
 

 

Corrosion as an Electrochemical 
Process 

A piece of bare iron left outside where it is exposed to moisture will rust 
quickly. It will do so even more quickly if the moisture is salt water. The 
corrosion rate is enhanced by an electrochemical process in which a water 
droplet becomes a voltaic cell in contact with the metal, oxidizing the 
iron.  

 

Considering the sketch of a water droplet (after Ebbing), the oxidizing 
iron supplies electrons at the edge of the droplet to reduce oxygen from 
the air. The iron surface inside the droplet acts as the anode for the 
process 

Fe(s) -> + Fe2+(aq) + 2e- 

The electrons can move through the metallic iron to the outside of the 
droplet where 

O2(g) + 2H2O(l) + 4e- -> 4OH-(aq) 

Within the droplet, the hydroxide ions can move inward to react with the 
iron(II) ions moving from the oxidation region. Iron(II) hydroxide is 
precipitated. 

Fe2+(aq) + 2OH-(aq) -> Fe(OH)2(s) 
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Rust is then quickly produced by the oxidation of the precipitate.  

4Fe(OH)2(s) + O2(g) -> 2Fe2O3 •H2O(s) + 2H2O(l) 

The rusting of unprotected iron in the presence of air and water is then 
inevitable because it is driven by an electrochemical process. However, 
other electrochemical processes can offer some protection against 
corrosion. For magnesium rods can be used to protect underground steel 
pipes by a process called cathodic protection.  

Cathodic protection from corrosion 
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Cathodic Protection Against 
Corrosion 

 

Underground steel pipes offer the strength to transport fluids at high pressures, 
but they are vulnerable to corrosion driven by electrochemical processes. A 
measure of protection can be offered by driving a magnesium rod into the 



 

 

ground near the pipe and providing an electrical connection to the pipe. Since 
the magnesium has a standard potential of -2.38 volts compared to -.41 volts 
for iron, it can act as a anode of a voltaic cell with the steel pipe acting as the 
cathode. With damp soil serving as the electrolyte, a small current can flow in 
the wire connected to the pipe. The magnesium rod will be eventually 
consumed by the reaction 

Mg(s) -> + Mg2+(aq) + 2e- 

while the steel pipe as the cathode will be protected by the reaction 

O2(g) + 2H2O(l) + 4e- -> 4OH-(aq). 
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Corrosion can be defined as the deterioration of materials by chemical 
processes. Of these, the most important by far is electrochemical corrosion 



 

 

of metals, in which the oxidation process M → M+ + e– is facilitated by the 

presence of a suitable electron acceptor, sometimes referred to in corrosion 
science as a depolarizer. 

In a sense, corrosion can be viewed as the spontaneous return of metals to 
their ores; the huge quantities of energy that were consumed in mining, 

refining, and manufacturing metals into useful objects is dissipated by a 
variety of different routes. 

The economic aspects of corrosion are far greater than most people realize; 

according to a 2001 report, the cost of corrosion in the U.S. alone was $276 

billion per year. Of this, about $121 billion was spent to control corrosion, 
leaving the difference of $155 billion as the net loss to the economy. 

Utilities, especially drinking water and sewer systems, suffer the largest 
economic impact, with motor vehicles and transportation being a close 

second.  

Corrosion cells and reactions 

The special characteristic of most corrosion processes is that the oxidation 
and reduction steps occur at separate locations on the metal. This is possible 

because metals are conductive, so the electrons can flow through the metal 
from the anodic to the cathodic regions. The presence of water is necessary 

in order to transport ions to and from the metal, but a thin film of adsorbed 

moisture can be sufficient. 

A corrosion system can be regarded as a short-circuited electrochemical cell in which 
the anodic process is something like 

Fe(s) → Fe2+(aq) + 2 e– 

and the cathodic steps can be any of 

O2 + 2 H2O + 4e– → 4 OH– 

H+ + e– → ½ H2(g) 

M2+ + 2 e– → M(s) 

where M is a metal.  



 

 

Electrochemic
al corrosion of 

iron 

Corrosion often 
begins at a 

location (1) 
where the metal 

is under stress 
(at a bend or 

weld) or is 
isolated from 

the air (where 

two pieces of 
metal are joined 

or under a 
loosely-adhering 

paint film.) The 
metal ions 

dissolve in the 
moisture film 

and the 
electrons 

migrate to 
another location 

(2) where they 
are taken up by 
a depolarizer. 

Oxygen is the 
most common 

depolarizer; the 
resulting 

hydroxide ions 
react with the 

Fe2+ to form the 

mixture of 
hydrous iron 

oxides known as 
rust.  

Which parts of the metal serve as anodes and cathodes can depend on many 

factors, as can be seen from the irregular corrosion patterns that are 
commonly observed. Atoms in regions that have undergone stress, as might 



 

 

be produced by forming or machining, often tend to have higher free 

energies, and thus tend to become anodic. 

 

Schematic diagram of corrosion cells on iron [link]  

If one part of a metallic object is protected from the atmosphere so that 
there is insufficient O2 to build or maintain the oxide film, this "protected" 

region will often be the site at which corrosion is most active. The fact that 
such sites are usually hidden from view accounts for much of the difficulty in 

detecting and controlling corrosion. 

Pitting corrosion 

Most metals are covered 

with a thin oxide film 
which inhibits anodic 

dissolution. When 
corrosion does occur, it 

sometimes hollows out a 
narrow hole or pit in the 

metal. The bottoms of 
these pits tend to be 

deprived of oxygen, thus 
promoting further growth 

of the pit into the metal.  

 

In contrast to anodic sites, which tend to be localized to specific regions of 

the surface, the cathodic part of the process can occur almost anywhere. 



 

 

Because metallic oxides are usually semiconductors, most oxide coatings do 

not inhibit the flow of electrons to the surface, so almost any region that is 
exposed to O2 or to some other electron acceptor can act as a cathode. 

The tendency of oxygen-deprived locations to become anodic is the cause of 

many commonly-observed patterns of corrosion 

Rusted-out cars and bathroom stains 

Anyone who has owned an older car has seen 
corrosion occur at joints between body parts and 

under paint films. You will also have noticed that 
once corrosion starts, it tends to feed on itself. One 

reason for this is that one of the products of the O2 

reduction reaction is hydroxide ion. The high pH 
produced in these cathodic regions tends to destroy the protective oxide 

film, and may even soften or weaken paint films, so that these sites can 
become anodic. The greater supply of electrons promotes more intense 

cathodic action, which spawns even more anodic sites, and so on. 

A very common cause of corrosion is having two dissimilar metals in contact, 
as might occur near a fastener or at a weld joint. Moisture collects at the 

junction point, acting as an electrolyte and forming a cell in which the two 
metals serve as electrodes. Moisture and conductive salts on the outside 

surfaces provide an external conductive path, effectively short-circuiting the 

cell and producing very rapid corrosion; this is why cars rust out so quickly 
in places where salt is placed on roads to melt ice. 

Dissimilar-metal corrosion can occur even if the two metals are not initially 

in direct contact. For example, in homes where copper tubing is used for 
plumbing, there is always a small amount of dissolved Cu2+ in the water. 

When this water encounters steel piping or a chrome-plated bathroom sink 
drain, the more-noble copper will plate out on the other metal, producing a 

new metals-in-contact corrosion cell. In the case of chrome bathroom sink 
fittings, this leads to the formation of Cr3+ salts which precipitate as greenish 

stains. 

Control of corrosion 

Since both the cathodic and anodic steps must take place for corrosion to 

occur, prevention of either one will stop corrosion. The most obvious 
strategy is to stop both processes by coating the object with a paint or other 



 

 

protective coating. Even if this is done, there are likely to be places where 

the coating is broken or does not penetrate, particularly if there are holes or 
screw threads. 

A more sophisticated approach is to apply a slight negative charge to the 
metal, thus making it more difficult for the reaction M → M2+ + 2 e– to take 

place.  

Sacrificial coatings 

One way of supplying this negative charge is to apply a coating of a more 

active metal. Thus a very common way of protecting steel from corrosion is 
to coat it with a thin layer of zinc; this process is known as galvanizing.The 

zinc coating, being less noble than iron, tends to corrode selectively. 
Dissolution of this sacrificial coating leaves behind electrons which 

concentrate in the iron, making it cathodic and thus inhibiting its dissolution. 

 

The effect of plating iron with a less active metal provides an interesting 
contrast. The common tin-plated can (on the right) is a good example. As 

long as the tin coating remains intact, all is well, but exposure of even a tiny 
part of the underlying iron to the moist atmosphere initiates corrosion. The 

electrons released from the iron flow into the tin, making the iron more 
anodic so now the tin is actively promoting corrosion of the iron! You have 

probably observed how tin cans disintegrate very rapidly when left outdoors. 

Cathodic protection 

A more sophisticated strategy is to maintain a continual negative electrical 

charge on a metal, so that its dissolution as positive ions is inhibited. Since 
the entire surface is forced into the cathodic condition, this method is known 
as cathodic protection. The source of electrons can be an external direct 

current power supply (commonly used to protect oil pipelines and other 
buried structures), or it can be the corrosion of another, more active metal 



 

 

such as a piece of zinc or aluminum buried in the ground nearby, as is 

shown in the illustration of the buried propane storage tank below.  

 

 

Corrosion gallery 

 

Corrosion of a nail 

The nails are immersed in agar 
which forms a moist solid gel. 

The agar also contains 

phenolphthalein and 
hexacyanoiron(III) Fe(CN6)

– 

which forms a deep blue color 
("prussian blue") in the 

presence of Fe2+. The blue 
colors are clearly associated 

with those parts of the nail that 
have been stressed, thus 

faciliting the anodic release of 
Fe2+ from the metal. The the 

pink color shows the cathodic 
regions that have been made 

alkaline by the reaction 

O2 + 2 H2O + 4e– → 4 OH– 

This clearly shows the 



 

 

separation between the anodic 

and cathodic processes in 

corrosion.  

[Illustration from U of West 
Indies: link] 

Water distribution main 

If you live in the older part of a city where 

the mains are 50-100 years old, the water 
you drink may well have passed through a 

pipe in this condition! Severe corrosion like 
this is more common in areas where the 

water is acidic. Such water comes from 

mountain snowmelt and runoff, and 
usually acquires its acidity from dissolved 

atmospheric carbon dioxide. 

Waters from rivers, lakes, and especially 
groundwaters from wells have usually 

been in sufficiently long contact with 
carbonate-containing sediments to have 

been neutralized. Water-works 
administrators like to make the water 

slightly alkaline and slightly supersaturated 

in calcium carbonate in order to maintain a 
thin coating of solid carbonate on the 

interior of the pipe which acts to protect it 
from corrosion.  

 

Corrosion of reinforcing bars in concrete 

All large concrete structures contain steel 
reinforcing bars ("rebars") that help ensure 

structural integrity under varying load 
conditions and especially during 

earthquakes. Intrusion of water, even in 
the form of fog or mists, can lead to 

serious corrosion damage, as seen in this 
picture of this column which supports a 

highway overpass. 

 



 

 

 

Corrosion at metallic joints 

The picture shows two steel 

structural members joined by 
cast iron flanges which have 

been bolted together. For some 
reason, one of the pieces has 

become more anodic than the 
other, leading to extensive 

corrosion of the upper part.  

Bacterial-assisted corrosion 

This gas pipe was buried in a red soil that 

contained iron pyrites (FeS.) The 
bacterium thiobacillus ferrooxidans derives 

its energy by oxidizing Fe2+ to the more 
soluble Fe3+, transferring the electrons to 

O2. It also oxidizes the sulfur, producing 
sulfuric acid. The resulting chemical 

cocktail has eaten a hole into the pipe.  

link  

These galvanized bolts 

were used to join 

wooden beams 

together. Subsequent 

movement of the beams 

due to varying load 

conditions abraded the 

zinc coating. A lack of 

oxygen near the centers 

of the bolts also likely 

contributed to the 

corrosion by preventing 

the formation of a 

protective oxide film.  

Pitting corrosion 

 

What you need to know 

Make sure you thoroughly understand the following essential ideas which 

have been presented above. It is especially imortant that you know the 
precise meanings of all the highlighted terms in the context of this topic. 



 

 

• Electrochemical corrosion of metals occurs when electrons from atoms at the 
surface of the metal are transferred to a suitable electron acceptor or 
depolarizer. Water must be present to serve as a medium for the transport of 

ions.  

• The most common depolarizers are oxygen, acids, and the cations of less active 
metals.  

• Because the electrons flow through the metallic object itself, the anodic and 
cathodic regions (the two halves of the electrochemical cell) can be at widely 
separated locations. 

• Anodic regions tend to develop at locations where the metal is stressed or is 
protected from oxygen. 

• Contact with a different kind of metal, either direct or indirect, can lead to 
corrosion of the more active one. 

• Corrosion of steel can be inhibited by galvanizing, that is, by coating it with zinc, 
a more active metal whose dissolution leaves a negative charge on the metal 
which inhibits the further dissolution of Fe2+. 

• Cathodic protection using an external voltage source is widely used to protect 
underground structures such as tanks, pipelines and piers. The source can be a 
sacrificial anode of zinc or aluminum, or a line-operated or photovoltaic power 
supply.  

Concept Map 
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Other Types of Corrosion 

 

Return to the corrosion tutorial. 

 

Direct Chemical Attack is also fundamentally electrochemical in nature. 

However, no current flow is detectable, nor are there any definite anodic or 

cathodic areas. The theoretical rate of a chemical attack can be affected by the 

formation of a protective film on the metal surface, through secondary reactions 

involving the products of corrosion, and the mechanical removal of protective 

films, such as by erosion, flexing of the metal surface, or by temperature 

changes.  

 

Dry Oxidation and Tarnish result when the clean surfaces of metals are 

exposed to air or other gasses to form oxides or other compounds on the 

surface of the metals. Many of these films are invisible at room temperature, 

but at higher temperatures these films may reach considerable thickness. The 

rate of film growth is usually greater at higher temperatures. At higher 

temperatures, and more particularly under changes of temperature, the film 

may crack or spall to expose fresh metal to attack. Bending or stressing the 

metal can induce or increase the spalling. The presence of sulfur-bearing gasses 

may greatly increase the rate of attack. And the presence of moisture will 

accelerate attack, and complicate it by permitting electrolytic corrosion. 

 

Atmospheric Corrosion combines electrochemical attack, direct chemical 

attack and oxidation. The many structures created by man which are subject to 

atmospheric corrosion, and the many specialized methods which have been 

developed to combat it, justify it for consideration as a basic type of corrosion. 

Temperature changes, alternate wetting and drying, and the washing action of 

the elements of weather modify the rates of film removal. Rural atmospheres 

differ from industrial, and industrial atmospheres differ from one another to 

such an extent that special tests and consideration must be given for the 

optimum selection of protective coatings and application methods. 



 

 

 

Crevice Corrosion is the attack on the surface of a metal partly shielded from 

contact with the corroding fluid, usually by a non-metallic materials. Typically, 

this is a concentration cell effect, the shielded area being anodic. 

 

Caustic Embrittlement is usually the result of steam escaping through a 

crevice, such as between boiler plates or pipe flanges. The escaping water, 

usually in a fissure of steam, becomes highly concentrate, and the increased 

alkalinity of the concentrated water causes failure by stress corrosion. 

 

Stress Corrosion Cracking results when even a very small pit forms in a 

metal under stress. The concentrated stress may either deepen and extend the 

pit, or crack any protective film which might tend to form. Under continued 

exposure to the corrosive medium and stress, the crack extends by alternate 

corrosion and stress failure. 



 

 

 

Hydrogen Embrittlement and hydrogen attack results when atomic hydrogen, 

contained in chemical and refinery processes or produced electrolytically by the 

process, penetrates onto the grain boundaries of steel producing microcracks, 

blistering and loss of ductility. The atomic hydrogen combines into molecules, 

cannot escape, resulting in blistering and laminations. 

 

Pitting is caused by electrolytic corrosion and is the result of galvanic attack at the 

anodes of the metal surface. This can be seen where local failures in the film on 

stainless steel may be anodic to the remainder of the surface. This is more 

commonly seen on aluminum, and most commonly on steel in heterogeneous soil. 

 

In Dezincification, one constituent of an alloy, such as the zinc in brass or bronze, 

may be selectively removed, leaving a porous replica of the original part. Often the 

whole alloy is initially dissolved, with one element redeposited in spongy form. 



 

 

 

Graphitization is most often seen as the electrolytic corrosion of cast iron, and 

often takes a form very similar to the dezincification of brass. Iron is removed 

selectively, leaving a replica composed of carbon or graphite. 

 

Cathodic Corrosion. Although the cathode of an electrolytic cell is not in itself 

corroded as a direct result of the electrolytic process, the cathode may be attacked 

by the reaction products formed by the process. A typical example is the corrosion of 

lead in the very alkaline environment produced at the cathode of cathodically 

protected lead cable. 

 

Corrosion Fatigue occurs when a metal is subjected to alternating stress and 

relief in a corrosive environment. Metal failure occurs much more rapidly under the 

alternating stress than under either stress or relief alone. Continuous removal of 

protective films, and the repeated exposures of clean metal by small stress failures 

cause corrosion fatigue. 



 

 

 

Erosion Corrosion, as the name implies, occurs when the corrosion products 

which would normally afford a protective film are scoured off by moving fluids, 

particularly if the fluids contain abrasive materials. The erosion will expose clean 

metal, and develop a physical pattern so obviously a result of erosion that the 

corrosive factor may not be recognized. 

 

Cavitation or Impingement Attack is a process which is very similar to 

erosion. In cavitation, collapsing gas bubbles in regions of turbulence and local 

pressure fluctuations may activate serious corrosion. Condenser tubes and pump 

impellers are subject to this type of attack. 

 

Fretting Corrosion. Metal surfaces in close physical contact, in a corrosive 

environment, and subjected to vibration, can accelerate corrosion attack by the 

continuous removal of protective films. Machine parts with small relative motion 

and high unit loads are subject to fretting corrosion. 

 

Return to the corrosion tutorial. 

SESCO Cathodic Protection Tutorial 
What is Corrosion? 

What is Cathodic Protection? 



 

 

 

Corrosion is defined in Webster's dictionary as "…the action or process of corrosive chemical change…a 

gradual wearing away or alteration by a chemical or electrochemical, essentially oxidizing process." 

 

In the performance of our daily work and job responsibilities we usually relate corrosion to the rusting 

and wasting away of a pipe which is buried in the ground. In this sense, corrosion can be considered 

as a process of natural forces working to restore the refined works of man to their original state of 

complete and uniform equilibrium. Thus, in the case of the buried pipe, corrosion is the process of 

natural forces working to restore the iron in the steel pipe, through rusting, to its original stable form 

of iron oxide, or native iron ore.  

 

The type of corrosion with which we are most familiar, and the type which causes extensive damage 

to buried pipe, is electrochemical corrosion. This form is also widely known as galvanic corrosion, and 

is sometimes loosely referred to as 

electrolysis. 

Electrochemical Corrosion (fig. 1) 

takes place when two different metals 

come into contact with a conductive liquid 

-- usually impure water or soil moisture -- 

resulting in a flow of direct current 

electricity. The current always flows away 

from the anodic metal (anode), and the 

anode is corroded. The current flows 

through the electrolyte to the cathodic 

metal (cathode), but the cathode is not 

corroded. The potential that causes the 

current to flow is always due to some kind 

of difference between the anode and the 

cathode, such as a difference in the two 

metals, concentration of the conductive 

liquid, a difference in temperatures, a difference in the amount of oxygen present, or some other 

difference in conditions. 

Technically, four conditions must always be present to create a 

galvanic cell and for corrosion to occur. There must be two different 

metals, one acting as the anode, and the other acting as the cathode. 

There must be an electrolyte to provide a path for current to flow from 

the one metal to the other. And there must be a direct electrical 

contact between the two metals to complete the electrical circuit. The 

flow of current through the electrolyte is always from the anode to the cathode. Wherever electrical 

current leaves the anode to enter the electrolyte, small particles of iron are dissolved into solution, 

causing pitting at the anode. Wherever the current enters the cathode, molecular hydrogen gas is 

formed on the surface and the cathode is preserved and protected from corrosion. 

 

If one of the four conditions of a galvanic cell is removed, corrosion cannot continue. It is the removal 

of one of the four conditions, to reduce or interrupt the flow of galvanic current, which is the basis for 

cathodic protection and all other forms of corrosion control. 

 

1: Electrochemical Corrosion  

There are several other types of 

corrosion which are also important 

to consider. Click here to find out 

more.  



 

 

Probably one of the most common galvanic cells that 

we can consider as an example is the simple 

flashlight battery (fig. 2). The metal, zinc, is used 

as the case of the battery and is the anode. The 

carbon rod in the center of the battery is the cathode. 

And the space in between the two is filled with an acid 

(or alkaline) substance, which is the current 

conducting material, the electrolyte. Three of the four 

conditions of a galvanic cell are present, so there is 

yet no reaction. 

 

But when the battery is connected to an external 

circuit, and electric current is then caused to flow 

from the zinc (anode), through the electrolyte to the 

carbon rod (cathode). Oxygen is evolved at the face of the anode, particles of zinc are dissolved into 

the solution, and hydrogen gas is deposited on the carbon rod. If the flow of current is not stopped, 

the zinc case will corrode to penetration, and the 

electrolyte will leak from the battery case. 

 
2: Simple Flashlight Battery  

 
3: Pipe/Pipeline  

 

 
4: Mill Scale  

 



 

 

 
5: Tool Marks  

 

 
6: New Pipe  

 

 
7: Excavated Ditch  

 

 
8: Varying Soils  

 

 
9: Changing Conditions  



 

 

The formulation of oxygen at the anode, and 

hydrogen at the cathode -- on the surfaces of the two 

different metals -- may bring about a condition known 

as polarization. Such polarization will increase the 

resistance to the flow of electricity and will therefore 

reduce the rate of corrosion. This is also illustrated in 

the use of the flashlight battery. When the battery 

has been given a rest after moderate use, and the 

gasses have dissipated, the battery will function again 

with renewed life. 

 

The numerous galvanic cells which cause corrosion on 

buried pipe all work very much in the same manner 

as the simple battery cell. The actual mechanisms of 

the corrosion process, as discussed and illustrated 

earlier, may be more complex, but the principles are 

the same. 

 

When a piece of pipe or a thousand-mile-long 

pipeline (fig. 3) is buried in the ground, the moisture in the soil is always the electrolyte. The anode 

and the cathode areas are both on the same pipe structure, and the pipe itself provides the return 

circuit. 

 

The lower the resistance, or the more conductive the electrolyte, the greater will be the flow of 

electricity, and the more active the rate of corrosion. Thus, the rate of corrosion in salt polluted soils 

and in clay gumbo soils will be much greater than if the same pipe were backfilled with high resistant 

sand or gravel. If the sand or gravel backfill could be made to be and remain "bone-dry," then we 

would have eliminated the electrolyte entirely and the process of galvanic corrosion could not 

continue. 

 

Different corrosion cells can occur within the same inch on the same joint of pipe, or they could even 

be miles apart on a well-coated pipeline. Some of the corrosion cells on a pipe may be caused by the 

various elements of iron, manganese, carbon and trace elements which all occur within the typical 

composition of carbon steel. 

 

Some cells can be created by the different iron compounds found in mill scale (fig. 4), or in 

atmospheric rust. 

 

Tool marks (fig. 5), scratches, new surfaces exposed by pipe threads are almost always anodic to 

other pipe surfaces and are subject to active corrosion. 

 

When a piece of pipe is removed from an existing pipeline and replaced with a piece of new pipe (fig. 

6), or with a tee, or with some other new structure, the new material is almost always anodic to the 

old material. The old material is not necessarily made of any better quality material to resist corrosion, 

except that it is already polarized and protected by various protective films created by the prior action 

of the electrolytic process. 

 

The various physical conditions of the soil environment in themselves create different types of 

corrosion cells. These are sometimes called "concentration cells." 

 

One such concentration cell is created when the pipe is installed along the bottom of the excavated 

 

 
10: Vertical Structure  



 

 

ditch (fig. 7) on dense and undisturbed soil, while the rest of the pipe wall is in contact with the 

mixed, loose and aerated soil of the backfill. This soil condition will also hold more moisture at the 

bottom of the pipe, and the combination of these favorable conditions makes the bottom anodic with 

respect to the other parts of the circumference of the pipe. A row of pits along the bottom of the pipe 

is the common result. 

 

Concentration cells of a different type are established when the pipe ditch is made through areas 

where there are layers of widely different kinds of soil (fig. 8), such as layers of top soil, clay and 

rock. Wherever clods of clay come into contact with the steel, these points would be anodic with 

respect to other parts of the pipe which are in contact with the higher resistant soil and rock. 

 

Most concentration cells occur in the soil where conditions change (fig. 9), for example, from 

relatively higher resistant loam to lower resistant clay soils, or alkaline areas. These corrosive areas 

are commonly referred to as "hot spots." 

 

These same concentration cells are also present when a structure is installed vertically (fig. 10) 

through various earth strata. These can be found on well casings, foundation piling, or even on steel 

fence posts. 

 

When a pipe is first backfilled, many corrosion cells are quickly set up due to a combination of causes 

as already discussed. In every case, corrosion is taking place at the anodic areas -- iron is being 

dissolved -- and hydrogen is being plated out of the electrolyte onto the face of the cathodic areas of 

the pipe. There are some very weak corrosion cells, and on the opposite hand there are some very 

strong cells. As these processes of corrosion and polarization continue, some of the weaker cells 

become completely polarized, and the anodes of these cells become cathode to larger cells. The net 

result is that the same total amount of current continues to flow from fewer anodes, causing failure to 

the pipe at a faster rate. 

 

The rate at which galvanic corrosion takes place is governed basically by the chemical components 

which comprise the corrosion cell. Every metallic element or alloy possesses, or generates its own 

specific solution potential when buried in the ground. That is, there is a difference in electrical 

pressure (voltage) between the metal and the soil. This can be measured very precisely by attaching 

the negative lead of a voltmeter to the buried metal, and the positive lead of the voltmeter to a 

copper sulphate electrode placed in contact with the soil. 

 

When a piece of steel pipe is buried in the ground, the solution potential of the steel (essentially iron) 

can be observed to be approximately one-half volt. When a piece of galvanized steel pipe (zinc 

surface) is buried, the solution potential will be observed to be over one volt. Then, if the potential is 

measured directly between the steel and the galvanized pipe, we will observe a potential of 

approximately one-half volt, which is the arithmetical difference between the two separate solution 

potentials. By bonding (connecting) the two pipes together with a wire, we have established a galvanic 

cell, with the galvanized pipe being anodic to the steel pipe. Current is caused to flow from the 

galvanized pipe through the soil to the steel pipe. The zinc is being corroded, and the steel pipe is 

being polarized and protected from corrosion. 

 

The relative solution potentials of a number of metals, as observed in sea water, are shown in the 

following list. 

Lithium +2.96 Volts 

Rubidium +2.93 Volts 

Potassium +2.92 Volts 

Nickel +0.23 Volts 

Tin +0.14 Volts 

Lead +0.12 Volts 



 

 

Strontium +2.92 Volts 

Barium +2.90 Volts 

Calcium +2.87 Volts 

Sodium +2.71 Volts 

Magnesium +2.40 Volts 

Aluminum +1.70 Volts 

Zinc +0.76 Volts 

Chromium +0.56 Volts 

Iron +0.04 Volts 

Hydrogen 0.00 Volts 

Copper (Cuprous) -0.80 Volts 

Silver -0.80 Volts 

Mercury -0.80 Volts 

Platinum -0.86 Volts 

Gold -1.50 Volts 

 

These are relative values only, compared to hydrogen, and the specific voltages will vary under the 

different conditions of different electrolytes, different temperatures, concentration, etc. Any group of 

metals such as this, arranged in order of the magnitude of their solution potentials, is commonly 

called by several names, a galvanic cell, or and electrochemical series. If any two metals are selected, 

joined together electrically and buried underground, they will establish a galvanic cell. The metal that 

is higher in the list, the one having the higher solution potential, will be anodic to the other. The 

anodic metal will corrode, and the metal that is cathodic will be protected from corrosion. 

 

This is the basis in principle of cathodic protection. Cathodic Protection can be defined as…the control 

of electrolytic corrosion…by the application of direct current in such a way that the structure to be 

protected is made to act as the cathode of an electrolyte cell. 

 

The greater the separation of the two metals in the series, the more rapidly will the galvanic corrosion 

proceed. While those metals shown higher in the list will create higher potentials, they are relatively 

unstable and expensive to produce in commercial quantity. As we come down in the list, magnesium is 

the first metal which is economical to produce in commercial volume. It is for these reasons: that 

magnesium is relatively high in the galvanic series, and relatively low in cost, that it is used in the 

manufacture of sacrificial soil anodes for the cathodic protection of steel pipe buried in the ground. 



 

 

When a sacrificial magnesium anode 

(fig. 11) is buried in the ground and is 

connected to a steel pipeline through a 

copper wire, a strong galvanic cell is 

established (in the soil electrolyte) having 

a potential of approximately 1.5 volts. The 

potential thus created by the formation of 

this galvanic cell is then usually sufficient 

to overcome all other naturally existing 

galvanic cells on the pipeline in the 

immediate vicinity of the anode. That is to 

say, all of the anodes of the small 

naturally existing cells on the pipe have 

been made to be cathodes to the new 

magnesium anode which has been 

attached to the pipe. The magnesium 

anode will corrode instead of the pipe; the 

magnesium alloy metal will be sacrificed 

to save the steel pipe. This is the purpose 

and the effect of cathodic protection. 

 

While magnesium anodes can be 

beneficial in slowing the rate of corrosion 

on a buried pipeline under ideal 

conditions, they do have their effective 

limitations. 

 

The driving potential of sacrificial anodes 

are completely limited to the difference in 

potential between the anode and the 

cathodes. As has already been illustrated, 

the maximum potential that might be 

obtained between magnesium anodes and 

steel pipe is slightly more than 1.5 volts. 

However, to overcome the stronger 

potentials of external interference as one 

example. Such interference often is 

produced as a result of the operation of a 

cathodic rectifier on a foreign structure in close proximity to the pipeline receiving the interference. 

Such interference could also come from DC electric railroads or some other source of stray DC current 

in the soil. But DC interference problems are usually corrected by mutual cooperation and 

compensation between the two structure owners, which procedures are too involved for explanation 

within this discussion. 

 

The current output of a single galvanic anode is quite limited and can be affected by any one, or even 

all of the following conditions: 

• The amount of bare steel to be protected, as related to the effectiveness of the coating on the 
pipe (if any).  

• The resistivity (conductivity) of the soil electrolyte environment between the anode and the 

pipe structure.  

 

11: Magnesium Anode  



 

 

• The size and physical shape of the anode.  

• The metallurgical composition of the anode.  

• The kind and amount of backfill material around the anode and the pipe.  

• The physical distance between the anode and the pipe structure.  

• The depth at which the anode is buried.  

• The number of anodes attached to the pipe, and their spacing.  

• The pipe-to-soil potential of the pipe structure.  

While a single sacrificial anode could provide adequate cathodic protection to miles of a very well 

coated pipeline with few breaks in the coating, it can afford adequate cathodic protection to only a 

relatively few feet of large diameter uncoated pipe under severely corrosive conditions. Under these 

severe conditions it would be necessary to install many anodes (fig. 12) at very close intervals in 

order to provide sufficient potential to all 

surface areas of the pipe. 

A more effective and positive method of 

cathodic protection is through the 

installation of a cathodic rectifier and 

impressed current groundbed system 

(fig. 13) instead of with multiple 

magnesium anodes. By this method an 

electrolytic cell is developed artificially, 

where the entire structure to be protected 

is made to be the cathode of the cell, and 

the installed groundbed is the anode. The 

current is made to flow from the 

groundbed to the structure by converting 

alternating current power to direct current 

and impressing the direct current into the 

earth through the groundbed. 

 

A cathodic groundbed consists of a 

designed number of carbon, graphite, cast 

iron or junk steel anodes buried in the 

ground at various depths and 

configurations. Commonly, the groundbed 

will consist of approximately 20 cast iron 

anodes, installed in augered holes 15 feet 

apart, and backfilled with carbon dust to 

lower the anode-to-earth resistance. 

These anodes will all be connected 

together in parallel, with the header cable 

attached to the positive terminal of the 

rectifier. 

 

The rectifier instrument consists of two 

basic devices: a transformer to convert 

purchased AC power from 115, 230 or 

other supply voltage, to the much lower DC voltage needed for cathodic protection; and the rectifying 

device to convert the low voltage AC to DC. A second cable is attached to the buried pipeline and 

connected to the negative terminal of the rectifier instrument to complete the return circuit. 

 
12: Many Anodes  

 

 
13: Cathodic Rectifier/Impressed 

Current Groundbed System  



 

 

 

Voltage adjusting linkage is provided on the rectifier so that the DC current output can be adjusted to 

any value as may be required to provide an adequate protective potential on the pipe structure. When 

the AC supply is turned on to the rectifier, the transformer reduces the AC voltage to the desired level, 

converting it to direct current through the rectifying stacks and is impressed into the earth through 

the groundbed. As with other galvanic cells, the impressed current collects on the bare steel surfaces, 

or at the voids in the coating, and the pipe is used as a return to the negative terminal of the rectifier 

to complete the circuit. 

 

The rectifier-groundbed system has many advantages in the application of cathodic protection to a 

buried or submerged structure: 

1. It allows for any reasonable driving voltage that may be desired for effective control of 

corrosion.  
2. It allows for any reasonable current output that may be desired for effective control of 

corrosion.  
3. It can be used with almost any resistivity soil environment.  
4. The system can be used on bare or coated pipeline systems.  

5. Structures of any size can be 
made to be cathodic and be 
protected.  

The pipe-to-soil potential test (fig. 

14) has been established by corrosion 

engineers as a standard measurement 

technique in the evaluation of corrosion 

control and the degree of cathodic 

protection applied to buried metallic 

structures. The copper sulphate half cell 

reference electrode is most commonly 

used to contact the soil. Normally, the 

natural static potentials of unprotected 

buried steel will vary from -0.30 to -0.80 

volts, with reference to the copper 

sulphate electrode. Such differences in 

the pipe-to-soil potentials observed at 

various intervals along a pipeline indicate the voltage drops in the soil between the test points. This 

means that galvanic currents will flow through the soil between the anodic and the cathodic points, 

the magnitude of current flow depending on the resistivity of the soil (electrolyte) and the voltage 

drop in the galvanic cells. 

 

If the static pipe-to-soil potentials along a pipeline were of equal values, galvanic currents could not 

flow, and there would be no corrosion. 

 

When enough external counter-current is provided to a corroding section of a pipeline to exactly 

cancel out the galvanic currents, the pipe-to-soil potentials at the anodic points will be equal to the 

pipe-to-soil potentials of the cathodic points, and the voltage drop between the points would be zero. 

That point of theoretical potential equalization is usually at or near the open circuit potential of the 

anodic point. 

 

For example, if the open circuit pipe-to-soil potential of an anodic point is -0.65 volt, then corrosion 

will be stopped if the potential of the cathodic point(s) is made more negative and equal to this value. 

 

14: Pipe-to-Soil Potential  



 

 

This is a basic criterion for the cathodic protection of a buried structure. However, it would be 

impractical and almost impossible to determine the open circuit potential values and points of 

potential equalization along a pipeline, so corrosion engineers have established a second and more 

practical criterion for adequate cathodic protection. 

 

It is generally accepted by the corrosion engineers that a structure will be under complete cathodic 

protection if the pipe-to-soil potential at all points on that structure is maintained at a minimum level 

of -0.85 volt. This value represents over-protection in most instances, since the points of potential 

equalization, as pointed out above, is usually less negative than -0.80 volt. This is the most practical 

and economical criterion to consider in testing for the existence of corrosion on any buried and coated 

pipeline. 

 

Structure-to-soil potentials should be observed using a potentiometer, which draws no current, or a 

high resistance voltmeter, which draws only a very small current. A copper-copper sulphate electrode 

is used for the reference contact with the electrolyte (soil), and there must be direct contact with the 

structure (pipe). 

 

To make a pipe-to-soil test observation, the lead wire attached to the copper sulphate electrode is 

attached to the positive (+) post of the meter. A wire attached to the negative (-) post of the meter is 

attached solidly to the pipe at any convenient point. This contact can be made by clipping directly to 

an above-ground valve, fitting, riser, or even by attaching to a probe bar pushed into the ground to 

contact the pipe. 

 

The plug end of the copper sulphate electrode is then placed firmly against the moist soil at a position 

relative to the top of the buried pipe. If the soil is dry, it will be necessary to spill just a little water 

onto the ground (1/2 cupful) in order to ensure good contact between the soil and the electrode. The 

pointer on the voltmeter will then indicate the pipe-to-soil potential at that particular point on the 

pipeline. 

 

Continuing and using the same direct contact to the pipe, but then using a very long wire between the 

meter and the copper sulphate electrode, it will be possible to move the electrode about and take 

many pipe-to-soil test observations at any number of intervals for hundreds of feet along the length of 

a pipeline. 

 

If all test observations over the entire structure are found to be -0.85 volt or greater, it can be 

concluded that the entire structure is cathodic with respect to the sacrificial anodes (or with respect to 

the rectifier groundbed) and that there is no active corrosion taking place. This value of -0.85 volt 

considers a "built-in" constant of -0.52 volt as the solution potential between copper and copper 

sulphate in the reference electrode. 

 

Pipe-to-soil observations should be made whenever there is any question or any doubt that the 

structure may not be under full cathodic protection. It is desirable to practice the re-observation of 

pipe-to-soil potentials at regular, say, six-month intervals to have assurance that no physical changes 

had previously been made that would upset the balance of the cathodic protection circuit. This is for 

confirmation purposes, and to discover any changed condition which could result in corrosion damage 

to the structure. The period of retesting pipe-to-soil potentials should never exceed one year. 

 

Whenever any work is performed directly on the structure which may affect the cathodic protection 

balance, it would then be prudent to retest the pipe-to-soil potential at the completion of that work. 

Such work would include any activity which might affect the insulation or the shorting of any portion 

of the structure to another structure, any work on or addition to insulating fittings, any addition or 



 

 

removal of pipe to the length of the system, any pollution of the soil which my lower the resistivity of 

the soil environment, any indirect contact to the structure by a different metallic structure, any nearby 

construction and subsequent operation of a cathodic rectifier by others, any other new source of stray 

DC into the earth, etc. Any changes which do occur to reduce the pipe-to-soil potential on the 

structure under cathodic protection below a level of -0.85 volt should be removed or corrected to 

restore the structure to a protective level. 

 

It should be remembered that cathodic protection is only one tool used in an overall program of 

corrosion control, and is often used to supplement other efforts to arrest and control the process of 

corrosion. Some of the other methods used in corrosion control are: 

• Insulating the internal or external surfaces of a structure from the electrolyte by the 
installation of paint, wax, coal, tar, asphalt, plastic tape, epoxy resin, or other coating or lining 

material.  

• Installing the structure in a high resistant or well-drained environment, such as in or on sand, 
crushed rock, etc.  

• Cladding, lining, dipping, electroplating, or metalizing to coat a metallic surface with a metal, 

alloy, or material of superior resistance.  

• The addition of selected chemical inhibitors, passivators, or dessicants.  

• The removal of oxygen, carbon dioxide, or other gasses from, or the addition of inert gasses, 
such as nitrogen, to the environment.  

• The careful consideration and selection off metals, alloys, plastics, ceramics, or other 

materials, to be used in conjunction with a necessary metal.  

• Control of the environment to lower temperatures.  

• The reduction of velocities and/or throughput at the face of the corroding material.  

• The installation of in-line insulating materials.  

 


