplished by the application of a protec-
tive current at a higher voltage than that of the anodic surface.
The current then flows to the original anodic surface, resulting
in cathodic reactions occurring there.

The difficulties in using this method, however, are to determine
the correct potential to apply to the system and to make sure
that it is applied uniformly.

14.3.6 Stray Current Corrosion

Stray electric currents are those that follow paths other than
the intended circuit. They can greatly accelerate the corrosion
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of reinforcing steel. The most common sources of these are
electric railways, electroplating plants and cathodic protection
systems.

14.3.7 Stress Corrosion Cracking

Stress corrosion is defined as the process in which the damage
caused by stress and corrosion acting together greatly exceeds
that produced when they act separately.*”*

In stressed steel, a small imperfection caused by corrosion can
lead to a serious loss in tensile strength as the corrosion con-
tinues at the initial anode area.

Another form of corrosion that is related to stress corrosion
cracking is intergranular corrosion. In this case, a gas, usually
hydrogen, is absorbed in the iron, causing a loss of ductility
and cracking. Other materials that may cause intergranular
corrosion are hydrogen sulfide and high concentrations of
ammonia and nitrate salts.

The mechanism of how this type of corrosion proceeds is not
fully understood; however, it is believed that it involves the
reduction in the cohesive strength of the iron.*”!

14.3.8 Effects of the Concrete Environment on
Corrosion

Portland Cement

When Portland cement hydrates, the silicates react with water
to produce calcium silicate hydrate and calcium hydroxide.
The following simplified equations give the main reactions of
Portland cement with water.

2(3Ca0 x Si0,) + 6H,0 — 3CaO x 25i0, x 3H,0 + 3Ca(OH),
(14.1)

2(2Ca0 x Si0,) + 4H,0 — 3Ca0 x 2Si0, x 3H,0 + Ca(OH),
(14.2)
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As previously mentioned, the high alkalinity of the chemical
environment normally present in concrete protects the embed-
ded steel because of the formation of a protective oxide film
on the steel. The integrity and protective quality of this film
depends on the alkalinity (pH) of the environment.

Differences in the types of cement are a result of variation in com-
position, fineness or both, and as such, not all types of cement
have the same ability to provide protection of embedded steel. A
well hydrated Portland cement may contain from 15 percent to
30 percent calcium hydroxide by weight of the original cement.
This is usually sufficient to maintain a solution at a pH about 13
in the concrete independent of moisture content.*”

The use of blended cements might, under certain circumstances,
be detrimental, because of a reduction in alkalinity. However,
blended cements can give a substantial reduction in perme-
ability and also an increase in electrical resistivity, especially
where a reduction in the water-cement ratio is made possible.

Also, such blended cements may give concrete as much as two
to five times higher resistance to chloride penetration than
concrete made with Portland cements.

The effects would be beneficial as far as corrosion is concerned
and in some circumstances the benefits associated with
blended cements more than offset the adverse effects.

Reduction of alkalinity by leaching of soluble alkaline salts
with water is an obvious process. Partial neutralization by
reaction with carbon dioxide (carbonation), as present either
in air or dissolved in water, is another common process.

The silicates are the major components in Portland cement
imparting strength to the matrix. No reactions have been
detected between chloride ions and silicates. Calcium chloride
accelerates the hydration of the silicates when at least 1 per-
cent by weight is added. Calcium chloride seems to act as an
accelerator in the hydration of tricalcium silicate, as well as to
promote the corrosion of steel.

Also present in Portland cement are C,A and an aluminofer-
rite phase reported as C,AF. The C,A reacts rapidly in the
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cement system to cause flash set unless it is retarded. Calcium
sulfate is used as the retarder. Calcium sulfate forms a coating
of ettringite (C,A x 3CaSO, x 32H,0) around the aluminate
grains, thereby retarding their reactivity.

Calcium chloride also forms insoluble reaction products with
the aluminates in cement. The most commonly noted complex
is C,A x CaCl, x xH,O, Friedel’s salt. The rate of formation of
this material is slower than that of ettringite. Chloridealuminate
complex forms after ettringite and prevents further reactions
of sulfate with the remaining aluminates.*'#7

Aggregate

The aggregate generally has little effect on the corrosion of
steel in concrete. There are exceptions. The most serious prob-
lems arise when the aggregates contain chloride salts. This can
happen when sand is dredged from the sea or taken from sea-
side or arid locations. Porous aggregates can absorb consider-
able quantities of salt.

Care should be exercised when using admixtures containing
chloride in combination with lightweight aggregates.

Lightweight aggregates containing sulfides can be damaging
to high-strength steel under stress.

Water

A high moisture content will also substantially reduce the rate
of diffusion of carbon dioxide and, hence, the rate of carbon-
ation of the concrete. An important effect of the moisture con-
tent of concrete is its effect on the electrical resistivity of the
concrete. Progressive drying of initially water-saturated con-
crete results in the electrical resistivity increasing, and steel
corrosion would be negligible even in the presence of chloride
ions, oxygen and moisture.

14.3.9 Corrosion Inhibiting Admixtures

Numerous chemical admixtures, both organic and inorganic,
have been suggested as specific inhibitors of steel corrosion.
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Some of the admixtures, however, may retard time of setting
of the cement or be detrimental at later ages. Many would
be subject to leaching and, hence, less effective in concrete
that has lost soluble material by leaching. Among those com-
pounds reported as inorganic inhibitors are potassium dichro-
mates, stannous chloride, zinc and lead chromates, calcium
hypophosphite, sodium nitrite and calcium nitrite. Organic
inhibitors suggested have included sodium benzoate, ethyl
aniline and mercaptobenzothiazole.*”!

With some inhibitors, inhibition occurs only at addition rates
sufficiently high enough to counteract the effects of chlorides.

Some of the side effects are low strength, erratic times of
setting, efflorescence and enhanced susceptibility to the alkali-
aggregate reaction.

14.3.10 Concrete Quality

Concrete will offer more protection against corrosion of
embedded steel if it is of a high quality. A low water-cement
ratio will slow the diffusion of chlorides, carbon dioxide and
oxygen, and, also, the increase in strength of the concrete may
extend the time before corrosion induced stresses cause crack-
ing of the concrete. The pore volume and permeability can
be reduced by lowering the water cement ratio. The type of
cement or use of super plasticizing and mineral admixtures
may also be an important factor in controlling the permeabil-
ity and the ingress of chlorides.

14.3.11 Thickness of Concrete Cover Over Steel

The amount of concrete cover over the steel should be as large
as possible, consistent with good structural design, the sever-
ity of the service environment and cost.

However, in the case of cement paste, the diffusion of chloride
ions into the paste is accompanied by both physical adsorption
and chemical binding. These effects reduce the concentration
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of chloride ion at any particular site and, hence, the tendency
for inward diffusion is further reduced.

14.3.12 Carbonation

Carbonation occurs when the concrete reacts with carbon
dioxide from the air or water and reduces the pH to about 8.5.
At this low pH the steel is no longer passive and corrosion
may occur. For high quality concrete, in situations where the
rate of carbonation is extremely slow, carbonation is normally
not a problem unless cracking of the concrete has occurred or
the concrete cover is defective or very thin. Carbonation is not
a problem in very dry concrete or in water-saturated concrete.
Maximum carbonation rates are observed at about 50 percent
water saturation.*”!

14.4 Protection Against Corrosion in
Concrete Construction

14.4.1 Introduction

Protection of reinforced concrete structures against steel
corrosion requires careful design and construction practice,
exclusion of chloride ion from the concrete through surface
treatment and direct prevention of steel reinforcement. In the
last case, two approaches are possible: to use corrosion-resis-
tant reinforcing steel or to nullify the effects of chloride ions on
unprotected reinforcement.

14.4.2 Design and Construction Practices

Through careful design and good construction practices, the
protection provided by Portland cement concrete to embed-
ded reinforcing steel can be optimized. It is not the sophistica-
tion of the structural design that determines the durability of a
concrete member in a corrosive environment but the detailing
practices.



96 CORROSION CHEMISTRY

The provision of adequate drainage and a method of removing
drainage water from the structure are particularly important.

In reinforced concrete members exposed to chlorides and
subjected to intermittent wetting, the degree of protection
against corrosion is determined primarily by the depth of cover
to the reinforcing steel and the permeability of the concrete.

Modern concrete structures should be built with a sufficiently
low water-to-binder ratio and a large concrete cover, as these
measures do not only increase the time for the chloride to reach
the concrete, but also minimize moisture and temperature
variations at the steel-concrete interface and, thus, increase the
chloride threshold.

The time to spalling is a function of the ratio of cover-to-bar
diameter, the reinforcement spacing and the concrete strength.
Although conventional Portland cement concrete is not imper-
meable, concrete with a very low permeability can be made
through the use of good quality materials, a minimum water-
cement ratio consistent with placing requirements, good con-
solidation and finishing practices and proper curing,.

In concrete that is continuously submerged, the rate of corrosion
is controlled by the rate of oxygen diffusion that is not signifi-
cantly affected by the concrete quality or the thickness of cover.
However, corrosion of embedded steel is a rare occurrence in
continuously submerged concrete structures. 14747

Placing limits on the allowable amounts of chloride ion in
concrete is an issue still under active debate. Since chlorides
are present naturally in most concrete-making materials, spec-
ifying zero chloride content for any of the mix ingredients is
unrealistic.”!

However, it is also known that wherever chloride is present
in concrete, the risk of corrosion increases as the chloride
content increases. When the chloride content exceeds a cer-
tain value (termed the “chloride corrosion threshold”), unac-
ceptable corrosion may occur. Provided that other necessary
conditions, chiefly the presence of oxygen and moisture,
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exist to support the corrosion reactions, it is a difficult task to
establish a chloride content below which the risk of corrosion
is negligible that is appropriate for all mix ingredients and
under all exposure conditions and that can be measured by
a standard test.

Three different analytical values have been used to designate
the chloride content of fresh concrete, hardened concrete or
any of the concrete mixture ingredients:*’!

1. Total,
2. Acid-soluble and
3. Water-soluble.

The total chloride content of concrete is measured by the total
amount of chlorine. Special analytical methods are necessary
to determine it, and acid-soluble chloride is often mistak-
enly called total chloride. The acid-soluble method is the test
method in common use and measures chloride that is soluble
in nitric acid. Water-soluble chloride is extractable in water
under defined conditions. The result obtained is a function of
the analytical test procedure, particularly with respect to par-
ticle size, extraction time and temperature, as well as to the
age and environmental exposure of the concrete.

It is also important to distinguish clearly between chloride
content, sodium chloride content, calcium chloride content or
any other chloride salt content. In this report, all references to
chloride content pertain to the amount of chloride ion (CI")
present. Chloride contents are expressed in terms of the mass
of cement unless stated otherwise.

Work at the Federal Highway Administration laboratories
showed that for hardened concrete subject to externally
applied chlorides, the corrosion threshold was 0.20 per-
cent acid-soluble chlorides. The average content of water-
soluble chloride in concrete was found to be 75 percent to
80 percent of the content of acid-soluble chloride in the same
concrete.**
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These investigations show that, under some conditions, a
chloride content of as little as 0.15 percent water-soluble chlo-
ride (or 0.20 percent acid-soluble chloride) is sufficient to
initiate corrosion of embedded steel in concrete exposed to
chlorides in service. However, in determining a limit on the
chloride content of the mix ingredients, several other factors
need to be considered.

The water-soluble chloride content is not a constant proportion
of the acid-soluble chloride content. It varies with the amount
of chloride in the concrete, the mix ingredients and the test
method.

All the materials used in concrete contain some chlorides, and
in the case of cement, the chloride content in the hardened con-
crete varies with cement composition. Although aggregates do
not usually contain significant amounts of chloride, there are
exceptions. There are reports of aggregates with an acid-sol-
uble chloride content of more than 0.1 percent of which less
than one-third is water-soluble when the aggregate is pulver-
ized. Some aggregates, particularly those from arid areas or
dredged from the sea, may contribute sufficient chloride to the
concrete to initiate corrosion. A limit of 0.06 percent acid-solu-
ble chloride ion in the combined fine and coarse aggregate (by
mass of the aggregate) has been suggested with a further pro-
viso that the concrete should not contain more than 0.4 percent
chloride (by mass of the cement) derived from the aggregate.

There is thought to be a difference in the chloride corrosion
threshold value depending on whether the chloride is pres-
ent in the mix ingredients or penetrates the hardened concrete
from external sources. When chloride is added to the mix, some
will chemically combine with the hydrating cement paste.

Conversely, when chloride permeates from the surface of
hardened concrete, uniform chloride contents will not exist
around the steel, because of differences in the concentration
of chlorides on the concrete surface resulting from poor drain-
age, for example, local differences in permeability, and varia-
tions in the depth of cover to the steel.
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All these factors promote differences in the environment
(oxygen, moisture and chloride content) along a given piece
of reinforcement. Furthermore, most structures contain rein-
forcement at different depths, and, because of the procedures
used to fix the steel, the steel is electrically connected. Thus,
when chloride penetrates the concrete, some of the steel is
in contact with chloride-contaminated concrete while other
steel is in chloride-free concrete. This creates a macroscopic
corrosion cell that can possess a large driving voltage and a
large cathode to small anode ratio which accelerates the rate
of corrosion.

ACI 318 allows a maximum water-soluble chloride ion content
of 0.06 percent in prestressed concrete, 0.15 percent for rein-
forced concrete exposed to chloride in service, 1.00 percent for
reinforced concrete that will be dry or protected from moisture
in service, and 0.30 percent for all other reinforced concrete
construction.**!

The British Code, BS 8110, allows an acid-soluble chloride
ion content of 0.35 percent for 95 percent of the test results
with no result greater than 0.50 percent. These values are
largely based on an examination of several structures in which
it was found there was a low risk of corrosion up to 0.4 percent
chloride added to the mixture.

The Norwegian Code, NS 3474, allows an acid-soluble chloride
content of 0.6 percent for reinforced concrete made with nor-
mal Portland cement but only 0.002 percent chloride ion for
prestressed concrete.*”!

Corrosion of prestressing steel is generally of greater concern
than corrosion of conventional reinforcement because of the
possibility that corrosion may cause a local reduction in cross
section and failure of the steel. The high stresses in the steel
also render it more vulnerable to stress corrosion cracking
and, where the loading is cyclic, to corrosion fatigue. However,
because of the greater vulnerability and the consequences of
corrosion of prestressing steel, chloride limits in the mix ingre-
dients are lower than for conventional concrete.
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Normally, concrete materials are tested for chloride content
using either the acid-soluble test described in ASTM C 1152,
“Acid-Soluble Chloride in Mortar and Concrete,” or water-sol-
uble test described in ASTM C 1218, “Water-Soluble Chloride
in Mortar and Concrete.”

For prestressed and reinforced concrete that will be exposed
to chlorides in service, it is advisable to maintain the lowest
possible chloride levels in the mix to maximize the service life
of the concrete before the critical chloride content is reached
and a high risk of corrosion develops. Consequently, chlorides
should not be intentionally added to the mix ingredients even
if the chloride content in the materials is less than the stated
limits. In many exposure conditions, such as highway and
parking structures, marine environments and industrial plants
where chlorides are present, additional protection against cor-
rosion of embedded steel is necessary.

Since moisture and oxygen are always necessary for electro-
chemical corrosion, there are some exposure conditions where
the chloride levels may exceed the recommended values and
corrosion will not occur. Concrete that is continuously sub-
merged in seawater rarely exhibits corrosion induced distress,
because there is insufficient oxygen present.

Similarly, where concrete is continuously dry, such as the
interior of a building, there is little risk of corrosion from
chloride ions present in the hardened concrete. However,
interior locations that are wetted occasionally, such as kitch-
ens, laundry rooms or buildings constructed with light-
weight aggregate that is subsequently sealed (e.g., with
tiles) before the concrete dries out, are susceptible to corro-
sion damage.

Whereas the designer has little control over the change in
use of a building or the service environment, the chloride
content of the mix ingredients can be controlled. Estimates
or judgments of outdoor “dry” environments can be
misleading.
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The maximum chloride limits suggested in ACI committee 222
reports are given below. These differ from those contained in
the ACI Building Code.

Committee 222 has taken a more conservative approach
because of the serious consequences of corrosion, the con-
flicting data on corrosion threshold values and the difficulty
of defining the service environment throughout the life of a
structure.

Various nonferrous metals and alloys will corrode in damp or
wet concrete. Surface attack of aluminum occurs in the pres-
ence of alkali hydroxide solutions. Anodizing provides no
protection.

Much more serious corrosion can occur if the concrete contains
chloride ions, particularly if there is electrical (metal-to-metal)
contact between the aluminum and steel reinforcement,
because a galvanic cell is created. Serious cracking or splitting
of concrete over aluminum conduits has been reported.

Where concrete will be exposed to chloride, the concrete should
be made with the lowest water-cement ratio consistent with
achieving maximum consolidation and density. The effects
of water-cement ratio and degree of consolidation on the rate
of ingress of chloride ions are significant. Concrete with a
lower water-cement ratio resists penetration by chloride ions

Table 14.1: Chloride Limit for New Constructions.

(ACT committee 222)%1
Acid-soluble, Water-soluble,
ASTM1152 ASTM1218

Prestressed 0.08 0.06

concrete
Reinforced concrete 0.10 0.08

in wet conditions
Reinforced concrete 0.20 0.15

in dry conditions
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significantly better than concretes with higher water-cement
ratios. A low water-cement ratio is not, however, sufficient to
insure low permeability. A concrete with a low water cement
ratio but with poor consolidation is less resistant to chloride ion
penetration than a concrete with a higher water-cement ratio.

ACI 201.2R*” recommends a minimum of 50 mm (2 in.) cover
for bridge decks if the water-cement ratio is 0.40, and 65 mm
(2.5 in.) if the water-cement ratio is 0.45. Even greater cover,
or the provision of additional corrosion protection treatments,
may be required in some environments. These recommenda-
tions can also be applied to other reinforced concrete compo-
nents exposed to chloride ions and intermittent wetting and

drying.

Even where the recommended cover is specified, construction
practices must insure that the specified cover is achieved.
Conversely, placing tolerances, the method of construction
and the level of inspection should be considered in determin-
ing the specified cover.

The role of cracks in the corrosion of reinforcing steel is
controversial. One viewpoint is that cracks reduce the service
life of structures by permitting more rapid penetration of car-
bonation and a means of access of chloride ions, moisture and
oxygen to the reinforcing steel. The cracks, thus, accelerate the
onset of the corrosion processes and, at the same time, provide
space for the deposition of the corrosion products.

The other viewpoint is that while cracks may accelerate the
onset of corrosion, such corrosion is localized. Since the chlo-
ride ions eventually penetrate even uncracked concrete and
initiate more widespread corrosion of the steel, the result
is that after a few years’ service there is little difference
between the amount of corrosion in cracked and uncracked
concrete.

Where the crack is perpendicular to the reinforcement, the
corroded length of intercepted bars is likely to be no more
than three bar diameters. Cracks that follow the line of a
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reinforcement bar (as might be the case with a plastic shrinkage
crack, for example) are much more damaging, because the cor-
roded length of bar is much greater and the resistance of the
concrete to spalling is reduced.

For the purposes of design, it is useful to differentiate between
controlled and uncontrolled cracks. Controlled cracks are
those that can be reasonably predicted from knowledge of sec-
tion geometry and loading. For cracking perpendicular to the
main reinforcement, the necessary conditions for crack control
are that there be sufficient steel so it remains in the elastic state
under all loading conditions, and that the steel is bonded at
the time of cracking (i.e., cracking must occur after the con-
crete has set).

Examples of uncontrolled cracking are cracks resulting from
plastic shrinkage, settlement or an overload condition.

Uncontrolled cracks are frequently wide and usually cause
concern, particularly if they are active. However, they cannot
be dealt with by conventional design procedures, and mea-
sures have to be taken to avoid their occurrence or, if they
are unavoidable, to induce them at places where they are
unimportant or can be conveniently dealt with, by sealing for
example.

14.4.3 Excluding of Chloride Ion from Concrete

Waterproof membranes

Waterproof membranes have been used extensively to mini-
mize the ingress of chloride ions into concrete. Since external
sources of chloride ions are waterborne, a barrier to water will
also act as a barrier to any dissolved chloride ions.

The requirements for the ideal waterproofing system are
straightforward; it should:*"

1. be easy to install,
2. have good bond to the substrate,
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3. be compatible with all the components of the
system, including the substrate, prime coat, adhe-
sives, and overlay (where used), and

4. maintain impermeability to chlorides and
moisture under service conditions, especially
temperature extremes, crack bridging, aging, and
superimposed loads.

The number of types of products manufactured to satisfy
these requirements makes generalization difficult. Any system
of classification is arbitrary, though one of the most useful is
the distinction between the preformed sheet systems and the
liquid-applied materials. The preformed sheets are manufac-
tured under factory conditions but are often difficult to install,
usually require adhesives and are highly vulnerable to the
quality of the workmanship at critical locations in the installa-
tion. Although it is more difficult to control the quality of the
liquid-applied systems, they are easier to apply and tend to be
less expensive.

Given thedifferent types and quality of available waterproofing
products, the differing degrees of workmanship and the wide
variety of applications, it is not surprising that laboratory and
field evaluations of membrane performance have also been
variable.

Field performance has been found to depend not only on the
type of waterproofing material used, but also on the quality of
workmanship, weather conditions at the time of installation,
design details and the service environment, 1483485

Blistering, which affects both preformed sheets and liquid-
applied materials, is the single greatest problem encountered
in applying waterproofing membranes.

It is caused by the expansion of entrapped gases, solvents and
moisture in the concrete after application of the membrane.
The frequency of blisters occurring is controlled by the poros-
ity and moisture content of the concrete and the atmospheric
conditions.
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Water or water vapor is not a necessary requirement for blister
formation, but is often a contributing factor. Blisters may also
result from an increase in concrete temperature or a decrease
in atmospheric pressure during or shortly after application of
membranes.

Membranes can be placed without blisters if the atmospheric
conditions are suitable during the curing period.

Once cured, the adhesion of the membrane to the concrete is
usually sufficient to resist blister formation. To insure good
adhesion, the concrete surface must be carefully prepared and
be dry and free from curing membranes, laitance and con-
taminants, such as oil drippings. Sealing the concrete prior to
applying the membrane is possible but rarely practical.

Where the membrane is to be covered (e.g., with insulation or
a protective layer), the risk of blister formation can be reduced
by minimizing the delay between placement of the membrane
and the overlay.

Polymer Impregnation

Polymer impregnation consists of filling some of the voids
in hardened concrete with a monomer and polymerizing in
situ. Laboratory studies have demonstrated that polymer
impregnated concrete (PIC) is strong, durable and almost
impermeable. The properties of PIC are largely determined
by the polymer loading in the concrete. Maximum polymer
loadings are achieved by drying the concrete to remove
nearly all the evaporable water, removing air by vacuum
techniques, saturation with a monomer under pressure
and polymerizing the monomer in the voids of the con-
crete while simultaneously preventing evaporation of the
monomer.

Chemical initiators, which decompose under the action of
heat or a chemical promoter, have been used exclusively in
field applications. Multifunctional monomers are often used
to increase the rate of polymerization.
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Since prolonged heating and vacuum saturation are difficult
to achieve, and increase processing costs substantially, most
field applications have been aimed toward producing only a
surface polymer impregnation, usually to a depth of about 25
mm. (1 in.).*¢

There have been a few full-scale applications of PIC to protect
reinforcing steel against corrosion, and it must still be con-
sidered largely an experimental process. Some of the disad-
vantages of PIC are that the monomers are expensive and the
processing is lengthy and costly. The principal deficiency iden-
tified to date has been the tendency of the concrete to crack
during heat treatment.*”?

Polymer Concrete Overlays

Polymer concrete overlays consisting of aggregate in a polymer
binder have been placed experimentally.

Most monomers have a low tolerance to moisture and low
temperatures; hence, the substrate must be dry and in excess
of 4°C (40°F). Improper mixing of the two (or more) compo-
nents of the polymer has been a common source of problems
in the field. Aggregates must be dry so as not to inhibit the
polymerization reaction.

Workers should wear protective clothing when working with
epoxies and some other polymers because of the potential for
skin sensitization and dermatitis. Manufacturers’ recommen-
dations for safe storage and handling of the chemicals must be
followed.*

A bond coat of neat polymer is usually applied ahead of the
polymer concrete. Blistering, which is a common phenomenon
in membranes, has also caused problems in the application of
polymer concrete overlays.*®

Portland Cement Concrete Overlays

Portland cement concrete overlays for new reinforced concrete
are applied as part of a two-stage construction process. The
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overlay may be placed before the first-stage concrete has set
or several days later, in which case a bonding layer is used
between the two lifts of concrete. The advantage of the first
alternative is that the overall time of construction is shortened
and costs minimized. In the second alternative, cover to the
reinforcing steel can be assured and small construction toler-
ances achieved, because dead load deflections from the over-
lay are very small. No matter which sequence of construction
is employed, materials can be incorporated in the overlay to
provide superior properties, such as resistance to salt penetra-
tion and wear and skid resistance, than possible using single-
stage construction.

Where the second-stage concrete is placed after the first stage
has hardened, sand or water blasting is required to remove
laitance and to produce a clean, sound surface.

Resin curing compounds should not be used on the first stage
construction because they are difficult to remove.

Several different types of concrete have been used as concrete
overlays, including conventional concrete, concrete contain-
ing steel fibers and internally sealed concrete.

However, two types of concrete, low-slump and latex-modified,
each designed to offer maximum resistance to penetration by
chloride ions, have been used most frequently.*'4%

Low-slump Concrete Overlays

The performance of low-slump concrete is dependent solely
on the use of conventional materials and good quality work-
manship. The water-cement ratio is reduced to the minimum
practical (usually about 0.32) through the use of high cement
content (over 470 kg/m? or 800 Ib/yd?® and a water content
sufficient to produce a slump less than 25 mm (1 in.). The con-
crete is air-entrained, and a water--reducing admixture or mild
retarder is normally used. The use of such a high cement factor
and low workability mixture dictates the method of mixing,
placing and curing the concrete.
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Following preparation of the first-stage concrete, a bonding
agent of either mortar or cement paste is brushed into the base
concrete just before the application of the overlay. The base
concrete is not normally pre-wetted. The overlay concrete
is mixed on site, using either a stationary paddle mixer or a
mobile continuous mixer, because truck mixers are not suited
to producing either the quantity or consistency of concrete
required. The concrete must be compacted to the required sur-
face profile using equipment specially designed to handle stiff
mixtures. Such machines are much heavier and less flexible
than conventional finishing machines and have considerable
vibratory capacity. The permeability of the concrete to chlo-
ride ions is controlled by its degree of consolidation, which is
often checked with a nuclear density meter as concrete place-
ment proceeds.

Wet burlap is placed on the concrete as soon as practicable
without damaging the overlay (usually within 20 min. of plac-
ing), and the wet curing is continued for at least 72 hr. Curing
compounds are not used, since not only is externally available
water required for more complete hydration of the cement, but
the thin overlay is susceptible to shrinkage cracking and the wet
burlap provides a cooling effect by evaporation of the water.

Concrete overlays have been used as a protection against
reinforcing steel corrosion in new bridges. In general, the
overlays are susceptible to cracking, especially on continuous
structures, though this is a characteristic of all rigid overlays.*"!

Latex-modified Concrete Overlays

Latex-modified concrete is conventional Portland cement
concrete with the addition of a polymeric latex emulsion. The
water of suspension in the emulsion hydrates the cement and
the polymer provides supplementary binding properties to
produce a concrete with a low water-cement ratio, good dura-
bility, good bonding characteristics and a high degree of resis-
tance to penetration by chloride ions, all of which are desirable
properties in a concrete overlay.
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The latex is a colloidal dispersion of synthetic rubber particles
in water. The particles are stabilized to prevent coagulation,
and antifoaming agents are added to prevent excessive air
entrapment during mixing. Styrenebutadiene latexes have
been used most widely. The rate of addition of the latex is
approximately 15 percent latex solids by weight of the cement.

The construction procedures for latex-modified concrete
(typical thicknesses are 40 and 50 mm.) shall consider the fol-
lowing points:

1. The base concrete must be pre-wetted for at least
1 hr. prior to placing the overlay, because the
water aids penetration of the base and delays film
formation of the latex.

2. A separate bonding agent is not always used,
because sometimes a portion of the concrete itself
is brushed over the surface of the base. '

3. The mixing equipment must have a means of
storing and dispensing the latex.

4. The latex-modified concrete has a high slump so
that conventional finishing equipment can be used.

5. Air entrainment of the concrete is believed not
required for resistance to freezing and thawing.

6. A combination of moist curing to hydrate the
Portland cement and air drying to develop the
film forming qualities of the latex are required.
Typical curing times are 24 hr. wet curing, fol-
lowed by 72 hr. of dry curing. The film-formation
property of the latex is temperature sensitive and
film strengths develop slowly at temperatures
below 13°C (55°F). Curing periods at lower tem-
peratures may need to be extended and applica-
tion at temperatures less than 7°C (45°F) is not
recommended.

Hot weather causes rapid drying of the latex-modified concrete,
which makes finishing difficult and promotes shrinkage crack-
ing. Placing overlays at night avoid these problems.
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Where a texture is applied to the concrete as, for example,
grooves to impart good skid resistance, the time of application
of the texture is crucial. If applied too soon, the edges of the
grooves collapse because the concrete flows.

If the texturing operation is delayed until after the latex film
forms, the surface of the overlay tears and, since the film does
not reform, cracking often results.

The most serious deficiency reported has been the widespread
occurrence of shrinkage cracking in the overlays. Many of
these cracks have been found not to extend through the over-
lay and it is uncertain whether this will impair long-term
performance.*”!

14.4.4 Methods of Protecting Reinforcing Steel from
Chloride Ions

The susceptibility to corrosion of mild steel reinforcement in
common use is not thought to be significantly affected by its
composition, grade, or the level of stress.*® Consequently, to
prevent corrosion of the reinforcing steel in a corrosive environ-
ment, either the reinforcement must be made of a no corrosive
material, or conventional reinforcing steel must be coated to iso-
late the steel from contact with oxygen, moisture, and chlorides.

Noncorrosive Steels

Natural weathering steels commonly used for structural
steelwork do not perform well in concrete containing moisture
and chloride and are not suitable for reinforcement. Stainless
steel reinforcement has been used in special applications,
especially as hardware for attaching panels in precast concrete
construction, but is much too expensive to replace mild-steel
reinforcement in most applications.

Coatings

Metallic coatings for steel reinforcement fall into two categories:
sacrificial and noble or non-sacrificial.
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In general, metals with a more negative corrosion potential
(less noble) than steel, such as zinc and cadmium, give sacrifi-
cial protection to the steel. If the coating is damaged, a galvanic
couple is formed in which the coating is the anode. Noble coat-
ings, such as copper and nickel, protect the steel only as long
as the coating is unbroken, since any exposed steel is anodic
to the coating. Even where steel is not exposed, macrocell cor-
rosion of the coating may occur in concrete through a mecha-
nism similar to the corrosion of uncoated steel.

Nickel, cadmium and zinc have all been shown to be capable
of delaying and, in some cases, preventing the corrosion of
reinforcing steel in concrete, but only zinc-coated (galvanized)
bars are commonly available. Field studies of galvanized bars
in service for many years in either a marine environment or
exposed to deicing salts have failed to show any deficiencies
in the concrete.*’!

Marine studies*? and accelerated field studies** have shown
that galvanizing will delay the onset of delamination and spall
but will not prevent them.

In general, it appears that only a slight increase in life will be
obtained in severe chloride environments. When galvanized
bars are used, all bars and hardware in the structure should be
coated with zinc to prevent galvanic coupling between coated
and uncoated steel.*”!

Fusion-bonded epoxy powder coatings are produced
commercially and widely used. The epoxy coating isolates the
steel from contact with oxygen, moisture and chloride.

The process of coating the reinforcing steel with the epoxy
consists of electrostatically applying finely divided epoxy
powder to thoroughly cleaned and heated bars. Many plants
operate a continuous production line and many have been
constructed specifically for coating reinforcing steel. Integrity
of the coating is monitored by a holiday detector installed
directly on the production line.

The chief difficulty in using epoxy-coated bars has been
preventing damage to the coating in transportation and handling.
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Cracking of the coating has also been observed during
fabrication where there has been inadequate cleaning of the
bar prior to coating or the thickness of the coating has been
outside specified tolerances. Padded bundling bands, frequent
supports and nonmetallic slings are required to prevent dam-
age during transportation.

Coated tie wires and bar supports are needed to prevent
damage during placing. Accelerated time-to-corrosion studies
have shown that nicks and cuts in the coating do not cause
rapid corrosion of the exposed steel and subsequent distress
in the concrete.*”!

Consequently, for long life in severe chloride environments,
consideration should be given to coating all the reinforcing
steel. If only some of the steel is coated, precautions should
be taken to assure that the coated bars are not electrically cou-
pled to large quantities of uncoated steel. A damaged coating
can be repaired using a two-component liquid epoxy, but it is
more satisfactory to adopt practices that prevent damage to
the coating and limit touchup only to bars where the damage
exceeds approximately 2 percent of the area of the bar.

A study** reported that epoxy-coated reinforcing has less slip
resistance than normal mill scale reinforcing; although, for the
particular specimens tested, the epoxy-coated bars attained
stress levels compatible with ACI development requirements.

14.4.5 Corrosion Control Methods
Chemical Inhibitors

A corrosion inhibitor is an admixture to the concrete used to
prevent the corrosion of embedded metal. The mechanism of
inhibition is complex, and there is no general theory applica-
ble to all situations.

The compound groups investigated have been primarily
chromates, phosphates, hypophosphites, alkalies, nitrites
and fluorides. Some of these chemicals have been suggested
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as being effective; others have produced conflicting results in
laboratory screening tests.*”!

Many inhibitors that appear to be chemically effective produce
adverse effects on the physical properties of the concrete, such
as a significant reduction in compressive strength.

Calcium Nitrite Corrosion Inhibiting Admixture

Corrosion inhibitors protect steel in the presence of chloride
ions, varying the rate of the corrosion process by influenc-
ing the kinetics and/or thermodynamics of the electrochemi-
cal reactions responsible for this process. Inhibitors must
retard either the anodic or cathodic reactions or both of them
simultaneously.**

Calcium nitrite is an anodic inhibitor which is added to the
concrete at the batch plant like any other liquid concrete
admixture.

The Inhibitor provides protection against both ingressed
and admixed chlorides. One of the advantages of calcium
nitrite is that its concentration can be determined in both
plastic and hardened concrete, which is not the case for other
admixtures.

The mechanism by which calcium nitrite prevents corrosion
of reinforcing steel can be briefly described as follows: the
use of calcium nitrite results in the creation and mainte-
nance of a stronger, flawless and stable passive film on steel
embedded in concrete, even in the presence of chloride lev-
els much higher than the critical chloride concentration for
corrosion onset for conventional concrete (about 0.9 kg of
chloride km/m?).

Nitrite does not enter into reactions involved in producing the
anode, but it reacts with the resulting products of the anode.
Thus, it cannot affect the size of the anode. As only monolay-
ers of oxides are involved, essentially no nitrite or hydrox-
ide is consumed in forming the initial protective oxides or
hydroxide.
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Calcium Nitrite is compatible with other admixture systems,
including air entrainment, standard water reducers and super-
plasticizers and other products, when each is added separately
to the concrete. The nitrite solution is stable at prolonged ele-
vated temperatures and has a freezing point of 15°C. Calcium
nitrite has been found to comply with the requirements of BS
6920: PartI: Clause 8: 1990. “Tests of Effect on Water Quality” .**

Selecting the Addition Rate of Calcium Nitrite

Based upon 13 years of product research prior to market
introduction, along with 18 years of field projects and exten-
sive testing history and analysis of chloride data, it has been
possible to determine the dosage rate of calcium nitrite
required to protect a structure for a given expected chloride
level (see Table 14.2). These data have been examined and
confirmed by a number of independent authorities.*”

As a side note underdosage will result in calcium nitrite not
providing full protection to the steel. However, numerous stud-
ies have shown that underdosage will not promote corrosion.

Overdosage of calcium nitrite will result in more protection
and increased service life.

Good quality concrete alone is not enough to provide the
service lives required by most of the latest specifications for

Table 14.2 — Calcium Nitrite Dosage.

Calcium Nitrite Chloride Ion Protection
(L/m?®, 30% Solution) (Kg/m?, at the rebar level)
10 3.6
15 5.9
20 7.7
25 8.9
30 9.5
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reinforced concrete structures built in severe environments.
Calcium nitrite delays the initiation time to corrosion and
lowers the corrosion rate after the onset of corrosion. Calcium
nitrite is a corrosion inhibitor that can provide significant
improvement in corrosion resistance when used with good
quality concrete. It does not have detrimental effects on the
mechanical properties of concrete.

Calcium nitrite should not be viewed as an alternative to the
design specification for durable concrete nor as a means to
"improve" poor quality concrete. Calcium nitrite corrosion
inhibitor in combination with good quality concrete is a via-
ble means to achieving long-term durability. Calcium nitrite
can be used combination with other corrosion protection
measures.

Cathodic Protection

Steel embedded in concrete is normally passivated due to the
highly alkaline (high pH) concrete environment. However, if
the potential of the steel is more negative than in any natu-
rally occurring condition, regardless of pH, no steel corrosion
occurs (immunity).

The method of providing the highly negative steel potentials
required for immunity is referred to as cathodic protection.
Cathodic protection (CP) of reinforcing steel has been applied
to a large number of concrete structures with corrosion dam-
age for more than 25 years.

Worldwide experience shows that CP prevents further
damage in a reliable and economical way for a long time. CP
is particularly suitable in cases where chloride contamination
has caused reinforcement corrosion.

Although cathodic protection is a viable method of protecting
reinforcing steel against corrosion in new construction, most
installations to date have been to arrest corrosion in existing
structures.
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14.5 Corrosion of Unbonded Prestressing
Tendons

The causes and effects of corrosion of unbonded single strand
tendons are, in several respects, different from those of bonded
conventional reinforcing or other post-tensioning systems.
Thus, the methods for evaluating and repairing corrosion of
single strand tendons are also different in some respects.**

For example, since the tendons are largely isolated from the
surrounding concrete, they may not be affected by deleteri-
ous materials, such as chlorides and moisture in the concrete.
However, they also are not passivated by the surrounding
concrete and can corrode if water gains access to the inside
of the sheathing or anchorage and the grease protection is
inadequate.

Measures taken to repair and protect the surrounding concrete
may not repair or reduce deterioration of the prestressing
steel where corrosion has been initiated. The tendons usually
require separate evaluation and repair.

14.5.1 Background

Unbonded tendons in the early systems used bundles of wires
or strands, sometimes inaccurately called “cables,” of various
diameters and protected by grease and paper sheathing that
were sometimes applied by hand.

The use of unbonded tendons became more common during
the late 1950s and early 1960s as progress was made in estab-
lishing design and materials standards. Acceptance of the con-
cept was regional at first and was largely the result of sales
efforts and design tutoring by tendon suppliers. The use of
post-tensioning increased rapidly during the late 1960s and
1970s as the advantages of the system were demonstrated.

For many types of structures, these advantages included
shorter construction time, reduced structural depth, increased
stiffness and savings in overall cost. In addition to their use in
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enclosed buildings, unbonded post-tensioning systems were
used in parking structures and slabs on grade, and bonded
post-tensioning was used on water tanks, bridges, dams
and soil tieback systems. Unbonded multiwire and multi-
strand tendons have been used extensively in nuclear power
structures.

Incidents of corrosion of unbonded single strand tendons
began to surface during the 1970s. It had been believed by some
that corrosion protection would be provided by the grease dur-
ing shipping, handling and installation and by the concrete
thereafter.

However, the early greases often did not provide the
corrosion-inhibiting characteristics that are required in the
current Post-Tensioning Institute (PTI) “Specifications for
Unbonded Single Strand Tendons.”

In theearly 1980s, the PTI recognized the structuralimplications
of corrosion and began to implement measures to increase the
durability of unbonded posttensioning systems. Relying on
experience and practice in the nuclear industry using corro-
sion inhibiting hydrophobic grease, similar performance stan-
dards for grease were incorporated.

In the 1989 edition of ACI 318, “Building Code Requirements
for Reinforced Concrete,” changes were made to incorporate
measures that related the required protection of the tendons
and the quality of the concrete to the environmental condi-
tions that could promote corrosion of the post-tensioning.

Structures built prior to the adoption of these new standards,
especially those in aggressive environments, are more likely to
experience corrosion of the post-tensioning system than those
designed and built since.

Tendons that are broken, or are known to be damaged by
corrosion, can be repaired or supplemented by any of several
methods. The more difficult task is to determine the extent of
corrosion damage and the degree to which tendon repairs are
needed.
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14.5.2 Allowable Tensile Stresses in Concrete

In aggressive environments, designing to minimize cracking
was used to improve durability by reducing ingress of cor-
rosive elements. Though a properly greased tendon in an
intact sheathing may not be affected at first by a crack in the
surrounding concrete, corrosion of nearby conventional rein-
forcing can cause spalling, which may expose the tendon to
physical damage and may then lead to corrosion of the strand.

For consideration of long-term durability and corrosion
protection, the maximum allowable tensile stresses in the con-
crete at service loads, after allowance for all prestress losses,
are of most interest.

In the 1977 Code, for an allowable tensile stress up to 12 psi
(1.0 MPa), a provision was added requiring that the concrete
cover for prestressed and non-prestressed steel be increased
for prestressed members exposed to earth, weather or corro-
sive environments. “Concrete protection for reinforcement”
required a 50 percent increase in cover for members exposed
to weather, earth, or corrosive environments and with a ten-
sile stress greater than 6 psi (0.5 MPa). The allowable tensile
stresses as outlined in the 1977 Code are still effective in later
code editions.

14.5.3 Condition Survey

Stains on the surface of the concrete can also provide external
evidence of possible internal distress due to corrosion of the
post-tensioning system. Grease stains on the soffits of slabs,
especially at low points of tendon profiles, can be an indica-
tion of unrepaired damage to the tendon sheath as well as
shallow concrete cover over the tendons. Such grease staining
may be accompanied by water stains or evidence of leaching,
indicating water infiltration into the slab tendons.

Visual inspection of exposed end anchorage grout pockets
should be performed, especially where exposure to moisture is
evident, and correlated with any signs of distress such as those
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described above. Evidence of shrinkage, cracking, debonding,
freeze-thaw damage or rust staining coming from the grout
pocket may indicate a potential breach in corrosion protection
of the anchorage and post-tensioning tendon.

The most obvious external evidence of corrosion damage is
the presence of loops of strand sticking out of the structure.
Such loops result when the strand breaks and the elastic
energy is released suddenly. The strands typically will erupt
from the slab at high points or low points in the tendon profile
where concrete cover may be shallow, but occasionally only
a single wire will burst through the surface of the concrete.
Loops formed by this phenomenon can be anywhere from
1 in. (25 mm) to 2 ft (600 mm) high. Rather than bursting from
the structure at some point midway between anchorages, the
tendon may also protrude out of the structure a distance of
several inches or several feet.

Strand breakage can occur without visible disturbance to the
concrete, so the absence of strand loops or projections is not to
be taken as an absence of broken tendons.

Most post tensioned structures use higher strength concrete
(with higher cracking strength) and/or may incorporate
(perhaps unintentionally) a significant degree of restraint or
redundancy (i.e., below grade construction or two-way slab
construction), so it is possible to have as many as 50 percent
of the tendons broken in a beam or in an area of slab without
obvious distress.

14.5.4 Repair

In a structure where tendon corrosion has been diagnosed,
appropriate means of stopping or slowing the rate of corro-
sion in the existing tendons should be applied.

Eliminating water intrusion is of primary importance, so
concrete repairs should be made and cracks should be sealed.
Random cracks can be routed and sealed, but consider-
ation should be given to the application of a waterproofing
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membrane, possibly incorporating a wearing surface as appro-
priate, if extensive cracking is present or if there is widespread
deficiency of protective concrete cover throughout the struc-
ture or a portion of the structure.

14.5.5 Strand Replacement

When a strand has been inadvertently cut or damaged, or
when corrosion damage is known or believed to be localized,
repairs are often made by replacement of part of the strand
between anchorages. The old anchors are reused, and the old
wedges are never unlocked. The damaged section of strand is
cut away and a new piece of strand spliced onto the ends of
the original strand using couplers.

Replacing a strand for its full length and using the original
anchors is also possible, but dislodging the old wedges is
sometimes difficult and the anchors can be damaged in the
process. It is usually advisable to replace the anchors with new
ones since this gives the opportunity to improve the system’s
durability.

Epoxy-coated strand meeting ASTM A822/A may be consid-
ered for strand replacement. A smaller diameter strand must
be used to accommodate the thickness of the coating (30 to 40
mils, or 0.7 to 1.0 mm). Special anchorages and wedges are
required for use with epoxy-coated strand, so existing anchor-
ages have to be replaced.**

14.6 Cathodic Protection

In cathodically protecting a structure, a favorable electrochem-
ical circuit is established by installing an external electrode in
the electrolyte and passing current (conventional) from that
electrode through the electrolyte to the structure to be pro-
tected. This current polarizes the potential of the cathodic
surfaces (relatively positive) on the steel to that of the anodic
(more negative) surfaces.
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When this is accomplished, there is no current flow between
the formerly anodic and cathodic surfaces and corrosion is
arrested. This represents a balanced or equilibrium condition.
In normal practice, sufficient current is passed to the surfaces,
so that the formerly anodic areas will receive current from the
electrolyte and their potential will be shifted to the more nega-
tive direction.

There are two ways in which the protective electrochemi-
cal circuit can be established. One method uses an electrode
made of a metal or alloy more negative than the structure to
be protected. For example, if the structure to be protected is
constructed of steel, either magnesium, zinc or aluminum may
be coupled with the structure. In as much as a protective gal-
vanic cell is set up between the steel and the alloy selected, this
method is known as the galvanic anode method of cathodic
protection. Also, since the galvanic anodes pass current to the
electrolyte, they corrode or sacrifice themselves to protect the
structure. Hence, magnesium, zinc and aluminum are termed
sacrificial anodes. Sacrificial anodes corrode at relatively high
rates. Corrosion rates for magnesium, zinc and aluminum are
of the order of 17, 26 and 12 lb. per amp year, respectively.

The high consumption rates, as well as low-driving voltage,
are the primary disadvantages of the galvanic anode method
of cathodic protection. The open circuit potential between steel
and magnesium is on the order of 1V, while zinc and alumi-
num are somewhat less. Thus, with this method, it is impera-
tive that a low-resistance circuit be established by installation
of many anodes in a low-resistance medium. The anodes
installed should also be sized in accordance with their respec-
tive consumption rates to provide the necessary design life.

The other way in which the favorable electrochemical circuit
can be established is by introducing electrical current from an
external source. Because an outside source of current is used,
this method is termed impressed current cathodic protec-
tion. This method also requires the installation of an external
electrode in the electrolyte with the structure to be protected.
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However, since the current flow is not dependent on the
favorable potential difference between the electrode and the
structure to be protected, more noble materials can be selected
for the anode. These materials include high-silicon cast iron,
graphite and even more noble materials such as platinized
titanium or platinized niobium. These metals corrode or are
consumed very slowly, less than 1 Ib. per amp year.

These anodes are coupled to the structure via the external
source of electrical power. This source can be in the form of
batteries, thermoelectric generators, generators or photovol-
taic cells. Most commonly, however, alternating current line
voltage is converted to direct current by a rectifier.

The cathodic protection of reinforced concrete structures is,
thus, proven technology, and the problems being currently
encountered deal with criteria of protection, design and
inspection of the installation.

It should be noted, however, that the reinforcement in many
offshore structures is connected to the cathodic protection sys-
tem used on the exposed steel. This results in protection of the
reinforcement and current densities of 0.5 to 1.0 mA/m? (0.05
to 0.1 mA/ft?) have been reported. Thus, cathodic protection
of the reinforcement, though unintentional, has been applied
in several of the largest offshore structures.

The initial application of cathodic protection to bridge decks
was in 1974, and other applications have subsequently been
made with encouraging results.*”’

In protecting buried structures or structures exposed in water
or in soils, low-resistance electrochemical circuits can nor-
mally be established. However, on other structures such as
bridge decks, a highly conductive overlay consisting of a coke
breeze-asphalt mixture or closely spaced anodes to reduce the
circuit resistance and to promote uniform distribution of cur-
rent to all reinforcement is required.*74%

The criteria for protection of steel embedded in concrete are
not clearly defined. Most commonly, corrosion engineers use
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the potential compared to a standard reference cell as the sole
criterion. The criterion for steel that is buried or submerged is
normally accepted as -0.85 V, or more negative than a copper/
CSE (copper-copper sulfate reference electrode).

However, steel embedded in concrete exhibits more noble
potentials than exposed steel in the order of 0.2 V t0 0.3 V more
positive. Therefore, some investigators claim that protection is
provided at lower potentials, in the order of 0.5 V with CSE
reference.*”

For steel embedded in concrete exposed to the atmosphere,
research has indicated that the —0.85 V criterion may not be
attainable. Quite possibly the result may be sufficient current
to cause concern about lack of bond.”™

The possibility of the loss of bond of the reinforcing steel is
related to high current densities, at least 25 mA /ft%.

However, it would be most unusual for a cathodic protection
system, typically designed to operate at 2 mA /ft? of steel sur-
face, to operate in excess of 25 mA /ft for sufficient time (sev-
eral years) to cause deterioration in bond strength, unless the
potential criterion was applied inappropriately.

Corrosion of steel in concrete is controlled by oxygen access.
Polarization of the steel is controlled by cathodic protection.

Concrete is a very alkaline medium and cathodic reaction is
the reduction of oxygen to hydroxides. The same is true for
the cathodic protection currents. If the current reduces the
oxygen faster than it can be replenished, when cathodically
protecting steel in concrete, the steel will polarize to a more
negative value. If the oxygen supply is great, then to obtain
greater degrees of polarization, the current supply must be
increased. In some bridge decks, the current required to obtain
the criterion of -0.85 V would be such that there would be fear
for disbondment even though the half-cell potential was not
even close to that value. Thus, cathodic protection of concrete
embedded steel is not necessarily a standard procedure.
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For concrete that is buried or submerged, probably moisture-
saturated, the —-0.85 V CSE criterion is easily obtained at cur-
rent densities as low as 25 m A/ft%. For bridge decks, where
the concrete is comparatively dry and oxygen is abundant, the
criteria may be —0.85 V if obtainable with reasonable, current
density (probably a maximum of 3 mA /ft? of deck surface). If
not, a shift of 400 mV for all bridge deck half-cell potentials is
a criterion developed from the statistical distribution of half-
cell potentials that could change the least negative potential to
equal or exceed the most negative half-cell potential.

When using the half-cell potential criterion as developed
through the E-log I method, there is a risk that there will be
times when the cathodic system will not completely control the
corrosion of the steel. For example, if the concrete is near satu-
ration, the steel can usually be polarized with relatively small
current densities. Then, if the rectifier is regulated by a half-
cell potential and the concrete dries so that oxygen becomes
abundant and the polarized potential drifts significantly less
negative, it is likely there will be insufficient current capacity
to raise the potential to the protective potential value.

Corrosion is caused by the flow of electrons or current. The
difference in half-cell potentials is the voltage that causes
the current to flow. Once the steel is made cathodic in that it
receives current, the current causes oxygen to be reduced. This
same amount of current may reduce oxygen faster than it is
being replenished and result in polarization with an associated
potential change. If the oxygen is replenished at the same rate
as it is reduced, no additional polarization will result. Thus, if
the amount of current for cathodic protection will make all of
the steel cathodic and oxygen reduction is taking place, any
greater amount of cathodic protection current will simply be
wasted on reducing oxygen.

In addition to disbondment, overprotection can result in
hydrogen embrittlement.*”! In acid environments hydrogen
ions are reduced at the cathode to atomic hydrogen, which, in
turn, combines to form gaseous hydrogen.
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When overprotection results, hydrogen gas is formed at a
faster rate than the rate of diffusion through the coating, in
this instance, concrete. When this occurs, gaseous pressure
is developed at the steel-coating interface, which tends to
either spall the coating (disbondment) or to diffuse as atomic
hydrogen into the metal. When hydrogen diffuses into the
metal, it further strains the metal lattice, resulting in reduced
ductility and toughness. These phenomena are referred to
as hydrogen embrittlement. Normally, hydrogen embrittle-
ment affects high-strength steels only, generally those having
yield strengths of 90 ksi (620 MPa) or higher®'~% and is conse-
quently a potential problem in applying cathodic protection to
prestressed concrete elements.

Because of the adverse effects possible from overprotection,
polarized potentials (determined immediately after the cur-
rent has been interrupted) are normally limited to 1.10 V CSE
to avoid the possibility of disbonding and hydrogen embrittle-
ment problems. In addition, protection above that level would
require more current and a costlier installation without achiev-
ing additional protection from corrosion.*’!

Cathodic protection is by far the most versatile method of
corrosion control, since it is applicable to any electrically con-
tinuous structure within a suitable electrolyte. Inasmuch as
the steel embedded in concrete, and not the concrete itself,
requires the protection from metallic corrosion, damp concrete
serves as a suitable electrolyte, and even structures exposed
to the atmosphere, such as bridge decks, can be protected
cathodically.

14.6.1 Practical Applications in Tropical
Environments and Lessons Gained

Cathodic Protection of Seawater Intake Structures in
Petrochemical Plants

Impressed current cathodic protection (ICCP) and sacrificial
anode cathodic protection (SACP) systems were designed
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and installed to control chloride induced corrosion of the steel
reinforcement in the atmospherically exposed and submerged
parts of the seawater structures, respectively. The design
and long-term performance assessment of these systems are
described and discussed. The monitoring data collected have
suggested that all ICCP systems are performing satisfactorily
and meeting the design objectives in controlling the corrosion
of the steel reinforcement. The SACP systems generally did
not meet the specified criterion of 800 mV Ag/AgC1 current-
on steel potentials; however, there have been no signs of corro-
sion or concrete distress in submerged areas since application
of SACP system.*®

The results showed that a steel current density ranging between
8 and 14 mA /m? was sufficient to afford required protection to
the steel reinforcement in different structures.

The protection afforded to these structures has residual effect
and could last up to 2 months or so when the CP system is
turned off. As a result of CP application, the corrosion poten-
tials of the steel reinforcement have been shifted by some 100
to 200 mV in the positive direction.

Design Steel Current Density

According to British, "Code of Practice for Cathodic Protection”
(BS7361: Part 1:1991) and National Association of Corrosion
Engineers (NACE) recommended practice "Cathodic
Protection of Reinforced Steel in Atmospherically Exposed
Concrete Structures" (RP0290-90), typical recommended cur-
rent densities for protection of atmospherically exposed rein-
forced concrete structures range between 10 and 20 mA /m?of
steel.>

Based on the condition survey results, (i.e., the chloride
concentration at the reinforcing steel, extent of corrosion and
concrete deterioration) and considering the hot and humid
aggressive environment, to which the structures are exposed,
each CP system was designed using the following criteria:
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a. ICCP System

* Atmospherically exposed sections: 20 mA /m? of
steel surface area.

¢ Buried sections: 20 mA /m? of steel surface area.

* The maximum anode current density used was
110 mA /m? of anode.

b. SACP System

¢ For steel embedded in concrete: 20 mA/m? of
steel surface area.

* For steel exposed to seawater: 60 mA /m? of steel
surface area.

System Monitoring

To monitor and assess the performance of CP systems,
embeddable Ag/AgCl reference electrodes were embedded
into the concrete at representative locations of each structure.
About 15 to 20 reference electrodes were installed in each
structure (i.e., each electrode covering approximately an area
of 150 m? to 200 m?).

For an ICCP system, potential measurements were made at
the location of each embedded reference electrode to deter-
mine the potential decay after current interruption. Applied
current and driving voltage of each independent anode zone
were also recorded.

For an SACP system, only current-on potentials were
measured and recorded at the location of each reference elec-
trode embedded in submerged areas. There was no provision
or facility provided to interrupt the current flowing between
the sacrificial anode and the steel reinforcement, to measure
instant-off steel potentials.

Performance Assessment of CP Systems
a) ICCP System

The "100mV Potential Decay" criterion is the most commonly
used criterion and recommended practice for performance
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assessment of CP systems of atmospherically exposed
structures. The time allowed for such measurements is usu-
ally between four and 24 hours after current interruption.
Based on theory and experiment, it is considered that a shift
of 100 mV to 150 mV reduces the corrosion rate by an order of
magnitude.

The results show that the specified criterion was met at most
of the monitoring locations (representing the entire structure)
for the seawater structures. This implies that the corrosion rate
of the steel reinforcement was significantly reduced through-
out the structures and the CP systems are meeting the design
objectives.

It is evident from the results that as a result of CP application,
free corrosion steel potentials had shifted toward less nega-
tive potentials at most of the monitoring locations. At many
locations, corrosion potentials had been shifted in the range
of -10 mV to -100 mV Ag/AgCl, indicating the restoration of
passive conditions on the rebars.

The results indicate that environment around the steel
reinforcement has been improved in removing the chlorides
and increasing the alkalinity due to application of cathodic
protection. This implies and supports the statements that CP
is the most appropriate repair method for chloride contami-
nated structures.

It has been suggested that a design current density of 15 mA/m?
of steel surface area would be sufficient for such structures.
Similarly, the operating voltage of the CP systems was very
low and ranged between 1.4 V and 3.5 V.

b) SACP System

It is evident from current-on potentials that the specified
criterion of -800 mV Ag/AgCl was not generally met at most
parts of the structures. It appears the SACP systems were not
able to deliver sufficient current to achieve the required poten-
tials in those areas. Since drive voltage in such systems is lim-
ited and small, this may well be due to incapability of anodes
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to distribute current adequately to remote areas. No visible
damage was detected in submerged areas.

The -800 mV criterion is normally recommended for bare steel
structures and pipelines in submerged and below ground con-
ditions. For concrete structures, it is not essential to shift the
steel potential to that criterion value. Normally, a negative
shift of 300 mV can be considered sufficient to control corro-
sion of the steel reinforcement.

A final conclusion was that new seawater structures should
be constructed with a built-in ICCP system, which would not
only be economical but also prevent corrosion of the steel rein-
forcement from day one, providing a safe design life of more
than 50 years.

Cathodic Protection of Structures in Coral Sands in the
Presence of Saltwater

Cathodic protection in saline mud and soils to protect steel
and aluminum structures such as tanks and piping was used
for corrosion control in the Caribbean Islands. The conditions
encountered with saline mud and sands are unique to these
areas and lend themselves to specialized application of gal-
vanic and impressed current corrosion control.*

Corrosion loss to infrastructures in tropical saline environments
has been extensive and is an ongoing phenomenon. A unique
segment of this activity is corrosion of steel and other metals,
such as aluminum, in coral sands and mud.

In locations involving coral sands with salt water intrusion,
a unique situation exists for low resistance ground beds that
can provide cathodic protection over extensive areas. This
applies to pipe, tank bottoms and dock structures.

Properly coated aluminum pipe has performed well in this
environment for more than 40 years. This alloy requires
active monitoring, but the added benefits of low-cost
installation and lack of product contamination provide cost-
effective systems.
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Coral sands and mud lend themselves to standard cathodic
protection materials, resulting in the use of low-cost compo-
nents for either galvanic or impressed current systems. In such
marine environments in semiarid areas, consideration must
be given to atmospheric corrosion of components as well as
proper monitoring procedures.

The Environment

The conditions prevalent at these locations entail the following:

Sea water

Brackish water

Coral mud

Coral sand

Combinations of the above

ARSI

The latter are the usual situations that are encountered and can
be under quiescent or turbulent highly oxygenated conditions.

Electrolyte resistivity can vary from clean seawater at 20.5
ohm-cm. to saline mud of 300-500 ohm-cm. to brackish water
conditions with resistivity up to 5,000 ohm-cm.

Oxygen content can vary from high level in the splash zone,
to areas supporting sulfate-reducing bacteria in the complete
absence of oxygen. Furthermore, in many developing coun-
tries frequently occurring pollution by sewage is common,
which further complicates remedial measures.

A unique condition encountered on land that has been built
up from coral deposits is the presence of blowholes, fissures
and caves, which augments the penetration of seawater to
areas remote from the actual seashore. Knowing that seawater
makes for a very extensive, uniform, low resistivity "ground
bed" for cathodic protection anodes, the above condition facil-
itates the design of unique cathodic protection systems.

In the presence of seawater penetration augmented by tidal
action, the normally limited drying out of ground beds does
not occur. Furthermore, due to the granular nature of coral
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sands, a gas blockage is not a factor. Consequently, "remote"
ground beds of high efficiency can be readily achieved with
anodes placed in seawater for protecting structures a consid-
erable distance from such locations.

Typical infrastructures

Typical structures encountered in coral sand and muds are as
follows:

a) Petroleum Product Lines

These can run from several inches in diameter to a 24"/30"
diameter and from hundreds of feet up to 29 miles in length.
Smaller pipe can be bare, galvanized or poorly coated with
coal tar mastic, as well as epoxy or polyethylene tape, which
can be field or factory applied.

In many instances, the cathodic protection design entailed the
use of shallow "deep wells,"” approximately 50 feet deep, sunk
in coral caves full of seawater.

Alternate ground beds were employed in sea beds adjacent to
airport locations. In all cases, very uniform current densities
were generally achieved along the entire pipe lengths.

A common cathodic protection design is the use of bracelet
anodes that originally were zinc but now, with improved
alloys, are usually aluminum. Alternately, high-silicon cast
iron anodes mounted on sleds, buried in the sea bed 250
feet from a given pipeline and midway between shore and
the spar buoy ship connection have performed well. Anode
return cables can be a maintenance problem unless properly
secured to the pipelines and buried at least 5 feet into the sea
bed, between the pipelines and the anode sled. Anode beds
can also be installed in the beach itself, but they must be deep
enough to be in the saltwater intrusion area.

High-silicon cast iron anodes must be of the chromium-
containing alloy due to chlorine evolution and preferably be of
tubular construction. Extreme care must be exercised in pro-
tecting cable connections and employing cable jacketing that
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will stand abrasion. In protected areas, high molecular weight
polyethylene will work, but in more aggressive areas, special
dual jacketing may be required.

In open seawater, platinum clad niobium or dimensionally
stable anodes may be readily employed but must be secured
properly and in a sturdy manner. In coral holes or caves, shal-
low deep wells can employ %" rod anodes of the above types. %4

Foundations for fuel storage tanks vary from the tank bottoms
being in oiled sand to being perched on sand foundations as
much as 5 feet above grade. For installation on well drained
sand pads, many installations do not employ cathodic protec-
tion at all.

However, leakage from soil side plate corrosion of tank
bottoms has been reported. This situation has occurred when
mill scale has been prevalent on the plate.

Two factors have contributed to this condition; firstly, salt
laden air has penetrated the underside of the tank due to floor
movement of the tank bottom with variations in the amount of
product in the tank. Then, the presence of this mill scale creates
a small anode/larger cathode condition where the mill scale
has cracked at the weld and, with time, allowed penetration
at this weld. This, coupled with the reduction in soil resistiv-
ity from the chlorides in the air and under tank condensation,
augments galvanic corrosion at the break in the mill scale.

At many island facilities, the original cathodic protection
system had been carbon anodes, 10-15 feet below grade about
5 feet from the tank edge. These had a tendency to dry out,
increasing the ground bed resistance and resulting in loss of
protection. As the nature of porous saltwater caves under the
tank forms become better understood, the use of shallow deep
anode bed design became accepted. Several deep wells (50
feet) could readily protect an entire tank form, excluding any
underground piping.

Monitoring of tank bottom steel had been done with copper/
copper sulfate reference cells at the tank edge. Maintaining up
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to —2.0 V at the tank edge usually guaranteed a —0.85 V center
potential, with ultimate tank bottom polarization.

b) Cathodic protection hardware:

1. Rectifiers: Generally employed power supply
systems are rectifiers, with occasionally solar
power use. The most cost effective rectifiers see-
ing service are oil immersed units employing
110/220 V A.C. input. Aluminum cases have
been used.

2. Cables: Normally, 600 V jacketing of HMWPE
insulation is adequate. When abrasion may be a
problem, placing cable in PVC conduit is helpful.
Cable connections must be "robust” and be ade-
quately insulated.

3. Anodes-Impressed Current: Materials from scrap
steel to platinum clad titanium can be employed
as anode materials. Since chlorine can be liber-
ated, care must be exercised that gas blockage is
avoided. Any accumulation of chlorine will lead
to anode-to-cable connection failures. In moving
seawater or coral mud, anodes may require sup-
port structures. Anode sleds have been used suc-
cessfully for dock structure and ground beds in
the sea floor. This latter application is applied to
the protection of pipelines in the seabed.

4. Anodes — Galvanic: Zinc anodes have been used
for many years in this environment, in free-
flowing seawater as well as buried in silts and
sand. These anodes are low in cost and, with well
coated structures will provide extended life of up
to 20 years. The use of long (4" x 4" x 60") zinc
anodes works well for corrugated sheet piling and
the internal webs of steel "H" piles. With weld-on
rebar-to-anode cores, it provides anodes that can
be welded to structures above mean low water.
In the last 20 years, new aluminum alloys have
been developed that perform at 7.5 lb./amp year,



134 CoRROSION CHEMISTRY

compared to 23 lb. /amp year for zinc. Galvanic
bracelet anodes work well on pipelines and elim-
inate the possibility of cable failures experienced
with impressed current systems. However, good
welded connections to the pipes are mandatory
or properly clad welded cable must be employed.

Cathodic protection monitoring:

A given cathodic protection system is no better than the
monitoring system employed to ensure that the structure
is properly polarized and maintained under protective
potentials.

For soil conditions, copper/copper sulfate reference cells are
used to monitor such systems. In mud or seawater situations,
silver/silver chloride cells work best, since copper cells can
be contaminated by seawater. Also, zinc reference cells used
in seawater and of the proper alloy, will give years of reliable
service.

Design parameters:

The less exposed metal surface, the easier it is to protect a given
structure. Consequently, a well-coated structure lends itself to
fairly rapid polarization at minimum cost. Coatings prone to
alkali attack must not be used, since the cathodic surfaces will
have an alkaline pH.

Protective potentials are generally -0.85 V to a copper/copper
sulfate cell and —-0.80 V to a silver/silver chloride cell. Other
criteria, such as an electronegative shift of 300 mV or polar-
ization with a potential shift of no more than 100 mV upon
current cutoff are also used. National Association of Corrosion
Engineers (NACE) standards that cover these criteria are
available.

Underground or Submerged Metallic Piping Systems

A lot of work has been done on minimum current densities to
achieve and maintain protection. These call for 10-12 mA /sq feet
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of bare steel area initially to as low as 2 mA/sq feet to maintain
the protection after polarization.

Typical corrosion rates in tropical seawater are 4 to 6 mils per
year. This value drops off with time, since rust film and calcar-
eous coatings are partially protective.

Variations in corrosion rates are affected by temperature (min-
imal), oxygen content of the seawater, rate of water movement
and the amount of abrasive material in the water.

14.7 Corrosion in Industrial Projects

14.7.1 Corrosion in Oil and Gas Production

Corrosion costs the petroleum industry hundreds of millions
of dollars each year. Corrosion considerations and appropriate
material selections should be an important part of all action.”®

Deep hot gas wells, CO, floods, deep water offshore platforms
and arctic developments are excellent examples of cases that
have provided many material and corrosion problems and are
expected to continue to do so. The forms of corrosion of most
importance in oil and gas production are:

1. Weight loss

2. SCC

3. Corrosion fatigue
4. Galvanic corrosion

Corrosion and materials selections are very important part of
every engineering design of equipment used for oil and gas pro-
duction activities. These become even more important for the
severe environments encountered in deep gas, CO, floods and
offshore and arctic conditions. Many alloys, inhibitors, paints
and coating are providing effective in combating corrosion.

Methods that have evolved over the years for combating
corrosion include inhibition, material selection, cathodic or
anodic protection coating and control of the environment.
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Weight — loss Corrosion

Weight-loss corrosion is the most common problem and occurs
at some finite rate for all materials. The rate varies greatly,
depending on the susceptibility of the material under the envi-
ronmental conditions to which it is exposed.

In the oil field, water normally present, often as a brine, and
the corrosive agents are usually CO,, H.S, oxygen, mineral and
organic acids or other chemicals that affect the pH or cause
oxidizing reaction. Corrosion rates in neutral, low-salinity
solutions are normally very low. In contrast, corrosion rates
are very high in low-pH solutions that form in presence of
acidic materials or high CO, partial pressure (Partial pressure
is calculated by multiplying mole fraction of CO, by the sys-
tem pressure). Generally the system is considered corrosive if
the partial pressure is above 15 psi (103kPa).

H_S can also cause significant corrosion if the pH is low and
oxygen is present. This also usually occurs in the form of pit-
ting or crevice corrosion.

Stress Corrosion Cracking (SCC)

SCC is a dominant factor in the gas fields. The gas form these
fields contained high concentrations of H.,S (often greater than
10 percent). Rapid equipment failures occurred in a number
of early field tests, which led to a large effort by the petro-
leum industry and its suppliers to identify and to solve this
problem.

Cracking is generally considered more serious than weight
loss corrosion because it can happen rapidly and cause loss of
fluid containment or render the equipment inoperable.

The cracking forms that are most probable in oil and gas
production are SCC and chloride SCC.

H.S can cause rapid failure of some steels. Generally these
steels have yield strengths greater than 100ksi (689 MPa).
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The use of alloys must be carefully considered because under
some conditions they may be susceptible to other forms of
SCC, particularly in the presence of H,S, saltwater, and sulfur.

Corrosion Fatigue

Corrosion fatigue plays an important role in many production
activities, such as sucker-rod and drill-pipe failures. Conditions
conducive to corrosion fatigue include the presence of cyclic
loads and such corrosives as salt water, oxygen and low pH.
A solution to this problem is normally found though control of
the environment and reduced loading. Modifying the environ-
ment to make it less corrosive may include removing the oxy-
gen, raising the pH or adding corrosion inhibitors. Designing
and operating the equipment at lower loads is also beneficial.

Galvanic Corrosion

Galvanic corrosion may be a problem when dissimilar metals
are placed in contact with each other and are located in
corrosive environment. This problem should be carefully con-
sidered during design and material selection. The severity of
this problem depends on the environment and the connect-
ing metals. For example, brass connecting to steel may cause
rapid corrosion of the steel, whereas aluminum connected to
steel may cause rapid corrosion of the aluminum. In contrast,
connecting steel to a corrosion-resistant alloy may not cause
significant corrosion but should be evaluated.

14.7.2 Corrosion of Carbon Steel and Galvanized
Steel in Industrial Projects under Pollutant
and Marine Environments

A four year atmospheric corrosion study was conducted for
carbon steel and galvanized steel at five different sites around
Kuwait*® In August 1991, an atmospheric corrosion study
was initiated for the state of Kuwait for duration of four
years. This study was particularly important for Kuwait and
the Gulf region at that time because of the burning oil well
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fires in Kuwait at the end of the Gulf War. These fires were
emitting tons of hydrocarbon substances and pollutant gases
in the atmosphere, with the highest concentrations being in
Kuwait. These substances and gases are bound to have delete-
rious effects on existing metallic structures in this part of the
world.**

Carbon Steel

The main external factors promoting atmospheric corrosion
are time of contact of electrolytic film with the metal surface
(time of wetness), which depends on climatic conditions (rain,
humidity, fog and temperature), and aggressive atmospheric
contaminants, such as sulfur dioxide, ammonia, hydrogen sul-
fide and chlorides.

Rust is the electrochemical corrosion product of iron and steel.
In the initial periods of exposure, it forms in a highly dispersed
state, containing excess of water, with a mainly amorphous
structure and is subjected to dehydration and a crystallization
mechanism modifying its density. The composition of rust
depends on climate and the nature and concentration of pol-
lutants in the atmosphere.

Values determined for the five test sites showed that rust
layers formed are not completely adherent and there is a
partial control of corrosion at the metal/oxide interface.
Examination showed that the corrosion rate of galvanized
steel was much higher in the marine atmospheres than in any
type of atmosphere.

Investigators have found that the corrosion rates of both types
of materials were greater in a marine environment than in
urban or rural atmospheres. The corrosion rate of galvanized
steel in the marine atmospheres was found to high at the first
months of exposure compared to the other sites.

The concentration of chlorides was expected to be high at the
site which located at the sea shore. This high concentration
may explain the greater initial degree of corrosion observed
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on the galvanized steel exposed there, compared to the other
exposure sites. The high value of relative humidity, which
was expected at these marine sites, combined with the high
proportions of chlorides explains the high degree of corrosion
found at these sites.

There is a major fossil fuel power plant next to the exposure
site which was about 1 kilometer from the seashore. The effect
of SO, and chlorides on galvanized steel corrosion was found
to be detrimental. The surface of the galvanized steel sheets
were sparsely covered with white corrosion products that was
found to be adherent to the surface.

Effect of Pollutants on Atmospheric Corrosion

Pollutants like SO,, Cl, H,S, CO,, NH,, NOx and dust, in par-
ticular, are the first to greatly enhance the corrosion process.
SO, is emitted in the atmosphere in large amounts during
combustion of all types of sulfur-containing fuels, and concen-
trations of 5 ppm can be easily attained. The SO, is oxidized
on moist particles and turned into sulfuric acid. This lends to
acidification of the electrolyte layer on the metal surface and
consequent stimulation of the corrosion process,

Chlorides occur as particulate matter (e.g., NaCl, CaCl, or
MgCl,) mainly in marine atmosphere. These salts are hygro-
scopic and promote the electrochemical process of atmo-
spheric corrosion by favoring electrolyte formation at low
values of relative humidity. H,S is extremely reactive and
reacts with most technical metals, such as copper, nickel
and iron.

Being located in a desert (arid) climate, Kuwait is affected by
many dust storms during the year and especially during the
summer and spring. The amount of dust in the atmosphere
and its composition are variable and depend on many fac-
tors. Deposition of dust on metal surfaces is pronounced
in the initial stages because of the action of soluble electro-
lyte-forming components in reducing the critical humidity
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and providing activating anions that promote the anodic
processes.

14.7.3 Dead Sea Structures

A study on corrosion in Dead-Sea-environment structures was
conducted.®” The objectives were:

* To study marine corrosion and its effect on
reinforcement steel in concrete due to the severe
deterioration of reinforced concrete structure in
Dead Sea area.

¢ To study the effect of water-cement ratio overlay
thickness and type of mixing effect on corrosion
through the interpretation of potential readings
of reinforcement steel bars in concrete.

¢ The effectiveness of electrochemical chloride
extraction (ECE) in rehabilitation of steel rein-
forcements by applying ECE to concrete struc-
tures having severe corrosion.

Electrochemical Chloride Extraction (ECE):

Since steel corrosion is an electrochemical process. Once it
occurs in a concrete structure an electrochemical measure, such
as electrochemical chloride extraction ECE can stop it or slow
it down to a significant extent. The ECE process is as follow:

1. A suitable metal is placed or attached to the
surface of a concrete structure,

2. An electrical field is applied between this metal
and the embedded steel bars by the passage of
a direct current through the concrete in such a
manner that the bars become negatively charged
and the metal becomes positively charged and

3. The negatively charged chloride ions (CI") in
the concrete are drawn away from the steel bars
toward the surface of the concrete.
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Results and Discussion
Effect of mixing water

The potentials of concrete blocks prepared by Dead Sea water
showed more negative potentials than those prepared by tap
water. This behavior was observed for specimens with dif-
ferent water-cement ratios and for having different concrete
overlay thickness.

Effect of overly thickness

Potential readings interpreted show that steel reinforcements
with higher overlay thickness had more positive potentials.

Effect of water-cement ratio

For the same overlay thickness and concrete mix (i.e., type of
water used), the 0.7 water-cement ratio gave more negative
potential readings compared to both 0.6 and 0.5 water-cement
ratios.

Effect of mixing water

Concrete cylinders made by mixing with Dead Sea water
showed more negative potential than those mixed with tap
water due to:

a) Chloride effect: Higher CI" ions concentrations
destroy the oxide film on the steel bar that formed
on the metal surface. Due to high alkalinity, the
Fe*? produced at the steel-concrete interface com-
bines with the OH~ from the cathodic reaction ulti-
mately to produce a stable passive film. Chloride
ions in the solution, having the same charge as
OH- ions, complete these anions to combine with
the Fe*? cations. The resulting iron chloride com-
plexes are thought to be soluble (unstable); there-
fore, further metal dissolution is not prevented,
and ultimately the buildup of voluminous corro-
sion products takes place.
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b) Corrosion mechanism in samples using tap water
as their mix is mainly due to the slow dominating
diffusion process.

¢) The effect of chlorides is twofold in that both the
pH and the electrical resistivity of the concrete
are lowered.

Electrochemical Chloride Extraction

a) Electrochemical chloride extraction process
began after 170 days of exposure of concrete
cylinders to Dead Sea Water, both in order to
rehabilitate and protect steel bars against cor-
rosion by removing chloride ions. Potential
readings began to increase (i.e., become less
negative, more positive) because of the use of a
DC-impressed current supply that accelerated
the extraction process in four weeks to simulate
the conditions of concrete under real, prolonged
service life time and reversed the direction of
CI" ions movement from inner steel bar, leaching
it to the outer environment of galvanized steel,
which acts as an anode.

b) Effects of the three main variables (mixing water,
overlay thickness, and water-cement ratio) are
reversed after the application of electrochemical
chloride extraction.

Conclusion

1. Increasing the water-cement ratio increases corro-
sion, holding overlay thickness and type of water
used in concrete mix constant. Water-cement ratio
samples of 0.5 were last to corrode compared to
both 0.6 and 0.7 water-cement ratios.

2. Lower overlay thickness allows higher corrosion

~ of steel bars due to shorter path for CI" ions that
has to be traveled for the same water-cement
ratio and type of water used in the mix.
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3. Mixing with Dead Sea water encourages higher
corrosion of steel bars at both constant water-
cement ratio and overlay thickness.

4. Reinforcement in concrete exposed to Dead Sea
water would corrode irrespective of the water-
cement ratio used in concrete preparation.

5. The results of ECE showed that electro deposition
put the reinforcing bar surface into the repassiv-
ation and that it also suppressed the corrosion of
the reinforcing bar in concrete due to high alka-
linity of the steel bar as a result of applied poten-
tial difference.
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