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This book is excellently written and describes how marine corrosion 
could affect the deterioration of a historic ship like the Titanic. It is a 
superb reference book that every corrosionist and person involved 

in the protection of national heritage monu-
ments against corrosion should have as it 
may lead to prolonging the life of such mon-
uments for future generations’ knowledge. 
My gratitude and appreciation to the authors 
and their team for bringing such an great 
document to existence.

Dr. Abdulhameed Al-Hashem

Principal Research Scientist
Petroleum Research Center

Kuwait Institute for Scientific Research
P.O. Box 24885

Safat 13109, Kuwait
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The word “titanic” is synonyms with colossal, gigantic, monumental, 
massive, enormous, towering, immense, vast, mammoth, huge, 
mighty, Herculean, Brobdingnagian . . . When one hears the word 
“titanic,” he or she is reminded of the majestic ship Titanic and James 
Cameron’s epic romance movie Titanic—in many cases the film first 
and the ship next because of the romance in the film, the songs, the 
camera work, vibrant sequences, the reality, and the ability to attract 
audiences from various walks of life, except a few orthodox oldies 
and religious-minded ones who give importance to spiritual values.
 The colossal ship and the epic movie inspired the authors to study 
why the ship collapsed. Hundreds of reasons have been proposed, 
but the main reason seems to be bimetallic corrosion, also known 
as galvanic corrosion. The hull plates of the ship and the rivets 
that joined the hull plates were made of metals having different 
compositions. Having been in corrosive seawater for several months 
postlaunch, the hull plates and rivets became brittle and weak, and 
hence they easily broke when the ship collided with an iceberg on 
the silent, moonless night of April 14, 1912. Had the hull plates been 
malleable and ductile, they would have just bent in some places, 
which could have been repaired easily.
 The collapse of this mighty ship has taught the massive mass 
many lessons. The danger of pride and faith in human achievement, 
the futility of wealth, and the danger of overconfidence are some 
of them. The courage and devotion to duty of the engineering crew 
(the real heroes of the Titanic) while the ship was sinking and the 
Good Samaritan, namely Captain Rostron of the Carpathia, who 
saved many human lives in the early hours of April 15, 1912, will be 
remembered by everyone forever.
 The latest research on Titanic corrosion reveals that the ship is 
resting and reacting with bacteria and chloride ions, the corrosion 
culprit, on the Atlantic Ocean seabed. Once an elephantine ship, 
which served meat and wine to thousands of people in the first, 
second, and third classes and the duty-conscious, devoted workers 
and engineers, the Titanic has become food for the rust-eating 
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bacterium Halomonas titanicae. The lustrous steel of the vast ship 
will one day become rust, reminding mankind of the everlasting 
lines from Ecclesiastes 3:20: All go to the same place. All came from 
the dust and all return to the dust.
 The authors are thankful to their teachers, students, and friends, 
and to galvanic corrosion, who motivated them to write this book, 
Titanic Corrosion, and also to the publishers who constantly 
encouraged them to process the idea from a drafted manuscript to 
an excellent reference book.

Susai Rajendran

Gurmeet Singh

2020
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Corrosion is a natural and spontaneous process, just like death. The 
definition of corrosion; the causes, consequences, cost, and various 
forms of corrosion; and the methods of evaluating and controlling 
corrosion are presented in this section.

I.1 What Is Corrosion?

Corrosion is the gradual obliteration of materials through their 
chemical and/or electrochemical reaction with their environment.
 Corrosion is a natural, spontaneous, and thermodynamically 
favorable process that converts a refined metal into a more chemically 
stable form, such as its oxide, hydroxide, or sulfide. Corrosion is the 
expression of the desire of the metal to go back to its original state.

I.2 Causes of Corrosion

For a metal to undergo corrosion, air (more precisely oxygen) and 
water are necessary. In the absence of any one of these, corrosion 
will not take place. This is illustrated in Fig. I.1.
 Usually a pure metal will not undergo corrosion. However, when 
an impurity is introduced, the metal becomes nonhomogeneous in 
nature. Some sites act as anodes, and some sites act as cathodes. An 
anode has a tendency to lose electrons, and a cathode has a tendency 
to accept those electrons. For the electron transfer a medium, 
usually called an electrolyte, is needed (Fig. I.2). This event is called 
corrosion.

Introduction
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Figure I.1 The corrosion triangle.

Figure I.2 The corrosiosn triangle.

I.3 Consequences of Corrosion

The consequences of corrosion are many and varied. Some of them 
are listed below.

	 ∑ Escape of fluids
	 ∑ Economic losses
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	 ∑ Loss of human lives
	 ∑ Pollution problems—leakage of toxic gases
	 ∑ Collapse of bridges
	 ∑ Shutdown of factories

I.4 Cost of Corrosion

A study entitled “Corrosion Costs and Preventive Strategies in the 
United States” was conducted from 1999 to 2001 by CC Technologies 
Laboratories, Inc., with support from the US Federal Highway 
Administration and the National Association of Corrosion Engineers.
 The study revealed that the cost can be classified into two types, 
direct and indirect.
 A 1998 report revealed the annual direct and indirect costs of 
metallic corrosion in the United States and preventive strategies for 
optimum corrosion management. The total direct cost of corrosion 
is estimated at $276 billion per year, which is 3.1% of the 1998 US 
gross domestic product.

I.4.1 Direct Costs

The direct costs are divided into five major categories, given in  
Table I.1.

Table I.1 Direct costs of corrosion

Category Amount

Infrastructure $22.6 billion

Utilities $47.9 billion

Transportation $29.7 billion

Production and manufacturing $17.6 billion

Government $20.1 billion

Total $137.9 billion

https://corrosion-doctors.org/Principles/CostPreventive.htm
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I.4.2 Indirect Costs

The indirect costs include:
	 ∑ The cost of labor attributed to corrosion management 

activities
	 ∑ The cost of the equipment required because of corrosion-

related activities
	 ∑ The loss of revenue due to disruption in the product supply
	 ∑ The cost of loss of reliability

 The grand total amounts to $275.5 billion.
 Corrosion is so prevalent and takes so many forms that its 
occurrence and associated costs cannot be eliminated completely. 
However, it has been estimated that 25% to 30% of the annual 
corrosion costs in the United States could be saved if optimum 
corrosion management practices were employed.
 The corrosion cost study clearly reveals that while technological 
advancements have provided many new ways to prevent corrosion, 
better corrosion management can be achieved using preventive 
strategies in nontechnical and technical areas. These strategies are 
identified as follows:

	 ∑ Increase awareness of significant corrosion costs and potential 
cost savings.

	 ∑ Change the misconception that nothing can be done about 
corrosion.

	 ∑ Change policies, regulations, standards, and management 
practices to increase corrosion cost savings through sound 
corrosion management.

	 ∑ Improve education and training of staff in the recognition of 
corrosion control.

	 ∑ Implement advanced design practices for better corrosion 
management.

	 ∑ Develop advanced life prediction and performance assessment 
methods.

	 ∑ Improve corrosion technology through research, development, 
and implementation.

Introduction
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 The United States continues to face critical challenges in the 
field of corrosion prevention and control, where aging equipment, 
new product formulations, environmental requirements, and strict 
budgets require corrosion control programs that are designed for 
specific situations and conducted by highly skilled professionals.

I.5 Forms of Corrosion

Depending on the environment and causes, corrosion has been 
classified into several types. However, the overlap of one type of 
corrosion with another cannot be ignored. Forms of corrosion are 
discussed in this section.

I.5.1 Uniform Corrosion

All metals in the atmospheric environment will undergo uniform 
corrosion. The driving forces of uniform corrosion are temperature 
and atmosphere. The corrosion cost of this type of corrosion is 
about 50% of the total cost of corrosion. Uniform corrosion can be 
controlled by painting and hot dip galvanization. Uniform corrosion 
is predictable, manageable, and often preventable.

I.5.2 Galvanic Corrosion

When two dissimilar metals are in contact with each other in the 
presence of an electrolyte, galvanic corrosion takes place. Galvanic 
coupling metals, for example, iron and copper, will undergo this type 
of corrosion. This is also known as two-metal corrosion. When iron is 
coupled with zinc, zinc will undergo corrosion. Iron will be protected. 
This principle is used in cathodic protection. When iron and copper 
are coupled, copper will be protected and iron will corrode because, 
in this case, iron has a tendency to lose electrons and copper has a 
tendency to accept electrons. Galvanic corrosion can be controlled 
by insulating the coupling materials. The collapse of the majestic 
ship RMS Titanic, when it collided with the iceberg, is attributed to 
galvanic corrosion. The hull plates and the rivets joining them, both 
under seawater, were of different compositions. Due to this, galvanic 
corrosion can be referred to as “Titanic corrosion” (Fig. I.3).
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Figure I.3 Galvanic corrosion.

I.5.3 Intergranular Corrosion

All alloys undergo intergranular corrosion. The driving forces are the 
third-phase precipitate and temperature. Intergranular corrosion 
leads to the loss of strength and ductility. This type of corrosion 
can be controlled by heat treatment in manufacturing and welding 
during fabrication.

I.5.4 Crevice Corrosion

When there is a small gap between the two metals or between the 
metal and nonmetal in an electrolyte, crevice corrosion occurs 
(Fig. I.4). The gap may be <3.18 mm. If crevice corrosion prevails 
for a longer period, the corrosion problem will be severe. Crevice 
corrosion is an example of differential aeration corrosion. The 
metal part in the crevice part is an oxygen-poor area. It acts as the 
anode. So it undergoes corrosion. The other part of the metal acts 
as a cathode because it is rich in oxygen. Hence it will not undergo 
corrosion. Crevice corrosion can be controlled by proper designing, 
gasketing materials, and proper drainage designing.

I.5.5  Pitting Corrosion

Pitting corrosion (Fig. I.5) is another example of differential aeration 
corrosion. If a waterdrop or a dust particle is on the metal surface, 
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the metal below the drop or particle is an oxygen-poor area and acts 
as an anode. It undergoes corrosion. The other part of the metal 
is an oxygen-rich area. It acts as a cathode and does not undergo 
corrosion. Localized pitting corrosion is initiated, and deep pits may 
result. We cannot see this corrosion per se but can see its ill effects. 
Pitting corrosion is considered as the second-biggest corrosion 
failure. Pitting corrosion will occur where surface irregularity exists 
and where chloride or bromide ions are present. Pitting corrosion 
can be controlled by surface quality control and proper welding 
practice.

Figure I.4 Crevice corrosion.

Oxygen-poor area
It acts as an anode.
It undergoes corrosion.

Oxygen-rich area.
It acts as a cathode.
It does not undergo
corrosion.

Waterdrop or salt
solution drop

iron

Pitting Corrosion

Figure I.5 Pitting corrosion.
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I.5.6 Erosion Corrosion

Erosion corrosion is also known as tribo-corrosion. Carbon steel 
and stainless steel undergo erosion corrosion in flowing liquids 
containing abrasives. The driving force is the synergy effect of 
passive film breakdown by abrasive and localized corrosion. Severe 
attack may result in failure.

I.5.7 Stress Corrosion Cracking

Stress corrosion cracking (SCC) is the growth of crack formation in 
a corrosive environment. This will lead to sudden unexpected failure 
of normally ductile metals subjected to tensile stress, especially 
at elevated temperature. SCC is highly chemically specific in that 
certain alloys are likely to undergo SCC only when exposed to a small 
number of chemical environments.
 Microbial corrosion (Fig. I.6) is the corrosion caused or promoted 
by microorganisms, usually chemoautotrophs. It can apply to both 
metals and nonmetallic materials. This corrosion is also known as 
bacterial corrosion. MIC can be controlled by addition of biocides, 
cleaning practice, and application of organic coatings. Sulphate-
reducing bacteria, sulphate-oxidizing bacteria, and Fe-/Mn-oxidizing 
bacteria cause MIC. The Titanic, now at the bottom of the North 
Atlantic Ocean, is undergoing microbial-induced corrosion, resulting 
in the formation of rusticles.

Figure I.6 Microbial-induced corrosion (MIC).
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I.6  Methods Employed in a Corrosion Inhibition 
Study

To prevent corrosion of metals in solutions or in water (as in a cooling 
water system) corrosion inhibitors are added to the environment. In 
a corrosion inhibition study, the following methods are employed.

I.6.1 Weight Loss Method

Metal specimens of a suitable size are pickled with concentrated 
HCl, washed with water, and dried. Then the metal specimens are 
polished with emery papers of different grades to create a mirror 
finish, degreased with trichloroethylene or acetone, and dried. The 
weights of the metal specimens are found. Then they are immersed 
in test solutions, first in the absence and then in the presence of 
inhibitors. After a suitable immersion period, the metal specimens 
are taken out and washed with Clarke’s solution and pure water. The 
weights of the dried metal specimens are found. From these data the 
inhibition efficiency is calculated from the relation

inhibition efficiency (%) = [(w1 – w2)/w1]100,

where w1 = weight of the specimen in the absence of an inhibitor
w2 = weight of the specimen in the presence of an inhibitor
 Usually, three metal specimens will be used. The average of the 
three readings is taken.

I.6.2 Electrochemical Studies

Two electrochemical studies are used usually in order to know the 
mechanistic aspects of corrosion inhibition: polarization study and 
AC impedance spectra.
 Electrochemical studies are carried out in a CHI-660 A work 
station model instrument. A three-electrode cell assembly is used. 
The working electrode is the metal specimen under investigation 
(mild steel, for example). Platinum foil is the counterelectrode. A 
saturated calomel electrode is the reference electrode (Fig. I.7).
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Three-Electrode Cell Assembly

Figure I.7 A three-electrode cell assembly.

I.6.2.1  Polarization study

From the polarization study the following corrosion parameters are 
derived, from the Tafel plots: the corrosion potential (Ecorr), the Tafel 
slopes (ba = anodic; bc = cathodic), the linear polarization resistance 
(LPR), and the corrosion current (Icorr).
 The main principle is that when the corrosion resistance 
increases, the LPR value increases and the corrosion current 
decreases.

I.6.2.2 AC impedance spectra

From the AC impedance spectra, corrosion parameters such as charge 
transfer resistance (Rt), impedance value, double-layer capacitance 
(Cdl), and phase angle can be derived. For this purpose Nyquist plots 
and Bode plots are used. The experiments are carried out both in the 
absence and the presence of inhibitors. When corrosion resistance 
increases, the Rt value, the impedance value, and the phase angle 
value increase and the Cdl decreases.

I.6.3  Analysis of Protective Film

During the corrosion inhibition process, protective films are formed 
on the metal surface. The protective film can be analyzed from 
spectral studies.

Introduction



xxvMethods of Controlling Corrosion

 Fluorescence spectra and Fourier-transform infrared spectra 
are used to confirm the formation of a protective film on the metal 
surface. The surface morphology can be analyzed by scanning 
electron microscopy, energy-dispersive X-ray spectroscopy, and 
atomic force microscopy.
 From the analysis of the results of the above studies, a suitable 
mechanism for corrosion inhibition can be proposed.

I.7 Methods of Controlling Corrosion

There are many methods that are used to control the rate of 
corrosion. We can only control the rate of corrosion, not prevent it, 
just like we can only postpone death by treatments, not prevent it. 
We are born to die. Death is certain, just like corrosion of metals.
 Some of the methods that are practiced are presented in the form 
of a chart (Fig. I.8). The best one is the use of nonmetallic materials. 
But it is impracticable. We cannot save ourselves by using plastic 
materials instead of metals and alloys. However, if we are able to 
produce strong plastic materials, then slowly, we can avoid using 
metallic materials.
 The use of pure metals is also very difficult and expensive. In 
cooling water systems, as also in pipelines carrying oil, corrosion 
inhibitors can be used. Use of alloys will strengthen the metals and 
control corrosion. Painting is also widely used. Metallic coatings 
are used in various industries. Cathodic protection can be used to 
prevent the corrosion of hulls of ships.

Use of pure
metals

Corrosion
inhibitors

Modification of
environment

Use of
nonmetallic
materials

Sacrificial-anode protection
Impressed current cathodic protection

Figure I.8 Methods of controlling corrosion.
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