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1 Corrosion Theory
Humans have most likely been trying to understand and control corrosion for 
as long as they have been using metal objects. The most important periods 
of prerecorded history are named for the metals that were used for tools 
and weapons (Iron Age, Bronze Age). With a few exceptions, metals are 
unstable in ordinary aqueous environments. Metals are usually extracted 
from ores through the application of a considerable amount of energy. 
Certain environments offer opportunities for these metals to combine 
chemically with elements to form compounds and return to their lower 
energy levels.

Corrosion is the primary means by which metals deteriorate. Most metals 
corrode on contact with water (and moisture in the air), acids, bases, salts, 
oils, aggressive metal polishes, and other solid and liquid chemicals. Metals 
will also corrode when exposed to gaseous materials like acid vapors, 
formaldehyde gas, ammonia gas, and sulfur containing gases.

Corrosion specifically refers to any process involving the deterioration or 
degradation of metal components. The best known case is that of the 
rusting of steel. Corrosion processes are usually electrochemical in nature, 
having the essential features of a battery. When metal atoms are exposed to 
an environment containing water molecules they can give up electrons, 
becoming themselves positively charged ions, provided an electrical circuit 
can be completed. This effect can be concentrated locally to form a pit or, 
sometimes, a crack, or it can extend across a wide area to produce general 
wastage. Localised corrosion that leads to pitting may provide sites for 
fatigue initiation and, additionally, corrosive agents like seawater may lead 
to greatly enhanced growth of the fatigue crack. Pitting corrosion also 
occurs much faster in areas where microstructural changes have occurred 
due to welding operations.

Corrosion is the disintegration of metal through an unintentional chemical or 
electrochemical action, starting at its surface. All metals exhibit a tendency 
to be oxidised, some more easily than others. A tabulation of the relative 
strength of this tendency is called the galvanic series. Knowledge of a 
metal's location in the series is an important piece of information to have in 
making decisions about its potential usefulness for structural and other 
applications. The corrosion process (anodic reaction) of the metal dissolving 
as ions generates some electrons, as shown here, that are consumed by a 
secondary process (cathodic reaction). These two processes have to balance 
their charges. The sites hosting these two processes can be located close to 
each other on the metal's surface, or far apart depending on the 
circumstances. This simple observation has a major impact in many aspects 
of corrosion prevention and control, for designing new corrosion monitoring 
techniques to avoiding the most insidious or localized forms of corrosion.
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The electrons (e- in this figure) produced by the 
corrosion reaction will need to be consumed by a 
cathodic reaction in close proximity to the corrosion 
reaction itself. The electrons and the hydrogen ions 
react to first form atomic hydrogen, and then 
molecular hydrogen gas. If the acidity level is high 
(low pH), this molecular hydrogen will readily become 
a gas as it is demonstrated by exposing a strip of zinc
to a sulfuric acid solution.

As hydrogen forms, it could inhibit further corrosion 
by forming a very thin gaseous film at the surface of 
the metal. This "polarizing" film can be effective in 
reducing water to metal contact and thus in reducing 
corrosion. Yet it is clear that anything which breaks 
down this barrier film tends to increase the rate of 

corrosion. Dissolved oxygen in the water will react with the hydrogen, 
converting it to water, and destroying the film.

High water velocities tend to sweep the film away, exposing fresh metal to 
the water. Similarly, solid particles in the water can brush the hydrogen film 
from the metal. Other corrosion accelerating forces include high 
concentrations of free hydrogen ions (low pH) which speed the release of 
the electrons, and high water temperatures, which increase virtually all 
chemical reaction, rates. Thus a variety of natural and environmental 
factors can have significant effects on the corrosion rate of metals, even 
when no other special conditions are involved.

1.1 Passivity of Metals
The passivation behaviour of a metal is typically studied with a basic 
electrochemical testing set-up. When the potential of a metallic component 
is controlled and shifted in the more anodic (positive) direction, the current 
required to cause that shift will vary. If the current required for the shift 
has the general polarization behavior illustrated here, the metal is termed 
active-passive and can be anodically protected.

Only a few systems exhibit this behavior in an appreciable and usable way. 
The corrosion rate of an active-passive metal can be significantly reduced 
by shifting the potential of the metal so that it is at a value in the passive 
range. The current required to shift the potential in the anodic direction 
from the corrosion potential Ecorr can be several orders of magnitude greater 
than the current necessary to maintain the potential at a passive value. The 
current will peak at the passivation potential value shown as Epp.

In order to produce passivation the critical current density (icc) must be 
exceeded. The anodic potential must then be maintained in the passive 
region without allowing it to fall back in the active region or getting into the 
transpassive region, where the protective anodic film can be damaged and 
even break down completely. It follows that although a high current density 
may be required to cause passivation (> icc), only a small current density is 
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required to maintain it, and that in the passive region the corrosion rate 
corresponds to the passive current density (ip).

Passivity can also be readily produced in the absence of an externally 
applied passivating potential by using oxidants to control the redox 
potential of the environment. Very few metals will passivate in non-
oxidising acids or environments, when the redox potential is more cathodic 
than the potential at which hydrogen can be produced. A good example of 
that behaviour is titanium, and some of its alloys, that can be readily 
passivated by most acids, whereas mild steel requires a strong oxidising 
agent, such as fuming nitric acid, for its passivation.

Alloying with a more easily passivated metal normally increases the ease of 
passivation and lowers the passivation potential, as in the alloying of iron 
and chromium in 10% sulfuric acid. Small additions of copper in carbon 
steels have been found to reduce ip in sulfuric acid. Each alloy system has 
to be evaluated for its own passivating behaviour as illustrated by the case 
Ni-Cr alloys where both the additions of nickel to chromium and chromium 
to nickel decrease the critical current density in a mixture of sulfuric acid 
and 0.25 M potassium sulfate.

1.2 Uniform Corrosion
Uniform corrosion is characterised by 
corrosive attack proceeding evenly 
over the entire surface area, or a 
large fraction of the total area. 
General thinning takes place until 
failure. On the basis of tonnage 
wasted, this is the most important 
form of corrosion. 

The breakdown of protective coating
systems on structures often leads to 
this form of corrosion. Dulling of a bright or polished surface, etching by 
acid cleaners, or oxidation (discoloration) of steel are examples of surface 
corrosion. Corrosion resistant alloys and stainless steels can become 
tarnished or oxidised in corrosive environments. Surface corrosion can 
indicate a breakdown in the protective coating system, however, and should 
be examined closely for more advanced attack. If surface corrosion is 
permitted to continue, the surface may become rough and surface corrosion 
can lead to more serious types of corrosion. However, uniform corrosion is 
relatively easily measured and predicted, making disastrous failures 
relatively rare. In many cases, it is objectionable only from an appearance 
standpoint. As corrosion occurs uniformly over the entire surface of the 
metal component, it can be practically controlled by cathodic protection, 
use of coatings or paints, or simply by specifying a corrosion allowance. In 
other cases uniform corrosion adds colour and appeal to a surface. Two 
classics in this respect are the patina created by naturally tarnishing copper 
roofs and the rust hues produced on weathering steels. 
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1.3 Definition of a Corrosion Cell 
Nature can stipulate corrosion in many fashions. The force behind the 
corrosion attraction of metals towards the formation of stable oxides or 
other oxidised forms of metals can be divided into three types: 

1.3.1 Composition Cell

Composition cells (also known as Galvanic cells) arise when two metals with 
dissimilar compositions or microstructures come into contact in the 
presence of an electrolyte. The two most common examples follow: 

Dissimilar metals: Formed by two single-phase metals in contact, such as 
iron and zinc, or nickel and gold. The metal that is higher on the 
Electrochemical Series will be the cathode. The other metal will suffer 
anodic reactions and will corrode. 

Incidentally, dissimilar metal contact (while bathed in a suitable 
electrolyte) is the technology behind the construction of batteries. The 
voltage of a battery directly follows from the natural electrode potential of 
the corrosion reactions present inside the battery. Hence, controlled 
corrosion is a good thing! 

Multi-phase alloy: Formed by a metal alloy composed of multiple phases, 
such as a stainless steel, a cast iron, or an aluminum alloy. The individual 
phases possess different electrode potentials, resulting in one phase acting 
as an anode and subject to corrosion. 

1.3.2 Stress Cell 

Stress cells can exist in a single piece of metal where a portion of the 
metal's microstructure possesses more stored strain energy than the rest of 
the metal. Metal atoms are at their lowest strain energy state when situated 
in a regular crystal array. 

Grain boundaries: By definition, metal atoms situated along grain 
boundaries are not located in a regular crystal array (i.e. a grain). Their 
increased strain energy translates into an electrode potential that is anodic
to the metal in the grains proper. Thus, corrosion can selectively occur 
along grain boundaries. 

High localized stress: Regions within a metal subject to a high local stress 
will contain metal atoms at a higher strain energy state. As a result, high-
stress regions will be anodic to low-stress regions and can corrode 
selectively. 

For example, bolts under load are subject to more corrosion than similar 
bolts that are unloaded. A good rule of thumb is to select fasteners that are 
cathodic (i.e. higher on the Electrochemical Series) to the metal being 
fastened in order to prevent fastener corrosion. 
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Cold worked: Regions within a metal subjected to cold-work contain a 
higher concentration of dislocations, and as a result will be anodic to non-
cold-worked regions. Thus, cold-worked sections of a metal will corrode 
faster. For example, nails that are bent will often corrode at the bend, or at 
their head where they were worked by the hammer. 

1.3.3 Concentration Cell 

Concentration cells can arise when the concentration of one of the species 
participating in a corrosion reaction varies within the electrolyte. 

Electrolyte concentration: Consider a metal bathed in an electrolyte 
containing its own ions. The basic corrosion reaction where a metal atom 
losses an electron and enters the electrolyte as an ion can proceed both 
forward and backwards, and will eventually reach equilibrium. 

If a region of the electrolyte (adjacent to the metal) were to exhibit a 
decreased concentration of metal ions, this region would become anodic to 
the other portions of the metal surface. As a result, this portion of the 
metal would corrode faster in order to increase the local ion concentration. 

The net affect is that local corrosion rates are modulated in order to 
homogenise reduction ion concentrations within the electrolyte. 

Oxidation concentration: Perhaps the most common concentration cell 
affecting engineered structures is that of dissolved oxygen. When oxygen 
has access to a moist metal surface, corrosion is promoted. However, it is 
promoted the most where the oxygen concentration is the least (for the 
reasons described in the above box). 

As a result, sections of a metal that are covered by dirt or scale will often 
corrode faster, since the flow of oxygen to these sections is restricted. An 
increased corrosion rate will lead to increased residue, further restricting 
the oxygen flow to worsen the situation. Pitting often results from this 
"runaway" reaction. 

1.4 Galvanic Corrosion
Galvanic corrosion (also called ' dissimilar metal corrosion' or wrongly 
'electrolysis') refers to corrosion damage induced when two dissimilar 
materials are coupled in a corrosive electrolyte. It occurs when two (or 
more) dissimilar metals are brought into electrical contact under water. 
When a galvanic couple forms, one of the metals in the couple becomes the 
anode and corrodes faster than it would all by itself, while the other 
becomes the cathode and corrodes slower than it would alone. Either (or 
both) metal in the couple may or may not corrode by itself (themselves) in 
seawater. When contact with a dissimilar metal is made, however, the self 
corrosion rates will change:

� corrosion of the anode will accelerate,
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� corrosion of the cathode will decelerate or even stop.

The driving force for corrosion is a potential difference between the 
different materials. The bimetallic driving force was discovered in the late 
part of the eighteenth century by Luigi Galvani in a series of experiments 
with the exposed muscles and nerves of a frog that contracted when 
connected to a bimetallic conductor. The principle was later put into a 
practical application by Alessandro Volta who built, in 1800, the first 
electrical cell, or battery: a series of metal disks of two kinds, separated by 
cardboard disks soaked with acid or salt solutions. This is the basis of all 
modern wet-cell batteries, and it was a tremendously important scientific 
discovery, because it was the first method found for the generation of a 
sustained electrical current.

The principle was also engineered into the useful protection of metallic 
structures by Sir Humphry Davy and Michael Faraday in the early part of the 
nineteenth century. The sacrificial corrosion of one metal such as zinc, 
magnesium or aluminium is a widespread method of cathodically protecting 
metallic structures.

In a bimetallic couple, the less noble material will become the anode of this 
corrosion cell and tend to corrode at an accelerated rate, compared with 
the uncoupled condition. The more noble material will act as the cathode in 
the corrosion cell. Galvanic corrosion can be one of the most common forms 
of corrosion as well as one of the most destructive.

The relative nobility of a material can be predicted by measuring its 
corrosion potential. The well known galvanic series lists the relative nobility 
of certain materials in sea water. A small anode/cathode area ratio is highly 
undesirable. In this case, the galvanic current is concentrated onto a small 
anodic area. Rapid thickness loss of the dissolving anode tends to occur 
under these conditions. Galvanic corrosion problems should be solved by 
designing to avoid these problems in the first place. Galvanic corrosion cells 
can be set up on the macroscopic level or on the microscopic level. On the 
microstructural level, different phases or other microstructural features can 
be subject to galvanic currents. 
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1.4.1 Galvanic Corrosion of the Statue of Liberty

The galvanic reaction 
between iron and copper was 
originally mitigated by 
insulating copper from the 
iron framework using an 
asbestos cloth soaked in 
shellac. However, the 
integrity and sealing property 
of this improvised insulator 
broke down over the many 
years of exposure to high 
levels of humidity normal in a 
marine environment. The 
insulating barrier became a 
sponge that kept the salted 
water present as a 
conductive electrolyte, 
forming a crude 
electrochemical cells as and Volta had discovered a century earlier. The 
formation of expanded material that followed was typical of confined 
situations found in crevice corrosion.

1.4.2 http://www.corrosion-doctors.org/Aircraft/galvseri-sea.htmStainless screw v 
cadmium plated steel washer

This is one of the most common forms of corrosion 
as well as one of the most destructive. Here�s a 
classic example of galvanic corrosion; a stainless 
screw in contact with a cadmium plated steel 
washer.

1.5 Testing for Localised Corrosion
These are the types of corrosion in which there is intense attack at localised 
sites on the surface of a component whilst the rest of the surface is 
corroding at a much lower rate - either because of an inherent property of 
the component material (such as the formation of a protective oxide film) 
or because of some environmental effect. Indeed the main surface may be 
essentially under satisfactory corrosion control. In such circumstances, if 
corrosion protection breaks down locally then corrosion may be initiated at 
these local sites. 

If this event occurs under a deposit on the surface (perhaps a weld deposit 
or some solid debris from the environment) or at the joint of a bolted 
assembly etc, the attack is termed, �crevice corrosion�. If the attack 
initiates on the free surface of a component, it is termed �pitting�. The 
resistance to these two types of localised corrosion varies greatly between 
different materials and is extremely dependent upon environmental factors.

http://www.corrosion
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The occurrence of localised corrosion is a manifest proof that the anodic 
surface area can be much smaller than the cathodic. The Sa/Sc ratio, or 
degree of localisation, can be an important driving force of all localised 
corrosion problems since a corrosion situation corresponds to equal anodic 
and cathodic absolutes currents. Corrosive microenvironments, which tend 
to be very different from the bulk environment, often play a role in the 
initiation and propagation of corrosion pits. This greatly complicates the 
prediction task.

In general terms, small corrosion anodic areas correspond to severe 
corrosion problems with low delectability. The industrial importance of 
localised corrosion problems has been revealed in many reports. The 
following pie chart summarises the findings of 363 corrosion failure cases 
investigated in a major chemical processing company. The importance of 
pitting comes second (22%) after general corrosion and before stress 
corrosion cracking(SCC) which is, by the way, often initiated by pitting. 
Crevice corrosion comes fourth at 12%. 

1.5.1 Localised Attack

Stainless steels are rarely used in soil applications, as their corrosion 
performance in soil is generally poor. Localised corrosion attack is a 
particularly serious concern. The presence of halide ions and concentration 
cells developed on the surface of these alloys tend to induce localised 
corrosion damage.

The two most common mechanisms of reinforcing steel corrosion damage in 
concrete are:






















































































































































































































