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 Unit-I:

• Introduction Definitions of Corrosion - Overall classification of types of
corrosion-Basic electrochemistry –Galvanic and electrolytic cells – Potential
measurements - EMF and Galvanic series – Galvanic corrosion and bimetallic
contacts – Eh – pH diagrams, Cost of Corrosion, Metallurgical properties
influencing corrosion

 Unit-II:

• Forms of Corrosion: Uniform attack, galvanic, crevice, pitting, Inter granular,
selective leaching, erosion and stress corrosion – Mechanisms, testing
procedures and their protection.

 Unit-III:

• Electrode Kinetics and Polarization Phenomenon: Electrode – solution
interface – Electrode kinetics and polarization phenomena – Exchange current
density – Polarization techniques to measure corrosion rates – Mixed potential
theory – Activation and diffusion controlled mixed electrodes.

Syllabus
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 Unit-IV:
Methods of Corrosion prevention and control
Design, coatings and inhibition – Cathodic protection – Stray current corrosion –
Passivity phenomena and development of corrosion resistant alloys – Anodic
control.

 Unit-V:
Industry Approach:
Selection for a given Chemical Engineering Service Environment- Materials for
Chemical Engineering Industry to resist the given chemical Environment.-
Ferritic, Austenitic steels and stainless steels- Copper and its alloys-Brasses,
bronzes, Nickel and its alloys- Monel alloys materials for a petroleum refinery
industry.

TEXT BOOKS:
1. M. G. Fontana, Corrosion Engineering (Third Edition) McGraw-Hill Book

Company.
2. Corrosion Engineering Principles and Practice by Pierre R. Roberge
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 Be introduced to the principles of electrochemistry as well as the essential
elements of electrochemical corrosion.

 Lay a foundation for understanding the forms of corrosion, the mechanism of
corrosion, electrochemical methods.

 Develop the thermodynamic and kinetic aspects of electrochemistry, including
potential-pH (Pourbaix) diagrams, mixed potential theory, and the theory and
application of polarization.

 Design methods for combating corrosion, the principles and methods leading to
mitigation of corrosion problems that might occur in engineering practice.

Objectives 



Silver + Sulphur +Air               Silver Sulphide (black color)

Copper + Carbon di-Oxide +Air            Copper Carbonate (green color)

Iron + Oxygen + H2O                Iron Oxide (brown color)



Rust is also a disease that can harm your plants. But it isn’t just one disease; it’s
actually a group of fungal diseases that attack many different kinds of plants,
including—but not limited to—roses, daylilies, carnations, snapdragons, mums,
tomatoes, beans, pines, spruce trees and cypress. It can even attack your grass.



Corrosion

 Will there be any cost incurred to overcome corrosion?

Corrosion is defined as destruction or deterioration of a material due to the
unwanted chemical or electrochemical reaction with its environment.
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The main constituents are electrons and ions
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Cost of Corrosion

Estimates of the annual cost of corrosion in the United States vary between $ 8
Billion and $ 126 Billion. In any case, corrosion represents a tremendous
economic loss And much can be done to reduce it. These dollar figures are not
surprising When we consider that corrosion occurs, with varying degrees of
severity, wherever Metals and other materials are used.

According to Wall Street Journal (Sept 11, 1981) cost to oil and gas producers
is nearly $ 2 Billion.

Costs are increasing because of deeper wells and more hostile
environments. Higher temperatures and corrosive sulfur gases

One large chemical company spent more than $ 4000, 000 per year for
corrosion maintenance in its sulfuric acid plants.

Petroleum industry spends a million dollars per day to protect underground
pipelines.
The paper industry estimates corrosion increases the cost of paper $ 6 to $7 per
ton.
Coal conversion to gas and oil involves high temperatures, erosive particles, and
corrosive gases, thus presenting severe problems that must be solved.
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Corrosion costs of automobiles-fuel systems, radiators, exhaust systems and
bodies are in billions. Cost of $ 500 in refurbishing an automobile fuel system in
which water had been mixed with gasoline

Corrosion touches all-inside and outside the home, on the road, on the sea, in the 
plant, and in aerospace vehicles

The total annual cost of floods, hurricanes, tornadoes, fires, lightening and
earthquakes are less than the costs of corrosion

Costs of corrosion will escalate substantially during the next decade because of
world wide shortages of construction materials, higher energy costs, aggressive
corrosion environments in coal conversion processes, large increases in numbers
and scope of plants and other factors

Political considerations are also a factor. We depend largely on foreign sources
for some metals: 90% for Chromium and 100% for columbium (niobium)
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Corrosion of bridges is a major problem as they age and require replacement,
which costs billions. The collapse (because of stress corrosion) of the Silver
Bridge into the Ohio River cost 40 lives and Millions of dollars.

Silver Bridge Collapsed into 
Ohio River @1967@USA



LCS 2 USS Independence Naval Ship Engine 
Corrosion@2002@USA

Guadalajara Sewer Explosions@1992@Mexico

Sinking of the Erika@1999@France
Carlsbad Natural Gas Pipe line 

Explosion@2000@Mexico



Lowe’s Motor Speedway Bridge 
Collapse@2000@USA

Bhopal Gas Tragedy@1984@India

Flixborough Disaster@1974@England

Prudhoe Bay Oil Spill@2006@Alaska



Aloha incident
Bhopal accident
Carlsbad pipeline explosion
Guadalajara sewer explosion
EL AL Boeing 747 crash
Explosion due to corrosion by process
chemicals
F-16 fighter aircraft
Nuclear reactor with a hole in the head
Piping rupture caused by flow accelerated
corrosion
Pitting corrosion accidents and incidents of
aircraft and helicopters
Pollution by oil pipeline releases
Prudhoe Bay 2006 Oil Spill
Silver bridge
Sinking of the Erika
Stress corrosion cracking of chemical
reactor, the Flixborough explosion
Swimming Pool Roof Collapse
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Electrochemistry/electrochemical science (electrons and metal ions) plays an 
important role in environmental degradation of materials. 

Is it Boon or Bane?



The electrolysis of water

Oxidation half-reaction
2H2O(l)  →  4H+(aq) + O2(g) + 4e-

Reduction half-reaction
2H2O(l) + 4e- →  2H2(g) + 2OH-(aq)

Overall (cell) reaction
2H2O(l) → H2(g) + O2(g)
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Lithium-ion battery

Anode (oxidation):

LixC6(s) → xLi+ + xe- + C6(s) 

Cathode (reduction):   

Li1-xMn2O4(s) + xLi+ + xe- → LiMn2O4(s)

Overall (cell) reaction: 

LixC6(s) + Li1-xMn2O4(s) → LiMn2O4(s)

Ecell = 3.7 V

The secondary (rechargeable) lithium-ion battery is used to power laptop 
computers, cell phones, and camcorders.
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Alkaline battery

Anode (oxidation):                 Zn(s) + 2OH-(aq) → ZnO(s) + H2O(l) + 2e-

Cathode (reduction):   MnO2(s) + 2H2O(l) + 2e- → Mn(OH)2(s) + 2OH-(aq)

Overall (cell) reaction: 

Zn(s) + MnO2(s) + H2O(l) → ZnO(s) + Mn(OH)2(s)  Ecell = 1.5 V
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Silver button battery.

Anode (oxidation):              Zn(s) + 2OH-(aq) → ZnO(s) + H2O(l) + 2e-

Cathode (reduction):  Ag2O(s) + H2O(l) + 2e- → 2Ag(s) + 2OH-(aq)

Overall (cell) reaction:       Zn(s) + Ag2O(s) → ZnO(s) + 2Ag(s)

Ecell = 1.6 V

The mercury battery uses HgO as the oxidizing agent instead of 
Ag2O and has cell potential of 1.3 V.
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Lead-acid battery

The lead-acid car battery is a secondary battery and is rechargeable.

Anode (oxidation):     Pb(s) + HSO4
-(aq) → PbSO4(s) + H+(aq) + 2e-

Cathode (reduction):  

PbO2(s) + 3H+(aq) + HSO4
-(aq) + 2e- → PbSO4(s) + 2H2O(l)

Overall (cell) reaction (discharge):

PbO2(s) + Pb(s) + H2SO4(aq) → 2PbSO4(s) + 2H2O(l)   Ecell = 2.1 V

The reactions in a lead-acid battery:

Overall (cell) reaction (recharge):

2PbSO4(s) + 2H2O(l) → PbO2(s) + Pb(s) + H2SO4(aq)

The cell generates electrical energy when it discharges as a voltaic cell.



Nickel-metal hydride battery

Anode (oxidation):                    MH(s) + OH-(aq) → M(s) + H2O(l) + e-

Cathode (reduction):    NiO(OH)(s) + H2O(l) + e- → Ni(OH)2(s) + OH-(aq)

Overall (cell) reaction:

MH(s) + NiO(OH)(s) → M(s) + Ni(OH)2(s)  Ecell = 1.4 V
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Anode (oxidation):

3.5Li(s) → 3.5Li+ + 3.5e-

Cathode (reduction):   

AgV2O5.5 + 3.5Li- + 3.5e- → Li3.5V2O5.5

Overall (cell) reaction: 

AgV2O5.5 + 3.5Li(s) → Li3.5V2O5.5



Diagnose heart abnormalities



Brain disturbance with electroencephalograms (EEGs)

Electroencephalogram



loss of nerve function with 
electromyograms (EMGs)

EMG Electrodes

Fine wire

Surface Electrodes
Needle electrode

Electromyography





The destructive effect of passing an electrical current though human tissue
(electrolysis) also has therapeutic uses. In the nineteenth century surgery was a
very dangerous and painful affair. Rather than surgically removing a tumor, a
physician could use electrolysis — which was unlikely to result in death from
infection or shock — to slow or even stop its growth. With improvements in surgical
technique, electrolysis has ceased to be a common treatment for cancer, but it is
still frequently used (under the name of electrocautery) to stop the bleeding of
small blood vessels. Dermatologists also continue to use it to remove warts, moles,
and hair.

Electrotherapy: Shocks to the system

Avoiding the Knife



During the eighteenth and early nineteenth centuries, electricity was all
the rage. Doctors, scientists, and quacks — not always easily distinguished from
one another — used electrochemical shocks to treat almost every malady
imaginable. They succeeded most often when treating certain kinds of paralysis by
stimulating the muscles, and by the mid-nineteenth century Guillaume Benjamin
Duchenne de Boulogne had systematized this technique. Physical therapists
today still use electrotherapy for paralysis and other physical problems.

The most important muscle treated with electricity is the heart. Normally,
regular pulses of electricity keep it beating at a constant pace. If something goes
wrong with the natural electrical pulse, artificial pacemakers, available since the
1950s, can keep a patient’s heart beating steadily. Emergency treatment for
irregular heartbeat can be delivered by a cardioverter or defibrillator. In some
cases a single jolt of electricity through the chest is enough to restore normal
rhythms.

While electrotherapy, heart packing, and cardioversion all use electricity
to stimulate muscles, electroconvulsion (electroshock treatment) delivers it to the
brain. Some psychiatrists still use this treatment, which was first used in Italy in
1938, to treat depression and other mental illness. It is extremely controversial, for
it can cause brain damage and sometimes even death.
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Electrotherapy: Shocks to the system



UPS

Inverter

Chemical Engineering Department JNTUA College of Engineering, Anantapur



In a fuel cell, also called a flow cell, reactants enter the cell and products
leave, generating electricity through controlled combustion.

Fuel Cells

Reaction rates are lower in fuel cells than in other batteries, so an
electrocatalyst is used to decrease the activation energy.

Hydrogen fuel cell.

Anode (oxidation):                              2H2(g) → 4H+(aq) + 4e-

Cathode (reduction):   O2(g) + 4H+(aq) + 4e- → 2H2O(g)

Overall (cell) reaction:            2H2(g) + O2(g) → 2H2O(g)   Ecell = 1.2 V                                                                    



Metals play crucial roles in life processes. It is increasingly recognized that
metals are involved in cellular and subcellular functions. With the application of
new and sophisticated machines to study biological and biochemical systems the
true role of inorganic salts in living systems can be revealed.
Inorganic chemistry is not the “Dead Chemistry” that some people may think.
Today, it is known that metals are important ingredients in life, just as the
organic molecules. For instance, the divalent magnesium and calcium ions
play important regulatory roles in cells. Metallothionins are proteins rich in metal
ions found in living systems. The divalent cations Zn2+, Ca2+ and Mg2+ prevent
cytotoxicity and in vivo antagonize Cd-induced carcinogenesis. Lack of body
iron is common in cancer patients and it is associated with complications in
surgery and in animal experiments.
The transport of iron and other metal ions by the blood plasma is achieved through
the formation of protein complexes. Copper is recognized as an essential
metalloelement and is primarily associated with copper-dependent cellular
enzymes. Metals are also used as inorganic drugs for many diseases.
The cisplatin (cis-Pt(NH3)2Cl2) is the first member of a new class of potent
antitumor drugs belonging to metal coordination complexes which are being
introduced in Medicine.

Chemical Engineering Department JNTUA College of Engineering, Anantapur

The role of Metal Ions Biological Systems and Medicine
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Therefore materials and their constituent ions
play an important role









Chemical Engineering Department JNTUA College of Engineering, Anantapur



Chemical Engineering Department JNTUA College of Engineering, Anantapur



Chemical Engineering Department JNTUA College of Engineering, Anantapur



Thermodynamics and Kinetics are two important key role playing in corrosion



Silver + Sulphur +Air               Silver Sulphide (black color)

Copper + Carbon di-Oxide +Air            Copper Carbonate (green color)

Iron + Oxygen + H2O                Iron Oxide (brown color)



New Zinc
(for 1” diameter shaft)

Old Zinc after 8 months
(for 1” diameter shaft)
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Aluminium Corrosion

The current trend for aluminium vehicles is
not without problems. This aluminium alloy
chassis member shows very advanced
corrosion due to contact with road salt from
gritting operations or use in coastal / beach
regions.

“Corrosion” of Plastics

This dished end of a vessel is made
of glass fibre reinforced PVC. Due
to internal stresses and an
aggressive environment it has
suffered “environmental stress
cracking”.



RemarksDeterioration Material TypeS. NO

More often we see in day to day lifeCorrosionMetals1

Exposed to solventsDegradation/
Dissolution

Polymers2

Only at elevated temperatures or
extreme environments

Swelling/Dissolut
ion

Ceramics3

Chemical Attack rather than
electrochemical attack

Degradation/
Dissolution

Glasses4

Attack by solventsDegradationPlastics5

Attack by solid material (liquid metal
corrosion)

CorrosionRubber6

CorrosionPaint7
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 Metals get oxidized

 Polymers react with oxygen and degrade

 Ceramic refractories may dissolved in contact with molten materials

 Materials may undergo irradiation damage

Attack of Environment on Materials
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The degradation of Polymers 
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The degradation of Elastomers



Barring a few metals, such as gold and platinum, much of them are found in nature
as ores (oxide, sulfdes, etc.). So, considerable amount of energy is expended to
convert these ores into respective metals. As a result, they remain at higher energy
levels than their corresponding ores. Therefore, it is not surprising that most of
these metals tend to go back to their low energy state (oxides, chlorides, sulfates,
etc.) on exposure to chemical environments. Taking iron—a metal commonly
used—as an example the above concept is illustrated in below Figure

Corrosion Failures-VS Raja et.al

Cause of Corrosion



• Anodic metal gives up electrons (oxidation or anodic reaction)

• Cathodic metal accepts electrons (reduction or cathodic
reaction)

F e F e e  2 2

A l A l e  3 3

C u e C u2 2  

2 2 2H e H g a s   ( )

Chemical Engineering Department JNTUA College of Engineering, Anantapur

Increase in valence or a production of electrons 

Decrease in valence or consumption of electrons 

Oxidation - Reduction

Electrochemical Reactions
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Usual Oxidation Reactions

Usual Reduction Reactions





Oxidation and reduction 



The mechanism of Iron (Fe) corrosion

  eFeFe 22

  OHeOHO 442 22

222 )(2422 OHFeOHOHOFe  

3222 )(2
2

1
)(2 OHFeOOHOHFe 
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Case-III Case-IV

Small experiment to confirm the need of H2O and O2 for rusting of iron

Case-I Case-II



Resistance of  Common Electrolytes

Soils – High resistivity water reduces the corrosion rate, while low resistivity
water increases the corrosion rate.

CLASSIFICATION
ELECTROLYTE

RESISTIVITY
(ohm-cm) 

ANTICIPATED
CORROSIVITY

Low Resistance 0 to 2,000 Severe

Medium 2,000 to 10,000 Moderate

High 10,000 to 30,000 Mild

Very High Above 30,000 Increasingly Less

Ohms-cmWater resistivity 

20-25 open sea

30-40seawater (coastal)

500-10,000river water

1,000-10,000 tap water

20,000rain water

500,000distilled water

20,000,000pure water

Water – Approximate resistivity values

Weather also has a large effect on the rate of galvanic corrosion. In "harsher" environments
(typically outdoors; highly humid; salty environments) a potential difference of ~0.15V is
sufficient enough to cause galvanic corrosion. In what is considered to be a "normal"
environment (storage places; warehouses; humidity-controlled areas) there should not be a
potential difference of more than ~0.25V, otherwise galvanic corrosion can occur.



Alloys used in service are complex and so are the electrolytes (difficult to
define in terms of M+) (the environment provides the electrolyte

Corrosion rate of mild steel (mm / year)Environment

0.001Dry

0.02Marine 

0.2Humid with other agents



Two cathodic reactions are possible during electrochemical corrosion reactions
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Zn + 2HCl → ZnCl2 + H2

The mechanism of corrosion of Zinc (Zn) in aerated HCl



An electrochemical cell consisting of
iron and zinc electrodes, each of which
is immersed in a 1M solution of its ion.
The iron electrodeposits while the zinc
corrodes.

An electrochemical cell consisting of iron
and copper electrodes, each of which is
immersed in a 1M solution of its ion. Iron
corrodes while copper electrodeposits.
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It is defined as the potential developed at the interface between the electrode and 
the solution and is denoted by ‘E’.

Single Electrode Potential

The individual electrode potential cannot be measured. We can measure only the
difference in the potential between the two half cells (electrodes), that gives the
EMF of the cell. If we arbitrarily choose the potential of one electrode, then that of
the other can be determined with respect to this electrode. According to
convention, the half cell (electrode) called standard hydrogen electrode (SHE) is
assigned a zero potential at all temperatures.

The potential of individual half-cell cannot be measured. We can measure only the
difference between the two half-cell potentials that gives the emf of the cell. If we
arbitrarily choose the potential of one electrode (half-cell) then that of the other
can be determined with respect to this.





 The standard electrode potentials are very important and we can extract a lot of
useful information from them. The values of standard electrode potentials for some
selected half-cell reduction reactions are given in Table 3.1.

 If the standard electrode potential of an electrode is greater than zero then its
reduced form is more stable compared to hydrogen gas. Similarly, if the standard
electrode potential is negative then hydrogen gas is more stable than the reduced
form of the species.

 It can be seen that the standard electrode potential for fluorine is the highest in the
Table indicating that fluorine gas (F2) has the maximum tendency to get reduced
to fluoride ions (F–) and therefore fluorine gas is the strongest oxidising agent and
fluoride ion is the weakest reducing agent. Lithium has the lowest electrode
potential indicating that lithium ion is the weakest oxidising agent while lithium
metal is the most powerful reducing agent in an aqueous solution.

 It may be seen that as we go from top to bottom in Table 3.1 the standard
electrode potential decreases and with this, decreases the oxidising power of the
species on the left and increases the reducing power of the species on the right
hand side of the reaction.

 Electrochemical cells are extensively used for determining the pH of solutions,
solubility product, equilibrium constant and other thermodynamic properties and
for potentiometric titrations.
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When two metals are electrically in contact with each other and exposed to the
environment, they develop two different potential, called galvanic potential, with
respect to the environment; therefore an electrical current starts flowing between
the two metals. The metal having higher potential becomes cathodic, while the
other is rendered anodic.

Carbon steel when comes into contact with alloys like stainless steel or brass it
corrodes much faster than its normal rate in aqueous solutions. Carbon steel is
active to stainless steel/brass and the latter is relatively noble to the former. On
the other hand, when zinc comes into contact with steel the latter becomes
relatively nobler than the former. In fact, this is the principle behind cathodic
protection of steel with zinc anodes, zinc coatings, and zinc-rich paints.
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The effect of metal-metal contact on the corrosion of iron

Fe in contact with Cu Fe in contact with Zn

Fe corrodes faster.

Zn corrodes but not Fe. 
This process is known as 

cathodic protection.



The use of Sacrificial Anodes to prevent iron Corrosion

In cathodic protection, an active metal, such as zinc, magnesium, or
aluminum, acts as the anode and is sacrificed instead of the iron.
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Sacrificial anode
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They all oxidize 
more easily than 

Fe

If these are 
present with Fe, 
and an oxidizing 
agent appears, 

they will oxidize 
instead of the Fe, 
this saving the Fe 

from being 
oxidized
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Galvanic series

 Metals and alloys are arranged in a qualitative scale which gives a measure
of the tendency to corrode  The Galvanic Series

Galvanic series in marine water

Active endNoble end

MgZnAlMS18-8 
SS
Active

BrassSnCuNi18-8 SS
Passive

More reactive



Surface Area Effect
When a piece of metal is freely corroding, the electrons generated at anodic
areas flow through the metal to react at cathodic areas similarly exposed to the
environment where they restore the electrical balance of the system. The fact
that there is no net accumulation of charges on a corroding surface is quite
important for understanding most corrosion processes and ways to mitigate
them. However, the absolute equality between the anodic and cathodic currents
expressed in Eq. (3.23) does not mean that the current densities for these
currents are equal.

When Eq. (3.23) is expressed in terms of current densities in Eq. (3.24)
by considering the relative anodic (Sa) and cathodic (Sc) surface areas
and their associated current densities Ia and ic expressed in units of
mAcm-2, for example, it becomes clear that a difference in the surface
areas occupied by each reaction will have to be compensated by
inequalities in the current densities as expressed in Eq. (3.25).



The implications of the surface area ratio Sc/Sa in Eq.
(3.25) are particularly important in association with
various forms of local cell corrosion such as pitting
and stress corrosion cracking for which a large
surface area ratio is a serious aggravating factor.
It is easy to understand that the effect of a certain
amount of anodic current concentrated on a small
area of metal surface will be much greater than when
the effect of the same amount of current is dissipated
over a much larger area.
This factor is expressed in Eq. (3.25) which states
that the ratio of cathodic to anodic surfaces is an
important amplifying factor of the anodic current when

and a stifling factor when it is << 1 

When small anodic metals touch a large cathode,
corrosion occurs at a much higher rate. You might
even say that galvanic corrosion matters
most when it comes to smaller metal
components.



This area effect in terms of current density is illustrated by combinations of
steel and copper as either plates or the fasteners used to join them and
immersed in a corrosive solution. If steel rivets are used to join copper plates,
the current density on the relatively large cathodic copper plates will be low,
cathodic polarization of the copper will be slight, and the voltage of the galvanic
couple will maintain a value close to the open circuit potential. At the same
time, the current density on the small anodic steel rivets will be high and the
consequent corrosion quite severe, giving rise to a particularly vicious form of
corrosion called galvanic corrosion [Fig. 3.8(a)].

With the opposite arrangement of copper rivets joining steel plates, the current
density on the copper cathodes will be high, with consequently considerable
cathodic polarization of the copper reducing the open circuit potential below its
initial value. The diminished anodic current will be spread over the relatively
large steel plates and the undesirable galvanic effect will hardly be noticeable
[Fig. 3.8(b)]. Open circuit potential measurements are grossly inadequate for
predicting the magnitude of galvanic effects since they do not take into account
area and polarization effects. They are reliable only for predicting the direction
of such effects.



Surface Area Effects in a Galvanic Situation

Another important factor in galvanic
corrosion is the area effect or the
ratio of cathodic to anodic area. The
larger the cathode compared with
the anode, the more oxygen
reduction, or other cathodic
reaction, can occur and, hence, the
greater the galvanic current. From
the standpoint of practical corrosion
resistance, the least favorable ratio
is a very large cathode connected to
a very small anode. This effect is
illustrated in the following series of
pictures. The galvanic
Table indicates that iron is anodic
with respect to copper and therefore
is more rapidly corroded when
placed in contact with it. This effect
is greatly accelerated if the area of
the iron is small in comparison to
the area of the copper, as shown
below

Steel rivets on a copper bar submerged in 3% sodium
chloride solution at the start of the experiment

Steel rivets on a copper bar submerged in 3% sodium
chloride solution after six months

Steel rivets on a copper bar submerged in 3% sodium
chloride solution after ten months



However, under the reverse conditions when the area of the iron is very large
compared to the copper, the corrosion of the iron is only slightly accelerated.

Copper rivets on a steel bar submerged in 3% sodium chloride solution at the start of the experiment

Copper rivets on a steel bar submerged in 3% sodium chloride solution after six months

Copper rivets on a steel bar submerged in 3% sodium chloride solution after ten months



(a) Coupling of steel and aluminum
In galvanic series Aluminum is anodic to Steel (-1.03 V vs -0.44 V). Aluminum

plate has a larger anodic area and steel rivettes, smaller cathodic area. Because
of the larger anodic area, the current density would be very small, and then
corrosion is hardly expected. Corrosion on aluminum plate is observed as shown
in adjacent figure..

An opposite situation is shown in adjacent figure where steel plate is joined to
aluminum rivette. The corrosion is clearly shown on aluminum rivettes because
of smaller anodic area



(b) Copper coupled to Steel

In this case, copper plate is cathodic to steel (+0.344 V) and has a larger area,
where as steel rivettes are anodic to copper (-0.44 V) and has a smaller area. The
steel rivetees are subjected to a higher anodic current density because of a smaller
area and hence, subjected to corrosion. Corrosion of steel rivettes can be clearly
observed in the picture.

When steel plates are coupled with copper rivettes, the situation here is reversed to
what is shown above because of larger surface area of steel plate which are anodic
to copper, the steel plates are not corroded. The pair is a good example of minimizing
corrosion by keeping a larger anodic area and a smaller cathodic area.



A copper plate with Aluminum rivette is shown in this figure.

It is a case of large cathodic (copper) and small anodic (aluminum)
area, resulting in corrosion of aluminum rivette.

Nut and Bolt Assemblies:

(a) Steel bolt and copper nut assembly

Steel bolt is anodic to copper nut and has a larger
surface area. Copper nut is cathodic to steel. Hence
there is no appreciable evidence of corrosion in the
assembly.

The reverse situation is shown below. Corrosion is
clearly observed on steel nut, because of smaller
anodic area.



(b) Aluminum bolt and copper nut

Because of larger anodic area of aluminum bolt and a smaller cathodic area of
copper nut, corrosion is not appreciable in this system

a stainless steel screw in contact
with a cadmium plated steel washer.

Dielectric couplings prevent galvanic corrosion

Avoid small base metals against large
noble metals. Screws and other small
anchors made from base metals will
corrode when mounted to a larger noble
metal.



Any time a bimetallic assembly contains metal systems that are subject
to galvanic corrosion, the ratio of the cathodic area to that of the anode must
be carefully considered. The corrosion current that flows between the cathode
and anode is independent of area, but the rate of penetration at the anode is
dependent on the current per unit area, that is, current density. Therefore, it is
undesirable to have a large cathode surface in contact with a small anode
surface. The rate of penetration from corrosion increases as the ratio of the
cathode to anode surface area increases.

For example, when using a bare steel plate
with a zinc rivet, the ratio of the cathode
surface area to the anode surface area is
large, and the rivet will fail rapidly because
of accelerated corrosion. When combining
a zinc plate with a stainless steel rivet, the
area ratio between the cathode and anode
is reversed, and although more surface
area is affected, the depth of penetration is
small; the fastener should not fail because
of corrosion.



For example, if a window frame made of stainless
steel and it is attached with carbon steel screws, the
screws will probably corrode at an accelerated rate.
If the area of the cathode (noble metal – stainless
steel) is very small, and the anode (active metal –
carbon steel) is very large, the current produced will
be very low and the corrosion rate of the anode may
not be affected. If the window frame is made of
carbon steel and it is attached with stainless steel
screws there will be very little, if any, galvanic
corrosion.

Figure 3A shows the galvanic corrosion of carbon
steel bolts (anode) used to secure a stainless steel
structural railing (cathode) support on a bridge. The
small surface area of the active bolts results in an
undesirable galvanic couple and they are exhibiting
an accelerated corrosion rate. Image 3B shows
stainless steel fasteners used to secure a carbon
steel tread plate. The relatively small surface area of
the stainless steel fasteners means that they have
essentially no galvanic effect on the corrosion rate of
the carbon steel plate.

In material combinations, the fasteners should always be made up of more noble
material, so that cathodic surface area is small.



Weather also has a large effect on the rate of galvanic corrosion. In "harsher"
environments (typically outdoors; highly humid; salty environments) a potential
difference of ~0.15V is sufficient enough to cause galvanic corrosion. In what is
considered to be a "normal" environment (storage places; warehouses; humidity-
controlled areas) there should not be a potential difference of more than ~0.25V,
otherwise galvanic corrosion can occur.

One of the most famous examples of galvanic corrosion is in
the Statue of Liberty, New York. Built in 1886, the exterior of the
statue was made from copper and the interior from cast iron.
The large exterior skin was therefore cathodic and the interior a
smaller anode, separated only by a thin asbestos skin
impregnated with shellac, which eventually failed.

In 1984 the statue was shut down due to safety concerns as it was
observed that some galvanic corrosion had occurred.
Upon removal of the paint surface on the copper skin, significant
corrosion was found and it turned out that the torch famously held
high in the air in the statue’s right hand had been leaking rain water
into the structure.
The entire cast iron interior was removed and replaced with a low-
carbon, corrosion resistant stainless steel.



Polarization

 Understanding Corrosion behavior and corrosion reactions, Polarization is
important.
The rate of an electrochemical reaction is limited by various physical and
chemical factors.
 Hence, an electrochemical reaction is said to be polarized or retarded by these
environmental factors
Anodic and Cathodic reactions lead to concentration differences near the

electrodes
 This leads to variation in cathode and anode potentials (towards each other)

 Polarization

Chemical Engineering Department JNTUA College of Engineering, Anantapur



Schematic representation of possible
steps in the hydrogen reduction reaction,
the rate of which is controlled by
activation polarization.

Activation Polarization

Refers to an electrochemical process
that is controlled by the reaction
sequence at the metal-electrolyte
interface.



For hydrogen reduction, schematic representations of the distribution in the vicinity of
the cathode for (a) low reaction rates and/or high concentrations, and (b) high
reaction rates and/or low concentrations wherein a depletion zone is formed that gives
rise to concentration polarization.

Concentration Polarization

Chemical Engineering Department JNTUA College of Engineering, Anantapur



Activation polarization usually is the controlling factor during corrosion in media
containing a high concentration of active species (e.g concentrated acids).
Concentration polarization generally predominates when the concentration of the
reducible species is small (e.g. dilute acids, aerated salt solutions).

In most instances Concentration polarization during metal dissolution is usually
small and can be neglected; it is only important during reduction reactions.



Classification of Corrosion

 Based on Temperature
 Low Temperature Corrosion
 High Temperature Corrosion

 Preferred Classification

 Wet Corrosion
 Dry Corrosion

 Wet corrosion occurs when a liquid is present. This usually involves aqueous
solutions or electrolytes and accounts for the greatest amount of corrosion by
far.
o A common example is corrosion of steel by water.

 Dry Corrosion occurs in the absence of liquid phase or above the dew point of
the environment. Vapors and gases are usually the corrodents. Dry corrosion is
most often associated with the high temperatures.
o An example is attack on steel by furnace gases.

Presence of even small amounts of moisture could change the corrosion picture
completely. For ex, dry chlorine is practically non corrosive to ordinary steel, but
moist chlorine, or chlorine Dissolved in water is extremely corrosive and attacks
most of the common metals and alloys. The reverse is True for titanium- dry
chlorine gas is more corrosive than wet chlorine







Corrosion rate expressions

 Percent weight loss. Milligrams per square centimeter per day and grams per
Square inch per hour.

But rate of penetration or thinning of structural piece is missing which can be
used to predict the life of a given component

 The expression mils per year (milli inch per year) s the most desirable way of
expression the corrosion rates

Where W=weight loss, mg
D=density of specimen, g/cm3

A=Area of specimen, sq.in
T=exposure time, hr

Where W=weight loss, mg
D=density of specimen, g/cm3

A=Area of specimen, cm2

T=exposure time, hr

A mil is one thousandth of an inch.





Passivity

 Loss of chemical reactivity experienced by certain metals and alloys under
particular environmental conditions

 That is certain metals and alloys become essentially inert and act as if they
were noble metals such as platinum and gold

 Passivity means the lack of activity under conditions where a metal would be
expected to react readily. There are certain metals which are passive to certain
corroding agents. For example; iron is passive to conc. HNO3. Aluminium has
no action with conc. HNO3 in absence of chlorides etc.

Silicon

Aluminium

Stainless Steel

Nickle

Oxide Scale/film acts as both 
electrolyte  and electronconductor
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Corrosion characteristics of an active-passive
metal as a function of solution oxidizing
power

Chemical Engineering Department JNTUA College of Engineering, Anantapur



Environmental Effects

Effect of Oxygen and Oxidizers

Corrosion Engineering by Mars G Fontana



For corrosion processes that are controlled by activation polarization, agitation
and Velocity have no effect on the corrosion rate as shown in Curve B.

If the corrosion processes is under cathodic diffusion control, then agitation increases the
corrosion rate as shown in Curve A, section 1. this effect is generally occurs when an Oxidizer
is present in very small amounts, as is the case for dissolved oxygen in acids or water

If the corrosion processes is under diffusion control and the metal is readily passivated, then the
behavior corresponding as shown in Curve A, section 1 and 2. That is with Increasing agitation,
the metal will undergo an active –to-passive transition. Easily passivated Materials such as
stainless steel and Titanium frequently are more corrosion resistant when The velocity of the
corrosion medium is high

Effect of Velocity





Effect of Temperature



Effect of Corrosive Concentration

Fig 2.12 shows schematically the effects of corrosive concentration on corrosion rate. Note
that curve A has two sections, 1 and 2. Many materials that exhibit passivity effects are
only negligibly affected by wide changes in corrosive concentration, as shown in curve A,
section 1. Other materials show similar behavior except at very high corrosive
concentrations, when the corrosion rate increases rapidly as shown curve A, sections1 and
2. Lead is a material that shows this effect and it is believed to be due to the fact that lead
sulfate, which forms a protective film in low concentrations of sulphuric acid, is soluble in
concentrated sulfuric acid. The behavior of acids that are soluble in all concentrations of
water often yield curves similar to curve B in Fig 2.12. Initially as the concentration of
corrosive is increased, the corrosion rate is likewise increased. This is primarily due to the
fact that the amount of hydrogen ions, which are the active species, are increased as acid
concentration is increased. However, as acid concentration is increased further, corrosion
rate reaches a maximum and then decreases. This is undoubtedly due to the fact that at
very high concentrations of acids ionization is reduced. Because of this, many of the
common acids such as H2So4, HF, CH3COOH and other, are virtually inert when in the
pure state or 100% concentration and at moderate temperatures.

Fig 2.12 Effect of corrosive concentration on corrosion rate



Gibbs Free Energy is defined as the thermodynamic potential that signifies the
maximum or reversible work performed by a thermodynamic system at constant
temperature and pressure.

According to Faraday’s Law, when ni moles of a given substance react, a
proportional electric charge Q passes across the electrode-electrolyte interface:

Where, F is called Faraday constant: F = 96,485 C/mol,
n, is the stoichiometric coefficient of the electrons in the equation for the

electrode reaction.





• The chemical potential or electrochemical 
potential (if we are dealing with a charged 
particle) is the measure of how all the 
thermodynamic properties vary when we 
change the amount of the material present 
in the system.  Formally we can write: 

F 
=A



Start with the First Law of Thermodynamics and some standard thermodynamic
relations and we find:

•And therefore, the Gibbs function is at the heart of electrochemistry, for it
identifies the amount of work we can extract electrically from a system.

dU = dq  dw
dq = T dS

dw = PdV  dwelectrical

dHP = dUP  PdV

dU = T dS  PdV  dwelectrical

dGT = dHT  T dS

= dUT ,P  PdV  T dS

= T dS  PdV  dwelectrical  PdV  T dS

dGT ,P = dwelectrical



The free energy function is the key to assessing the way in which a chemical
system will spontaneously evolve. In the Gibbs-Duhem formalism of the Gibbs
free energy we can write:

dG = SdT V dP  åmi dni g dA  f dl

dG = åmi dni

constant T

constant P don’t change
shape

don’t stretch it

Relation between Equilibrium constant, Gibbs free energy 
and EMF of a cell



• Every substance has a unique propensity to contribute to a system’s
energy. We call this property Chemical Potential:

m

• When the substance is a charged particle (such as an electron or an
ion) we must include the response of the particle to an electrical field in
addition to its Chemical Potential. We call this the Electrochemical
Potential (F is the Faraday constant, z the charge on the particle and f
the potential):

m = m + z F f



Relation between Equilibrium constant, Gibbs free 
energy and EMF of a cell

•Now we can easily see how this Gibbs function relates to a potential. The electrical work
(electrical energy) is equal to the product of the EMF of the cell and electrical charge that
flows through the external circuit

welectrical = V Q

since    Q = n F

= nF E

DGT ,P = welectrical = n F E

According to thermodynamics the free energy change ( is equal to the
maximum work. In the cell work is done on the surroundings by which electrical
energy flows through the external circuit,

By convention, we identify work which is negative with work which is being done 
by the system on the surroundings.  And negative free energy change is 
identified as defining a spontaneous process.

The bottom line is we now have a relationship between the ∆Grxn and the
electric potential, E. Under standard conditions, ∆G0 = −nFE0



• The propensity for a given material to contribute to a reaction is measured
by its activity, a.

• How “active” is this substance in this reaction compared to how it would
behave if it were present in its standard state?

• Activity scales with concentration or partial pressure.

a  C/C˚ (solution) and a  P/P˚ (gas)

BUT…

• intermolecular interactions

• deviation from a direct correspondence with pressure or concentration

• Activity coefficients close to 1 for dilute solutions and low partial pressures.

• Activity changes with concentration, temperature, other species, etc. Can be
very complex.

• Generally, we ignore activity coefficients for educational simplicity, but careful
work always requires its consideration.

• Definition of activity is then:

If the concentrations of all the reacting species are below about 0.01 mol/I , the 
activity coefficients are generally close to unity, and the activities can be replaced by 
concentrations with little error



• How does chemical potential change with activity?

• Integration of the expressions for the dependence of amount of material 
on the Gibbs function, leads to the following relationship :

𝑑𝐺 = −𝑆𝑑𝑇 + 𝑉𝑑𝑃 + ∑𝜇௜𝑑𝑛௜ + 𝛾𝑑𝐴 + 𝑓𝑑𝑙

The total temperature and pressure 𝑃 remain constant, but the partial pressure 𝑃௜ of each 
specie changes. Therefore, if we don’t change the geometry of our cell, we have

𝛿𝐺

𝛿𝑛௜ ்,௉,௡ೕ

= 𝜇௜ → 𝐺 = 𝜇௜𝑛௜,  
𝛿𝐺

𝛿𝑃
்,௡೔

= 𝑉 →  
𝛿𝐺

𝛿𝑃
=

𝛿𝜇௜

𝛿𝑃
𝑛௜ = 𝑉

Ideal gas law𝑃𝑉 = 𝑛௜𝑅𝑇 →
௏

௡೔
=

ோ்

௉
. So:

𝑅𝑇

𝑃
=

𝛿𝜇

𝛿𝑃
→ න 𝑑𝜇

ఓ

ఓబ
= 𝑅𝑇 න

1

𝑃
𝑑𝑃

௉

௉బ
→ 𝜇 = 𝜇଴ + 𝑅𝑇 ln

𝑃

𝑃଴

𝑎 = 𝛾
𝑃

𝑃଴
→ 𝜇 = 𝜇଴ + 𝑅𝑇 ln 𝑎

Must introduce 
gamma for the 
non-ideal gas law! 



• How does Gibbs free energy change with concentration/activity? Same
dependence as for the chemical potential:

• When we apply this to a reaction, the reaction quotient comes into to play,
giving us:

• Say we have the reaction :

wA  xB  yC  zD
• The above reaction is a generic reaction and in order to analyze this

chemical process mathematically, we formulate the reaction quotient Q:

• It always has products in the numerator and reactants in the
denominator

• It explicitly requires the activity of each reaction participant.
• Each term is raised to the power of its stoichiometric coefficient.

Q =
aC

y aD
z

aA
w aB

x



Relation between Equilibrium constant, Gibbs free energy and 
EMF of a cell- Nernst Equation

• Take the expression for the Gibbs dependence on activity and rewrite this in terms
of cell potential:

• The relation between cell potential E and free energy gives:

• Rearrange and obtain the Nernst Equation:

• The equation is often streamlined by restricting discussion to T = 25 °C and
inserting the values for the constants, R and F.



This is the Nernst equation that relates the cell potential to the standard potential
and to the activities of the electro-active species. Notice that the cell potential will
be the same as E°only if Q is unity. The Nernst equation is more commonly written
in base-10 log form and for 25 °C:

Significance of the Nernst Equation
The Nernst equation tells us that a half-cell potential will change by 59 milli volts
per 10-fold change in the concentration of a substance involved in a one-electron
oxidation or reduction; for two-electron processes, the variation will be 28 milli
volts per decade concentration change.



The Nernst equation is a thermodynamic equation which relates the change in
the free energy and the potential with concentration, Mn+ . The decrease in free
energy represents the maximum amount of work that can be obtained from a
chemical reaction. Nernst derived a quantitative relationship between electrode
potential and concentration of the electrolyte species involved. Let the electrode
reaction be

The change in free energy, ∆G, accompanying the process is given by the well
known thermodynamic equation,

where G0 is the standard free energy change, accompanying the same process
when the reactants and products of the reaction are in their standard states of
unit activity, Q is the reaction quotient. Substituting the value of Q, we have



As an approximation, substituting molar concentration for activities,
∆G = ∆G0 + RT ln [M]/[M]

If E is the electrode potential of the electrode in volts, and the electrode
reaction involves transfer of n electrons, i.e., nF coulombs, the electrical
work available from the electrode is nFE volt coulomb or joules. Hence free
energy decrease of the system (– ∆G) is given by the expression,



where E0 is the standard electrode potential, i.e., when [Mn+] is equal to 1M.
The equation can be used to calculate the electrode potential of an electrode if
the concentration is known. At 298 K, when the values of R, T and F are
substituted, the equation reduces to,

This equation is known as the Nernst equation for single electrode potential.
In general for any electrode, Nernst equation can be written as:













Negative is called Excergonic

Positive is called Endergonic



Galvanic & Electrolytic Cells

Spontaneous reactions occur in galvanic (voltaic) cells and non spontaneous
reactions occur in electrolytic cells.

Both types of cells contain electrodes where the oxidation and reduction reactions
occur. Oxidation occurs at the electrode called the anode and reduction occurs at
the electrode called the cathode.

An electrolytic cell has an endothermic chemical reaction. The reaction is not
spontaneous so a power source is required. Energy is stored in an electrochemical
cell. Ex: Electroplating cell.

An electrochemical cell that releases energy is called a galvanic cell. The
electrochemical reaction has a negative value of the Gibbs free energy and a
positive cell potential difference. Ex: Daniel Cell.



Galvanic Cell

A rechargeable battery, as in the case of a AA NiMH cell or a single cell of a
lead-acid battery, acts as a galvanic cell when discharging (converting chemical
energy to electrical energy), and an electrolytic cell when being charged
(converting electrical energy to chemical energy).



Electrolytic cellElectrochemical cell (Galvanic Cell)

An electrolytic cell converts electrical
energy into chemical energy.

A Galvanic cell converts chemical energy into
electrical energy.

The redox reaction is not spontaneous and
electrical energy has to be supplied to
initiate the reaction.

Here, the redox reaction is spontaneous and
is responsible for the production of electrical
energy.

Both the electrodes are placed in a same
container in the solution of molten
electrolyte.

The two half-cells are set up in different
containers, being connected through the salt
bridge or porous partition.

Here, the anode is positive and cathode is
the negative electrode. The reaction at the
anode is oxidation and that at the cathode
is reduction.

Here the anode is negative and cathode is
the positive electrode. The reaction at the
anode is oxidation and that at the cathode is
reduction.

The external battery supplies the electrons.
They enter through the cathode and come
out through the anode.

The electrons are supplied by the species
getting oxidized. They move from anode to
the cathode in the external circuit.

The anode of an electrolytic cell is positive, and the cathode is negative, because the anode
attracts anions from the solution. However, the anode of a galvanic cell is negatively charged,
since the spontaneous oxidation at the anode is the source of the cell’s electrons or negative
charge. The cathode of a galvanic cell is its positive terminal.

The difference between the two cells is that in a galvanic cell this process occurs
spontaneously. So electrons produced in the anode will want to flow to the cathode. The
positive (+) for a cathode in galvanic cells indicates this spontaneous attraction (a positive
charge will attract negatively charged electrons). For an electrolytic cell, the process is non
spontaneous and the electrons must be driven to the cathode, indicated by the negative (-)
sign.



Karp quotes an estimate that more than 2 x 1026 molecules or >160kg of ATP is formed in the
human body daily! ATP is remarkable for its ability to enter into many coupled reactions, both those
to food to extract energy and with the reactions in other physiological processes to provide energy
to them. This conversion from ATP to ADP is an extremely crucial reaction for the supplying of
energy for life processes. Just the cutting of one bond with the accompanying rearrangement is
sufficient to liberate about 7.3 kilocalories per mole = 30.6 kJ/mol.

The reaction ATP + H2O <—-> ADP + Pi transforms adenosine
triphosphate (ATP) into adenosine diphosphate (ADP) and
inorganic phosphate (Pi). The free energy change associated with
this reaction drives a large fraction of cellular reactions with the
membrane potential and reducing power being the other two
dominant energy sources.



GRAIN BOUNDARIES

They are the imperfections which separate crystals or grains of different 
orientation in a poly crystalline solid during nucleation or crystallization.

It is a two dimensional imperfection. During crystallization, new crystals form in 
different parts and they are randomly oriented with respect to one another.

They grow and impinge on each other.

The atoms held in between are attracted by crystals on either side and depending 
on the forces, the atoms occupy equilibrium positions.

These positions at the boundary region between two crystals are distorted.As a 
result, a region of transition exists in which the atomic packing is imperfect. 

The thickness of this region is 2 to 10 or more atomic diameters.
The boundary region  is called a crystal boundary or a grain boundary .
The boundary between two crystals which have different crystalline arrangements 

or different compositions, is called as interphase boundary or commonly an 
interface.





3. Surface imperfections or surface defects (2D)

Among the surface defects, grain boundaries, twins, stacking faults and free
surfaces are the most common.

Surface imperfections are 2D and refer to regions of distortions that lie about a
surface having a thickness of a few atomic diameters. The external surface of a
crystal is an imperfection in itself as the atomic bonds do not extend beyond the
surface
In addition to the external surface, crystals may have surface imperfections inside.
A piece of Cu or Fe us usually not a single crystal. It consists of a number of
crystals and is said to be Polycrystalline. During solidification or during a process in
the solid state called recrystallization, new crystals form in different parts of the
material.



Metallurgical and Other Aspects

Iron and Steel are BCC. Metallic properties differ from crystalline arrangements

When a metal solidifies during casting, the atoms which are randomly distributed in
the liquid state, arrange themselves in a crystalline array. However, this ordering
begins at many points in the liquid, and as these blocks of crystals or grains meet,
there is a mismatch at their boundary. When the metal has solidified and cooled, there
will be numerous regions of mismatch between each grain. These grains are called
grain boundaries.
Grain boundaries are high energy regions and more active chemically. Hence, grain
boundaries are usually attacked slightly more rapidly than grain faces when exposed
to a corrosive.





(Zn is used to recover)



Eh–pH diagram: Pourbaix diagram, potential-pH diagram, electro-chemical phase
diagram

Invented in 1930’s by Marcel Pourbaix (Belgian)

Eh-pH Diagrams (Pour-biax)

Eh-pH diagrams showing reactions and
products at electrochemical equilibrium
often referred to as Pourbiax diagrams.

Used in lots of places: extractive
metallurgy, corrosion (their original
purpose), environmental engineering,
geochemistry





 These diagrams represent the stability of a metal as a function of potential and
pH.

 At a particular combination of pH and potential, a stable phase can be determined
from the Pourbiax diagram. These diagrams are constructed from calculations
based on Nernst equations and solubility data for metal and its species such as
Fe, Fe2O3, etc. in equilibrium.

 We can identify stability region (immunity, corrosion, and passivity)

 The information in the diagrams can be beneficially used to control corrosion of
pure metals in the aqueous environments. By altering the pH and potential to the
regions of immunity and passivation, corrosion can be controlled.

 Pourbiax diagrams introduce the concept of the following three states of metals,
depending on the potential in the given aggressive medium and the determination
of its corrosion behavior: Corrosion (active state), passivity (forming passive
layers inhibiting the corrosion process on the surface of the metal, including
thermodynamically active metals) and immunity (thermodynamic stability) of the
metals.



4 regions in the diagram

Oxidizing (acidic),

Oxidizing (alkaline),

Reducing (acidic),

Reducing (alkaline),

The basic diagram for aqueous environments involves upper and lower, stability limits
for water, represented by the Oxygen (universal oxidizing agent) and Hydrogen
(universal reducing agent) reactions

x-axis is pH; usually 0–14, but sometimes as low as –
3, and sometimes up to 16

pH = –log [H+]; change of 1.0 pH unit changes [H+]
by factor of 10

y-axis is electrode potential relative to SHE (range
varies); positive is oxidizing condition, negative is
reducing

Assumes constant temperature, aH2O = 1

 Those depending only on Eh, but independent of pH (horizontal to X-axis)
 Those dependent only on pH, but independent of Eh (vertical to X-axis)
 Those dependent on Eh, pH (Slanted with definite slopes)

1
2

3
4



















E = 0 – 0.05915 pH

For solids, activity = 1; for gases, set a partial pressure; for solutions, set an activity =1













Pourbaix for Iron
Pourbaix for Water



Add A Metal
Eh-pH diagram shows Cu–H2O system

Dotted lines represent water stability 
region; solid lines represent equi-
libria between copper species

Two aqueous species, Cu2+ and CuO2
2-

Oxidation state of Cu as Cu0 is 0

Oxidation state of Cu as Cu2O is +1

Oxidation state of Cu in Cu2+, CuO, 
and CuO2

2- is +2

Lower oxidation states are stable at bottom, higher oxidation states at top

Activity of solid compounds = 1 when predominant; varies for aqueous species 
(1 in this case, could be as low as 10–6)

Predominance activity determined by purpose, value of metal



More on Metal – H2O Diagrams
Type of stable ion depends on pH

For CuO + 2 H+ = Cu2+ + H2O, low pH 
drives reaction to right

Simple ions like Cu2+ are stable at low 
pH

For CuO + H2O = 2 H+ + CuO2
2–, high 

pH drives reaction to right

Oxyions like CuO2
2– are stable at high 

pH

Solid oxides, hydroxides most stable in center of diagram



More on Metal – H2O Diagrams

Three kinds of lines separate copper 
species in this diagram

First is vertical:  CuO + 2 H+ = Cu2+ + 
H2O; CuO + H2O = CuO2

2– + 2 H+

Reactions involve exchange of H+, but 
no electrons (no oxidation/reduc-
tion); independent of E

Second type of line is horizontal:  
Cu2+ + 2 e– = Cu

Reaction involves oxidation/reduction, but no H+; independent of pH

Third type of line is diagonal:  Cu2O + 2 H+ + 2 e– = 2 Cu + H2O

Reaction involves both oxidation/reduction and H+ exchange, so line is a 
function of E and pH

(No curved lines in most diagrams.)



Why Does This Matter? (Part I)

Diagram at bottom left is Cu–H2O system

Presence of stability region between lines for Cu and ions shows that Cu can be 
produced hydrometallurgically

Diagram at bottom right is Au–H2O system

No stability region for gold ions between lines; can’t dissolve Au in aqueous 
solutions (for now)



Limitations of Eh-pH Diagrams

• Doesn’t include impact of kinetics

• Presumes only one predominant species (sometimes activities of ions are
nearly equal)

• Depends on accurate thermodynamic data (not always available for complex
compounds)



Position in the galvanic series: The greater the oxidation potential,
when the metal is higher up in the galvanic series, greater is its tendency
to become anodic and hence greater is the rate of corrosion.

Purity of metal: Lesser is the percentage purity of a metal, faster is the
rate of corrosion. The impurities present in a metal cause heterogeneity
and thus tiny electrochemical cells are set up at the exposed part of the
impurity and corrosion of metal around the impurity takes place due to
local action.

Physical state of the metal: The rate of corrosion is influenced by
physical state of metal. The smaller the grain size of the metal or alloy, the
greater will be its corrosion. Moreover, areas under stress, even in a pure
metal, tend to be anodic and corrosion takes place at these areas.

Nature of the oxide film: The ratio of the volumes of the metal oxide to
the metal, is known as "specific volume ratio". Greater the specific volume
ratio, lesser is the oxidation corrosion rate.

Relative areas of the anode and cathode: When two dissimilar metals
or alloys are in contact, the corrosion of the anodic part is directly
proportional to the ratio of the cathodic part and the anodic part. When
cathodic area is smaller, the demand for electrons will be less and this
result in the decreased rate of dissolution of metal at anodic regions.

Factors effecting Corrosion

Nature of the Metal:



Solubility of corrosion products: In the electochemical corrosion, if the
corrosion product is soluble in corroding medium, then corrosion proceeds at a
faster rate. For example, Pb in H2SO4 medium forms PbSO4 which is insoluble in
the corroding medium, hence corrosion proceeds at a smaller rate.
Volatility of corrosion products: Rapid and continuous corrosion of metal take
place if corrosion product is volatile. This is due to the fact that as soon as
corrosion product is formed, it volatilize, thereby leaving the underlying metal
surface for further attack.

Nature of the Corroding Environment:

 Temperature: With increase of temperature of environment, the reaction as well
as diffusion rate increase, thereby corrosion rate is generally enhanced.

 Humidity of air : The greater is humidity, the greater is the rate and extent of
corrosion. This is due to the fact that moisture acts as a solvent for O2, H2S, SO2
and NaCI etc. to furnish the electrolyte essential for setting up a corrosion cell.

 Effect of pH: Corrosions of those metal which are readily attacked by acids can
be reduced by increasing the pH of the attacking environment.

 Presence of impurities in atmosphere: Corrosion of metals is more in areas
near to the industry and sea. This is due to the fact that corrosive gases like
H2S, SO2, CO2 and fumes of H2SO4 and HCI in the industrial areas and NaCI of
sea water leads to increased conductivity of the liquid layer in contact with the
metal surface, thereby increase the corrosion rate.

 Presence of suspended particles in atmosphere: In case of atmospheric
corrosion; (a) if the suspended particles are chemically active in nature [like
NaCl, (NH4)2SO4], they absorb moisture and act as strong electrolytes, thereby
causing enhanced corrosion





Eight forms of Corrosion

1. Uniform or general Corrosion
2. Galvanic or Two metal Corrosion
3. Crevice Corrosion
4. Pitting Corrosion
5. Intergranular Corrosion
6. Selective Leaching or Parting Corrosion
7. Erosion Corrosion
8. Stress Corrosion
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ASM: American Society for Metals



Prevention:
• Protective coating
• Inhibitors
• Cathodic protection
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Uniform Corrosion

 Steel or Zinc immersed in dilute sulphuric acid
 Iron in all most all environments
 Tarnished Silver

 Chemical or electrochemical reaction that proceeds uniformly over
the entire exposed surface or over large area

 An electrochemical reaction at granular level
 Relatively slow and predictable
 Easily corrected with coatings and regular maintenance

Examples
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• Occurs when two metals or alloys having
different compositions are electrically coupled
while exposed to an electrolyte.

• Examples:
• Galvanized steel, steel coated with Zn; Zn is

sacrificed to protect steel
• Tin can (food container), steel coated with

Sn; Sn is sacrificed to protect steel
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Galvanic Corrosion

Solutions:

Choose metals close in galvanic series

Have large anode/cathode ratios

Insulate dissimilar metals

Use “Cathodic protection”





• Galvanized Steel

Zinc coating

• Sacrificial Anodes

Ship Hulls

Subs (free flooding areas)
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Applications of Cathodic Protection















The use of Sacrificial Anodes to prevent iron Corrosion

In cathodic protection, an active metal, such as zinc, magnesium, or
aluminum, acts as the anode and is sacrificed instead of the iron.
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Sacrificial anode









Impressed current cathodic protection

Pipe has always excess electrons so that it will not corrode





 Electrical cathodic protection: In this method an impressed current is applied
in opposite direction to nullify the corrosion current and convert the corroding
metal from anode to cathode. The current is derived from direct sources like
battery of rectifier on A.C. line with an insoluble anode (graphite, stainless steel
or scrap iron buried in soil.

 The negative terminal of DC is connected to pipeline to be protected. The anode
is kept in back fill to increase the electrical contact with the surrounding soil.

 This technique is used for long term operations



Applications of Impressed current





4. Anodic protection has been applied to protect storage tanks, reactors, heat exchangers,
transportation vessels for corrosive solutions

5.  Anodic protection decreases corrosion rate of the stainless steel, initially from 5 mm/year 
down to 0.025 mm/year and therefore less contaminated sulfuric acid can be obtained. 









Causes:

Abrasive fluids impinging on surfaces

Commonly found in piping, propellers, turbine blades,
valves and pumps

Abrasion of zinc coatings

Solutions:

•Change design to minimize or eliminate fluid turbulence
and impingement effects.

•Use other materials that resist erosion

•Remove particulates from fluids

Erosion Corrosion
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Results wear & abrasion
Characterized by the appearance on the metal surface of grooves, valley, pits,
rounded holes. (Ex: stainless alloy pump impeller, condenser tube walls etc)

Is the deterioration of metals and alloys due to relative
movement between Surfaces and corrosive fluids.
Depending on the rate of this movement, abrasion takes
place.



Crevice Corrosion

Examples of such geometries include flanges, gaskets, disbonded
linings/coatings, fasteners

• Intensive localized corrosion within crevices & shielded areas on metal
surfaces

• Small volumes of stagnant corrosive caused by holes, gaskets, surface
deposits, lap joints

• narrow crevice filled with ionized solution
• Oxygen-rich on the outside, oxygen-poor on the inside
• metals oxidize with salt anions FeCl2 and pH rises in cathodic zone
• H+ may destroy passivity



Examples of deposits that may produce crevice are sand, dirt, corrosion products,
and other solids. The deposit acts as a shield and creates a stagnant condition
thereunder. The deposit could also be a permeable corrosion product.
Contact between metal and nonmetallic surfaces can cause crevice corrosion in the
case of a gasket. Wood, plastics, rubber, glass, concrete, asbestos, wax and fabrics
are materials that can cause this type of corrosion.
Mechanism

it is simply from differences in metal ion or oxygen concentration between the
crevice and its surroundings. This crevice corrosion is also called as “Concentration
cell corrosion”
Dissolution of metal M and the reduction of oxygen to hydroxide ions

After a short interval, the O2 within the crevice is depleted because of the restricted
convection. After oxygen is depleted, no further O2 reduction occurs, although the
dissolution of metal M continues. This tends to produce an excess of positive charge
in the solution (M+), which is necessarily balanced by the migration of chloride ions
into the crevice. This results in an increased concentration of metal chloride within
the crevice.

Both chloride and hydrogen ions accelerate the dissolution rates of most metals and
alloys.









Prevention:

Weld – don’t rivet

Use non-absorbing gaskets

Polish surfaces

Add drains – avoid stagnant water

Adjust composition; e.g., add Mo to SS

Causes:

Concentration gradients in electrolyte
cause some areas high in ion
concentrations that accelerate oxidation

 Pitting corrosion results in the formation of pinholes, pits and cavities in the
metal. Pitting is, usually, the result of the breakdown or cracking of the protective
film on the metal at specific points. This gives rise to the formation of small anodic
and large cathodic areas.
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Pitting Corrosion

 Local corrosion attack resulting from the formation of small anodes on a metal
surface that produces holes or pits (extremely localized attack that results in holes
the metal (relatively small)

 It is often difficult to detect pits because of their small size and because of the
varying depths and numbers of pits that may occur under identical conditions.
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Autocatalytic nature of pitting



This process is self stimulating and self propagating. Both hydrogen and chloride
ions stimulate the dissolution of most metals and alloys and the entire process
accelerates with time







Occurs in specific alloys – precipitation of corrosive specimens along grain
boundaries and in particular environments

E.g. : Chromium carbide forming in SS, leaving adjacent areas depleted in Cr

Solutions: 

High temp heat treat to re-dissolve carbides 

Lower carbon content (in SS) to minimize carbide formation. 
Alloy with a material that has stronger carbide formation (e.g., Ti or Nb)

Intergranular Corrosion
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Stress Corrosion

The metallic substances are subjected to uneven stresses during manufacturing
operations such as bending, welding, pressing and hammering
Parts have not been cooled properly (non-uniform cooling) during fabrication
causes stress
The areas which are more stressed become anode and corroded faster
It occurs due to combined effect of tensile stress & corroding environment
Ex: Brass undergoes stress corrosion in presence of ammonia



Cracks grow along grain boundaries as a result of residual or applied stress or
trapped gas or solid corrosion products

Stress levels may be very low tensile stress and corrosive environments

cracks are initiated at corrosion areas

tensile stresses propagate the crack

corrosion further deteriorate crack
• e.g., brasses are sensitive to ammonia

Solutions:

Reduce stress levels

Heat treatment

Atmosphere control



Selective Leaching







Reinforcement Corrosion
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Corrosion of Metals in Concrete Reinforcing Steel & Prestressing Steel

• Concrete is Normally Highly Alkaline

• Protects Steel from Rusting if Properly Embedded

• If Corrosion Occurs, the Reaction Products are Greater in Volume Than
the Original Steel
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Corrosion Initiation and
Rate Depends On
amount of Concrete
Cover, Quality of
Concrete, Details of
Construction, &
Exposure to Chlorides



• Metals loose strength when Hydrogen is absorbed through surface,
especially along grain boundaries and dislocations

• Often occurs as a result of decorative plating

• High strength steels particularly susceptible

• Can be removed by “baking” the alloy
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Hydrogen Embrittlement



Underground corrosion

Buried gas or water supply pipes can
suffer severe corrosion which is not
detected until an actual leakage occurs,
by which time considerable damage
may be done.

In electronic equipment it is very important
that there should be no raised resistance at
low current connections. Corrosion
products can cause such damage and can
also have sufficient conductance to cause
short circuits. These resistors form part of a
radar installation.

Electronic components
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Sea water is a highly corrosive electrolyte towards mild steel. This ship has
suffered severe damage in the areas which are most buffeted by waves, where
the protective coating of paint has been largely removed by mechanical action.

“Corrosion” of Ship
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Stray Current 
Corrosion







Forms 
of 

corrosion

• Uniform Attack
Oxidation & reduction
occur uniformly over
surface.

• Selective Leaching
Preferred corrosion of
one element/constituent
(e.g., Zn from brass (Cu-Zn)).

• Intergranular
Corrosion along
grain boundaries,
often where special
phases exist.

• Stress corrosion
Stress & corrosion
work together
at crack tips.

• Galvanic
Dissimilar metals are
physically joined. The
more anodic one
corrodes. Zn & Mg
very anodic.

• Erosion-corrosion
Break down of passivating
layer by erosion (pipe
elbows).

• Pitting
Downward propagation
of small pits & holes.

• Crevice Between two
pieces of the same metal.

Rivet holes

attacked 
zones

g.b. 
prec.

FORMS OF CORROSION
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Stainless Steel



A protective Cr2O3 layer forms on the surface of Fe 
(Cr2O3) = 0.001  (Fe2O3) 

 Upto 10 % Cr alloyed steel is used in oil refinery components

 Cr > 12%  stainless steels  oxidation resistance upto 1000oC
 turbine blades, furnace parts, valves for IC engines

 Cr > 17%  oxidation resistance above 1000oC
 18-8 stainless steel (18%Cr, 8%Ni)  excellent corrosion resistance
 Kanthal (24% Cr, 5.5%Al, 2%Co)  furnace windings (1300oC)

Alloying of Fe with Cr

Other oxidation resistant alloys

 Nichrome (80%Ni, 20%Cr)  excellent oxidation resistance
 Inconel (76%Ni, 16%Cr, 7%Fe) 
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Iron (Fe) and 10.5% Chromium (Cr) combination is called Stainless Steel.
Ni, Mo, Mn, Cu, Ti, N, etc were also added to get different properties. More
than 100 verities of Steel are available.

(American Iron and Steel Institute)
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Stainless Steel is badly attacked in hours by Polythionic Acid 



Corrosion Control



Proper selection of materials and good design reduce costs of corrosion





 General rules for metallic selection

1. For reducing or, non-oxidizing conditions such as air-free acids &
aqueous solutions, Ni & Cu alloy are often used.

2. For oxidizing conditions, Cr containing alloy are used.
3. For extremely powerful oxidizing conditions, Ti & its alloy are commonly

used.







 Metallic, inorganic, & organic coatings are applied to metals to prevent
or reduce corrosion

• Metallic coating eg.; Zinc coating on steel (sacrificial anode)
• Inorganic coating (ceramics & glass) eg.; Glass-lined steel vessels
• Organic coating eg.; paints, varnishes & lacquers

























Prevention of Corrosion

Basic goal   protect the metal  avoid localized  corrosion

 When possible chose a nobler metal
 Avoid electrical / physical contact  between metals with very different electrode 

potentials (avoid formation of a galvanic couple)
 In case of microstructural level galvanic couple, try to use a course 

microstructure (where possible) to reduce number of galvanic cells formed
 Modify the base metal by alloying 
 Protect the surface by various means
 Modify the fluid in contact with the metal

 Remove a cathodic reactant (e.g. water)
Add inhibitors which from a protective layer

 Cathodic protection
 Use a sacrificial anode (as a coating or in electrical contact)
 Use an external DC source in connection with a inert/expendable electrode



Corrosion Control
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Allow for the penetration action of corrosion along with the 
mechanical strength requirements when determining the appropriate 
metal thickness

1

Weld rather than rivet containers to reduce crevice corrosion. If rivets 
are used, choose a rivet material that is cathodic to the materials 
being joined. 

2

If possible, use galvanically similar metals for the entire structure. 
Avoid dissimilar metals that can cause galvanic corrosion. If 
galvanically dissimilar metals are bolted together, separate them with 
nonmetallic gaskets and washers.

3

Avoid excessive stress and stress concentrations in corrosive 
environments to prevent stress-corrosion cracking, especially when 
using susceptible materials such as stainless steels and brasses.

4

8 Engineering design rules that are important to the reduction or prevention of corrosion



Corrosion Control
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Avoid sharp bends in piping systems to prevent erosion corrosion.5

Design tanks and other containers for easy draining and cleaning.6

Design systems for easy removal and replacement of parts that are 
expected to fail in service, such as pumps in chemical plants.

7

Design heating systems such that hot spots do not occur.8

 Alloying the base metal can improve the oxidation resistance
 E.g. the oxidation resistance of Fe can be improved by alloying with

Cr, Al, Ni
 Al, Ti have a protective oxide film and usually do not need any alloying
 An inexpensive Magnesium anode could double the life of a domestic
hot water tank.



• Coatings
• Barrier films
• Inhibitive Pigments
• Sacrificial treatments
• Paint

• Active Cathodic Protection





At an equilibrium hydrogen electrode there is a finite rate of interchange between hydrogen
molecules and hydrogen ions in solution

 By plotting electrode potential vs reaction rate, it is possible to establish a point
corresponding to the platinum-hydrogen electrode. This point represents the
particular exchange reaction rate of the electrode expressed in terms of moles
reacting per square centimeter per second.
 Note that there is no net reaction, since both oxidation and reduction rates are
equal; the exchange reaction rate can be more conveniently expressed in terms
of current density.
 More precisely, the relationship between exchange reaction rate and current
density can be directly derived from Faraday’s Law.



Exchange current density i0 is the rare of oxidation and reduction reaction at an
equilibrium Electrode expressed in terms of current density.



The greater the exchange current
density of platinized platinum relative to
bright platinum is a result of its greater
Surface area. Exchange current
densities for H+-H2 system are
markedly reduced by the presence of
trace impurities such as arsenic,
Sulphur, and antimony containing ions



 The potentials of oxidation and reduction processes occurring at the electrode
interfaces will no longer be at their equilibrium potential. The deviation from
equilibrium potential is called Polarization.

 Polarization can be defined as the displacement of electrode potential resulting
from a net current. The magnitude of polarization is frequently measured in terms
of overvoltage.

 The overvoltage usually abbreviated as , is a measure of polarization with
respect to the equilibrium potential of an electrode.





The relationship between reaction rate and overvoltage
for activation polarization is called Tafel Equation

Slope or Tafel constant
Overvoltage

Rate of oxidation or
reduction in terms
of current density



 The value of Tafel constant, beta for electrochemical reactions ranges between
0.05 and 0.15 V. In general, the value of beta is usually 0.1 volt. The significance of
this parameter can be seen upon examination this figure. Here the oxidation and
reduction reactions corresponding to a hydrogen electrode are plotted with a beta
value of 0.1 volt. Note that the reaction rate changes by one order of magnitude for
each 100 mV or 0.1 Volt change in overvoltage.
 This illustration shows that the reaction rate of an electrochemical reaction is
very sensitive to small changes in electrode potential.
 Further, it can be seen that at all potentials more noble than the reversible
potential a net oxidation process occurs, and that at all potentials more active or
more negative than the reversible potential a net reduction occurs. At the
reversible potential, or at zero overvoltage, there is no net rate of oxidation or
reduction since both rates are equal at this intersection point.

Significance of Tafel Equation





From the Nernst equation, it is clear that the half
cell potential is dependent on H+ concentration,
in the form that the potential decreases with
decreasing concentration

The decrease in the half cell potential is the
concentration polarization ,
which can be written in terms of current density
using Nernst equation as:

Where iL is diffusion current density 



This shows that limiting diffusion current is a function of the diffusion coefficient, the
concentration of ions in solution, and the thickness of the diffusion layer. Changes that
affect these parameters influence the limiting diffusion current.

It is generally observed that there is a linear relationship between the concentration
of reactive ions in solution and the limiting diffusion current density.

The diffusion layer thickness is influenced by the shape of the particular electrode,
the geometry of the system, and by the agitation.

Agitation tends to decrease the diffusion layer thickness because of convection
currents and consequently increases the limiting diffusion current density.

Limiting diffusion current density is usually only significant during reduction
processes and is usually negligible during metal dissolution reactions. Hence, limiting
diffusion current density can be ignored during most metal dissolution reactions.



decreases δ.



How difficult is the reaction?

How much of reactant is at the surface?





Mixed Potential theory consists of two simple hypothesis:





The point of intersection of anodic and cathodic polarization curves in an Evans
diagram gives the Mixed potential Ecorr (corrosion potential) also called as
compromise potential or mixed potential of free corrosion potential and the
corrosion current (icorr)
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CORROSION IN A GRAPE FRUIT?

Grape fruits juice contain different organic compounds (e.g. alkaloids, tannins,
pigments, organic and amino acids) and most are known to have inhibitive action
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Polarization curves

Linear Polarization Resistance

Open Circuit Potential Decay

AC Impedance Measurement

Electrochemical Noise Measurement

Weight Loss Measurement

Corrosion Measurement Techniques
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Summary and Conclusions
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Corrosion of materials leading to degradation of material of properties
and is a great concern to society

Corrosion plays an important role in technology areas which include
energy production (power plants, oil & gas etc), bio-medical engineering
(implants), water distribution & sewerage, electronics and nanotechnology

 Advances in corrosion control are integral to the development of better
technologies that make current, legacy, and future engineered products,
systems, an infrastructures more sustainable and less vulnerable.

 Country needs corrosion knowledge engineers and an active corrosion
research community

 Implement best design practices for better corrosion management



Corrosion is 
inevitable…. 

However its cost can be 
considerably reduced.

Geoffrey Chaucer

“If gold   rusts, what then can iron do?”



Corrosion of a Ship’s Hull Anodic and Cathodic Regions
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O2 + 2H2O + 4e- 4OH-

Fe2+ + 2OH- Fe(OH)2

4Fe(OH)2 + O2 2(Fe2O3·H2O) + 2H2O

Fe        Fe2+ + 2e-

O2


